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Preface

The past 50 years have witnessed remarkable achievements 
in the treatment and prevention of coronary artery disease, 
the most common cause of death in industrialized society. 
As the mortality rates from acute myocardial infarction have 
fallen by more than 50% since the 1970s; coronary artery dis-
ease has increasingly become a chronic disease. Outcomes 
among patients with chronic ischemic heart disease are 
heterogeneous, with excellent survival in many, while other 
high-risk subsets are at notably increased risk for death or 
major complications. Managing the growing population 
of patients with chronic coronary disease requires under-
standing of the full clinical spectrum of coronary disease, 
ranging from patients with advanced, but asymptomatic 
disease to those with ischemic cardiomyopathy at risk for 
heart failure and sudden cardiac death. Importantly, in this 
chronic condition understanding the impact of angina and 
other symptoms on quality of life and functional status is 
particularly important. Paralleling the growth in the chronic 
coronary disease population is the rapid pace of progress 
with regard to preventive strategies, diagnostic modalities, 
and new treatment options.

In this companion to Braunwald’s Heart Disease 
we provide comprehensive coverage of chronic coro-
nary artery disease. This text includes 30 chapters that are 
designed to provide the clinical practitioner and researcher 
with in depth understanding of factors responsible for dis-
ease development, as well as immediately actionable infor-
mation regarding all available diagnostic and treatment 
modalities. We have assembled a superb team of interna-
tional contributors who have provided authoritative cover-
age of their areas of expertise.

The text is divided into four sections, beginning with an 
introductory section reviewing the epidemiology of chronic 
coronary artery disease, and providing a global perspective 
on the disease spectrum. This is followed by sections cover-
ing pathogenesis, clinical evaluation, and management. As 
compared with broad-based cardiovascular textbooks, this 
focused companion “dives deep” into this important topic 
area. For example, we include individual chapters on each 
available testing modality for evaluating coronary disease. 

These chapters are followed by integrative chapters that pro-
vide algorithms to help clinicians select among the various 
testing options.

The chapters on management of chronic coronary artery 
disease first set the stage by identifying the unique goals of 
therapy for the patient with chronic coronary disease and 
how these are different from the acute coronary syndrome 
setting. Given the heterogeneity of disease phenotypes and 
outcomes, risk assessment tools are critically important 
for guiding therapy. We thus include several state-of-the-art 
chapters that cover existing and emerging risk assessment 
tools. Although the relationship of adverse lifestyle fac-
tors with atherosclerosis development is well established, 
obesity is a “special case.” The relationship between obe-
sity and outcomes among patients with existing coronary 
artery disease is complex, and the text includes a chapter 
focused on the obesity paradox. The chapter on medical 
therapy covers not only those agents that have established 
efficacy, but also a series of new and investigational agents 
to reduce symptoms and improve outcomes. The role of 
coronary revascularization, including selection between 
percutaneous coronary intervention and bypass surgery, is 
covered in depth, as are options for patients with refractory 
angina who do not have revascularization options. Finally, 
angina in the absence of epicardial coronary disease is 
increasingly recognized, and this text will outline the patho-
physiological basis for ischemia in these patients, as well as 
emerging diagnostic and treatment algorithms for this chal-
lenging patient subset.

This text will be an invaluable resource for practitioners 
who care for patients across the full spectrum of coronary 
disease, including those with prior myocardial infarction, 
those with symptomatic angina, and those simply at risk for 
developing coronary disease in the future. We expect that 
readers will use the information provided in these chapters 
to improve the care of their many patients with chronic cor-
onary artery disease.

James A. de Lemos, MD
Torbjørn Omland, MD, PhD
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section I

IntroductIon

INTRODUCTION

Coronary artery disease (CAD) is a major cause of death and 
disability in developed countries. Although CAD mortality 
rates worldwide have declined over the past 4 decades, CAD 
remains responsible for approximately one-third or more of all 
deaths in individuals over age 35, and it has been estimated 
that nearly half of all middle-aged men and one-third of middle-
aged women in the United States will develop clinical CAD.1

Population-based epidemiologic data and well-conducted 
surveys provide the best assessment of the CAD risk factors 
that contribute to the development of CAD outcomes. Such 
data are less encumbered by the unavoidable selection bias 
of clinical trials data. In addition, epidemiologic data provide 
critical information regarding targets for the primary and 
secondary prevention of CAD.

DEFINITIONS

The terms incidence, prevalence, coronary heart disease, 
CAD, and cardiovascular disease, as used in this chapter, are 
defined as follows:
Prevalence—The number of existing cases of a disease 

divided by the total population at a point in time.
Incidence—The number of new cases of a disease over a 

period of time divided by the population at risk.
 Incidence and prevalence are measures of disease bur-
den in a population.

Coronary artery disease (CAD)—Often called coronary heart 
disease or CHD, is generally used to refer to the patho-
logic process affecting the coronary arteries (usually 
atherosclerosis). CAD includes the diagnoses of angina 
pectoris, myocardial infarction (MI), silent myocardial 
ischemia, and CAD mortality that result from CAD. Hard 

CAD endpoints generally include MI and CAD death. The 
term CHD is often used interchangeably with CAD.

CAD death—Includes sudden cardiac death (SCD) for 
circumstances when the death has occurred within 24 
hours of the abrupt onset of symptoms, and the term non-
SCD applies when the time course from the clinical pre-
sentation until the time of death exceeds 24 hours or has 
not been specifically identified.

Atherosclerotic cardiovascular disease (ASCVD, often shortened 
to CVD)—The pathologic process affecting the entire arte-
rial circulation, not just the coronary arteries. Stroke, tran-
sient ischemic attacks, angina, MI, CAD death, claudication, 
and critical limb ischemia are manifestations of ASCVD.

Sources of Epidemiologic Data
Participants in observational studies are not necessarily 
under the care of clinicians, and generalizing research study 
or survey findings to clinical care should be undertaken 
with caution. For example, the observations in a report may 
be compiled over many years, the diagnosis may be self-
reported or based on field survey methods, and it may be 
difficult to compare results across studies because of dif-
ferences in methods. In addition, interpretation of the effi-
cacy of treatments in observational studies can be difficult. 
Behavioral interventions and medications may be identi-
fied, but it can be difficult to be sure that the individual actu-
ally complied with what was prescribed or recommended.

Prevalence of Coronary Artery Disease
The 2016 Heart Disease and Stroke Statistics update of the 
American Heart Association (AHA) reports that 15.5 million 
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adults (6.2% of the adult population) in the United States 
have CAD, including 7.6 million (2.8%) with MI and 8.2 mil-
lion (3.3%) with angina pectoris. The self-reported National 
Health and Nutrition Examination Survey (NHANES) preva-
lence estimates for MI (Fig. 1.1) and angina pectoris (Fig. 
1.2) increase with age for both women and men. Data from 
NHANES that rely on self-reported MI and angina from health 
interviews probably underestimate the actual prevalence of 
advanced CAD. Advanced occlusive CAD often exists with 
few symptoms or overt clinical manifestations.

Across the United States heart diseases head the list of 
direct health expenditures, costing approximately $100 bil-
lion per year. Approximately 60% of costs are attributable to 
hospitals, 16% to medications, 11% to physicians, 7% to nurs-
ing homes, 5% to home health care, and the remaining small 
percentage to other costs. Lost productivity due to heart dis-
eases is estimated to cost society another $100 billion.1

There are 7 million healthcare discharges per year in 
the United States that have included cardiovascular proce-
dures, and only obstetrical procedures are more common.1 
Approximately 7.5 million inpatient cardiovascular proce-
dures are performed in the United States annually. Some of 
the inpatient cardiovascular procedures that are particularly 
relevant to ASCVD, listed in descending order from more 
common to less common along with the annual frequency, 
are cardiac catheterization (1,029,000 per year), percutane-
ous coronary intervention (500,000 per year), surgical car-
diac revascularization (397,000 per year), and pacemaker 
implantation (370,000 per year).1

A Global Burden of Disease Study Group report from 2013 
estimated that 17.3 million deaths worldwide in 2013 were 
related to ASCVD, a 41% increase since 1990.2 Although the 
absolute numbers of ASCVD deaths had increased signifi-
cantly since 1990, the age-standardized death rate decreased 
by 22% in the same period, primarily due to shifting age 
demographics and causes of death worldwide. In a 2009 
report that used US NHANES data, MI prevalence was com-
pared by sex in middle-aged individuals (35 to 54 years) dur-
ing the 1988–1994 and 1999–2004 time periods.3 Although 
MI prevalence was significantly greater in men than women 
in both time periods (2.5% vs 0.7% in 1988–1994 and 2.2% 
vs 1.0% in 1999–2004), the results suggested trends toward a 
decrease in prevalence for men and an increase in women.

Autopsy data have documented a reduced prevalence 
of anatomic CAD over time in both the general popula-
tion and military personnel. In an analysis of 3832 autop-
sies performed on US military personnel (98% male, mean 
age 26 years) who died of combat or unintentional injuries 
between October 2001 and August 2011, the prevalence of 
CAD was 8.5%.4 This represents a marked decline in the 
prevalence of autopsy-documented CAD compared with 
rates seen during the Korean War in the 1950s (77%) and the 
Vietnam War in the 1960s (45%).

Incidence
Historically, the incidence of ASCVD includes both morbid 
events (angina pectoris, MI) and death outcomes (cardio-
vascular disease death). Identification of morbid events can 
be challenging because assignment of an event requires 
review of hospital records and standardization of the adju-
dication process. This approach has been undertaken in 
cohort studies, registries, and occasionally in other groups 
such as adults followed in an insurance program. In addi-
tion, criteria for morbid events are in constant evolution. As 
an example, in the 1950s the diagnosis of an MI was largely 
based on electrocardiographic (ECG) information. Over 
time the diagnosis could be made on the basis of changes in 
blood tests such as troponin, as they have become increas-
ingly more accurate, reliable, and capable of identifying 
smaller MIs than in the past.5 Similarly, diagnosis of angina 
pectoris has evolved to be based on a composite of his-
tory and evaluation of ischemia with a variety of diagnos-
tic modalities such as exercise and pharmacologic testing 
coupled with ECG and imaging—techniques that have led 
to greater accuracy.6

The following observations concerning lifetime inci-
dence of CAD have been noted.

In Americans over 55 years of age, those with an optimal 
risk-factor profile (total cholesterol level < 180 mg/dL, blood 
pressure (BP) < 120/80 mm Hg, nonsmokers, no diabetes) 
had substantially lower risks of ASCVD death through the age 
of 80 years than participants with two or more major risk fac-
tors (4.7% vs 29.6% in men, 6.4% vs 20.5% in women). Those 
with an optimal risk-factor profile also had lower lifetime 
risks of fatal CHD or nonfatal MI (3.6% vs 37.5% among men, 
< 1% vs 18.3% among women) and fatal or nonfatal stroke 
(2.3% vs 8.3% among men, 5.3% vs 10.7% among women). 
Similar trends within risk-factor strata were observed among 
blacks and whites and across diverse birth cohorts (Table 
1.1).7 Berry et al. concluded that an individual’s risk-factor 
burden translated into marked differences in the lifetime 
risk of cardiovascular disease, and these differences are 
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FIG. 1.1 Prevalence of myocardial infarction in US adults > 20 years of age. 
NHANES 2007–2012. (From Mozaffarian D, Benjamin EJ, Go AS, et al. Heart Disease 
and Stroke Statistics—2016 update: a report from the American Heart Association. 
Circulation. 2016;133(4):e38–e360; chart 19-1.)
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FIG. 1.2 Prevalence of self-reported angina pectoris in US adults >20 years of age. 
NHANES 2009–2012. (From Mozaffarian D, Benjamin EJ, Go AS, et al. Heart Disease 
and Stroke Statistics—2016 update: a report from the American Heart Association. 
Circulation. 2016;133(4):e38–e360; chart 19-9.)
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consistent across race and birth cohorts.7 For total coronary 
events, the incidence rises steeply with age, with women lag-
ging behind men by 10 years.

Despite a lack of symptoms, the extent of nonobstruc-
tive CAD is associated with a worse prognosis compared 
to adults without CAD.9,10 In a retrospective cohort study of 
American veterans without prior CAD who underwent coro-
nary angiography and were followed for 1 year, the risk of MI 
over the ensuing year increased significantly and progres-
sively in proportion to the extent of both nonobstructive (at 
least 1 stenosis ≥ 20% but < 70%) and obstructive (at least 1 
stenosis ≥ 70%) CAD.9

Concerning the incidence of MI, the Atherosclerosis Risk 
in Communities (ARIC) Study in the United States has been 
a key source of information for the past 30 years, and recent 
results are shown in Fig. 1.3. Black men have the greatest 
incidence, followed by white men, black women, and white 
women. In general, women lag behind men in incidence by 20 
years, but the sex ratio for incidence narrows with advancing 
age. The incidence at ages 65 to 94 versus ages 35 to 64 more 
than doubles in men and triples in women. In premenopausal 
women, serious manifestations of coronary disease, such as 
MI and SCD, are relatively rare.1 Marked disparities in ASCVD 
health and treatment persist between the sexes, and more 
women die from ASCVD than men.1 Despite a recent overall 

decline in ASCVD death rates, the burden of ASCVD death 
rates for women younger than 55 years has not changed over 
the last 2 decades.11 ASCVD risk factors are more prevalent 
among women, as is mortality from acute MI.12 It is unclear if 
these disparities persist due to pathophysiologic factors that 
affect ASCVD risk uniquely in women, or if they are related 
to differences in how detection and treatment algorithms are 
administered in women versus men.

The incidence of CAD, especially CAD mortality, has 
decreased since the 1970s in developed countries.13,14 
Information on trends for total CAD that includes angina 
pectoris, MI, and coronary death is difficult to acquire. Only 
long-term cohort studies have such data, and the investiga-
tions have largely been concentrated in the United States. 
An analysis from the REasons for Geographic And Racial 
Differences in Stroke (REGARDS) study participants and 
Kaiser Permanente Southern California (KPSC) enrollees 
with baseline lipid measurements in 2003 to 2007 compared 
the recent experience to that for the ARIC study participants 
with baseline measurements in 1987 to 1989. The authors 
showed that CHD rates have declined in recent years and 
the association between lipids and CHD in contemporary 
studies may be attenuated by the preferential use of statins 
by high-risk individuals.15

Despite the declining incidence of CAD mortality in the 
United States, reductions in the incidence of MI have not 
been as large as might be expected.16–18 In addition, the use 
of the more sensitive troponin assays, which began around 
2000 and leads to the diagnosis of MI when less of the myo-
cardium is infarcted, could potentially mask a reduction in 
MI incidence over time.

There has been a relative increase in non-ST elevation 
MI (NSTEMI) in relation to ST elevation MI (STEMI) in 
recent years.17,19 For example, a report from the National 
Registry of Myocardial Infarction reviewed over 2.5 million 
MIs between 1990 and 2006 and found that the proportion 
of MIs due to NSTEMI increased from 19% in 1994 to 59% 
in 2006. This change in proportion was associated with an 
absolute decrease in the incidence of STEMI and either a 
rise (using MI defined by either CK-MB or troponin criteria) 

TABLE 1.1 Lifetime Risk of Cardiovascular Disease 
(CVD) in Adults Without CVD at Age 55 Years

RISK FACTOR BURDEN
ATTAINED
AGE 80 YEARS

ATTAINED
AGE 90 YEARS

> 2 major risk factors 30% 42%

1 major risk factor 18% 32%

> 1 elevated risk factor 14% 28%

> 1 risk factor not optimal 9% 21%

All risk factors optimal 5% 18%

Data from Berry JD, Dyer A, Cai X, et al. Lifetime risks of cardiovascular disease.  
N Engl J Med. 2012;366(4):321–329.
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or no change (using MI defined by only CK-MB criteria) in 
the rate of NSTEMI.20

In summary, the incidence of ischemic CHD has declined 
in the United States over the past 40 years. Modern lab test-
ing can identify smaller MIs than in the past, and the role 
of cholesterol levels has become more complex because of 
greater use of lipid-lowering medications.

Coronary Artery Disease Mortality
Heart disease mortality has declined since the 1970s in 
the United States and in regions where economies and 
healthcare systems are relatively advanced. Ischemic 
heart disease remains the number one cause of death in 
adults on a worldwide basis.2 In a 2014 study using World 
Health Organization data from 49 countries in Europe and 
northern Asia, over 4 million annual deaths were attribut-
able to ASCVD.21 Current worldwide estimates for heart 
disease mortality show Eastern European countries have 
the highest ASCVD death rates (> 200 per 100,000/year), 
followed by an intermediate group that includes most 
countries with modern economies (100–200 per 100,000/
year), and the lowest levels (0–100 per 100,000/year) are 
largely observed in European countries and a few non-
European countries with advanced healthcare systems 
(Table 1.2). A detailed analysis of European country-
specific data showed that CHD mortality rates dropped 
by more than 50% over the 1980–2009 interval, and the 
decline was observed across virtually all European coun-
tries for both sexes. The authors of the report concluded 
that the downward trends did not appear to show a pla-
teau. Rather, CHD mortality was stable or continuing to 
decline across Europe.22 Complementary analyses have 
been undertaken in the United States, and CHD mortality 
has been demonstrated to have peaked in the 1970s and 
declined since that date.1

The 2016 Heart Disease and Stroke Statistics update of 
the AHA shows that the 2013 overall death rate from ASCVD 
was 230 per 100,000/year and the CHD death rate is approxi-
mately 100 per 100,000/year (Fig. 1.4).1 The death rate is 
higher in men than in women (3 times higher at ages 25 to 
34, falling to 1.6 times at ages 75 to 84) and in blacks than 
in whites, an excess that disappears by age 75. Among the 
Hispanic population, coronary mortality is not as high as it 
is among blacks and whites.

The trends in mortality rates for ASCVD and CAD in men 
and women and in blacks and whites have fallen in most 
developed countries by 24% to 50% since 1975, although the 
decline has slowed since 1990. From 1996 to 2006 the ASCVD 
death rate declined by approximately 29%.23 This trend has 
been associated with reductions in both total CAD and in 
the CAD case fatality rate.14 The causes of the reduction in 
CAD mortality have been evaluated in adults between the 
ages of 25 and 84 in the United States from 1980 to 2000.14 
Approximately half of the decline was due to improvements 
in therapy, including secondary preventive measures after 
MI or revascularization, initial treatments for acute coronary 
syndromes, therapy for heart failure, and revascularization 
for chronic angina. The other half of this effect was due to 
changes in risk factors, including reductions in total choles-
terol (24%), systolic BP (20%), smoking prevalence (12%), 
and physical inactivity (5%). These changes were partly off-
set by increases in body mass index (BMI) and the prev-
alence of diabetes, which together accounted for an 18% 
increase in the number of deaths.13,14

The international trends in CAD mortality are similar in 
many regions. Improvement in outcomes has been com-
mon in developed countries. Results have been variable 
in Eastern Europe, and some countries have shown an 
increase in CAD mortality in the early 1990s followed by a 
subsequent decline (Poland and the Czechia). The highest 
CAD mortality has been noted in the Russian Federation 
(330 and 154 per 100,000 in men and women, respectively, 
from 1995 to 1998). These values were similar to those in 
the period from 1985 to 1989. In Japan, CAD mortality has 
historically been much lower than in the United States and 
Europe. Mortality from CAD is expected to increase in devel-
oping countries (including China, India, sub-Saharan Africa, 
Latin America, and the Middle East), from an estimated 9 
million in 1990 to a projected 19 million by 2020. This pro-
jected increase is thought to be a consequence of social 
and economic changes in non-Western countries, leading to 
decreased life expectancy, Westernized diets, physical inac-
tivity, and increases in cigarette smoking.2

Silent Myocardial Ischemia and Infarction
Although many MIs appear to occur without warning, there is a 
large reservoir of detectable advanced silent CAD from which 
these apparently sudden events evolve. Such individuals may 

TABLE 1.2 Worldwide Cardiovascular Disease (CVD) Death Rates

CVD DEATH RISK
(PER 100,000/YEAR) MEN WOMEN

> 800 Belarus, Russian Federation, Ukraine

600–800 Bulgaria

400–600 Hungary Ukraine, Russian Federation, Belarus

200–400 Croatia, Czechia, United States Bulgaria, Romania, Hungary

100–200 United Kingdom, Austria, Taiwan, New Zealand,  
Belgium, Sweden, Italy, Portugal, Denmark,  
Spain, Japan, Netherlands, Australia, Norway, 
France, Switzerland, South Korea

Czechia, United States

0–100 Germany, New Zealand, United Kingdom, Austria, Belgium, Finland, Taiwan, 
Sweden, Portugal, Netherlands, Italy, Denmark, South Korea, Australia, 
Norway, Japan, Spain, Switzerland, Israel, France

Data from Mozaffarian D, Benjamin EJ, Go AS, et al. Heart Disease and Stroke Statistics—2016 update: a report from the American Heart Association. Circulation. 
2016;133(4):e38–e360; Table 13-3.
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have asymptomatic ischemic disease. The most specific ECG 
indication of silent myocardial ischemia is the development of 
a Q-wave MI in the absence of typical symptoms.24,25 Diabetes 
mellitus is an established risk factor for unrecognized MI, and 
the Multiethnic Study of Atherosclerosis (MESA) investiga-
tors have described a higher prevalence of unrecognized MI 
in participants with impaired fasting glucose.24 Researchers 
from Rotterdam have shown that the long-term prognosis for 
cardiovascular mortality and noncardiovascular mortality 
in men and women with unrecognized MI is worse than in 
those without MI.25 Although the incidence of both unrecog-
nized and recognized infarctions increases with the severity 
of hypertension, the fraction that goes undetected is substan-
tially greater in hypertensive than in normotensive persons. 
This predisposition to hypertension persisted even when 
patients with diabetes, antihypertensive therapy, and left ven-
tricular hypertrophy (LVH) were excluded.26,27

Sudden Cardiac Death
Survival after cardiac arrest is highly related to the type of 
treatment that is received immediately. The Resuscitation 
Outcomes Consortium has reported on the success of emer-
gency therapy since 2006. Approximately 45% survival has 
been shown for bystander cardiopulmonary resuscitation, 
and in descending order lower survival rates have been 
observed for the following categories: first rhythm shock-
able, emergency medical services at the scene, and layper-
son use of automated external defibrillator.1,28

There is a clear relationship between SCD and CAD. 
Clinical and autopsy studies and data from death certifi-
cates have found that 62% to 85% of patients who experi-
ence out-of-hospital SCD have evidence of prior CAD, 10% 
have other structural cardiac abnormalities, and 5% have 
no structural cardiac abnormality.29 A surveillance study of 
SCD from Ireland concluded that successful resuscitation of 
SCD was especially associated with ventricular fibrillation 
as the presenting rhythm.30

SCD is the initial clinical coronary event in 15% of patients 
with CAD. Most sudden deaths are cardiac. Arrhythmias and 
ischemic heart disease are the most common antecedents. 
Severe left ventricular systolic dysfunction is a key risk factor 
for sudden death in patients with ischemic or nonischemic 
cardiomyopathy.31 In the Oregon Sudden Unexpected Death 
Study(Ore-SUDS), women were significantly less likely than 
men to have severe left ventricular dysfunction (odds ratio 
[OR] 0.51) or diagnosis of CAD (OR 0.34).29,32

Exertion may precipitate SCD during the time of the 
increased physical activity or after the activity has stopped. 
As an example, a recent Finnish study showed increased 
SCD risk with skiing, cycling, and snow shoveling.29 The 
authors concluded that SCD during or immediately after 
exercise was related to male gender, ischemic heart disease, 
cardiac hypertrophy, and myocardial scarring.29 For more 
information on this topic see Chapter 22 on SCD.

RISK FACTORS FOR CORONARY ARTERY 
DISEASE

Risk factors for CAD can be sorted into several different 
varieties. The traditional factors that are commonly avail-
able as part of a simple clinical evaluation or a screening 
program are the primary focus of this chapter and include 
age, sex, race/ethnicity and geography, heart rate, BP, total 
and low-density lipoprotein cholesterol (LDL-C), high-
density lipoprotein cholesterol (HDL-C), diabetes melli-
tus, adiposity, smoking, and social class. The ECG has often 
been included in this traditional factor list because ECG 
information is typically available. An extension of these 
common factors are medical conditions and exposures 
such as environmental pollution and noise that may pre-
dispose individuals to greater risk from atherosclerosis. 
The second set of factors are biomarkers that are typically 
measured in the blood or potentially in other specimens 
such as urine. Examples of these factors are inflammatory 
markers such as C-reactive protein, uric acid, aldosterone, 
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blood coagulation factors, and homocysteine.The list of 
candidate factors is long and constantly growing. The 
third set of factors includes information related to sub-
clinical atherosclerotic disease, cardiovascular function, 
heart imaging findings, vascular calcification, intima-
media thickness of major arteries, and vascular stiffness. 
These factors are discussed in the context of CAD risk 
factors in this section. More extensive coverage appears 
in Chapters 17 and 29. The fourth set of factors includes 
genetic information, and that will be mentioned only 
briefly because Chapter 3 provides full coverage of this 
topic.

Traditional Risk Factors
Many risk factors have been proposed for CAD. Greater age 
is an especially important determinant, and men experi-
ence greater risk for CAD than women throughout most of 
adulthood. In the worldwide INTERHEART study of patients 
from 52 countries, the authors identified nine potentially 
modifiable factors that accounted for over 90% of the pop-
ulation-attributable risk of a first MI: smoking, dyslipidemia, 
hypertension, diabetes, abdominal obesity, psychosocial 
factors, daily consumption of fruits and vegetables, regular 
alcohol consumption, and regular physical activity.33 More 
information for each of these topics is provided in the fol-
lowing discussion.

Age
Atherosclerotic CAD is uncommon before age 40 in men 
and before menopause in women. The absolute risk of 
developing clinical CAD in women increases greatly after 
menopause, and by age 70 to 80 the incidence of CAD is 
roughly similar in both sexes.

Sex
Women tend to more commonly experience angina pecto-
ris as the first evidence of CAD, and first CAD events in men 

are more commonly MI. Differences in CAD rates for men 
and women are discussed under the angina pectoris, MI, 
and coronary death headings.

Smoking
Current cigarette smoking typically doubles the risk of CAD 
events.34 Relative risks may be much higher for heavy smok-
ers. Older research has shown that filter and nonfilter ciga-
rettes have similarly adverse effects on CAD risk.35 Quitting 
smoking in persons with CAD is associated with improved 
long-term survival, and the benefit of smoking cessation 
is evident within a few years of stopping, as shown in the 
Multiple Risk Factor Intervention Trial.36 The prevalence of 
current smoking in the United States has declined over the 
last 50 years and is now in the 15% to 25% range for men and 
5% to 25% range for women (Fig. 1.5).1

Dyslipidemia
Higher levels of total cholesterol, LDL-C, or non-HDL-C are all 
associated with greater risk of CAD events. In recent times 
there is a more concentrated focus on LDL-C, non-HDL-C, 
apolipoprotein-B levels, and LDL particle number as impor-
tant determinants of ASCVD risk.37,38 Higher levels of HDL-C 
appear to be cardioprotective, and lifestyle factors such as 
lower BMI, greater alcohol intake, higher estrogen levels, 
avoidance of smoking, and greater physical activity are par-
tially responsible for favorable HDL-C effects. Elevated triglyc-
eride levels are a CAD risk factor when analyzed in tandem 
with cholesterol. However, when information from choles-
terol, HDL-C, and triglycerides is available, the triglyceride 
effects appear to be modest. A large number of clinical trials 
have shown that lowering the concentration of atherogenic 
lipids such as LDL-C translates into reduced CAD risk.39

Hypertension
Elevated BP is a time-honored risk factor for CAD. 
Population studies have shown that the risk increases 
along a continuum and higher BP levels, even in the 
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FIG. 1.5 Prevalence of current cigarette smoking in US adults > 18 years of age by age, race, and ethnicity. AIAN, American Indian/Alaska Native; NH, non-Hispanic; NHOPI, 
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nonhypertensive range, are associated with greater CAD 
risk using 2007–2012 US NHANES data (Fig. 1.6).1 The 
prevalence of hypertension (> 140/90 mm Hg or on BP 
medication) increases inexorably from an estimated 
8% in young adults to 80% of the population aged over 
75 years, and there is little difference in the prevalence 
estimates for men and women. In analyses across blacks, 
whites, and Hispanics, the awareness of hypertension 
is generally in the 70% to 90% range, BP treatment is in 
the 60% to 80% range, and BP control is in the 40% to 
60% range. There is considerable heterogeneity in these 
estimates across the different ethnic/racial groups (Fig. 
1.7).1 The gradient of risk between CAD and BP is stron-
ger for systolic pressure than for diastolic pressure, and 
systolic pressure is typically used as the BP measure to 
estimate risk for CAD events.34 Lifestyle changes con-
cerning dietary sodium intake and weight reduction if 
the person is obese are recommended for persons with 

BPs greater than 120 mm Hg systolic or 80 mm Hg dia-
stolic. Pharmacotherapy is generally recommended for 
persons with greater than 140 mm Hg systolic or 90 mm 
Hg diastolic as recommended by expert guidelines.40 The 
large National Institutes of Health (NIH)-funded Systolic 
Blood Pressure Intervention Trial (SPRINT) was stopped 
early because of benefit in the aggressive treatment arm. 
The investigators showed that targeting BP to less than 
120/80 mm Hg for persons on BP-lowering therapy was 
more effective than the traditional goal of less than  
140/90 mm Hg.41

Diabetes Mellitus
The presence of diabetes mellitus, typically type 2, doubles 
CAD risk for men and triples risk for women. The increased 
CAD risk in diabetic patients is attributable to higher BP 
levels, more dyslipidemia, elevated glucose levels, and 
increased levels of inflammatory markers.42 The 2013 Action 
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for Health in Diabetes (LOOK AHEAD) trial investigated 
whether weight loss would affect risk of ASCVD outcomes 
in diabetic patients and the overall result was null.43

Excess Adiposity and the Metabolic Syndrome
Greater adiposity in the abdominal region is associated 
with increased CAD risk, and this risk is largely evident 
through the effects on BP, lipids, and diabetes mellitus. 
The prevalence of obesity in the United States has risen 
greatly over the past few decades (Fig. 1.8), and NHANES 
estimates that 35% of men and women are obese with a 
BMI greater than 30 kg/m2.1 Metabolic syndrome has been 
defined as present if an individual has at least three of the 
following: abdominal adiposity, elevated BP, low HDL-C, 
elevated triglycerides, and impaired fasting glucose. Each 
factor increases ASCVD risk approximately 1.5 times, and 
persons with metabolic syndrome have an elevated risk 
of developing CAD and a very elevated risk of developing 
type 2 diabetes mellitus.44

Psychosocial Factors
Personality type, educational status, income level, employ-
ment status, health insurance status, and other factors have 
been investigated as CAD risk factors. It can be difficult to 
generalize results across cultures on psychosocial measures. 
British investigators have incorporated such measures into 
CAD risk estimation formulations.45

Daily Consumption of Fruits and Vegetables
Greater consumption of fruits and vegetables and a healthy 
diet in general are typically associated with lower concen-
trations of atherogenic lipids and favorable effects on other 
blood factors that translates into a reduction in CAD risk. 
The AHA has developed a program called Life’s Simple 
Seven that emphasizes seven lifestyle attributes: no smok-
ing, normal BMI, regular physical activity, healthy diet score, 
normal blood cholesterol, normal BP, and normal fasting glu-
cose. Surveys show that the healthy diet component is one 
of the least likely measures to be achieved and that 50% of 
US adults 20 to 49 years old and 31% of those over 50 years 
had poor scores related to healthy diet.1

Regular Physical Activity
Physical activity and physical fitness itself are associated 
with lower risk of CAD in a very large number of settings. 
The 2008 Physical Activity Guidelines for Americans rec-
ommend more than 150 minutes/week of moderate physi-
cal activity or 75 minutes of vigorous aerobic activity or an 
equivalent combination. In calendar year 2008, 43.5% of 
US adults were aerobically active, 28.4% were highly active, 
21.9% met the muscle-strengthening guideline, and 18.2% 
both met the muscle-strengthening guideline and were 
aerobically active. Meeting the guidelines was associated 
with being male, being younger, being non-Hispanic white, 
having higher levels of education, and having a lower BMI 
(Fig. 1.9).46 National Health Interview Survey data across 
the United States for 2014 showed that approximately 30% 
of adults did not undertake leisure-time physical activity. 
Inactivity was generally greater in women, more common 
with increasing age, and more prevalent in Hispanic and 
non-Hispanic blacks than in whites (Table 1.3).1

Electrocardiographic Abnormalities
Asymptomatic persons with resting ECG abnormalities such 
as ST depression, T-wave inversion, LVH or strain, and prema-
ture ventricular contractions have a 2- to 10-fold increased 
risk of CHD versus those with a normal ECG.47 As examples, 
both minor (13%) and major (23%) ECG abnormalities were 
present in the Health, Aging, and Body Composition (Health 
ABC) Cohort participants over 65 years at baseline. These 
abnormalities were associated with an increased risk of 
CHD. When the ECG abnormalities were added to a model 
containing traditional risk factors alone, they improved the 
overall discrimination to a modest degree. Similarly, in the 
Copenhagen Heart Study participants who were over 65 
years, the prevalence of ECG abnormalities was 30% and the 
risk of fatal ASCVD was significantly greater in persons with 
an abnormal baseline ECG (hazard ratio [HR] 1.33 vs nor-
mal baseline ECG, 95% confidence interval [CI] 1.29–1.36). 
Among 2192 adults aged 70 to 79 without known ASCVD 
who were followed for 8 years, persons with minor (defined 
as minor ST-T abnormalities) and major (defined as Q 
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waves, LVH, bundle branch block, atrial fibrillation or flutter, 
Wolff–Parkinson–White syndrome, or major ST-T changes) 
ECG abnormalities were more likely to develop ASCVD than 
those with normal baseline ECGs (HR 1.35, 95% CI 1.02–1.81 
and HR 1.51, 95% CI 1.20–1.90, respectively).48

The usual transition zone, where the R wave and S wave 
are equal in amplitude in the precordial leads, usually 
occurs between V3 and V4. In a cohort of 9067 persons (44% 
male) followed for 24 years, clockwise rotation (also called 
late transition) was associated with increased risk of ASCVD 
(HR 1.49, 95% CI 1.12–1.98), whereas counterclockwise rota-
tion (also called early transition) was inversely associated 
with ASCVD (HR 0.74, 95% CI 0.59–0.94). Whereas these pat-
terns are easily identified from the surface ECG, the exact 
mechanism by which cardiac rotation on ECG alters the risk 
of ASCVD remains undetermined.49

LVH is associated with hypertension, older age, and obe-
sity. Among more than 15,000 patients in the ARIC study who 
were followed for 15 years, both women and men with base-
line ECG-identified LVH were significantly more likely to die 
from ASCVD than from non-ASCVD causes (HR in women 
8.4, 95% CI 4.5–15.6; HR in men 4.9, 95% CI 3.0–7.8).50

Resting heart rate and peak exercise heart rate are asso-
ciated with greater CHD and ASCVD mortality.51–53 Resting 
heart rate has been studied in several population-based 

cohorts, and it is associated with modest increases in ASCVD 
events. In a recent Framingham analysis, a positive differ-
ence of 11 beats/min was associated with higher all-cause 
(HR 1.17, 95% CI 1.11–1.24, p < 0.0001) and cardiovascular 
mortality (HR 1.18, 95% CI 1.04–1.33, p = 0.01).52 Compared 
with persons with a resting heart rate of less than 60 beats/
min, those with a resting heart rate of 80 beats/min or more 
had significantly higher all-cause (HR 1.66, 95% CI 1.45–1.89) 
and cardiovascular (HR 1.87, 95% CI 1.52–2.30) mortality. 
Change in resting heart rate over time also correlates with an 
increased risk of CHD death. In a prospective cohort study of 
29,325 Norwegians (46% men) without known CHD, resting 
heart rate was measured on two occasions approximately 10 
years apart, after which the group was followed for an average 
of 12 years. Persons with a resting heart rate of less than 70 
beats/min at the initial visit but greater than 85 beats/min at 
the second visit had a significantly higher risk of CHD death 
compared with persons with resting heart rate of 70 beats/
min at both visits, (adjusted hazard ratio [AHR] 1.9, 95% CI 
1.0–3.6). Similar results were noted for persons with a resting 
heart rate of 70 to 85 beats/min at the initial visit but greater 
than 85 beats/min at second visit (AHR 1.8, 95% CI 1.2–2.8).54

Medical Diagnoses and Systemic Conditions 
That May Increase Risk for Coronary Artery 
Disease
Androgen Deficiency
Androgen deficiency in men with reduced serum testos-
terone concentrations is associated with the subsequent 
development of metabolic syndrome, diabetes mellitus, 
and elevated C-reactive protein levels in addition to higher 
overall mortality.55 Among a cohort of 930 British men with 
angiographically documented CHD who were observed for 
a mean of 7 years, those with low testosterone levels (bio-
available testosterone < 2.6 nmol/L, 21% of the group) had 
significantly greater mortality than men with normal tes-
tosterone levels.56 Additionally, several observational stud-
ies and retrospective analyses of randomized trials have 
shown an association between therapeutically reduced 
androgen levels (i.e., as treatment for prostate cancer) and 
higher rates of ASCVD and mortality. On the other hand, a 
systematic review and meta-analysis of randomized trials 
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FIG. 1.9 Prevalence of meeting 2008 Aerobic Guidelines in US Adults > 18 years of age. NHANES (National Health Interview Survey) by age, race, and ethnicity. (From Mozaffar-
ian D, Benjamin EJ, Go AS, et al. Heart Disease and Stroke Statistics—2016 update: a report from the American Heart Association. Circulation. 2016;133(4):e38–e360; chart 4-4.)

TABLE 1.3 US Adults Meeting Federal Aerobic and 
Strengthening Physical Activity Guideline

POPULATION GROUP
2014 PREVALENCE
(AGE > 18 YEARS, %)

Both sexes 21.4

Men 25.4

Women 17.6

Non-Hispanic white only 23.6

Non-Hispanic black only 20.0

Hispanic or Latino 15.3

Asian only 17.0

American Indian/Alaska Native only 24.0

Data from Mozaffarian D, Benjamin EJ, Go AS, et al. Heart Disease and Stroke 
Statistics—2016 update: a report from the American Heart Association. Circulation. 
2016;133(4):e38–e360; Table 4-1.
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of exogenous testosterone replacement therapy (TRT) 
reported that TRT was not associated with increased risk of 
cardiovascular death.57 Other reports suggest that normal-
ization of testosterone levels with TRT may alter the risk of 
ASCVD. In a retrospective cohort analysis of 83,010 male 
veterans with low total testosterone levels, patients were 
separated into three groups: those taking TRT with nor-
malized testosterone levels (n = 43,931), those taking TRT 
with persistently low testosterone levels (n = 25,701), and 
those not on TRT (n = 13,378).58 Using propensity analysis, 
patients receiving TRT who had normalization of testoster-
one levels had significantly lower risk of total mortality, MI, 
and stroke over an average follow-up of up to 6 years. Two 
separate studies on the effects of TRT in veterans produced 
discordant results. Basaria59 et al. showed an increase for 
CAD risk, while Sharma et al.58 showed a decrease. The 
NIH-funded Testosterone Trial is underway to address this 
issue.

Estrogen Status
In the 1980s a large number of studies reported decreased 
CAD risk in women who took postmenopausal estrogen 
products. Subsequently, the Women’s Health Initiative 
was developed by the NIH, and several clinical trials were 
undertaken to rigorously test the benefit and safety of post-
menopausal estrogens. None of the trials demonstrated a 
reduction in CAD risk.60,61

Collagen Vascular Disease
Patients with collagen vascular disease, especially those 
with rheumatoid arthritis (RA) and systemic lupus erythe-
matosus (SLE), have a significantly increased incidence of 
ASCVD.62 High CAD risk has been demonstrated for young 
women with SLE.63 Immunotherapeutic agents are being 
evaluated to potentially reduce inflammation and clinical 
CHD events in clinical trials.64

Acute Infectious Illnesses
Acute infectious illnesses may be associated with a transient 
increase in the risk of ASCVD events, and influenza vaccina-
tion reduces the risk of a clinical CAD event.65,66 It has been 
proposed that certain types of infections may play a role in 
the pathogenesis of atherosclerosis by establishing a low-
grade persistent inflammatory process. Acute or chronic 
inflammation may result in endothelial dysfunction and 
may be responsible for a cardiac event. The major organisms 
that have been studied with respect to chronic inflamma-
tion and ASCVD include Chlamydia pneumoniae, cytomega-
lovirus, and Helicobacter pylori. Enterovirus (Coxsackie viral 
infection), hepatitis A virus, and herpes simplex virus type 1 
and type 2 have also been implicated. A large meta-analysis 
has shown that large randomized trials do not support ben-
efit from antibiotic therapy against C. pneumoniae to reduce 
CAD risk.67

Nonalcoholic Fatty Liver Disease
Nonalcoholic fatty liver disease (NAFLD), also referred to 
as nonalcoholic steatohepatitis, is a clinico-histopathologic 
entity with features that resemble alcohol-induced liver 
injury. Although its etiology is unknown, NAFLD is frequently 
associated with obesity, type 2 diabetes mellitus, and hyper-
lipidemia. Patients with NAFLD often meet the diagnostic 
criteria for metabolic syndrome, and there is evidence for 
an increased risk of incident cardiovascular disease that is 

independent of the risk conferred by traditional risk factors 
and components of metabolic syndrome.68,69

Obstructive Sleep Apnea
Obstructive sleep apnea is associated with an increased risk 
for CAD, cardiac arrhythmias, and systemic hypertension.70 It is 
difficult to disentangle the effects of obesity versus the effects 
of disordered breathing on the risk of CAD in such patients.71

Small for Gestational Age Infants
Adults who were small for gestational age infants experience 
an increased risk for ischemic heart disease and related dis-
orders including hypertension, stroke, diabetes, and hyper-
cholesterolemia.72 Reports suggest that the mother of the 
small for gestational age infant may be at higher risk to 
develop CAD as well.73

Environmental Factors
Air Pollution
Air pollution has emerged as a potentially modifiable risk 
factor for the development of ASCVD. Multiple observational 
studies have demonstrated an association between fine par-
ticulate air pollution (primarily from the use of fossil fuels in 
automobiles, power plants, and heating purposes) and car-
diovascular and cardiopulmonary mortality, as well as an 
increased risk for the development of acute coronary syn-
dromes. More recent studies are controlling the analyses for 
usual CAD risk factors. Larger concentrations of particles in 
the air have been associated with a 25% increase in the risk 
of ASCVD death. In 2010 the AHA and in 2015 the European 
Society of Cardiology issued official statements discussing 
the association between long-term exposure to fine particu-
late air pollution and increased risk of developing cardiovas-
cular disease.74,75 Exposure to particulate matter less than 2.5 
μm in diameter over a few hours to weeks can trigger cardio-
vascular disease-related mortality and nonfatal events; longer 
exposure over years increases the risk for cardiovascular mor-
tality to an even greater extent than exposures over a few days 
and reduces life expectancy within more highly exposed seg-
ments of the population by several months to a few years. 
From the prevention vantage point, reductions in particulate 
matter levels are associated with decreases in cardiovascular 
mortality within a time frame as short as a few years. Possible 
mechanisms by which fine particulate air pollution may 
increase the risk of ASCVD include raising mean resting arte-
rial BP, prothrombotic effects through transient increases in 
plasma viscosity and impaired endothelial dysfunction, and 
promoting the initiation of atherosclerosis.75–77

Environmental Noise
Environmental noise has been implicated in observational 
studies as a CAD risk factor. Chronic exposure to increased 
environmental noise levels from roadways, airplanes, and 
other sources has been linked to an increased risk of devel-
oping ASCVD. This effect is hypothesized to be caused by 
stress-related dysregulation of the autonomic nervous system, 
leading to increases in hypertension and subsequent ASCVD.78

Socioeconomic Factors
Socioeconomic factors, including where a person lives, his 
or her education, occupation, and income, or combinations 
of these, have been associated with risk for ASCVD, especially 
CHD and ASCVD mortality. Disadvantaged socioeconomic 



Ep
id

em
io

lo
g

y o
f C

h
ro

n
ic C

o
ro

n
ary A

rtery D
isease

11

1
status is consistently associated with higher ASCVD risk in 
these studies.79–81

Elevated Blood Homocysteine
Elevated blood homocysteine levels in cross-sectional and 
prospective studies have been linked to increased risk for 
CHD. Higher serum homocysteine concentrations are fre-
quently accompanied by reduced levels and intake of folate 
and vitamin B12. On the other hand, numerous prospective 
randomized trials of folate and vitamin B12 supplementa-
tion to lower serum homocysteine have demonstrated no 
reduction in ASCVD outcomes.82 The addition of a serum 
homocysteine measurement to the Framingham risk score 
has been shown to improve risk prediction, with net reclas-
sification of between 13% and 20% of patients from two 
cohorts.83 The majority of those affected were reclassified 
to a higher risk level.

Subclinical Atherosclerotic Disease
Carotid artery intima-media thickness (IMT) is linked to 
the atherosclerotic process because of its association with 
known cardiovascular risk factors. Thicker IMT of the com-
mon carotid artery is highly associated with greater risk for 
CAD events. Far wall common carotid artery IMT has been 
shown to have the strongest association with incident CHD, 
whereas mean IMT had the strongest associations with risk 
factors.84–87 Arterial stiffness, measured as the aortic pulse 
wave velocity (PWV) between the carotid and femoral arter-
ies, also predicts ASCVD events. This was demonstrated in a 
meta-analysis of 17 studies that included more than 15,000 
patients in whom aortic PWV had been correlated to clinical 
outcome.88 The pooled relative risks for total ASCVD events, 
ASCVD mortality, and all-cause mortality were significantly 
increased in comparisons of high versus low aortic PWV 
groups: 2.26 (95% CI 1.89–2.70), 2.02 (95% CI 1.68–2.42), and 
1.90 (95% CI 1.61–2.24), respectively.

Calcium deposits in large arteries, particularly the aor-
tic arch and abdominal aorta, may be an indicator for an 
increased risk for clinical ASCVD and overall mortality.89 
Calcification of the abdominal aorta has also been associ-
ated with an increased risk of ASCVD, and a meta-analysis 
showed calcification of the abdominal aorta was associated 
with significantly higher risk for CHD across five studies with 
a total of 11,250 patients (RR 1.81, 95% CI 1.54–2.14).90

Coronary artery calcification (CAC) detected by electron 
beam computed tomography or multidetector computed 
tomography can be used to quantify the amount of calcium 
present in the coronary arteries. After age 40 coronary cal-
cium is frequently seen in the coronary arteries, an aggre-
gate coronary calcium score can be developed from the 
images, and CAD risk is greater in persons in proportion to 
the quantity of calcium.91 Coronary plaque volume, calcium 
density, and progression of the calcification are all related to 
greater risk for CAD events.92,93

Inherited Risk and Genetic Factors
First-Degree Relatives with a History of ASCVD
Parental history of CAD is associated with greater risk for 
CAD in the offspring. Risk is approximately double if one 
parent has a history of a heart attack and much higher if 
both parents have a history of a heart attack, especially if 
both parents had a heart attack before age 50, as shown in 

Table 1.4.1 Additionally, a positive history of ASCVD in sib-
lings has been reported to be associated with an increased 
risk for CAD.94

Heritability of Risk Factors
Heritability of risk factors is an important contribution 
to inherited CAD risk. Studies like Framingham, which 
measured risk factors comprehensively across more than 
one generation and at similar ages for the generations 
being compared, provide reliable estimates for the risk 
factor heritability.  Table 1.5 shows the heritability of sev-
eral common risk factors according to several heritability 
strata. Of particular note is that most of the commonly 
measured lipids that are used to help estimate CAD risk 
are very heritable.

Genetic Variants
Genetic variants have been associated with greater CAD 
risk in multiple studies.95,96 Among the various implicated 
single-nucleotide polymorphisms (SNPs), those appear-
ing on locus 9p21 have shown the strongest association 
with CHD risk. In a 2010 systematic review that evaluated 

TABLE 1.4 Cardiovascular Disease Risk and Parental 
Heart Attack History

GROUP
ODDS RATIO (95% 
CONFIDENCE LIMIT)

No family history 1.00

One parent with heart attack > 50 
years of age

1.67 (1.55–1.81)

One parent with heart attack < 50 
years of age

2.36 (1.89–2.95)

Both parents with heart attack > 50 
years of age

2.90 (2.30–3.66)

Both parents with heart attack, one 
< 50 years of age

3.26 (1.72–6.18)

Both parents with heart attack, both 
< 50 years of age

6.56 (1.39–30.95)

From Mozaffarian D, Benjamin EJ, Go AS, et al. Heart Disease and Stroke 
Statistics—2016 update: a report from the American Heart Association. Circulation. 
2016;133(4):e38–e360; Table 7-1.

TABLE 1.5 Heritability of Traits Estimated in the 
Framingham Heart Study

HERITABILITY TRAITS

High
(> 0.50)

Subcutaneous abdominal fat
HDL cholesterol
Total cholesterol
LDL cholesterol

High intermediate
(0.40–0.50)

Systolic blood pressure
Waist circumference
Triglycerides

Low intermediate
(0.30–0.40)

Diastolic blood pressure
Visceral abdominal fat
Fasting glucose
C-reactive protein
Estimated glomerular filtration rate

Low
(< 0.30)

Left ventricular mass
Hemoglobin A1c
Ankle brachial index

HDL, High-density lipoprotein; LDL, low-density lipoprotein.
Data from Mozaffarian D, Benjamin EJ, Go AS, et al. Heart Disease and Stroke 
Statistics—2016 update: a report from the American Heart Association. Circulation. 
2016;133(4):e38–e360; Table 7-3.
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47 distinct datasets, including 35,872 cases and 95,837 
controls, persons with two abnormal alleles at this locus 
were more likely to have CHD when compared with per-
sons with one at-risk allele (OR 1.25, 95% CI 1.21–1.29).97 
The association with 9p21 SNPs and an increased risk of 
developing CHD has also been shown in patients greater 
than 70 years of age without known prior CHD.96 A 2014 
systemic review and meta-analysis of 31 cohorts includ-
ing 193,372 persons confirmed the association between 
9p21 variants and the likelihood of a first CHD event (HR 
1.19 per risk allele, 95% CI 1.17–1.22).95 However, 9p21 
variants were not associated with an increased likelihood 
of subsequent CHD events among persons with known 
CHD (HR 1.01 per risk allele, 95% CI 0.97–1.06). Despite 
an apparently clear association between variants and 
incident CHD, locus 9p21 SNPs have not been definitively 
shown to significantly improve on the discrimination or 
classification of predicted CHD risk compared with tradi-
tional risk factors.95–101 Among 950 nondiabetic patients 
with early-onset CHD (mean age 56 years) displaying at 
least one angiographic epicardial stenosis greater than 
50% on coronary angiography, the 9p21 genotype was 
associated with a risk of left main CHD (OR 2.38 per copy 
of risk allele, 95% CI 1.48–3.85), 3-vessel CHD (OR 1.45 per 
copy of risk allele, 95% CI 1.18–1.79), and need for bypass 
surgery (OR 1.37 per copy of risk allele, 95% CI 1.04–1.79). 
These data suggest more aggressive CHD occurring at a 
younger age in patients with 9p21 variants.

Different genetic variants have been associated with a 
variety of CHD diagnoses. Some increase the risk of coronary 
atherosclerosis and others increase the risk of plaque rup-
ture and acute MI, suggesting different biologic effects.101,102 
The pathophysiologic impact of genetic variants likely var-
ies depending on comorbidities. In a study that pooled CHD 
cases and controls from five large cohorts, the same SNP 
on chromosome 1q25 was associated with a significantly 
higher risk of CHD among patients with diabetes (OR 1.36 
vs diabetic patients without this SNP, 95% CI 1.22–1.51) but 
no change in risk of CHD among patients without diabetes 
(OR 0.99, 95% CI 0.87–1.13).103 These findings point toward 
the importance of other biologic factors in the development 
of CHD, including different mechanisms in patients with 
diabetes.

Many genetic variants have been reported to be associ-
ated with the risk of ASCVD. In a study of 180 genetic variants 
associated with height among 193,449 persons (including 
65,066 cases with CAD and 128,383 control subjects with-
out CAD), there was a significant increase in CAD risk with 
shorter stature (13.5% for each standard deviation [6 cm] 
decrease in height, 95% CI 5.4–22.1), with a significant 
decrease in CAD risk with increasing numbers of height-
raising genetic variants.104

Although individual genetic markers are associated 
with ASCVD, their aggregate effect on risk beyond tradi-
tional factors has not been established. A genetic risk 
score created from 101 SNPs associated with ASCVD did 
not improve discrimination or reclassification of risk after 
adjustment for traditional factors in a cohort of over 19,000 
white women.105 Peripheral blood cell gene expression has 
also been investigated as a means of estimating the risk of 
ASCVD, specifically obstructive CAD, and based on limited 
data the technique may be comparable to stress testing 
with myocardial perfusion imaging in terms of accuracy of 
diagnosing CHD.106–108

Prediction of First ASCVD Event
Multivariable risk models have been developed in an 
attempt to estimate both 10-year and 30-year ASCVD risk in 
patients without clinical vascular disease at baseline. In the 
1990s the Framingham Heart Study developed multivariable 
models using the traditional variables—age, sex, systolic 
BP level, BP treatment, total cholesterol (or LDL-C), HDL-C, 
diabetes mellitus status, and current smoking habit—to esti-
mate risk of developing a first CAD event.

Since the late 1990s varieties of the multivariable-based CAD 
prediction models have been developed around the world. The 
Systematic COronary Risk Evaluation (SCORE) risk tool was 
developed in Europe to predict CAD death.109 British investiga-
tors developed a QRISK tool that was updated to QRISK2 and 
in its most recent version became the Joint British Societies 
(JBS3) estimator. The British model included a region of the 
United Kingdom that was linked to socioeconomic status, fam-
ily history of ASCVD, atrial fibrillation, rheumatoid arthritis, and 
BMI variables as predictive factors.45 In the United States the 
expert committees developing guidelines for the prevention of 
vascular disease elected to focus on hard ASCVD as the vascular 
endpoint of interest, and this algorithm was published in a 2013 
American College of Cardiology (ACC)/AHA report.34 The 2013 
estimator was based on the experience of the Framingham, 
ARIC, Cardiovascular Health Study (CHS), and Coronary Artery 
Risk Development in Young Adults (CARDIA) cohorts and was 
externally validated in REasons for Geographic and Racial 
Differences in Stroke (REGARDS). Follow-up validations under-
taken by Reynolds and MESA investigators using Reynolds 
risk scores and MESA cohorts suggest that the 2013 ACC/AHA 
may overestimate ASCVD risk.110,111

Estimating lifetime risk of having CAD and other vascular 
events has been possible since the turn of century using meth-
ods that censored for competing causes of death and had 
follow-ups of long duration. A 2012 report that included infor-
mation from 18 cohorts and more than 200,000 adults showed 
that the lifetime risk of ASCVD was 15% for persons without risk 
factors at age 55 years, and absolute risk rose to approximately 
40% for those with two or more of the traditional risk factors.7

An example of hard ASCVD 10-year risk estimation using 
the 2013 ACC/AHA Risk Estimator is illustrated in Fig. 1.10 for 
hypothetical 55-year-old adults with different combinations 
of risk factors—cholesterol, HDL-C, systolic BP, BP treatment, 
smoking status, and diabetes status.

Prediction of Recurrent ASCVD
Persons with symptomatic ischemia experience greater 
risk for subsequent ischemia-related events, including hos-
pitalizations for acute coronary syndrome (ACS), stroke, 
and ASCVD death.112 Research into identifying the predic-
tors of these events has focused on survivors of ACS or MI. 
Historically most risk scores have been based on inpatient or 
emergency department information, such as Thrombolysis 
in Myocardial Infarction (TIMI), Global Registry of Acute 
Coronary Events (GRACE), the emergency department 
History, ECG, Age, Risk factors, Troponin (HEART) algo-
rithm, and the Dual Antiplatelet Therapy (DAPT) investiga-
tors.113–116 In the outpatient setting and in observational 
studies the Reduction of Atherothrombosis for Continued 
Health (REACH) and the Secondary Manifestations of 
ARTerial disease (SMART) investigators developed predic-
tion algorithms.117,118 We will focus on the outpatient predic-
tion of recurrent ASCVD events using outpatient information.
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Table 1.6 shows the variables used in the REACH and 
SMART risk model. In REACH the investigators developed 
ASCVD prediction models from the 2-year follow-up data of 
49,689 participants (2394 CV events and 1029 CV deaths).117 
Age, sex, number of vascular beds with clinical disease, dia-
betes, smoking, low BMI, history of atrial fibrillation, cardiac 
failure, region of the world, and history of CV event(s) within 
1 year of the baseline examination increased risk of a subse-
quent CV event. The investigators in SMART had European 
data and found that age, sex, carotid findings, smoking, sys-
tolic BP, and lab biomarkers were significantly associated 
with recurrent vascular disease in a population of 5788 
patients at risk and 788 recurrent events.

CONCLUSIONS

The epidemiology of ASCVD has evolved to the point where 
angina pectoris, MI, and CHD death are extremely common 
on a worldwide basis. The key traditional factors such as age, 
male sex, smoking, diabetes mellitus, hypertension, and lipid 
measures are important determinants of risk. Newer bio-
markers continue to be studied and are complemented by 
research findings concerning genetic variants that augment 
ASCVD risk. In addition, a variety of other situations, condi-
tions, and diagnoses such as use of testosterone or estrogen 
products, inhalation of pollutants, and obesity may affect risk 
of developing clinical ischemic heart disease. Finally, use of 
subclinical heart disease assessments using coronary artery 
calcium scoring and other modalities holds promise to refine 
the assessment of ASCVD risk in some individuals.
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TABLE 1.6 Recurrent Heart Disease Outpatient 
Prediction Algorithms

STUDY GROUP REACH SMART

Entry Outpatient
Post MI

Outpatient
History of Arterial Disease

Sex x x

Age x x

Current smoking x x

Diabetes mellitus x x

Parental history of MI
before age 60 years

x

Blood pressure level x

Cholesterol level x

eGFR x

BMI > 20 kg/m2 x

Recent cardiac arrest x

Cerebrovascular disease, 
peripheral arterial disease, or 
abdominal aortic aneurysm

x x

Time since first vascular event x x

Heart failure x x

Carotid intima-media thickness x

Carotid stenosis

Atrial fibrillation x

Antiplatelet therapy x x

Statin or lipid therapy x x

Blood pressure therapy x

Geographic region x

Reduction of Atherothrombosis for Continued Health (REACH), Secondary 
Manifestations of Arterial Disease (SMART)

BMI, Body mass index; eGFR, estimated glomerular filtration rate; MI, 
myocardial infarction.

x indicates that the variable is included in the algorithm.
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INTRODUCTION

Cardiovascular disease (CVD) and specifically ischemic 
heart disease (IHD) have long been the leading cause of 
death in high-income countries (HICs); indeed, “disease of 
the heart,” in all its manifestations, has topped the Centers 
for Disease Control and Prevention cause of death list since 
1921.1 Coronary artery disease accounts for the majority of 
this disease burden.

With the progression of global development, the burden 
of CVD has increasingly been borne by low- and middle-
income countries (LMICs), with up to 80% of CVD deaths 
worldwide occurring in LMICs.2 The shifting burden of CVD, 
first encountered in HICs and increasingly affecting the 
developing world, is the result of the epidemiologic tran-
sition and represents the contribution of sanitation, pub-
lic health, industrialization, urbanization, and economic 
advances, leading to a reduction in the burden of infectious 
disease on the one hand and an increase in CVD risk factors 
on the other hand.

Epidemiologic Trends
The epidemiologic transition consists of four basic stages 
(Fig. 2.1): pestilence and famine, receding p andemics, 
d egenerative and man-made disease, and delayed d ege-
nerative diseases.3 The current trend in CVD burden is being 
driven by the transition of LMICs to stage 3 of this transition, 
namely the phase of degenerative and man-made disease.4,5 
In this stage, improvement in economic c ircumstances, as 
well as increased urbanization with its attendant socio-
psychologic stresses, results in altered dietary patterns, 
decreased activity levels, and an increase in behaviors asso-
ciated with CVD, including smoking. These changes lead to 
an increase in atherosclerosis and r esultant CVD; between 
35% and 65% of all deaths in this stage are attributable to 
CVD, with IHD the predominant cause. The majority of CVD 
deaths in this stage are seen among i ndividuals of higher 
socioeconomic status, as they are the first to benefit from 
these improvements in circumstance.4

High-income countries currently occupy the fourth stage 
of the transition: delayed degenerative diseases. In this stage, 
primary and secondary prevention measures, as well as new 
therapeutic approaches, lead to significant decreases in age-
adjusted mortality rates. CVD still accounts for between 40% 
and 50% of all deaths in this stage, though largely affecting 
older individuals. Importantly, the burden of premature CVD 
in HICs shifts to lower levels of socioeconomic status, as 

those of higher status are first to benefit from improvements 
in the measures noted previously.3,4

Importantly, there is mounting evidence of a possible 
fifth stage: the age of obesity and inactivity. In some HICs, 
declines in age-adjusted mortality rates of CVD have leveled 
off, with improvements in rates of smoking and hypertension 
plateauing and with increasing rates of obesity and its asso-
ciated consequences, including diabetes and dyslipidemia. 
Although the trends are for continued age-adjusted declines 
in mortality, some increases in risk factors particularly evi-
dent in children have the potential to reverse gains in age-
adjusted CVD mortality in the coming years.3,4

Burden of Disease
With the global advancement through the epidemiologic 
transition, the primary drivers of global mortality have 
shifted from malnutrition, infectious disease, and infant 
and child mortality to more chronic, noncommunicable 
diseases. In the most recent survey of the Global Burden of 
Disease (GBD) in 2010, noncommunicable diseases com-
prised 65.5% of all deaths worldwide and approximately 43% 
of years of life lost (YLL), a measurement of amount of life  
lost due to premature mortality. Chief among this advanced  
class of maladies stands CVD, and within this category, IHD, 
as the primary cause of mortality worldwide. Indeed, IHD 
has remained the top-ranked cause of mortality worldwide 
from 1990 to 2010, and in 2010 overtook lower respiratory 
tract infections as the top-ranked cause of both YLL and 
disability-adjusted life years (DALYs).2,6 In 2010, IHD was the 
cause of 13.3% of all deaths globally.6

IHD manifests in three clinical presentations: chronic 
stable angina, ischemic heart failure, and acute myocar-
dial infarction (AMI). Whereas YLL secondary to AMI make 
up the largest portion of DALYs lost to IHD (94% in men, 
92% in women)7 (Fig. 2.2), IHD drives a growing number 
of years lived with disability (YLDs) as a result of chronic 
stable angina, ischemic cardiomyopathy, and nonfatal AMI. 
The largest proportion of YLD due to IHD is secondary to 
chronic stable angina, which in 2010 was prevalent in 20.3 
per 100,000 males and 15.9 per 100,000 females. Ischemic 
heart failure, an increasingly important outcome in chronic 
IHD, was prevalent in 2.7 males and 1.9 females per 100,000. 
Disability due to nonfatal AMI, consisting of the period up 
to 28 days post-AMI, was responsible for a small fraction of 
YLDs due to IHD (Fig. 2.3).

Importantly, the epidemiologic transition underlies 
the trends in the incidence and prevalence of IHD and 
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its growing burden of disease worldwide. Globally, the 
number of deaths due to IHD increased from 5.2 mil-
lion to 7 million from 1990 to 2010, though in the same 
time period age-adjusted death rates decreased from 
131.3 to 105.7 per 100,000, an almost 20% improvement.2 
Similarly, YLDs secondary to all chronic sequelae of IHD 
increased from 1990 to 2010: chronic angina from 5 mil-
lion to 7.2 million (44% increase), ischemic cardiomy-
opathy from 890,000 to 1.5 million (70% increase), and 
nonfatal AMI from 29,000 to 42,000 (45% increase).7 As 
with mortality secondary to fatal AMI, age-standardized 
prevalence of chronic stable angina and nonfatal AMI 
fell from 1990 to 2010, though there was a slight increase 
in the age-standardized prevalence of ischemic cardio-
myopathy. Despite the almost universal improvement 
in age-standardized incidence and prevalence of IHD, 
the absolute global burden of IHD measured in DALYs 
increased by 29% from 1990 to 2010. This increase was 
driven primarily by the aging of the world’s population 
and increasing size of the population, accountable for 
32.4% and 22.1% of the growth of DALYs, respectively. 
These changes were attenuated by an overall decrease 
of 25.3% in the age-adjusted IHD DALY rate. Notably, in 
LMICs, the increase in IHD DALYs was driven primarily 
by the increasing size of the population, whereas in HICs, 
the increase was largely due to the increasing age of the  
population.7

Data on incident AMI and prevalent IHD are well docu-
mented; however there is a significant body of evidence 
that suggests that coronary atherosclerosis, the etiology 
of IHD, has a long detectable preclinical phase.8 The bio-
logic onset of disease occurs long before the manifesta-
tion of symptoms, resulting in a lengthy asymptomatic 
disease state. Efforts to characterize patients as low-, inter-
mediate-, and high-risk for the development of IHD have 
been established through the use of risk scores. However, 
diagnosis prior to clinical onset of disease is largely pro-
hibitive due to the invasive nature of the gold standard 
for IHD diagnosis, coronary angiography. Recent techni-
cal advances have resulted in the introduction of coro-
nary computed tomography (CT) angiography to assess 
coronary artery calcification and stenosis. The modal-
ity has been shown to be highly sensitive and specific 
for the detection of greater than 50% stenosis versus 
coronary angiography.9 In multiple large-scale trials, CT 
screening of middle-aged patients between 45 and 74 
years old with no history of IHD was revealing for any 
degree of coronary artery calcification in one-half to 
two-thirds of people screened.10,11 These numbers may 
be reflective only of asymptomatic IHD in HICs, though 
with the continued advancement of LMICs through the 
epidemiologic transition, this may soon be representa-
tive of larger swaths of the global population. Indeed, in 
a postmortem study of coronary artery atherosclerosis in 

   Proportion of
  Life death due Dominant form
 Description expectancy to CVD (%) of CVD death

Stage 1 Pestilence and famine

• Malnutrition 35 years <10 Infectious (RHD)
• Infectious diseases    Nutritional

Stage 2 Receding pandemics

• Improved nutrition 50 years 10–35 Infectious (RHD)
and public health

• Chronic disease    Stroke–hemorrhagic
• Hypertension

Stage 3 Degenerative and man-made diseases

• fat and caloric intake >60 years 35–65 IHD*
• Tobacco use
• Chronic disease deaths  Stroke Hemorrhagic

> infections, malnutrition   Ischemic

Stage 4 Delayed degenerative diseases

• Leading causes of >70 years 40 –50 
mortality CV and   •  IHD**

cimehcsi–ekortS•shtaedrecnac
• Prevention and Tx delays onset    •  CHF
• Age-adjusted CV death reduced

* Greater in high socioeconomic groups  
** Younger patient—lower socioeconmic status  
    Elderly—higher socioecnomic status  

FIG. 2.1 Stages of epidemiologic transition. CVD, Cardiovascular disease; CHF, congestive heart failure; IHD, ischemic heart disease; RHD, rheumatic heart disease; Tx, therapy.
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northern India, stenosis was found in approximately 30% 
of cases (mean age 35 years); of these, approximately 
two-thirds of cases were nonobstructive, with narrowing 
of less than 50% of the coronary lumen.12 These results 
are consistent with the growing disease burden of IHD in  
LMICs.

Disease Burden by Region
With the progression of societies through the epidemio-
logic transition, larger proportions of IHD morbidity and 
mortality are borne by LMICs as previously discussed. 
In this section, we will detail incidence, prevalence, and 
trends in IHD in distinct regions as defined by the GBD 
study.2,6,7,13,14 Figs. 2.4 and 2.5 depict regional variation in 
YLD and total DALYs lost to IHD, respectively. Figs. 2.6 and 
2.7 graphically display temporal trends in IHD DALYs and 
proportion of DALYs driven by YLDs by GBD region, respec-
tively. Data in this section on social and demographic 
indices in these regions are derived by World Bank World 
Development Indicators.

High-Income Countries
Social and Demographic Indices
Over 1 billion people live in HICs as defined by the GBD, 
including the regions of southern Latin America, Western 
Europe, high-income North America, Australasia, and 
high-income Asia Pacific. Of these countries, the larg-
est is the United States, with approximately 318 million 
inhabitants. People in these countries enjoy relatively 
long life expectancies, with men born in this region in 
2013 expected to live approximately 80 years and women 
83 years. The median percentage of the population 

over 65 in these countries is 17%, though there is a sig-
nificant range, from 10% in southern Latin America to 
greater than 18% in Western Europe. Notably, greater 
than 25% of the population of Japan is over the age of 
65. The median gross national income (GNI) per capita 
and health expenditure per capita in this region are 
$46,550 and $3965, respectively. Median public spending 
on health expenditures as a percent of total spending is  
approximately 75%.

Disease Burden and Trends
There is great heterogeneity in the epidemiology of IHD 
throughout this region. HICs as a group enjoyed the low-
est number of DALYs lost to IHD per population in 2010, 
from a low of 654 per 100,000 persons in high-income 
Asia Pacific, to 1636 in high-income North America. As a 
share of total morbidity and mortality, IHD was respon-
sible for 4.7% of DALYs in this region in 2010. By com-
parison, this number was 7.88% in 1990. High-income Asia 
Pacific again bears the lowest percent of DALYs attrib-
uted to IHD at 2.7%, compared to 6.1% in high-income 
North America. It is worth noting that the high-income 
Asia Pacific region bears an aberrantly high stroke bur-
den, with ischemic stroke driving almost half of the 
CVD burden in this region. This is compared to a greater 
than 2:1 global ratio in favor of IHD over stroke in CVD  
mortality.

As previously mentioned, the primary driver of DALYs 
lost secondary to IHD is YLL due to AMI. Of over 21 mil-
lion DALYs lost to IHD in HICs in 2010, just over 10% were 
due to morbidity associated with IHD, including nonfa-
tal AMI, angina, and ischemic cardiomyopathy. In 1990, 
this number was less than 7%, which belies the shifting 

Total DALYs

Ischemic heart disease YLLs

Angina due to ischemic heart disease YLDs

Heart failure due to ischemic disease YLDs

Myocardial infarction due to ischemic heart
disease YLDs

Total DALYs

Ischemic heart disease YLLs

Angina due to ischemic heart disease YLDs

Heart failure due to ischemic disease YLDs

Myocardial infarction due to ischemic heart
disease YLDs

Burden of ischemic heart disease
males, 2010

Burden of ischemic heart disease
females, 2010

94%

96%

7%

5%

FIG. 2.2 Disability-adjusted life years (DALYs) secondary to ischemic heart disease. YLL, Years of life lost; YLD, years lived with disability. (From Moran AE, Forouzanfar MH, Roth 
GA, et al. The global burden of ischemic heart disease in 1990 and 2010: the Global Burden of Disease 2010 study. Circulation. 2014;129(14):1493–1501.)
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burden of IHD from acute events to a chronic condition. 
YLDs in the high-income Asia Pacific region drove more 
than 15% of DALYs in 2010, as compared to less than 9% in 
high-income North America and southern Latin America. 
The mean age of onset of angina rose from 60.2 to 62.2 
from 1990 to 2010, and its mean duration of 14 years did 
not change in the interceding decades. Mean age of first 
AMI rose from 69.9 to 71.4.

With advancement through the stages of epidemiologic 
transition, much of the improvement in IHD morbidity 
and mortality can be attributed to better preventive and 
therapeutic measures resulting in the decrease in age- 
standardized incidence and prevalence of IHD. The age- 
standardized incidence rates of AMI fell from 245 to 173 
males per 100,000 and 119 to 85 females per 100,000 from 
1990 to 2010. Incidence rates of angina similarly fell from 24 
to 18 in males and 17 to 13 in females per 100,000. Notably, 
though, prevalence rates of ischemic cardiomyopathy 
increased during this same time frame, albeit as a less com-
mon outcome than either AMI or angina: 3.2 to 3.7 males 
and 2 to 2.3 females per 1000 persons.

Despite the improvement in age-standardized rates 
of morbidity and mortality secondary to IHD described, 

the global burden of IHD continues to rise. The excep-
tion to this phenomenon is in HICs, where not only age-
adjusted rates of IHD but absolute IHD DALYs have fallen 
from 1990 to 2010 in three—Western Europe, high-income 
North America, and Australasia—of five regions in this 
grouping, with total burden remaining relatively stable 
in high-income Asia Pacific and southern Latin America. 
Total burden of DALYs due to IHD has fallen more than 
30% in Western Europe, 28% in Australasia, and 17% in 
high-income North America due to large improvements 
in age-adjusted incidence; in Australasia, the age-adjusted 
incidence rate of IHD has been nearly halved in 20 years. 
High-income Asia Pacific additionally has seen dramatic 
reductions in age-adjusted incidence rates—approxi-
mately a 75% decrease. However, total burden of IHD 
DALYs has risen 10% due to a sharp increase in aging of 
the population.

Eastern Europe/Central Asia
Social Indices
There are 400 million inhabitants of the Central and Eastern 
Europe and Central Asia regions. The population is evenly 
divided among these three regions, with Russia being the 
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FIG. 2.3 Cause-specific years lived with disability (YLDs) secondary to chronic ischemic heart disease. (From Moran AE, Forouzanfar MH, Roth GA, et al. The global burden of 
ischemic heart disease in 1990 and 2010: the Global Burden of Disease 2010 study. Circulation. 2014;129(14):1493–1501.)
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largest individual nation by population with 140 million 
people. This region has a high median percentage of the 
population over 65 at approximately 14%; however, this 
number masks vast differences in the population makeup 
between regions. Whereas Eastern and Central Europe 
have greater than 15% and 16% of persons over the age 
of 65, respectively, this number is only 4.6% in Central Asia. 
Median life expectancy across the region is approximately 
71 years in men and 78 years in women, though men in 
Central Asia and Eastern Europe have life expectancies of 
66 years and 67 years, respectively. Median GNI per capita 
is $7590, ranging from $13,220 in Eastern Europe to $4020 
in Central Asia. Median health expenditure in the region 
is $462, which represents 6.5% of gross domestic product 

(GDP). Public spending makes up 60% of total health 
expenditures in the region.

Disease Burden and Trends
The Eastern Europe/Central Asia region holds the highest 
burden of DALYs secondary to IHD globally. Age-adjusted 
DALYs per 100,000 persons numbered 4614 in 2010, a fig-
ure that has not seen much change in two decades (4741 
per 100,000 persons in 1990). The majority of disease in this 
region is driven by Eastern Europe and Central Asia, both of 
which have seen increases in IHD DALY rates from 1990 to 
2010 and currently rank first and second in IHD DALY rates by 
region at 5776 and 5459 IHD DALYs per 100,000, respectively. 
These numbers represent 12.8% and 15.3% of total DALYs in 

103–113

113–128

128–148

148–173

173–219

FIG. 2.4 Years lived with disability secondary to chronic ischemic heart disease per 100,000 population by region. (From Moran AE, Forouzanfar MH, Roth GA, et al. The global 
burden of ischemic heart disease in 1990 and 2010: the Global Burden of Disease 2010 study. Circulation. 2014;129(14):1493–1501.)
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FIG. 2.5 Disability-adjusted life years secondary to chronic ischemic heart disease per 100,000 population by region. (From Moran AE, Forouzanfar MH, Roth GA, et al. The 
global burden of ischemic heart disease in 1990 and 2010: the Global Burden of Disease 2010 study. Circulation. 2014;129(14):1493–1501.)
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these regions. Indeed, these are the only two regions globally 
where the rate of rise of YLLs outpaced increases in YLDs as 
they contribute to total IHD DALYs. YLDs secondary to IHD 
account for 3.65% in Eastern Europe and 4.08% in Central 
Asia. Central Europe, by contrast, has not only seen improve-
ment in its age-adjusted rate of IHD DALYs per 100,000 per-
sons from 3936 to 2608, but also a decrease in total burden 
of IHD DALYs from 1990 to 2010, the only non-HIC region to 
earn such a distinction. IHD DALYs account for less than 8% 
of total DALYs in this region, and an increasing proportion 
of DALYs is due to YLDs, from 4.11% in 1990 to 5.54% in 2010.

The mean age of onset of angina in this region is 60 years, 
ranging from 56 years in Central Asia to 62.3 years in Central 
Europe. The incidence of angina has remained stable over-
all in the region as a whole, at 30.5 and 22 per 100,000 men 
and women, respectively, in 2010. The mean age of inci-
dent AMI is 69.5, distributed from young (66.6) in Central 
Asia, to old (71.9) in Central Europe. The incidence of AMI 
has fallen for the region as a whole from 1990 to 2010 in 
both men and women from 343 to 338 and 186 to 175 per 

100,000 persons, though it has risen for men in both Eastern 
Europe and Central Asia, as well as for women in Eastern 
Europe; these trends have been offset by greater improve-
ment in AMI incidence in Central Europe. The prevalence of 
ischemic cardiomyopathy has increased for both men and 
women in all regions, and averages 4 per 1000 persons in 
men (5.5 in Eastern Europe, 3.0 in Central Europe) and 2 per 
1000 persons in women.

The gains noted in Central Europe have been made by a 
decrease in age-adjusted rates of IHD DALYs of greater than 
40%, resulting in an actual 12% improvement in IHD DALYs 
from 1990 to 2010. In contrast, age-adjusted rates in Central 
Asia have remained flat, and have increased in Eastern 
Europe by greater than 15%. Increases in actual IHD burden 
in these two regions total greater than 37% and 31%, respec-
tively. Population growth and aging of the population have 
combined to result in the increase in actual IHD DALYs in 
Central Asia, whereas the aforementioned increase in age-
adjusted rates of disease and aging of the population has 
driven the increase in Eastern Europe; notably, this region 
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FIG. 2.6 Ischemic heart disease disability-adjusted life years per 100,000 persons.
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FIG. 2.7 Percent ischemic heart disease disability-adjusted life years secondary to years lived with disability.
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has seen a net decrease in the population of greater than 6% 
from 1990 to 2010. Central Europe, too, has seen a net nega-
tive decline in total population, with aging of the population 
offsetting some of the gains made in age-adjusted mortality 
rates.

Latin America/Caribbean
Social Indices
There are over 550 million people living in the Latin America/
Caribbean region, which includes the Caribbean, central, 
tropical, and Andean regions of Latin America. Median life 
expectancy in the region is 70 in men and 77 in women, and 
6.8% of the population is over 65. Median GNI in the region 
is $6770, and median health expenditure per capita is $431 
annually; this ranges from $76 in Haiti to over $1000 in Brazil, 
Costa Rica, the Bahamas, and Barbados. Health expenditure 
represents 6.5% of GDP, and 57% of that figure stems from 
public spending.

Disease Burden and Trends
The Latin America/Caribbean grouping bears a relatively 
low rate of IHD DALYs as a region, ranging from 1144 in 
Andean Latin America to 2169 in the Caribbean. There has 
been improvement in the age-standardized IHD DALYs as 
a whole over two decades, from 2216 in 1990 to 1699 per 
100,000 persons in 2010, representing 5.25% of total DALYs 
lost in the region. The percent that IHD DALYs contribute to 
total DALYs has remained stable over this time period; how-
ever this masks changes in disease proportions in subre-
gions. Central and Andean Latin America have seen relative 
increases in the proportion of DALYs lost secondary to IHD, 
from 6.1% to 6.7% and 3.5% to 4.2%, respectively, from 1990 
to 2010. In contrast, the Caribbean saw a dramatic decline in 
the percent of DALYs attributable to IHD, from 6.3% to 5.3%; 
although this region did see improvement in age-adjusted 
rates of IHD DALYs per population, this likely reflects the 
large increase in DALYs lost secondary to natural disaster in 
the setting of the 2010 Haiti earthquake. In addition to overall 
improvement in age-adjusted IHD DALY rates, an increasing 
proportion of DALYs in this region is being driven by YLDs, 
from 6.5% to 8.1% between 1990 and 2010. This percentage 
is highest in tropical Latin America at 9.3% and lowest in the 
Caribbean at 5.6%.

The mean age at onset of angina in this region is 57 years, 
and mean duration is 16 years. Mean age at incident AMI 
is 67 years. There has been a stable to mildly decreased 
incidence rate of angina, from 20.9 to 19.2 per 100,000 in 
men and 17 to 15.3 in women from 1990 to 2010. The AMI 
incidence rate has similarly trended down, from 219 to 
191 in men and 144 to 121 in women per 100,000 over the 
same time period. Rates of ischemic cardiomyopathy have 
increased in this region as they have globally, from 1.47 to 
1.77 per 1000 in men and 1.32 to 1.51 per 1000 in women.

The region as a whole has seen an increase in absolute 
DALYs lost to IHD primarily due to an increase in population 
growth and aging of the population. For instance, despite an 
improvement by over 30% in the age-adjusted rate of IHD 
morbidity and mortality in Central Latin America, actual 
IHD DALYs have jumped 62.2%, with over 50% change due 
to aging of the population and approximately 40% due to 
population growth. This story is similar in other parts of the 
region, with the exception of the Caribbean, which has seen 
little population growth at 3.4% and thus has had the lowest 
increase in actual rates of IHD DALYs at 22%.

East Asia/Pacific
Social Indices
Over 2 billion people live in the East Asia, Southeast Asia, 
and Oceania regions, including 1.36 billion in China alone. 
Median life expectancy in men is 67 years and in women 73 
years. The median percentage of the population over 65 in 
the region as a whole is 5.18, but it is notably 9.18 in China. 
Median GNI per capita is $3460, and median health expen-
diture per capita is $123. Health expenditures represent a 
median 4.57% of GDP in the region, of which 67% is public 
spending.

Disease Burden and Trends
The East Asia/Pacific region, including populous China, 
has a combined IHD DALY rate of 1759 per 100,000 per-
sons, which has been stable for the past two decades. The 
East Asia region, which includes China, has a lower rate at 
1242, whereas Oceania has the highest rate in the region 
at 2324. IHD DALYs represent 5.2% of total DALYs lost in 
the superregion, and of them, 9% are due to YLD second-
ary to IHD. Notably,  YLDs in East Asia contribute over 10%  
to total IHD DALYs, and in total number nearly 1.9 million 
YLD due to IHD; South Asia and Western Europe also con-
tribute over 1 million YLDs to the global total.

The mean age at incidence of angina in the East Asia/
Pacific region is 55.3 years, and mean age at incident AMI 
is 63.7 years. Oceania has notably earlier onset of disease 
than other regions in this grouping, with onset of angina 
at 52.6 and incident AMI at 60.7, compared with 57.5 and 
67.5 years, respectively, in East Asia. The incidence rate of 
angina per 100,000 persons is 19.4 in males and 13.3 in 
females, and for AMI 179.5 and 103.3 per 100,000 males 
and females, respectively, both small improvements from 
the two previous decades. Oceania has nearly double the 
incident rate of AMI in males and females compared with 
East Asia: 212 versus 132 per 100,000 males and 130 versus 
78 per 100,000 females. The prevalence of ischemic cardio-
myopathy has increased in this region as well, from 2.3 to 
2.7 and 2.1 to 2.3 per 1000 males and females, respectively. 
Again, Oceania has a markedly worse burden of disease 
per population than other regions in this grouping, with 
5.22 per 1000 males and 4.53 per 1000 females affected 
by ischemic cardiomyopathy, compared with 1.19 and 0.83, 
respectively, in East Asia.

As a superregion, East Asia/Pacific has experienced a 
70.9% increase in total DALYs secondary to IHD, which 
is second only to the South Asia superregion. Despite 
increases in actual DALYs across the board as a superre-
gion, each region has been affected by different dynam-
ics to arrive at a similar point. East Asia, including China, 
has seen an increase in actual DALYs by 75.5%, of which 
47.1% can be attributed to aging of the population and 
11.4% to an increase in age-adjusted DALY rates. Only 
17% of this increase is the result of population growth, 
which coupled with a large effect due to aging can likely 
be linked to the one-child policy pursued in China over 
the past three decades. In contrast, Southeast Asia, which 
has seen a reduction in age-adjusted DALY rates by 16%, 
nevertheless saw actual disease burden increase by 61.5% 
due to both aging (44.4%) and population growth (33.2%). 
Oceania has unfortunately seen a 72.3% increase in actual 
disease burden due to population growth (31.6%), popula-
tion aging (29.9%), and an increased age-adjusted DALY 
rate (10.9%).
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North Africa/Middle East
Social Indices
483 million people live in the North Africa/Middle East 
region. Median life expectancy in this region is 72 in males 
and 76 in females, with 3.7% of the population over 65 years 
of age. Median GNI per capita in the region is $6500, and per 
capita health expenditures are $432; the latter figure ranges 
from $42 in Syria to $1507 in Kuwait. Health expenditures 
represent a median of 5.1% of GDP, of which 65% is public 
spending.

Disease Burden and Trends
The North Africa/Middle East region has a relatively high 
rate of IHD DALYs at 3019 per 100,000 in 2010; nevertheless, 
this has improved significantly from approximately 4000 per 
100,000 in 1990. A high proportion of total DALYs is attribut-
able to IHD in this region, at 10.8%, and it is increasing in 
share (from 9.7% in 1990). Of these, only 5.5% can be attrib-
uted to YLDs.

The mean age at onset of angina in this region is 54.7 
years, and of AMI 63.8 years. Both angina and AMI inci-
dence per 100,000 persons have improved from 1990 to 
2010: angina from 25.3 to 23.2 in males and 20.5 to 18.0 in 
females per 100,000, and AMI from 290 to 257.5 in males 
and 178.1 to 152.6 in females per 100,000. Ischemic cardio-
myopathy prevalence rates have remained stable through 
time, numbering 3 males per 1000 and 3.2 females per 1000 
in 2010.

The North Africa/Middle East region experienced an 
actual increase in IHD DALYs of 37.2% from 1990 to 2010. 
Despite improvement in age-adjusted DALY rates by 47.2%, 
actual rates were driven by population growth (45.4%) and 
aging (39%).

South Asia
Social Indices
Approximately 1.7 billion people reside in South Asia, of 
whom 1.3 billion live in India. Median life expectancy in the 
region is 67 in men and 69 in women; this ranges from 58 
to 70 for men and 61 to 72 for women in Afghanistan and 
Bangladesh, respectively. A median of 4.9% of the popula-
tion is older than 65. Median GNI per capita is $1240, and 
median health expenditures per capita total $47. Health 
expenditures represent 3.85% of GDP, of which 36% is public 
spending.

Disease Burden and Trends
South Asia, including India, has seen a small increase in 
IHD DALYs per 100,000, from 2685 in 1990 to 2728 in 2010. 
Notably, by 2010 South Asia IHD contributed more than 30 
million DALYs to the global total, more than any other super-
region. In 2010, DALYs lost to IHD contributed 6.46% of total 
DALYs lost. Of these, only 4% were secondary to YLDs, up 
from 3.5% in 1990.

Age at onset of angina in South Asia was 54.7 in 2010, 
with average duration of 16 years. Average age at onset of 
incident AMI was 63.8. Incident angina increased in males 
from 1990 to 2010, from 13.7 to 16.3 per 100,000, and was 
stable in females, from 12.3 to 12.5 per 100,000. Incident 
AMI decreased for both males and females, from 254 to 245 
in males and 169 to 155 in females per 100,000. Rates of 
i schemic cardiomyopathy were relatively low in both males 
and females, at 1.87 males per 1000 and 1.32 females per 
1000 in 2010.

From 1990 to 2010, the South Asia superregion saw the 
single largest increase in actual DALYs lost to IHD: 75.5%. 
This change was driven primarily by aging of the population 
(47.1%), as well as by population growth (17%) and increase 
in age-adjusted rates of disease (11.4%).

Sub-Saharan Africa
Social Indices
Approximately 1 billion people live in sub-Saharan Africa, 
the great majority of whom are in Eastern and Western sub-
Saharan Africa. The median life expectancy for men is 58 
and for women is 61, ranging from 54 to 60 for men and 58 to 
64 for women. Median GNI per capita is $975; in Eastern sub-
Saharan Africa, where a plurality resides (> 400 million), this 
number is $790. Southern sub-Saharan Africa is relatively 
wealthy by comparison, with median GNI of $4590. Health 
expenditure per capita in the region is $54, ranging from $48 
and $49 in Western and Eastern sub-Saharan Africa, respec-
tively, to $397 in Southern sub-Saharan Africa. Health expen-
ditures represent a median of 5.4% of GDP in the region, with 
public spending accounting for 50% of these expenditures.

Disease Burden and Trends
With the exception of the high-income superregion, sub-
Saharan Africa had the lowest age-adjusted rate of IHD 
DALYs in 2010 at 1425 per 100,000 persons, down from 1693 
in 1990. This rate represented the lowest proportion of IHD 
DALYs as contributing to total DALYs of any region, at 2%. 
Within this region, there was little significant variation in this 
trend. YLDs represented 9.26% of total IHD DALYs, from 5.5%  
in Central sub-Saharan Africa to 11% in Eastern sub-Saharan 
Africa.

The average age of onset of angina in this grouping was 
52.75 years, and average age of incident AMI was 61.4 years. 
These represent the youngest average ages of onset of dis-
ease of any superregion. From 1990 to 2010, there was little 
change in incidence of angina in both men and women, at 
19 per 100,000 males and 15 per 100,000 females in 2010. 
There were small improvements in the rates of incident AMI 
in both males and females in this time frame, from 199 to 
188 per 100,000 males and 147 to 142 per 100,000 females. 
AMI rates for the grouping as a whole mask discrepancies 
between regions: whereas AMI incidence rates in males 
improved or were stable in Southern (210 to 174 per 100,000), 
Eastern (191 to 173 per 100,000), and Central sub-Saharan 
Africa (226 to 223 per 100,000), Western sub-Saharan Africa 
saw a slight increase in AMI incidence in males in this time-
line, from 168 to 181 per 100,000. Ischemic cardiomyopathy 
prevalence rates for the grouping as a whole were lower 
than any other superregion, at 1.31 per 1000 males and 0.98 
per 1000 females.

All regions in the sub-Saharan African superregion saw 
increases in their IHD DALY burden from 1990 to 2010, from 
20.8% in Southern sub-Saharan Africa to 58.8% in Central 
sub-Saharan Africa. All of these regions additionally saw 
improvements in their age-adjusted IHD DALY rates, from a 
57% improvement in Southern sub-Saharan Africa to a 10.5% 
improvement in Central sub-Saharan Africa. The offsetting 
factor in all four of the regions in this grouping was popula-
tion growth, which was accountable for nearly all of the gain 
in actual IHD DALYs with the exception of Southern sub-
Saharan Africa, for which aging of the population increased 
actual burden of IHD DALYs by 42.5%. Population aging was 
actually reversed in Central sub-Saharan Africa, with 9% 
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improvement in actual IHD DALYs due to a younger popula-
tion in 2010 than in 1990.

Risk Factors
Risk factors for IHD, including smoking, hypertension, and 
dyslipidemia, were first identified in population-based 
cohort studies, including the Framingham Heart Study. 
Whereas these studies helped determine the etiology of IHD, 
the relationship of these risk factors to IHD was established 
in populations of largely European descent in HICs. In order 
to explore the applicability of these findings to other ethnic 
groups and other settings, including LMICs, the INTERHEART 
study published data in 2004 on risk factors associated with 
first AMI in 52 countries on every inhabited continent. The 
results of this case-control study reinforced the importance 
of traditional risk factors for IHD and MI across ethnic and 
geographic divides.15 Using the results of this study, the 
INTERHEART score was devised, similar to Framingham and 
other studies, to predict incident CVD.

In a follow-up study, the Prospective Urban Rural 
Epidemiology (PURE) cohort investigated the prevalence 
of these risk factors and their relationship to incident CVD.16 
Notably, there was a higher burden of risk factors as deter-
mined by INTERHEART risk score in HICs as opposed to 
LMICs (Fig. 2.8). Despite this, there was a higher incidence 
of major cardiovascular events, including death from CVD, 
MI, stroke, and heart failure, in low-income versus middle-
income and middle-income versus high-income countries. 
These findings likely belie more robust efforts at risk factor 
control, as well as appropriate management of incident and 
prevalent CVD, in urban and high-income areas.

Next, we will explore the global prevalence of the main 
risk factors for CVD, as well as the evidence for their etio-
logic relationship to development of CVD, including IHD. 
The population-attributable risk (PAR) for individual risk 
factors by geographic regions is summarized in Table 2.1.

Smoking
Smoking is the most important lifestyle risk factor associated 
with IHD and the second most important risk factor in IHD, 
as well as overall morbidity and mortality, worldwide; total 
DALYs attributable to smoking worldwide numbered greater 
than 115 million in men and approximately 41 million in 
women in 2010.2 As reported in the GBD study, 31% of DALYs 
lost secondary to IHD can be attributed to smoking17 (Table 
2.2). Indeed, the odds ratio (OR) for AMI in current smokers 
versus nonsmokers is 2.95 and increases with the amount of 
smoking; in individuals smoking more than 40 cigarettes per 
day (equivalent of 2 packs), the OR for AMI is 9.16.15

As referenced previously, as the burden of morbidity 
and mortality secondary to IHD shifts from HICs to LMICs, 
risk factors for disease continue to comingle in HICs, with 
the notable exception of smoking. Whereas tobacco use, 
and specifically smoking, is still one of the most impor-
tant causes of morbidity and mortality in HICs the preva-
lence of current smokers is higher in LMICs than HICs. The 
exception to this trend is in female smokers, although they 
are more prevalent in HICs, they make up a much smaller 
proportion of total smokers worldwide. In the PURE study 
previously referenced, approximately 16% of men and 11% 
of women in HICs were current smokers, as opposed to 
approximately 40% of men and less than 10% of women in 
LMICs. Furthermore, the inverse relationship between level 

of educational attainment and CVD risk factors does not 
appear to exist in LMICs.18

Hypertension
Hypertension is the risk factor accounting for the most 
DALYs lost secondary to IHD; over 50% of PAR can be 
ascribed to it.17 It is also, importantly, the major risk factor 
for global DALYs lost due to any cause. As shown in Table 
2.2, the OR of AMI in hypertensive versus nonhypertensive 
individuals is 2.48.15

In the PURE study on global CVD risks and events, 49% 
of males and 37% of females in HICs had a self-reported 
history of hypertension, compared with 45% and 44% in 
middle-income countries and 32% and 34% in low-income 
countries, respectively. The PAR of hypertension for devel-
opment of AMI varies geographically, but notably is highest 
in Southeast Asia and Japan (up to 38%), South America 
(32.7%), and Africa (29.6%).

In a large systematic review of systolic blood pressure 
(SBP) prevalent levels and trends, Danaei et al. found that 
global SBP fell by 0.8 mm Hg in men and 1.0 mm Hg in women 
per decade between 1980 and 2008.19 Male SBP fell the most 
in high-income North America (2.8 mm Hg per decade), as 
well as in Australasia and Western Europe, which saw declines 
of greater than 2.0 mm Hg per decade. Female SBP fell by 
greater than 3.5 mm Hg in Australasia and Western Europe 
per decade. In contrast, SBP rose for both sexes in Oceania, 
Eastern sub-Saharan Africa, Southeast Asia, and South Asia. 
Rate of rise was between 0.8 mm Hg and 1.6 mm Hg per 
decade in men and 1.0 mm Hg and 2.7 mm Hg per decade 
in women. Highest SBP levels in men were seen in Eastern 
Europe and Eastern and Western sub-Saharan Africa, with a 
mean SBP of 138 mm Hg or greater. Highest SBP in women 
was noted in Eastern and Western sub-Saharan Africa, where 
mean SBP levels were as high as 135 mm Hg.

Dyslipidemia
Though hypertension has been noted to be the largest con-
tributor to DALYs secondary to IHD worldwide, dyslipid-
emia, which contributes 29% of PAR to IHD DALYs, likely has 
a stronger relationship to development of disease. In Yusuf’s 
study on the risk factors associated with AMI, the high-
est quintile of dyslipidemia, measured in apolipoprotein  
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FIG. 2.8 Risk factor burden in high-, middle- and low-income countries, as mea-
sured by INTERHEART risk score. (Data from Yusuf S, Rangarajan S, Teo K, et al. 
Cardiovascular risk and events in 17 low-, middle-, and high-income countries. N Engl 
J Med. 2014;371(9):818–827.)
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B/apolipoprotein A1 ratios, was associated with an OR of 
incident AMI of 3.87; indeed, this study found a graded rela-
tionship between severity of dyslipidemia and incident dis-
ease, with no effect plateau identified.15 As reported by the 
GBD, the PAR of dyslipidemia was 29% for all IHD DALYs, 
including YLDs.17,20

IHD risk factors increase as populations urbanize and soci-
eties move through the epidemiologic transition. Whereas 
hypertension, diabetes, and obesity, as we will review later, 
increasingly affects people in LMICs, h ypercholesterolemia 
remains largely a risk factor of HICs. In the PURE study, 
48% of men and 53% of women in HICs had elevated cho-
lesterol levels. This was in comparison to 32% and 37% in 
middle-income and 17% and 23% in low-income countries, 
respectively. These studies were notably conducted on total 
cholesterol levels, rather than low-density lipoprotein (LDL) 
or apolipoprotein B.

Farzadfar et al. conducted a systematic analysis of geo-
graphic and temporal trends in cholesterol levels that supports 
these findings.21 They similarly surveyed total cholesterol and 
found that the highest levels were found in HICs, specifically 
Australasia, high-income North America, and Western Europe. 
Total cholesterol levels in these regions averaged 5.24 mmol/L 
in men and 5.23 mmol/L in women. In contrast, the lowest 
levels of total cholesterol were found in sub-Saharan Africa, 
where the average level was 4.08 mmol/L in men and 4.27 
mmol/L in women. The study did note the temporal trend of 
gradual decline in high-income regions, including those with 
the highest concentrations mentioned previously, as well as in 
central and eastern Europe, where rates of decline averaged 
0.2 mmol/L per decade in both men and women. In contrast, 
total cholesterol levels increased in some LMICs, including 
East Asia and Southeast Asia at a rate of 0.08 mmol/L in men 
and 0.09 mmol/L in women; these trends, however, were not 
enough to offset the difference in total cholesterol between 
HICs and LMICs.

Diabetes
Although not a traditional risk factor, diabetes has increas-
ingly been identified as a major predisposition for the 
development of IHD. In the INTERHEART study, this risk was 
noted to be outsized in women: the OR for development of 
AMI in men with diabetes compared with controls was 2.67, 
though in women the OR was 4.26, and it represented a PAR 
of greater than 19% versus 10% in men.15 In the PURE study, 
diabetes prevalence was fairly even among high-, middle-, 
and low-income countries, ranging from 7.6% to 10.9% in 
men and 7.2% to 8.3% in women.16

Danaei et al. carried out a large-scale study on the preva-
lence and temporal trends in diabetes from 1980 to 2008.22 
Their findings suggest more nuance than the homogeneity 

TABLE 2.1 Regional Differences in Risk Factor Burden by Population-Attributable Risk

SMOKING DIET EXERCISE HYPERTENSION DIABETES OBESITY DYSLIPIDEMIA

Western Europe 39 13.3 37.7 20.5 12.8 68.6 36.7

Central and Eastern 
Europe

40.4 7.6 −0.4 15.9 5.8 31.7 38.7

Middle East 51.4 5.8 1.9 5.8 13.1 23.9 72.7

Africa 45.2 −4.4 15.9 26.8 11.6 60.4 73.7

South Asia 42.0 16.0 25.5 17.8 10.5 36 60.2

China 45.3 15.1 16.6 19.9 7.9 4.9 41.3

Southeast Asia and 
Japan

39.2 8.5 31.4 34.3 19.1 57.9 68.7

Australia and New 
Zealand

46.1 8.0 20.6 18.3 5.6 49.5 48.7

South America 42.4 7.1 27.6 28.1 9.7 35.2 41.6

North America 30.9 22.4 24.7 13.9 6.1 64.7 60

From Yusuf S, Hawken S, Ounpuu S, et al. Effect of potentially modifiable risk factors associated with myocardial infarction in 52 countries (the INTERHEART study): case-
control study. Lancet. 2004;364(9438):937–952.

TABLE 2.2 Proportion of Ischemic Heart Disease 
Disability-Adjusted Life Years (DALYs) Attributable to 
Individual Risk Factors Worldwide in 2010

DALYS (%)

Physiologic risk factors

 High blood pressure 53

 High total cholesterol 29

 High body mass index 23

 High fasting plasma glucose 16

Alcohol use 5

Tobacco smoking, including second-hand smoke 31

Dietary risk factors and physical inactivity

 Diet low in nuts and seeds 40

 Physical inactivity and low physical activity 31

 Diet low in fruits 30

 Diet low in seafood omega-3 fatty acids 22

 Diet low in whole grains 17

 Diet high in sodium 17

 Diet high in processed meat 13

 Diet low in vegetables 12

 Diet low in fiber 11

 Diet low in polyunsaturated fatty acids 9

 Diet high in trans fatty acids 9

 Diet high in sugar-sweetened beverages 2

Air pollution

 Ambient particulate matter pollution 22

 Household air pollution from solid fuels 18

Other environmental risks

 Lead exposure 4

From Lim SS, Vos T, Flaxman AD, et al. A comparative risk assessment of burden 
of disease and injury attributable to 67 risk factors and risk factor clusters in 21 
regions, 1990–2010: a systematic analysis for the Global Burden of Disease Study 
2010. Lancet. 2012;380(9859):2224–2260.
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found in diabetes prevalence across income strata in the 
PURE study. The highest prevalence found in this study was 
in the Oceania region at 15.5% of men and 15.9% of women, 
followed by South Asia, Latin America and the Caribbean, 
and Central Asia, North Africa, and the Middle East. Of high-
income regions, high-income North America and Australasia 
also had a high prevalence of diabetes. This was in compari-
son to a lower prevalence of diabetes found in both HIC and 
LMIC regions, including high-income Asia Pacific, Western 
Europe, East and Southeast Asia, and sub-Saharan Africa. 
Globally, age-standardized prevalence of diabetes increased 
from 1990 to 2008, from 8.3% to 9.8% in men and 7.5% to 
9.2% in women. Increases were seen in virtually every coun-
try in all regions.

Obesity
Obesity, a risk factor for hypertension, dyslipidemia, and 
diabetes, has also been noted to be an independent pre-
dictor of IHD. Indeed, as will be expanded upon hereafter, 
obesity has been substituted for dyslipidemia in risk scor-
ing for primary prevention in IHD with good correlation. In 
the INTERHEART study, abdominal obesity (as measured 
by waist/hip ratio > 0.95 in men and > 0.90 in women) was 
associated with an OR of 2.24 for AMI and a PAR of greater 
than 33% for incident AMI when controlling for age, sex, and 
smoking.15 When controlling for other risk factors that con-
found effects of obesity, these measurements were less pro-
found but still significant: OR of 1.62 and PAR of 20.1%. In the 
PURE study, obesity as measured by body mass index (BMI) 
rather than waist/hip ratio showed marked variation in dis-
tribution among HICs and LMICs: in HICs, BMI greater than 
30 was prevalent in more than 25% of both men and women. 
In middle-income countries, the percent of obese men and 
women was 14% and 21%, and in low-income countries 5% 
and 11%, respectively.16

In a study on global geographic and temporal trends in 
obesity, Finucane et al. found a worldwide increase in BMI 
by 0.4 kg/m2 in men and 0.5 kg/m2 in women from 1980 to 
2008.23  These global trends were consistent in all regions with 
the exception of Central sub-Saharan Africa and South Asia 
in men, which saw small decreases in average BMI. Increases 
in BMI were largest in Oceania in both men (1.3 kg/m2) and 
women (1.8 kg/m2). In 2008, the highest mean BMI levels in 
men were in high-income North America at 28.4 kg/m2 and 
Australasia 27.6 kg/m2; the correlating regions for women 
were high-income North America, North Africa and Middle 
East, and Southern sub-Saharan Africa, all with BMIs greater 
than 28 kg/m2. The lowest BMI in men was seen in Central, 
East, and West sub-Saharan Africa and East, Southeast, and 
South Asia, all at less than 23 kg/m2. In women, lowest BMI 
values were found in Central and East sub-Saharan Africa, 
South Asia, East Asia and high-income Asia Pacific, also at 
less than 23 kg/m2. As a whole, men had higher BMIs than 
women in high-income subregions and lower BMIs in most 
low- and middle-income regions. Globally, obesity (BMI > 30) 
was prevalent in 9.8% of men and 13.8% of women, numbers 
that nearly doubled in the interim from 1980.

Diet and Physical Activity
Apart from their effects on risk factors for IHD, diet, particu-
larly consumption of fruits and vegetables, and lack of physi-
cal activity play a significant role in the development of IHD, 
as well as overall morbidity and mortality globally. In a GBD 
report on burden of disease and risk factors, low dietary fruit 
was listed as the fourth largest cause of lost DALYs globally, 

physical inactivity was tenth, and low dietary vegetables was 
seventeenth. Diets low in fruit and vegetables were associ-
ated with over 100 million DALYs and approximately 40 
million DALYs lost, respectively, worldwide in 2010. Along 
with lack of physical activity and other dietary risk factors, 
including diets low in whole grains, nuts, seeds, and milk 
and high in red meat and processed meats, these risk fac-
tors altogether accounted for over 250 million DALYs lost 
in 2010.17

In the INTERHEART study, regular intake of fruits and 
vegetables and regular physical activity were individually 
associated with an OR of 0.70 of incident AMI. PAR for these 
lifestyle risk factors was 12.9% for dietary fruit and vegetable 
intake and greater than 25% for regular exercise.15 The prev-
alence of these risk factors in the PURE study was divergent, 
with less people in HICs endorsing low physical activity 
(10.8% males, 11.7% females) compared with LMICs (20.1–
22.5% males and 13.8–17.1% females). Interestingly, men in 
HICs were more likely to ascribe to unhealthful diet com-
pared with LMICs (40.4% vs 30.1–32.5%), though the same 
was not true of women, with a relatively similar number 
of women endorsing unhealthy diet across the economic 
spectrum (28.4–33.1%).16 In addition to the traditional risk 
factors, other nontraditional risk factors such as air pollu-
tion, stress due to migration, and HIV may apply additional 
roles in CVD risk in LMICs.24,25

Management by Region
The increasing incidence and prevalence of IHD have 
prompted need for response both in primary and second-
ary prevention of disease. Here we will review global trends 
in individual treatment, population management, and policy 
measures to combat IHD.

Prevention
In the early 20th century, the growing epidemic of CVD in 
HICs prompted the creation of population-based studies in 
Europe and the United States to examine the risk factors 
associated with incidence of disease. These studies, includ-
ing the Framingham Heart Study, have generated much of 
the foundational understanding of the natural history of 
CVD. Using data gathered on risk factors for disease, pre-
diction models were published to help guide clinicians in 
the identification of individuals at high risk of development 
of IHD. These models have been updated over the years, 
though they still largely rely on several foundational risk fac-
tors, including smoking, hypertension, and dyslipidemia, to 
inform clinical decision-making in individual patients. These 
risk scores have been formally incorporated into guidelines 
on the treatment of cholesterol for the express purpose of 
prevention of CVD.26

More recently, the American College of Cardiology/
American Heart Foundation Blood Cholesterol Guidelines 
have set a standard for primary and secondary prevention 
of arteriosclerotic CVD (ASCVD). The Guidelines’ recom-
mendations include the use of statin therapy in all patients 
with clinically apparent ASCVD (secondary prevention), as 
well as in all patients at high risk of ASCVD as determined 
by a new sum risk score (primary prevention). The latter 
of these two aims breaks from previous guidelines, which 
encouraged treatment thresholds and goals based on cho-
lesterol levels and informed by overall IHD risk.20,27 The 
Heart Outcomes Prevention Evaluation-3 (HOPE-3) trial 
also supports the notion that overall risk including age as a 
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risk factor is perhaps more important than LDL cholesterol 
level, at least for those with intermediate levels. Other guide-
lines28 have suggested that treatment decisions should rely 
on lifetime risk, which diminishes the importance of age as 
a risk factor, but there are limited data on lifetime treatment 
of lipids from a young age to confirm if this strategy is more 
cost-effective.

The delineation of IHD risk factors and creation of risk 
scores for prediction of incident IHD have allowed for the 
implementation of previously mentioned screening and 
treatment guidelines for primary prevention of IHD. With 
these treatment guidelines in mind, one can examine the 
success of primary and secondary prevention efforts at both 
a public health and an economic level. We will start with the 
evidence found in HICs.

High-Income Countries
Primary Prevention
Screening efforts for IHD have been directed at two related 
but distinct populations: patients with risk factors for dis-
ease, for example, dyslipidemia, hypertension, etc., and 
patients with high risk of development of IHD based on 
sum risk scores as described previously. Whereas current 
screening efforts have shifted to favor more the sum risk 
score approach, previous guidelines included treatment 
thresholds and goals based on lipid profiling, that is, treat-
ing the risk factor rather than the sum risk. These guidelines 
included recommendations on individual lipid compo-
nents, including LDL and triglycerides. Similar guidelines 
exist on the treatment of hypertension based on treatment 
thresholds and blood pressure goals.

In light of dynamic recommendations on who and how 
to screen, metrics for success of screening programs have 
shifted in accord. The outcomes of screening programs can 
be measured in the number of patients treated according to 
guidelines, as well as by the adequacy of control obtained 
by these treatments, whether it be improvement in risk fac-
tor profile or in composite cardiovascular outcomes.

In the mid-1990s, Steinberg et al. reviewed achievement 
of risk factor goals, including blood pressure and choles-
terol levels, in outpatients with clinically evident CVD or risk 
factors for disease (including dyslipidemia, hypertension, 
diabetes mellitus, and the metabolic syndrome). This study 
took place in the United States and Europe over a 9-year 
period between 1998 and 2006. Among the primary preven-
tion group, 58% of patients in the United States at high risk of 
development of CVD had LDL levels at or below target level 
in 2006 based on treatment goals at the time. In Europe, this 
number was 35%, with a large minority of patients at risk for 
CVD undergoing no testing for LDL cholesterol levels. The 
group found that 65% of all subjects in the United States met 
the blood pressure goal of less than 140/90 mm Hg in 2006; 
this number was only 49% in Europe.29 A similar level of poor 
risk factor control was seen in the Future Revascularization 
Evaluation in patients with Diabetes mellitus: optimal man-
agement of Multivessel disease (FREEDOM) trial.30

In a similar study on treatment goals in primary (as well 
as secondary) prevention, Bhatt et al. published the base-
line characteristics of the REduction of Atherothrombosis 
for Continued Health (REACH) registry in 2006, a large 
global registry of patients with CVD and risk factors for 
CVD.31 They defined subjects at risk of disease as hav-
ing three or more risk factors for CVD, among which 
were hypertension, hypercholesterolemia, diabetes, and 

smoking. Of all patients with hypertension in high-income 
regions (North America, Western Europe, Australia, and 
Japan), including those with risk factors and with clini-
cal CVD, 96% were on at least one antihypertensive agent. 
In this same cluster of regions, 66% of all patients were 
prescribed an aspirin, and 72% were prescribed a statin. 
Despite these efforts, between 40% and 60% of subjects 
in HICs had inadequately controlled blood pressure, and 
between 25% and 50% of subjects in these same regions 
had elevated cholesterol levels.31

In 2010, follow-up data on the REACH registry were 
released. After a 4-year interval, 9.1% of patients who were 
at risk of CVD but without clinically overt disease on pre-
sentation experienced an ischemic event, including either 
MI or stroke. Hazard ratio (HR) for development of cardio-
vascular death in this group was 4.34, and HR was 2.26 for 
nonfatal MI. These data were inclusive of patients in both 
HIC and LMIC regions. Importantly, both aspirin and statin 
therapy were associated with a lower risk of CV death, MI, 
or stroke.32

Secondary Prevention
The strongest evidence for medical management of IHD is 
in secondary prevention in patients with known IHD. In this 
population, four classes of medications have been associ-
ated with improvement in survival: antiplatelet agents, statins, 
β-blockers, and in a subset of individuals, angiotensin-con-
verting enzyme (ACE) inhibitors. Unlike the dynamic thera-
peutic targets in primary prevention, there is agreement that 
the secondary prevention population benefits from optimal 
medical therapy with these four classes of medications if 
tolerated.

As previously mentioned, the PURE study was a multina-
tional epidemiologic survey on CVD first published in 2011 
that enrolled over 150,000 thousand subjects in 17 countries 
on five continents. Among subjects with a history of IHD in 
HICs, statins were prescribed to 70.9%, antiplatelet agents 
(including aspirin) to 64.1%, β-blockers to 46.5%, and ACE 
inhibitors to 51.7%. Among patients with IHD in HICs, almost 
50% reported use of at least three out of four proven effec-
tive medications for CVD, with only 12% reporting no medi-
cation usage.33

Data on the REACH registry convey that a significant pro-
portion of patients in HICs, both with overt CVD and risk 
factors for disease, were on antihypertensive therapy, anti-
platelet agents, and statins. In all participants with IHD in 
this registry, including both high-income and low- and mid-
dle-income regions, 86% of subjects were on an antiplatelet 
agent, 76% were on a statin, 63% were on a β-blocker, and 
51% were on ACE inhibitors. In the follow-up data published 
in 2010, 12.2% of subjects with stable CVD at baseline had 
experienced a CV event. In subjects with a history of an isch-
emic event, this number was 18.3%. Both aspirin and statins 
had protective effects on the development of CV events in 
follow-up.31,32 The Synergy Between Percutaneous Coronary 
Intervention with Taxus and Cardiac Surgery (SYNTAX) trial 
also showed poor use of optimal medical therapy in those 
with IHD.34

Low- and Middle-Income Countries
LMICs are increasingly bearing the burden of IHD as the 
population ages and continues to expand; as discussed pre-
viously, approximately 80% of the burden of IHD is now born 
by LMICs. Whereas guidelines for treatment in the primary 
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and secondary prevention of CVDs have been developed in 
HICs based on evidence of improvement in CVD outcomes, 
many of the diagnostics and therapeutics discussed are not 
readily available in LMICs. Accordingly, there have been calls 
for investigation into the appropriateness of these guidelines 
in resource-poor settings. Here we present data on the use of 
alternative risk scores to guide treatment and use of effec-
tive medications for primary and secondary prevention of 
IHD, as well as an economic analysis of treatment costs in 
LMICs.

Primary Prevention
In patients at high risk of developing disease, complex risk 
scores as described previously have been used to help guide 
clinicians in selecting an appropriate treatment for primary 
prevention. A key component of these various risk scores is 
laboratory data, including cholesterol levels, to help deter-
mine risk. In LMICs, such routine data are often unavailable, 
rendering these risk scores largely unhelpful in identifying 
high-risk patient populations. As a result, the World Health 
Organization (WHO) has designed and implemented the 
use of nonlaboratory-based risk prediction tools to guide 
treatment in primary prevention35 in resource-poor settings. 
In 2008, Gaziano et al. presented data supporting the accu-
racy of these substituted risk prediction tools. Their results 
demonstrated that scores incorporating BMI rather than lab-
oratory cholesterol data could predict future cardiovascular 
events with accuracy similar to more traditional laboratory-
based models.36 These tools allow for focused treatment of 
high-risk individuals in resource-poor settings without sacri-
ficing accurate risk prediction.

In LMICs, primary and secondary prevention of IHD is 
underutilized to a greater extent than in HICs. In the PURE 
study, use of proven effective medications in primary pre-
vention was 15% to 65% as common in middle-income 
countries compared with HICs, with ACE inhibitors the 
most commonly prescribed medication and statins the 
least. This same pattern holds true for low-income coun-
tries, with proven effective medications used as little as 
3% as often as in HICs for statins for primary prevention 
purposes.16

In subjects in LMICs treated for both primary and sec-
ondary prevention of CVD in the REACH registry, 96.3% with 
hypertension were on at least one antihypertensive, 75.6% 
were on aspirin, and 63.5% were on a statin. Regional differ-
ences in medication use are displayed in Fig. 2.9. Between 
55% and 65% of subjects in LMICs had uncontrolled blood 
pressure, and between 35% and 65% of subjects had choles-
terol levels above target.31 Of note, at 4-year follow-up, two 
distinct LMIC regions, Eastern Europe and the Middle East, 
had significantly increased risk of CV death, MI, or stroke 
compared with the other regions studied.32

Secondary Prevention
As in HICs, there is little dispute regarding the indication for 
secondary prevention of IHD with proven effective medica-
tions in LMICs. Despite this, significant proportions of these 
individuals are untreated or undertreated in these regions.

In the PURE study, uptake of proven effective medications 
for the secondary prevention of CVD in LMICs was notably 
lower than that seen in HICs. In subjects with IHD, those tak-
ing statin therapy were 21.1%, 4.9%, and 4.5% in upper mid-
dle-, lower middle-, and low-income countries, respectively. 
Similar trends were seen for antihypertensives (51.0%, 36.1%, 
and 21.8%) and antiplatelet agents (27.1%, 20.1%, and 11.0%). 
Additional differences were seen between urban and rural 
areas, with higher percentage of subjects receiving treatment 
in urban centers; the trend toward disparity between urban 
and rural subjects was inverse to the wealth of a given country: 
HICs saw little difference in prescription rates between urban 
and rural subjects. Patients in LMICs were also more likely to 
be on no treatment at all, with 48.4%, 67.5%, and 82.8% of sub-
jects in upper middle-, lower middle-, and low-income coun-
tries taking none of the four proven effective drugs33 (Fig. 2.10).

One way to address drug availability and affordability is a 
combination of generic CVD medications or “poly pill” given 
to all adults with significant risk for CVD.37 It has been esti-
mated that this single intervention could reduce IHD events 
by as much as 50%. The potential advantages of a polypill 
for primary prevention include38 reduced need for dose 
titrations, improved adherence, and use of cheap generics 
in single formulation.
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FIG. 2.9 Medication use among patients in the REACH registry, percentage of population. (Data from Bhatt DL, Steg PG, Ohman EM, et al. International prevalence, recogni-
tion, and treatment of cardiovascular risk factors in outpatients with atherothrombosis. JAMA. 2006;11;295(2):180–189.)
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Whereas several studies have shown reductions in 
risk factors such as blood pressure and cholesterol39 and 
improvement in adherence, no such study with reductions 
in IHD or stroke endpoints has been published, though sev-
eral are currently under way.38–40

The use of a polypill in secondary prevention is less 
controversial because, even though there has been no trial 
proving its efficacy in this setting, there are multiple trials 
showing that the individual component drugs (aspirin, 
statins, β-blockers, and blockers of the renin-angiotensin sys-
tem) improve outcomes in patients with known CVD or high 
risk factor levels.38 In addition, a large case-control analysis 
of 13,029 patients with IHD in the United Kingdom indicated 
that combinations of drugs (statin, aspirin, and β-blockers) 
rather than single agents decreased mortality in patients 
with known CVD.41 Finally, the use of combination therapy 
was shown to be cost-effective for LMICs for both primary 
and secondary prevention, with the best cost-effectiveness 
ratio for secondary prevention.42,43

Cost-Effectiveness
In resource-constrained settings, the question of cost-effec-
tiveness must often be addressed before large-scale invest-
ment in treatment options can be scaled up. The WHO has 
established guidelines on the cost-effectiveness of treat-
ments based on national resources and has set the standard 
to be incremental cost-effectiveness ratios of 3 × the GNI per 
head. Incremental cost-effectiveness ratios allow compari-
son between strategies, and they are calculated as the differ-
ence in costs divided by the difference in quality-adjusted 
life years (QALYs) gained. Notwithstanding criticism of the 
premise, these guidelines offer at least a barometer for a dis-
cussion on best use of limited resources.

In another study, modeling of primary and secondary 
prevention strategies in LMICs yielded a gain of 2 years 
of life expectancy in regions studied, at costs of less than 

$400/QALY in secondary prevention and less than $900/
QALY in primary prevention in patients identified to be 
at high risk (10-year absolute CVD risk score > 25%).44 
The regimens studied were proven effective medications 
as previously discussed, with the exchange of calcium-
channel blockers for β-blockers in primary prevention. 
Primary p revention strategies were more expensive per 
QALY gained due to the increased number needed to treat 
in order to prevent an event. However, in all areas studied, 
these t reatment r egimens were shown to be cost-effective 
per WHO g uidelines when treating to absolute CVD risk of 
5% in primary prevention. Notably, if the model were half as 
effective as predicted in prevention of CVD, treating to an 
absolute risk of 25% would remain cost-effective in these 
regions44 (Table 2.3).

A similar study of cost-effectiveness of scaling up primary 
and secondary prevention of CVD by Lim et al.45 found 
that over 17.9 million deaths could be averted in a 10-year 
period over 23 LMICs studied. This was at an average cost 
of $1.08 per head per year saved, ranging from less than $1 
per year in low-income countries to less than $3 per year 
in middle-income countries. This study evaluated the use of 
proven effective medications in secondary prevention and 
substituted an alternate antihypertensive for β-blockers in 
primary prevention. The primary prevention analysis was 
limited to individuals with 15% or greater 10-year absolute 
risk of CVD, which was calculated using country-specific 
risk charts incorporating easy-to-measure variables, includ-
ing the substitution of BMI for cholesterol as noted above.

Policy and Community Interventions
Whereas efforts at expanding IHD prevention and manage-
ment at the individual level have been crucial to improving 
outcomes in HICs and remain a focal point of development 
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FIG. 2.10 Number of drugs taken by individuals by country economic status. 
Drugs counted were aspirin, β-blockers, angiotensin-converting enzyme inhibitors or 
angiotensin-receptor blockers, or statins. (From Yusuf S, Islam S, Chow CK, et al. Use 
of secondary prevention drugs for cardiovascular disease in the community in high-
income, middle-income, and low-income countries (the PURE Study): a prospective 
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TABLE 2.3 Cost-Effectiveness for a Selection of 
Ischemic Heart Disease Interventions in Developing 
Regions

COST-EFFECTIVENESS RATIO 
($US/DALY)

Drug treatments

Primary prevention

 Cholesterol lowering (Brazil) 441/LY

 Multidrug regimen (AR > 
20–25%) (global)

771–1195

Secondary prevention

 Multidrug regimen (ASA, BB, 
ACEI, statin)

306–388

Policy interventions

Tobacco

 Price increase of 33% 2–85

 Nonprice interventions 33–1432

Salt reduction

 2 to 8 mm Hg reduction Cost saving −250

Fat-related interventions

 Reduced saturated fat intake Cost saving −2900

 Trans fat replacement –7% 
reduction in CHD

50–1500

ACEI, Angiotensin-converting enzyme inhibitor; ASA, aspirin; BB, β-blocker; AR, 
absolute risk; DALY, disability-adjusted life years.
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for LMICs, risk factor modification through policy and com-
munity intervention also holds the potential to substantially 
blunt the rise in IHD incidence. Here we will explore the 
effectiveness of various population-level interventions in 
both HICs and LMICs, as well as remark on the cost-effective-
ness of these programs.

High-Income Countries
Policy
Investigational models into public policy maneuvers to 
improve the population risk factor profile have resulted in 
effective and cost-effective mechanisms to combat the ris-
ing epidemic of IHD. One such study from the GBD project 
focused on decreasing salt intake, both through voluntary 
agreements and legislative action directed at producers of 
processed foods, as well as on cholesterol and BMI educa-
tion through mass media. These investigators conducted 
an analysis on effect size, health outcomes, and costs of 
these interventions in three world regions, including high-
income Western Europe. Their evaluation of these interven-
tions in a high-income region found between 700,000 and 
2.4 million DALYs saved per year through the use of either 
reduction in salt intake through processed food interven-
tions, reduction in cholesterol levels and BMI through 
mass media campaigns, or both. These population-based 
measures were compared with personal interventions for 
blood pressure and dyslipidemia. Policy-based interven-
tions were far more cost-effective in preventing morbidity 
and mortality, though the number of DALYs averted using 
a strategy based on personal interventions was greater.46 A 
combination of both personal and nonpersonal measures 
was found to prevent the largest number of DALYs lost to 
CVD. Notably, both policy and personal measures, as well as 
their combination, were found the be cost-effective in this 
high-income region.

A similar study on policy measures to decrease salt intake 
in the United States was completed using health outcomes 
estimates derived from the Coronary Heart Disease Policy 
Model, a computer-based model of the incidence, preva-
lence, mortality, and costs related to IHD in the United States. 
This model predicted a decrease in incident cases of IHD by 
60 to 120,000 cases per year based on a decrease of 3 g of 
dietary salt per day; this represented a 6% to 10% reduction 
in incidence rates of IHD. These outcomes were found to 
be cost-saving, with conservative estimates of dollars saved 
approximating $10 billion dollars per year.47

Community
Complementary to policy efforts in controlling popula-
tion risk for IHD, community efforts centered on education, 
screening, and prevention have additionally been variably 
shown to be effective at reducing incidence of IHD. The 
most well-known example of successful community inter-
vention to prevent IHD was carried out in North Karelia, 
Finland, starting in the 1970s. Combined mass media com-
munication, educational efforts, and outreach by both med-
ical professionals and “lay” personnel, including journalists 
and community leaders, spearheaded a campaign that saw 
risk factor rates, including cholesterol levels, diastolic blood 
pressure, and smoking prevalence, decrease at a faster rate 
over the first 5 years of study versus other parts of the coun-
try over the same time period48 Importantly, this series of 
interventions decreased cardiovascular mortality in the 
communities of interest compared to other regions in the 

country.49 A similar study carried out in the United States, 
called the Stanford Five City Project, studied differences in 
IHD risk factors and mortality in communities randomized 
to education campaigns through both media and direct 
education versus control communities. Those communi-
ties randomized to intensive education had lower rates of 
important risk factors including smoking, cholesterol lev-
els, and blood pressure at 5 years compared with controls; 
however there was not a significant difference in cardiovas-
cular mortality between the two groups in the same time 
period.50,51

Low- and Middle-Income Countries
Policy
Policy efforts at management of disease at a population level 
serve the foundation of any well-functioning health sys-
tem; however, these interventions have been of significant 
importance in resource-poor settings, where personal inter-
vention in noncommunicable diseases, including IHD, has 
often been seen as a luxury of more developed nations. In 
the previously mentioned GBD study, both policy and non-
policy interventions were found to be effective at prevent-
ing DALYs lost to CVD in a high-income region, as well as 
cost-effective. While these findings are not surprising, further 
exploration of these same methods in LMICs came to the 
same conclusion. Specifically, policy interventions, includ-
ing reducing salt intake through voluntary agreements and 
legislative action directed at producers of processed foods, 
as well as mass media campaigns on cholesterol and BMI, 
were found to be both effective and cost-effective at averting 
lost DALYs in low-income regions (with high rates of adult 
and child mortality) and in middle-income regions (with 
low adult and child mortality). These measures, if applied, 
could avert between 300,000 and 1.2 million DALYs in Latin 
America (the middle-income region of interest in this study), 
and nearly double that number in Southeast Asia (the low-
income region of interest). These interventions were found 
to be cost-effective for each region studied.46 Similar data 
by Gaziano et al. have supported the cost-effectiveness of 
salt reduction and fat-related interventions in developing 
regions as shown in Table 2.1.

Further studies have since claimed similar findings of 
both effectiveness and cost-effectiveness of policy level 
interventions in LMICs for reducing cardiovascular morbid-
ity and mortality. A single study on tobacco control through 
taxation, bans on smoking in the workplace, packaging 
warnings regarding the dangers of cigarette smoking, and 
bans on advertisement, combined with similar salt-reduc-
tion campaigns, including reduction of salt in processed 
food and mass media education on the health effects of a 
salt-heavy diet, found combined reduction of over 10 mil-
lion deaths attributable to CVDs in a 23-nation representa-
tive sample of LMICs over a 10-year period.52 Across all 
countries in this study, the per person per year implementa-
tion cost of these plans was $0.36; this ranged from $0.14 to 
$0.38 in low-income and lower middle-incomes countries 
and from $0.52 to $1.04 in upper middle-income countries. 
Similar results were found in modeling cost-effectiveness of 
a price increase on tobacco and nonprice interventions in 
a separate study as shown in Table 2.1. Where they are avail-
able, data on experience with these measures as they have 
been carried out have been promising; for instance, in South 
Africa, smoking rates have shown an inverse relationship 
with taxation rates on cigarettes.53
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Community
Studies on community intervention in LMICs are sparse, and 
where data exist, results have been variable. One study of 
mass media education, including mass media education 
plus interpersonal education for high-risk individuals, versus 
control in communities in South Africa showed an improve-
ment in blood pressure, smoking rates, and overall risk pro-
file in intervention groups compared to control groups, 
with no difference between interventions. This same study 
did not reveal a difference in lipid profile or BMI, though 
statistical significance was not able to be determined due 
to sampling patterns. Whereas this study represents a single 
experience, it expands on the premise that community-level 
interventions, both in HICs and LMICs, hold some promise 
for the improvement in risk factors and potentially for pre-
vention of morbidity and mortality secondary to IHD.54

CONCLUSIONS

IHD continues to be the most common cause of mortality 
worldwide, as well as an increasingly important contribu-
tor to global morbidity. The burden of IHD is shifting from 
high-income to LMICs as societal advancement results in 
advancing age, growing populations, and increasing preva-
lence of risk factors for disease. Proven effective therapies 
for IHD have resulted in improved outcomes in HICs where 
their use is most prevalent; however, these medications have 
been shown to be cost-effective in all settings in which they 
have been studied. Improved uptake of medical therapy 
and policy and community interventions have the potential 
to improve outcomes for IHD in low- and middle-income 
regions as they continue to progress in the epidemiologic 
transition.
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INTRODUCTION

This chapter reviews current understanding of the genetic 
architecture of coronary atherosclerosis as gleaned from 
Mendelian and common, complex forms of the disease. 
Newly identified pathways and biologic mechanisms are 
highlighted before discussing the present and future role of 
genetic testing for the diagnosis, prognosis, and treatment of 
patients with coronary artery disease (CAD).

HERITABILITY OF CORONARY ARTERY 
DISEASE

Familial clustering of CAD has long been observed and sug-
gests an inherited basis for CAD and its downstream com-
plication of myocardial infarction (MI).1–3 In the offspring 
cohort of the Framingham Heart Study, a parental history of 
premature CAD conferred a two- to three-fold increase in the 
age- specific incidence of cardiovascular events after adjust-
ment for conventional CAD risk factors—implying a genetic 
basis for the observed susceptibility to CAD.4 Twin and fam-
ily studies have estimated that the heritability of CAD is 
approximately 40% to 60%.5 Heritable effects appear most 
pronounced for early-onset CAD, denoting the importance 
of inherited over acquired risk factors for the development 
of premature disease.6 Furthermore, several risk factors for 
CAD, including plasma lipid concentrations, blood pressure, 
and type II diabetes mellitus, are themselves heritable and 
as such contribute to the overall heritability of the CAD/MI 
phenotype.7–11

Varying patterns of inheritance have provided insights 
into the genetic underpinnings of CAD. Some forms of CAD 
demonstrate a simple, Mendelian inheritance pattern, mani-
fest at a young age without the influence of environmental 
risk factors, and are typified by a single causal gene with a 
large effect size.12 Candidate gene studies and linkage anal-
yses have elucidated these monogenic disorders through 

the study of patients and families with extreme pheno-
types to identify causal genes contributing to the disease 
of interest.

However, the majority of CAD in the population exhibits a 
more complex and multifactorial inheritance pattern incon-
sistent with the ratios of Mendel. Such polygenic forms of CAD 
involve the interplay of many common DNA variants of small 
to moderate effect sizes, together with nongenetic factors, 
including both lifestyle and environment.13 Advancements 
in high-throughput DNA microarray technologies have per-
mitted the identification of nearly 60 common DNA variants 
associated with CAD/MI through large-scale genetic associa-
tion studies, accounting for approximately 13% of the cumu-
lative genetic variance of CAD.14 Next-generation sequencing 
technologies and additional studies interrogating potential 
gene-environment interactions have begun to bridge the gap 
on the missing heritability of CAD and its risk factors.15–17

MENDELIAN CAUSES OF CORONARY ARTERY 
DISEASE

Examples of Mendelian forms of CAD largely involve gene 
defects that lead to extremely high plasma concentrations 
of low-density lipoprotein cholesterol (LDL-C). One such dis-
ease is familial hypercholesterolemia (FH) where defects in 
the LDL receptor mediate disordered uptake of cellular LDL 
particles from the bloodstream (Table 3.1).18 Investigations 
of homozygous FH patients led to the sequencing and iden-
tification of mutations in the LDL receptor (LDLR) gene, 
resulting in defective cellular uptake of LDL-C.19,20 LDLR 
mutations are associated with elevated plasma concentra-
tions of LDL-C, typical physical stigmata of severe hypercho-
lesterolemia—ie, tendon xanthomas and corneal arcus (see 
Chapter 7, Figs. 7.4 and 7.5)—and premature coronary ath-
erosclerosis. FH is inherited in a codominant pattern where 
the number of abnormal allelic copies (1 or 2) correlates 
directly with the severity of the FH phenotype.18
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Subsequent studies in FH patients without LDLR muta-
tions led to the discovery of additional causal mutations in 
the APOB and PCSK9 genes, which encode for apolipopro-
tein B (ApoB) and proprotein convertase subtilisin/kexin 
type 9 (PCSK9), respectively. ApoB is a key protein on the LDL 
particle that facilitates its binding to the LDL receptor for cel-
lular uptake and degradation. APOB mutations associating 
with FH were found to interrupt the binding of the ApoB pro-
tein to LDL receptor on the cell surface, leading to reduced 
LDL uptake and higher plasma LDL concentrations.21

PCSK9 is highly expressed in the liver and regulates cho-
lesterol homeostasis by binding to the LDL receptor and 
inducing its degradation. Gain-of-function mutations in 
the PCSK9 gene are associated with FH presumably due to 
reduced LDL receptor availability and a resultant decrease 
in LDL particle uptake.22 Similar to LDLR and APOB, muta-
tions in PCSK9 demonstrate an autosomal dominant inheri-
tance pattern, with one copy of the mutant allele leading 
to an FH phenotype. Notably, loss-of-function mutations in 
PCSK9 are associated with upregulation of LDL receptors, 
a marked reduction in LDL-C concentrations, and an 88% 
reduction in CAD risk.23

Other Mendelian disorders of hypercholesterolemia 
mediate CAD but through an autosomal recessive pattern 
of inheritance. Two aberrant copies of the LDLRAP1 gene 
are causative for autosomal recessive hypercholesterol-
emia (ARH), the mechanism of which remains uncertain 
but appears to involve a defect in an adapter protein that 
disrupts the interaction between the LDL receptor and 
clathrin-coated pits. Individuals with ARH manifest an inter-
mediate form of hypercholesterolemia somewhere between 
that of LDLR heterozygotes and LDLR homozygotes.24 
Sitosterolemia is a rare autosomal recessive disorder of plant 
sterol metabolism caused by a defect in the genes encoding 
ATP-binding cassette (ABC) transporter proteins involved 
in the excretion of dietary plant sterols. The disease shares 
several clinical features with FH, such as tendon xanthomas 
and premature development of CAD. However, unlike FH, 
the disease is characterized by elevated plant sterol levels, 
whereas total cholesterol levels may be normal.25–27

Attempts to uncover Mendelian forms of CAD/MI inde-
pendent of the aforementioned lipoprotein pathways have 
been unsuccessful. A 21-kb deletion within the MEF2A 
gene (which encodes the myocyte enhancer factor [MEF] 
2A transcription factor strongly expressed in the coronary 
endothelium) was initially identified as a putative auto-
somal dominant form of CAD/MI in a 21-member family 
with 13 affected individuals.28 However, the noted deletion 
and others in the MEF2A gene failed to segregate with the 
disease in a subsequent cohort analysis, casting doubt on 
whether the gene leads to CAD/MI.29,30

COMMON, COMPLEX FORMS OF CORONARY 
ARTERY DISEASE

Genome-Wide Association Studies
Beyond rare variants of Mendelian disorders that confer 
exceptional disease risk, common DNA variants (minor 
allele frequency [MAF] > 0.05) with more modest effect 
sizes have also been shown to impact CAD risk. Population-
based association studies—ie, genome-wide association 
studies (GWAS)—compare the DNA profiles of CAD cases 
and control participants free of CAD to detect statistically 
significant differences. GWAS have been enabled by the sys-
tematic classification of millions of single-nucleotide poly-
morphisms (SNPs) in the human genome and the advent of 
high-throughput technologies permitting the interrogation 
of 1 million or more SNPs on a single microarray chip.31 Due 
to linkage disequilibrium—the nonrandom association of 
alleles at different loci—it is possible to cover the entire 
human genome of certain populations with approximately 
500,000 marker SNPs for the detection of common DNA 
variants.32

In GWAS, large populations are genotyped and allele fre-
quencies of each SNP are compared in cases and controls 
to test for associations between common variants and a par-
ticular phenotype in a relatively unbiased manner. For GWAS 
of quantitative traits (ie, blood lipid concentrations), analy-
sis is focused on whether SNPs associate with increases or 
decreases in the specific trait. Given the simultaneous inter-
rogation of up to a million SNPs for association with the dis-
ease or quantitative trait, a stringent p-value criterion of 5 × 
10−8 or less is required to achieve genome-wide significance. 
Accordingly, these studies have relied upon worldwide col-
laborations to recruit thousands of carefully phenotyped 
individuals with and without the disease of interest.

Genome-Wide Association Studies of Coronary Artery 
Disease/Myocardial Infarction
The first locus associated with CAD at a level of genome-
wide significance was reported concurrently in 2007 by 
three independent groups employing distinct cohorts and 
genotype arrays. All three studies demonstrated a 58-kb inter-
val on chromosome 9p21 containing multiple index SNPs 
strongly associated with CAD with high allele frequency and 
robust effect size.33–35 Approximately 20% to 25% of the pop-
ulation were found to be homozygous for the variant, with 
homozygosity conferring a greater than 60% increase in risk 
of CAD. The locus has also been associated with the extent 
and severity of CAD, as increased allele frequency has been 
reported among patients with premature, as well as multives-
sel, disease.36 Of note, it has been repeatedly demonstrated 

TABLE 3.1 Major Mendelian Disorders That Cause Severe Hypercholesterolemia

DISEASE CAUSAL GENE(S) INHERITANCE PATTERN PREVALENCE METABOLIC DEFECT

Familial hypercholesterolemia LDLR
APOB
PCSK9

Autosomal dominant HeFH – 1: 500

HoFH – 1: 1 × 106

Reduced LDL clearance

Autosomal recessive hypercholesterolemia LDLRAP1 Autosomal recessive < 1: 5 × 106 Reduced LDL clearance

Sitosterolemia ABCG5
ABCG8

Autosomal recessive < 1: 5 × 106 Reduced plant sterol 
clearance

ABC, ATP-binding cassette; APOB, apoliporotein B; HeFH, heterozygous familial hypercholesterolemia; HoFH, homozygous familial hypercholesterolemia; LDL, low-density 
lipoprotein; LDLR, LDL receptor; PCSK9, proprotein convertase subtilisin/kexin type 9. (Adapted from Rader DJ, Cohen J, Hobbs HH. Monogenic hypercholesterolemia: new 
insights in pathogenesis and treatment. J Clin Invest. 2003;111:1795–1803.)
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that the 9p21 locus is not associated with traditional CAD 
risk factors such as plasma lipids, blood pressure, diabetes, 
older age, or obesity. Furthermore, the 58-kb block does not 
harbor any annotated genes, which renders unclear the 
exact mechanism by which the locus confers an elevated 
risk of CAD. However, studies have associated the 9p21 locus 
with other vascular phenotypes including carotid athero-
sclerosis, abdominal aortic aneurysm, peripheral artery dis-
ease, and intracranial aneurysm, suggesting a pathogenic 
process related to vessel wall integrity.37–41

Subsequent meta-analyses of GWAS have involved inter-
national collaborations such as the Myocardial Infarction 
Genetics Consortium (MIGen), the Coronary ARtery DIsease 
Genome-Wide Replication and Meta-Analysis (CARDIoGRAM) 
consortium, the Coronary Artery Disease Genetics Consortium 
(C4D), and the combined CARDIoGRAMplusC4D consor-
tium.42–45 Together, these large cohorts identified 48 common 
variants attaining genome-wide significance for association 
with CAD. Whereas several of these CAD risk loci include 
genes linked to lipoprotein metabolism, hypertension, and 
other related pathways, a large proportion lie in gene regions 

not previously implicated in CAD pathogenesis. As expected 
for a complex phenotype with a multifactorial origin, most 
of these common variants have relatively small effect sizes, 
with only two of the susceptibility loci—the 9p21 locus and 
the LPA gene (which codes lipoprotein (a))—conferring a 
greater than 15% risk of CAD.46

The previous analyses were restricted to common SNPs 
(MAF > 0.05) derived from the International HapMap project. 
A GWAS published in 2015 leveraged more extensive human 
genetic data from the 1000 Genomes Project including lower 
frequency and insertion/deletion variants (indels). This GWAS 
meta-analysis comprised over 185,000 CAD cases and con-
trols and interrogated 6.7 million common variants, as well 
as 2.7 million low-frequency (MAF = 0.005–0.05) variants. The 
study confirmed the majority of known CAD susceptibility 
loci and identified eight novel loci associated with CAD at a 
genome-wide level of significance, bringing the total number 
of replicated CAD susceptibility loci to 56 and accounting for 
approximately 13% of the overall heritability of CAD (Table 
3.2). Of note, the eight novel CAD risk loci and all but one of 
the previously identified loci were represented by risk alleles 

TABLE 3.2 Gene Regions Identified for CAD Using the Genome-Wide Association Approach

CHR LOCUS NAME LEAD SNP EAF
RISK OF CAD 
(OR)

ASSOCIATION OF 
GENE VARIANT  
WITH TRADITIONAL 
RISK FACTORS

1p32 PPAP2B rs17114036 0.92 1.13

1p32 PCSK9 rs11206510 0.85 1.08 LDL

1p13 SORT1 rs7528419 0.79 1.12 LDL, HDL

1q21 IL6R rs4845625 0.45 1.06

1q41 MIA3 rs17465637 0.66 1.08

2p24 APOB rs515135 0.75 1.07 LDL

2p21 ABCG5-ABCG8 rs6544713 0.32 1.05 LDL

2p11 VAMP5-VAMP8-GGCX rs1561198 0.46 1.06

2q22 ZEB2 rs2252641 0.44 1.03

2q33 WDR12 rs6725887 0.11 1.14 LDL

3q22 MRAS rs9818870 0.14 1.07

4q31 EDNRA rs1878406 0.16 1.06

4q32 GUCY1A3 rs7692387 0.81 1.07 BP

4q12 REST-NOA1 rs17087335 0.21 1.06

5q31 SLC22A4-SLC22A5 rs273909 0.12 1.06 LDL

6p21 ANKS1A rs17609940 0.82 1.03

6p24 PHACTR1 rs9369640 0.43 1.14

6p21 KCNK5 rs10947789 0.78 1.05

6q23 TCF21 rs12190287 0.62 1.06

6q25 SLC22A3-LPAL2-LPA rs2048327
rs3789220

0.35
0.02

1.06
1.42

LDL

6q26 PLG rs4252120 0.74 1.03

7p21 HDAC9 rs2023938 0.10 1.06

7q22 7q22 rs10953541 0.78 1.05

7q32 ZC3HC1 rs11556924 0.69 1.08 HDL, BP

7q36 NOS3 rs3918226 0.06 1.14 BP

8p21 LPL rs264 0.85 1.06 HDL, TG

8q24 TRIB1 rs2954029 0.55 1.04 LDL, HDL, TG

Continued
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with MAF greater than 0.5.14 This suggests that low-frequency 
variants and insertion/deletion polymorphisms do not con-
tribute significantly to the missing heritability of this complex 
disease, further supporting the common disease-common 
variant hypothesis for CAD.47

Genome-Wide Association Studies of Coronary Artery 
Disease Risk Factors
Common DNA variants impact several prominent CAD risk 
factors in a similar, polygenic manner, with GWAS over the 
past decade identifying numerous genetic loci associated 
with traits such as blood lipid levels, blood pressure (BP), 
type 2 diabetes, and some nontraditional CAD risk factors 
such as C-reactive protein (CRP).

The first reported GWAS of blood lipid concentrations 
assessed 2800 individuals genotyped at approximately 
400,000 SNPs from the Diabetes Genetics Initiative and 

identified three loci reaching genome-wide significance, 
one associated with each of the three lipid traits: LDL-C, HDL-
C, and triglyceride levels.48 Two of these common variants 
were mapped to known lipid regulators, thereby validating 
the GWAS approach. Specifically, the index SNP for LDL-C 
was mapped to a region near APOE (encoding the apolipo-
protein that mediates cellular uptake of chylomicrons and 
very-low-density lipoprotein [VLDL]), and the index SNP for 
HDL-C was found near CETP (encoding cholesteryl ester 
transfer protein [CETP], a component that facilitates trans-
fer of cholesteryl esters from HDL to other lipoproteins). In 
addition, the GWAS identified an index SNP associated with 
triglyceride levels within GCKR, which encodes glucokinase 
regulatory protein.49,50

Additional GWAS have expanded the number of known 
lipid-related loci. In 2010, a large-scale GWAS of approxi-
mately 100,000 individuals identified 95 loci contributing to 

TABLE 3.2 Gene Regions Identified for CAD Using the Genome-Wide Association Approach—cont’d

CHR LOCUS NAME LEAD SNP EAF
RISK OF CAD 
(OR)

ASSOCIATION OF 
GENE VARIANT  
WITH TRADITIONAL 
RISK FACTORS

9p21 CDKN2BAS1 rs4977574
rs3217992

0.49
0.39

1.21
1.14

9q34 ABO rs579459 0.21 1.08 LDL

10p11 KIAA1462 rs2505083 0.40 1.06

10p11 CXCL12 rs501120
rs2047009

0.81
0.48

1.08
1.06

10q23 LIPA rs11203042
rs1412444

0.45
0.37

1.04
1.07

10q24 CYP17A1-CNNM2-NT5C2 rs12413409 0.89 1.08 BP, BMI

11p15 SWAP70 rs10840293 0.55 1.06

11q22 PDGFD rs974819 0.33 1.07

11q23 ZNF259-APOA5-APOA1 rs964184 0.18 1.05 LDL, HDL, TG

12q24 SH2B3 rs3184504 0.42 1.07 LDL, HDL, BP, BMI

12q21 ATP2B1 rs7136259 0.43 1.04

12q24 KSR2 rs11830157 0.36 1.12

13q12 FLT1 rs9319428 0.31 1.04

13q34 COL4A1-COL4A2 rs4773144
rs9515203

0.43
0.76

1.05
1.07

14q32 HHIPL1 rs2895811 0.41 1.04

15q25 ADAMTS7 rs7173743 0.56 1.08

15q22 SMAD3 rs56062135 0.79 1.07

15q26 MFGE8-ABHD2 rs8042271 0.90 1.10

15q26 FURIN-FES rs17514846 0.44 1.05 BP

17q23 BCAS3 rs7212798 0.15 1.08

17p11 RAI1-PEMT-RASD1 rs12936587 0.61 1.03

17p13 SMG6 rs2281727 0.35 1.05 BMI

17q21 UBE2Z rs15563 0.51 1.04

18q21 PMAIP1-MC4R rs663129 0.26 1.06 HDL, BMI

19p13 LDLR rs1122608 0.77 1.08 LDL

19q13 APOE-APOC1 rs2075650
rs445925

0.13
0.09

1.07
1.09

LDL, HDL, TG, BMI

19q13 ZNF507-LOC400684 rs12976411 0.09 0.67

21q22 KCNE2 rs9982601 0.13 1.12

22q11 POM121L9P-ADORA2A rs180803 0.97 1.20

BMI, Body mass index; BP, blood pressure; CAD, coronary artery disease; CHR, chromosome; EAF, effect allele frequency in those of European ancestry; HDL, high-density 
lipoprotein; LDL, low-density lipoprotein; OR, odds ratio; TG, triglycerides.
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plasma LDL-C, HDL-C, and triglyceride levels, and a subse-
quent study of approximately 190,000 persons increased the 
loci count to 157.51,52 Of these loci, 9 demonstrated the stron-
gest associations with LDL-C, 46 with HDL-C, 16 with triglyc-
erides, 18 with total cholesterol, and numerous loci affected 
multiple lipid fractions. Among the discovered loci are those 
containing other well-characterized lipid regulators, includ-
ing APOB, PCSK9, LDLR, LPL (lipoprotein lipase—involved 
in triglyceride metabolism), and HMGCR (encoding for 
3-hydroxy-3-methylglutaryl-coenzyme A reductase—the 
pharmacologic target of statins). Several loci are known 
to harbor rare mutations involved in monogenic lipid dis-
orders such as FH. Notably, many of these causal genes 
for Mendelian disorders also have common variants that 
induce subtle effects on gene function resulting in more 
modest changes in plasma lipid levels.

Large genetic association studies of BP have identified 
29 independent genetic variants associated with continu-
ous BP and dichotomous hypertension at genome-wide lev-
els of significance.53–55 The majority of these variants affect 
systolic blood pressure (SBP) and diastolic blood pressure 
(DBP) in a concordant direction, although variants at three 
loci are reported to have discordant effects.56 In most cases, 
the potential mechanistic links between each gene and the 
BP phenotype remain unclear. As compared to genetic vari-
ants for other CAD risk factors, variants identified for BP 
appear to exert less influence on the overall phenotype, as 
the 29 identified variants account for less than 1% of the 
variation in SBP and DBP. Notably, in a GWAS of 200,000 
individuals, an aggregate genetic risk score comprised of 
the aforementioned genetic variants positively correlated 
with phenotypes such as CAD and stroke but were not asso-
ciated with chronic kidney disease or measures of kidney 
function, suggesting a strong causal relationship between 
elevated BP and cardiovascular disease but not between 
elevated BP and renal dysfunction.55

Type 2 diabetes mellitus has been studied extensively 
through several GWAS, including early discovery of an asso-
ciation with TCF7L2 (encoding a transcription factor that 
regulates proglucagon gene expression in the gastrointes-
tinal tract) through a relatively small GWAS of 2000 cases 
and 3000 controls.57 Subsequent larger meta-analyses have 
increased the total number of type 2 diabetes loci to 63, 
accounting for approximately 6% of the variation in disease 
risk.58 Several of these risk loci harbor genes that alter the 
processing and secretion of insulin by the pancreatic beta 
cell, whereas a smaller proportion of genes appear to medi-
ate insulin resistance. SNPs at these loci have therefore been 
associated with fasting glucose and insulin levels as well as 
other metabolic traits, such as lipids and adiposity. Of note, 
variants in the risk loci for type 2 diabetes have little overlap 
with those for type 1 diabetes and are poor predictors of the 
latter disease process.59,60

Several other risk biomarkers—including CRP—have 
also been studied via GWAS with identification of many 
associated risk loci. CRP is a well-described inflamma-
tory biomarker predictive of CAD/MI in epidemiologic 
cohorts. GWAS have identified at least 18 loci associated 
with circulating levels of CRP, including SNPs in the CRP 
gene encoding for the protein of interest.61–63 Other anno-
tated genes at the identified risk loci directly or indirectly 
involve immune response pathways, as well as various 
metabolic regulatory pathways implicated in diabetes 
mellitus.

Studies of Causal Inference—Mendelian 
Randomization
Since the initial association of total plasma cholesterol 
and CAD risk, observational epidemiologic studies have 
identified numerous additional soluble biomarkers associ-
ated with CAD.64 However, due to confounding and reverse 
causation, observational epidemiology as an approach 
is inherently limited in ability to draw causal inference. 
Distinguishing causal from noncausal biomarkers is par-
ticularly relevant for therapy, as only causal biomarkers have 
potential as therapeutic targets.

A study design termed Mendelian randomization affords 
the ability to assess causality by leveraging Mendel’s law of 
allele segregation—the random assortment of genetic vari-
ants to offspring at the time of conception. This principle 
results in a natural randomization process akin to that of ran-
domized clinical trials and lessens concerns of confound-
ing and reverse causation. DNA variants associated with the 
biomarker are utilized as instruments to assess whether an 
established epidemiologic association between a biomarker 
and disease reflects a causal relationship. The methodol-
ogy relies on the premise that if a biomarker is causal for 
a disease, then the genetic determinants of that biomarker 
should also be associated with the disease. Furthermore, the 
magnitude of association should be commensurate with the 
known effect sizes of the DNA variant on the biomarker and 
the biomarker on the disease.65 Presuming adequate study 
power, lack of an association between a biomarker-related 
DNA variant (or set of variants) and the disease suggests that 
the given biomarker is not causal for disease pathogenesis.

The Mendelian randomization approach has several limita-
tions. Importantly, these studies rely on the effect size estimates 
used for the variant-biomarker and biomarker-disease associa-
tions, placing great emphasis on the studies from which these 
estimates are derived. Furthermore, it is imperative that the 
variants included in the genetic instrument affect the disease 
only through the biomarker of interest. The existence of pleiot-
ropy—where a single gene affects a number of unrelated phe-
notypic traits—undermines the determination of causality, as a 
proposed causal biomarker may serve as proxy for a separate 
pathologic mechanism influenced by the genetic variants used.

Over the past decade, Mendelian randomization stud-
ies have systematically evaluated which plasma biomark-
ers causally relate to CAD risk. These studies have provided 
supportive evidence for LDL-C, triglycerides, and Lp(a) as 
causal CAD risk factors. In contrast, these studies have cast 
doubt on HDL and CRP as causal factors for CAD.

Low-Density Lipoprotein
Initial insights into the causal relationship between LDL-C 
and CAD were derived from studies of patients with FH. As 
described previously, pathogenic FH mutations in LDLR, 
APOB, and PCSK-9 mediate increased plasma LDL-C concen-
trations and are associated with premature CAD, providing 
strong evidence for a causal link between LDL-C and CAD 
risk. A formal Mendelian randomization experiment was 
performed in 50,000 cases and controls employing a genetic 
score for LDL-C comprised of 13 SNPs exclusively associated 
with LDL-C. Notably, genetically-elevated LDL-C (a 1-standard 
deviation increase, ∼35 mg/dL) was associated with a 113% 
increase in risk of MI, exceeding the 54% increase in MI risk 
per 1-standard deviation increase in LDL expected from epi-
demiologic estimates (Fig. 3.1).66 These results affirmed the 
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causal nature of the association between LDL and CAD/MI. 
In addition, these data suggest the concept of cumulative, 
lifelong exposure to LDL-C (measured by genetic risk score) 
being particularly harmful.

A separate line of support for the causal link between LDL 
and CAD/MI has emerged from studies of genetic variants 
involved in the mechanisms of action of lipid-lowering thera-
pies such as ezetimibe and statins. Ezetimibe reduces LDL-C 
through inhibition of the Niemann-Pick C1-like protein 1 
(NPC1L1), a transporter responsible for the uptake of dietary 
and biliary cholesterol in the gastrointestinal tract. Despite an 
early randomized clinical trial showing no significant benefit 
with ezetimibe therapy on carotid intima-media thickness, 
other Mendelian randomization studies using genetic vari-
ants within or near the NPC1L1 gene have demonstrated 
both lower plasma LDL-C levels and reduced risk of CAD. 
One such study of 7364 CAD cases and 14,728 controls in the 
MIGen consortium identified 34 loss-of-function mutations in 
NPC1L1, and in a larger replication cohort, one of these inacti-
vating mutations (p.Arg406X) was associated with a 12 mg/dL 
decrease in LDL-C, as well as a 50% reduction in CAD risk.67 In 
a separate 2 × 2 factorial study design of over 100,000 subjects 
from 14 clinical trials, patients harboring common genetic 
variants inactivating NPC1L1, HMGCR, or both demonstrated 
LDL-C reductions of 2.4, 2.9, and 5.8 mg/dL, respectively, with 
corresponding reductions in CAD risk of 4.8%, 5.3%, and 
10.8%.68 These studies have bolstered the causal relationship 
between LDL-C and CAD risk and lent credence to the phar-
macologic lowering of LDL through statins, ezetimibe, or com-
bination therapy by showing the independent and additive 
effects of NPC1L1 and HMGCR inhibition on LDL-C and CAD 
risk reduction. Indeed, the previously mentioned genetic data 
were corroborated by the Improved Reduction of Outcomes: 
Vytorin Efficacy International Trial (IMPROVE-IT) that dem-
onstrated the additive benefit of ezetimibe on baseline statin 
therapy for reducing mean LDL-C concentrations and the 
composite endpoint of cardiovascular death, nonfatal MI, and 
nonfatal stroke in patients hospitalized following an acute 
coronary syndrome (ACS).69

Triglycerides
Epidemiologic studies have yielded, at best, modest associa-
tions between plasma triglyceride levels and CAD risk.70 Even 
randomized clinical trials of triglyceride-lowering therapies—
ie, gemfibrozil, fenofibrate, and omega-3 fatty acids—have 
offered mixed results regarding their efficacy for reducing 
cardiovascular events.71–74 However, genetic data have sup-
ported a causal role for triglyceride-rich lipoproteins (TRLs) 
and their remnants in coronary atherosclerosis. Plasma tri-
glyceride metabolism is primarily mediated by lipoprotein 
lipase (LPL), and genetic variants that decrease LPL function 
have been associated with increased cardiovascular risk.75–77 
LPL function is enhanced by apolipoprotein A5 and inhib-
ited by apolipoprotein C3 and the angiopoietin-like proteins 
3 and 4 (ANGPTL-3,-4). Accordingly, genetic determinants of 
these factors have been associated with plasma triglyceride 
levels and CAD risk in the expected directions.78–82

However, many of these Mendelian randomization 
approaches have been confounded by the pleiotropic rela-
tionships between triglyceride-associated SNPs and other 
lipid markers, as nearly all SNPs identified for plasma triglyc-
erides have additional effects on LDL-C or HDL-C. A meth-
odology termed multivariable Mendelian randomization has 
been developed to dissect the triglyceride-mediated effects 
of genetic variants on CAD risk from those mediated by other 
lipid traits. Employing the multivariable analytical approach 
on all triglyceride-associated SNPs to control for pleiotropic 
effects on secondary lipid fractions, genetic determinants of 
triglyceride levels were strongly associated with CAD after 
adjusting for their effects on LDL-C and HDL-C, with a magni-
tude of association comparable to that of LDL-C.83 The data 
indicate that plasma triglycerides—likely through triglyceride-
rich lipoproteins and remnant cholesterol—causally mediate 
CAD independent of other lipid traits. The inconsistent benefit 
of triglyceride-lowering therapies for lowering cardiovascular 
events in the previously mentioned trials may reflect particu-
lar characteristics of the trial populations and the variable 
degrees of triglyceride lowering attained in each study.

Lipoprotein (a)
Lp(a) is a lipoprotein comprised of an LDL-like particle 
attached to the glycoprotein apolipoprotein(a). Cohort stud-
ies have observed an association between elevated plasma 
levels of Lp(a) and increased risk of CAD (see Chapter 8).84 
Apolipoprotein(a) is encoded for by LPA, which largely 
controls plasma levels of Lp(a). Mendelian randomization 
studies utilizing common copy number variants and SNPs 
in or near the LPA gene have associated genetically elevated 
Lp(a) with increased CAD risk, providing sound evidence 
for a causal link between Lp(a) and CAD.85,86

Blood Pressure
As in the previous sections, nearly 30 SNPs have been uncov-
ered that associate with SBP and DBP.55 In an analysis of 22,500 
CAD cases and 65,000 controls from the CARDIoGRAM con-
sortium, 88% of these SNPs were positively associated with 
CAD risk. The average per-allele increase in CAD risk was 
3.0% for SBP-related SNPs and 2.9% for DBP-related SNPs. 
Employing a genetic risk score comprised of BP-associated 
SNPs, patients in the highest versus lowest quintiles of 
genetic score distribution demonstrated 70% higher odds of 
CAD. Similar to genetic variants for LDL-C, SNPs associated 
with BP were found to have stronger effects on CAD risk than 
would have been expected from epidemiologic estimates.87 

SD = standard deviation

Do people with more LDL-raising alleles (1-SD ↑) have higher MI risk? 

Do people with more HDL-raising alleles (1-SD ↑) have lower MI risk? 

Do people with more TG -raising alleles (1-SD ↑) have higher MI risk? 

YES

NO

YES

Change in MI risk

Change in MI risk

Change in MI risk

113%
P=10-10

54%
P=10-6

No effect
P=0.63

FIG. 3.1 The cumulative effects of genetic variants that raise plasma low-density 
lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol, and triglycer-
ide (TG) levels on the risk of myocardial infarction (MI). (From Musunuru K, Kathiresan 
S. Surprises from genetic analyses of lipid risk factors for atherosclerosis. Circ Res. 
2016;118:579–585.)
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The finding that most SNPs associated with blood pressure 
also confer a higher risk for CAD supports a causal relation-
ship between increased BP and CAD.

High-Density Lipoprotein
Observational data attest to a strong inverse association 
between HDL and CAD/MI, spurring decades-long efforts to 
reduce CAD risk through raising HDL-C pharmacologically 
(see Chapter 8).88 However, genetic analyses do not support 
a causal relationship between HDL and CAD.89 A recent 
Mendelian randomization study in approximately 20,000 MI 
cases and 95,000 controls investigated a loss-of-function cod-
ing SNP (Asn396Ser) in the LIPG gene encoding for endo-
thelial lipase, an enzyme that mediates HDL metabolism 
with little effect on other lipid fractions. Carriers of the LIPG 
396Ser allele had approximately 5.5 mg/dL higher average 
levels of HDL-C than noncarriers, which would correspond 
to an expected 13% decrease in MI risk per epidemiologic 
estimates. However, the LIPG 396Ser variant was not associ-
ated with risk of MI (odds ratio [OR] 0.99, 95% confidence 
interval [CI] 0.88–1.11, p = 0.85).66

In the same study, a genetic risk score was constructed 
utilizing 14 common variants associated with plasma HDL-C 
without pleiotropic effects on LDL-C or triglycerides. The 
genetic score for HDL was applied to over 50,000 MI cases 
and controls from the CARDIoGRAM consortium. Whereas 
a 1-standard deviation increase in HDL-C (∼15 mg/dL) was 
expected to confer a 38% decrease in MI risk based on epide-
miologic estimates, genetically elevated HDL-C (1-standard 
deviation increase) was not associated with a statistically 
significant change in MI risk (OR 0.93, 95% CI 0.68–1.26, p = 
0.63) (see Fig. 3.1).66

Genetic evidence does not support a causal relationship 
between HDL-C and CAD, challenging the long-held notion 
that pharmacologic raising of HDL-C will consistently lead 
to reductions in CAD risk. Multiple randomized controlled 
trials of HDL-C raising therapies have failed to reduce risk 
for atherosclerotic CVD. Three separate CETP inhibitors—
torcetrapib, dalcetrapib, and evacetrapib—did not signifi-
cantly reduce the risk of CAD despite achieving anywhere 
between 30% and 90% increases in HDL-C.90–92 Similarly, two 
randomized clinical trials assessing the efficacy of niacin in 
patients with established atherosclerotic vascular disease 
showed no significant reduction in the risk of major vascu-
lar events despite significant increases in HDL-C.93,94

C-Reactive Protein
Epidemiologic data have consistently associated higher 
plasma concentrations of CRP—an acute-phase, circulat-
ing biomarker of inflammation—with an increased risk 
of CAD.95,96 However, Mendelian randomization studies of 
common genetic variants within the CRP locus associated 
with elevated plasma levels of CRP have not found an asso-
ciation with CAD risk.62,97,98 Similarly, more recent studies 
of rare exonic variants linked with CRP levels have demon-
strated no significant association with CAD, providing fur-
ther evidence that CRP is more likely a marker than a causal 
mediator of coronary atherosclerosis.99

Nontraditional CAD Pathways and 
Implications for Novel Biology
Genetic association studies and studies of causal inference 
attest to the importance of ApoB-containing lipoproteins (LDL, 

TRL, and Lp(a)) as causal mediators of atherosclerosis. In fact, 
approximately 14 of the 58 GWAS-identified CAD risk loci are 
linked to ApoB-containing lipoproteins. Of the remaining 
CAD risk loci, a few have been associated with hypertension, 
although curiously, none have been specifically linked to dia-
betes mellitus or related pathways (see Table 3.2). However, 
the majority of known CAD susceptibility loci are not related 
to traditional CAD risk factors and appear to increase risk of 
coronary atherosclerosis by yet unidentified mechanisms, 
highlighting the potential of the GWAS approach to uncover 
novel biology. Whereas a few risk loci involve inflammatory 
pathways, several candidate genes implicate protein products 
with well-known roles in vessel wall biology, such as cellular 
adhesion, leukocyte and vascular smooth muscle cell (vSMC) 
migration, angiogenesis, and nitric oxide signaling.14

Of particular interest is ADAMTS7, an extracellular pro-
tease with disintegrin and metalloproteinase activity that 
regulates the migration of vSMCs. ADAMTS7 has been found 
to colocalize with vascular smooth muscle cells (VsMC) 
in human atherosclerotic plaques, with a particular predi-
lection for the intima-media border and fibrous cap. SNPs 
within the ADAMTS7 gene are among the CAD susceptibil-
ity loci identified via GWAS.45,100 Certain genotypes within 
the ADAMTS7 locus have been associated with lower ath-
erosclerosis prevalence and severity. An in vitro mecha-
nistic study of vSMCs harboring CAD-protective SNPs in 
ADAMTS7 demonstrated normal expression but reduced 
maturation and activity of the ADAMTS7 protein, result-
ing in decreased substrate cleavage and attenuated vSMC 
migration.101 In 2015, a study of atherosclerosis-prone mice 
(APOE-/- and LDLR -/-) found that deletion of ADAMTS7 
resulted in marked reduction of atherosclerosis forma-
tion despite comparable levels of plasma lipid content. 
ADAMTS7-deficient mice also demonstrated reduced neo-
intimal formation after arterial injury, as well as reduced 
in vitro vSMC migration in response to tumor necrosis 
factor-α.102

Studies of ADAMTS7 have established a clear candidate 
gene with plausible biology for promoting the atherosclerotic 
phenotype. In addition, the data suggest that inhibition of 
ADAMTS7, which has narrow substrate specificity, provides a 
novel therapeutic strategy for CAD. Further investigations are 
required to establish similar mechanistic links for other CAD 
risk loci and may offer new insights into CAD pathogenesis 
and new therapeutic targets for disease management.

GENETIC TESTING FOR CORONARY ARTERY 
DISEASE IN THE CLINICAL SETTING

Significant advancements in the procurement of human 
genetic data coupled with the decreased cost and increased 
availability of point-of-care genetic testing have prompted 
considerable efforts to incorporate genetic information into 
the diagnosis, prognosis, and management of patients with 
CAD. At present, efforts are largely focused on the identifica-
tion of monogenic disorders such as FH, the use of multi-
locus genetic models for assessing cardiovascular risk, and 
the application of pharmacogenomics to guide appropriate 
therapeutic strategies for CAD.

Familial Hypercholesterolemia
As discussed previously, FH classically results from single-
gene mutations—usually in LDLR, APOB, or PCSK9—that 
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negatively affect the LDL receptor and induce marked eleva-
tions in plasma LDL-C. The disease follows an autosomal 
dominant pattern of inheritance and, if untreated, confers a 
greater than 8-fold increase in lifetime risk of CAD.103

There are three different sets of diagnostic criteria for 
FH, and each relies variably on genetic testing, clinical 
history, family history, typical physical stigmata (ie, tendon 
xanthomas), and plasma LDL-C levels.104–106 This variability 
has led to a wide range of prevalence estimates for FH. A 
2012 analysis of approximately 70,000 participants from the 
Copenhagen General Population Study employing a score-
based diagnostic tool yielded an FH prevalence estimate 
of 0.73%.107 However, family history is often underreported, 
physical stigmata can be absent, LDL-C is not routinely 
assessed (particularly at a young age), and genetic testing 
is seldom employed. Therefore, FH has been presumed to 
be underdiagnosed at a population level, with detection 
usually occurring in adulthood after years of exposure to 
elevated LDL-C and development of subclinical or clinical 
CAD.108

Prevalence estimates of FH have also been variable 
in patients with known hyperlipidemia. Prior studies of 
patients with severe hypercholesterolemia (defined as LDL 
> 190 mg/dL) have estimated an FH mutation prevalence 
anywhere between 20% and 80% largely due to differing 
ascertainment schemes all enriching for a monogenic 
origin of disease, ie, positive family history or prominent 
features on physical examination.109–112 However, in a 
2016 analysis of 20,485 CAD-free multiethnic participants, 
1386 were found to have severe hypercholesterolemia, of 
which only 1.7% carried a mutation for FH in LDLR, APOB, 
or PCSK9. The same study demonstrated that for any given 
LDL-C level, the risk of CAD was markedly higher in FH 
mutation carriers than in noncarriers. For example, in the 
subset of patients with LDL between 190 and 200 mg/dL, 
those with an FH mutation had 17-fold increased odds for 
CAD, whereas those without an FH mutation had fivefold 
increased odds for CAD (Fig. 3.2). Among participants with 
longitudinal data on serial lipid measurements, mutation 
carriers were shown to have a higher lifelong exposure to 
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FIG. 3.2 Sequencing familial hypercholesterolemia genes in severe hypercholesterolemia: prevalence and impact. (A) Prevalence of a familial hypercholesterolemia (FH) muta-
tion among severely hypercholesterolemic participants. (B) Risk of coronary artery disease (CAD) across low-density lipoprotein (LDL) cholesterol and FH mutations status cat-
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genes in patients with severe hypercholesterolemia. J Am Coll Cardiol. 2016;67:2578–2589.)
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LDL cholesterol than noncarriers, likely accounting for the 
elevated risk of CAD in this subgroup of patients.113 The 
study suggests that FH may explain fewer cases of severe 
hypercholesterolemia than previously estimated. However, 
it also affirms that FH mutation status confers a substantial 
increase in CAD risk, thereby raising the possibility that rou-
tine genetic testing will be useful to decrease the popula-
tion-level burden of CAD.

Genetic Risk Scores for Coronary Artery 
Disease Risk Prediction
Each of the nearly 60 identified CAD susceptibility variants 
confers a small but independent risk of CAD. Variants have 
therefore been aggregated to create weighted genetic risk 
scores based on their individual effect sizes, and risk scores 
have subsequently been validated in both case-control and 
prospective CAD cohorts. In all validation assessments, a 
higher genetic risk score has correlated with an increased 
risk of CAD. Furthermore, the predictive abilities of the 
genetic risk scores have improved over time with the discov-
ery and incorporation of additional CAD-associated genetic 
variants.114–116 The 2013 prospective evaluation of 24,124 
participants from four cohorts demonstrated a positive asso-
ciation between a genetic risk score for CAD—comprised 
of 28 genetic variants—and incident cardiovascular events 
over a 12-year follow-up. Addition of the 28-SNP genetic risk 
score to conventional CAD risk factors and family history 
modestly improved risk discrimination of CAD (C-statistic 
0.856 versus 0.851; p = 0.0002) and reclassified 12% of inter-
mediate-risk patients into a high-risk category warranting 
statin therapy.117

In a separate retrospective study, a 27-SNP genetic risk 
score for CAD was applied to a community-based cohort 
and four randomized clinical trial populations of statin ther-
apy for primary and secondary cardiovascular prevention. 
Higher genetic risk scores were associated with increased 
risk of CAD across the primary and secondary preven-
tion populations. Furthermore, patients with the highest 
genetic risk derived the greatest benefit from statin therapy. 
Specifically, a 48% relative risk reduction was observed with 
statin therapy in the highest tertile of genetic risk versus a 
13% relative risk reduction in the lowest tertile; absolute 
risk reductions were also more than threefold greater in the 
highest versus lowest subgroups of genetic risk for CAD.118

A recent study (2016) also analyzed the impact of disclos-
ing a patient’s genetic risk for CAD on health-related behav-
iors and outcomes. In the Myocardial Infarction Genes 
(MI-GENES) trial, 203 participants at intermediate risk for 
CAD were randomized to receive a 10-year estimate of CAD 
risk via a conventional risk score or a conventional plus a 
multilocus genetic risk score. Participants informed of their 
genetic risk for CAD were more likely to be initiated on and 
remain adherent to statin therapy (39% vs 22%, p < 0.01) and 
had lower LDL-C levels (∼9.4 mg/dL) after 6 months. Of note, 
there was no discernible difference between the two groups 
in lifestyle changes such as diet or exercise. In addition, dis-
closure of genetic risk for CAD was not associated with an 
increase in patient anxiety.119

At present, guidelines do not endorse the inclusion of 
multilocus genetic risk scores into algorithms for longi-
tudinal CAD risk prediction. The data suggest that genetic 
risk scores provide modest incremental benefit over con-
ventional risk factors for the prognostication of CAD risk, 

although the incorporation of newer CAD risk loci into 
these multivariable models may improve discriminative 
capacity. However, there is apparent value in genetic risk 
stratification to identify patients most likely to benefit from 
statin therapy. In addition, trial results indicate that insight 
into genetic risk for CAD may motivate short-term statin use. 
Accordingly, further prospective studies and clinical trials 
are required over longer time horizons to determine the 
ultimate utility of multilocus genetic tools for assessing CAD 
risk, guiding appropriate therapies, and improving patient-
specific behaviors and outcomes.

Pharmacogenomics
Pharmacogenomics involves the study of genetically deter-
mined variability in drug responses and the application of 
relevant genetic data to facilitate the study of efficacy and 
safety of pharmacologic treatments. Inherited differences 
in pharmacologic responses may reflect variability in the 
amount of drug delivered to its target receptor (pharma-
cokinetics) or variability within a drug target that results in 
differing responses to equivalent drug concentrations (phar-
macodynamics). Whereas many pharmacogenomic interac-
tions with cardiovascular agents have been interrogated, the 
most robust interactions with potential for clinical transla-
tion have been seen for statins, clopidogrel, and warfarin.

Genetic influences on statin efficacy have been well-
studied through candidate gene analyses and larger 
meta-analyses achieving genome-wide significance, with 
the identification of numerous genes—ie, HMGCR, LDLR, 
APOE, LPA, SORT1, and genes encoding for statin transport-
ers—associated with statin-induced LDL-C lowering.120–123 
However, polymorphisms at these genes have accounted for 
a minor fraction of the total variability in LDL-C lowering by 
statins and therefore have not been incorporated into main-
stream clinical use.

Instead, there has been greater emphasis on pharma-
cogenomic interactions pertaining to adverse reactions 
from statin therapy. Variants in the SLCO1B1 gene have 
been associated with simvastatin-related myopathy in 
patients taking 80 mg/day of simvastatin. As SLCO1B1 
encodes a statin transporter, the presumed mechanism 
of toxicity is reduced simvastatin metabolism resulting in 
elevated levels of circulating simvastatin. A nearly 17-fold 
increase in the risk of myopathy has been observed among 
homozygous carriers of the risk allele receiving high-dose 
simvastatin.124 However, the risk of toxicity appears to be 
mitigated by reduced doses of simvastatin and has been 
inconsistently observed for other more potent statins such 
as atorvastatin and rosuvastatin that provide robust cardio-
vascular benefits, thereby diminishing the need to test for 
genetic variation in SLCO1B1.

Long-term dual antiplatelet therapy with aspirin and a 
P2Y12-receptor antagonist is recommended per consensus 
guidelines for patients with acute coronary syndromes and 
patients with stable ischemic heart disease after coronary 
stenting.125 Clopidogrel, the prototypical P2Y12-receptor 
antagonist, is a prodrug that requires activation by cyto-
chrome P-450 2C19 (CYP2C19). However, polymorphisms 
in the CYP2C19 gene have been associated with variable 
clopidogrel activity due to differing levels of the resultant 
active metabolite of the drug. The loss-of-function variants 
CYP2C19*2 and CYP2C19*3 give rise to decreased clopi-
dogrel activity and reduced platelet inhibition.126,127 In an 
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analysis of acute coronary syndrome patients on clopidogrel 
in the Trial to Assess Improvement in Therapeutic Outcomes 
by Optimizing Platelet Inhibition with Prasugrel-Thrombolysis 
in Myocardial Infarction (TRITON-TIMI) 38, carriers of at least 
one loss-of-function CYP2C19 allele harbored a 53% relative 
increase in the composite endpoint of cardiovascular death, 
MI, or stroke and a threefold increase in the risk of stent 
thrombosis than noncarriers.128 A meta-analysis of approxi-
mately 10,000 patients on clopidogrel after PCI and/or ACS 
confirmed this association and showed a direct correlation 
between the number of loss-of-function alleles and the risk 
of adverse cardiovascular outcomes.129 Polymorphisms at 
another gene, ABCB1, which encodes an efflux transporter of 
clopidogrel, have also been associated with reduced clopi-
dogrel activity, albeit to a lesser degree than CYP2C19 vari-
ants.130 Conversely, a gain-of-function CYP2C19*17 allele has 
been associated with increased clopidogrel activity and an 
increase in hemorrhagic complications.131

Point-of-care systems for genetic testing are available 
and retrospective data suggest improved platelet inhibition 
and better clinical outcomes employing a therapeutic strat-
egy guided by knowledge of the CYP2C19 genotype.132–134 
However, the development of newer and more potent P2Y12-
inhibitors—ie, prasugrel and ticagrelor—unaffected by 
CYP2C19 variation calls into question the current and future 
need for genetic testing in this clinical context.135,136 The 
ongoing Tailored Antiplatelet Initiation to Lessen Outcomes 
due to Decreased Clopidogrel Response after Percutaneous 
Coronary Intervention (TAILOR-PCI) and Patient Outcomes 
after primary PCI (POPular) genetics trials will prospectively 
assess the benefit of CYP2C19 genotyping for selecting 
appropriate P2Y12 inhibitor therapy.137,138

The growing burden of concomitant CAD and atrial fibril-
lation merits combination antiplatelet and anticoagulant 
therapy to mitigate the risks of coronary thrombosis and 
venous thromboembolism, respectively. Consensus guide-
lines now promote situation-dependent combinations and 
durations of aspirin, P2Y12-inhibitor, and oral anticoagulant 
therapy to balance the net antithrombotic benefit of these 
agents with their inherent risks for inducing bleeding com-
plications.139 Warfarin is a vitamin K antagonist that acts 
through inhibition of the vitamin K epoxide reductase com-
plex (VKORC1) and has remained the cornerstone of oral 
anticoagulation therapy for over 50 years. Warfarin has a nar-
row therapeutic window that requires close monitoring of 
the international normalized ratio (INR) to balance antico-
agulant efficacy and safety. Variations in the gene encoding 
for the target of warfarin (VKORC1) and in the gene encod-
ing for a warfarin metabolizer (CYP2C9) have been associ-
ated with increased warfarin sensitivity and a predisposition 
to bleeding complications.140 Three separate clinical trials 
have evaluated the efficacy of genotype-guided warfarin 
dosing to reduce the time needed to achieve a therapeu-
tic INR and to optimize the proportion of time spent in the 
therapeutic range. Whereas two trials showed minimal to no 
benefit of a genotype-guided approach over an optimized 
clinical algorithm employing more frequent INR checks, a 
third trial yielded superior results with a genotype-guided 
approach over standard of care for reducing time to thera-
peutic INR and maximizing time spent in the therapeutic 
range.141–143 The trials suggest that genetic testing may assist 
with optimal warfarin dosing, although the marginal ben-
efits of genotype guidance may be mitigated by more fre-
quent INR testing.

Novel oral anticoagulants like the direct thrombin and 
Factor Xa inhibitors are alternatives to Vitamin K antago-
nists and provide the potential to circumvent the afore-
mentioned genetic variation predisposing to inconsistent 
warfarin response. Compared with warfarin, these agents 
have demonstrated noninferior efficacy in randomized clin-
ical trials of atrial fibrillation patients and even a favorable 
overall safety profile, albeit with a slight increase in the risk 
of gastrointestinal bleeding.144 A prespecified genetic sub-
group analysis of the Effective Anticoagulation with Factor 
Xa Next Generation in Atrial Fibrillation-Thrombolysis in 
Myocardial Infarction (ENGAGE AF-TIMI) 48 trial assessed 
the differential safety profile of warfarin and edoxaban-
treated patients as stratified by warfarin-sensitivity genotype. 
Notably, patients classified as “sensitive” and “highly-sensi-
tive” warfarin responders—based on VKORC1 and CYP2C9 
genotyping—had less bleeding complications on edoxaban 
than on warfarin during the first 90 days of the study. These 
findings suggest the utility of genetic testing for identifying 
patients at increased risk of bleeding with warfarin and the 
early safety benefit of edoxaban therapy over warfarin in 
this subgroup.145

The previous examples point to the potential for genetic 
testing to facilitate the optimal medical management of 
CAD by maximizing the efficacy and safety of key phar-
macologic agents with robust data for preventing the pro-
gression of coronary atherosclerosis. Whereas alternative, 
higher-potency pharmacologic agents in each class may 
obviate the need for routine genetic testing, current and 
future studies will continue to determine the net utility of 
genotype guidance for selecting and dosing appropriate 
CAD pharmacotherapies.

CONCLUSIONS

The advent of large-scale genetic association studies and 
Mendelian randomization experiments has enabled the 
recognition of numerous CAD susceptibility loci, discern-
ment between causal and noncausal risk factors, and iden-
tification of novel biologic mechanisms involved in the 
pathogenesis of coronary atherosclerosis. Next-generation 
sequencing technologies, which permit interrogation of the 
whole genome, are now available at reasonable cost and 
may facilitate additional gene discovery. Moreover, studies of 
gene-environment interactions may further elucidate the as 
yet unexplained heritability of CAD. Future studies will con-
tinue the transition in focus from gene discovery to clinical 
translation in an effort to refine risk stratification schemes 
and provide more tailored therapeutic strategies for primary 
and secondary prevention of CAD.
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INTRODUCTION

Atherosclerosis is a chronic inflammatory process triggered 
by accumulation of cholesterol-containing low-density lipo-
protein (LDL) particles in the arterial wall.1,2 Major etiologic 
factors include hyperlipidemia, hypertension, diabetes, and 
cigarette smoking, all of which are thought to initiate and 
promote vascular inflammation. The notion of atherosclero-
sis as an inflammatory disease has emerged based on obser-
vations of immune activation and inflammatory signaling in 
human atherosclerotic lesions, inflammatory biomarkers as 
independent risk factors for cardiovascular events, and an 
LDL-induced immune activation.

The use of animal models of atherosclerosis, such as 
hyperlipidemic rabbits and mice lacking either apolipopro-
tein E (ApoE-/-) or the LDL receptor (LDLr-/-), has provided 
major mechanistic insight into the basic mechanisms of 
atherosclerosis.

INITIATION OF ATHEROSCLEROSIS

Atherosclerosis is initiated by the infiltration of apolipo-
protein B (apoB)-containing LDL in the arterial wall (Fig. 
4.1). Atherosclerotic lesions preferentially occur in arte-
rial bifurcations and when the caliber of the arterial tree 
changes. The switch from a laminar longitudinal to a tur-
bulent flow at those sites will lead to a local recirculation 
and consequently increased concentrations of plasma LDL 
adjacent to the luminal surface.3 As a result, an increased 
radial LDL transport will occur into the arterial wall, where 
LDL can be retained by proteoglycans. Endothelial cells are 
sensitive to shear stress and the frictional force generated 
by blood flow. Whereas the normal laminar shear stress 
may be atheroprotective, a disturbed flow activates proin-
flammatory transcriptional programs in endothelial cells,4 
which participate in the initiation of the inflammatory reac-
tion at sites prone to develop atherosclerotic lesions. In 
addition, endothelial dysfunction hampers the barrier func-
tion of this cell layer, leading to increased influx of choles-
terol-containing lipoproteins into the arterial intima.

Modification of the retained LDL by, for example, oxidation, 
may serve as an initiating stimulus for inflammatory reactions, 
by being recognized as a so-called danger-associated-molec-
ular-pattern (DAMP). Specific pattern recognition, such as toll-
like receptor (TLR) activation by oxidized LDL, subsequently 
stimulates endothelial cells to express adhesion molecules. 
Oxidatively modified LDL particles induce endothelial cell 

surface expression of leukocyte adhesion molecules such as 
E-selectin, intercellular adhesion molecule (ICAM)-1, and vas-
cular cell adhesion molecule (VCAM)-1, which bind to their 
ligands sialyl-LewisX, integrins CD11/18, and VLA-4, expressed 
on leukocytes. The combinatorial expression of endothelial 
adhesion molecules and leukocyte integrins and selectins 
provides a sophisticated regulation of the inflammatory  
process and determines the type and place for recruitment  
of a certain type of myeloid or lymphoid cell during athero-
sclerosis development as depicted in Fig. 4.1.

ATHEROSCLEROTIC INFLAMMATION AND 
IMMUNE ACTIVATION

The leukocytes recruited to the developing atherosclerotic 
lesion produce a number of inflammatory mediators (Fig. 
4.2) that will amplify the inflammatory reaction through a 
continued activation of both leukocytes and endothelial 
cells and by recruiting further immune cells to the forming 
lesion. These mediators are further discussed hereafter.

Monocytes represent the most numerous white blood cells 
recruited into atherosclerotic plaques. Once resident in the 
arterial wall, they differentiate into tissue macrophages under 
the influence of monocyte-colony stimulating factor (M-CSF) 
present in forming lesions. Activated macrophages in the ath-
erosclerotic lesion further enrich the proinflammatory milieu, 
by means of inflammatory proteins and lipid mediators, such 
as cytokines and leukotrienes. This subtype, which is referred 
to as classically activated or M1 macrophages, will hence 
sustain inflammatory responses and result in tissue damage. 
In contrast, the alternatively activated, or M2, macrophages 
secrete antiinflammatory mediators such as lipoxin (LX) A4, 
interleukin (IL)-10, and transforming growth factor (TGF)-β 
and may promote the resolution of inflammation by means 
of clearance of apoptotic cells (efferocytosis) and dampen-
ing of immune responses, hence promoting tissue repair and 
healing.5 Both M1 and M2 macrophages are present at dif-
ferent stages of human atherosclerotic plaque development, 
and data suggest that the atherosclerotic lesion macrophages 
constitute a unique subset. This may necessitate further sub-
class characterization depending on their specific functions 
and signaling pathways,5 although it should be kept in mind 
that the macrophage is a highly plastic cell that can modulate 
its phenotype depending on its local environment.

The number of mast cells is low in the normal ves-
sel. However, mast cell numbers increase with lipid 

Basic Mechanisms of Atherosclerosis
Magnus Bäck and Goran K. Hansson

4
INTRODUCTION, 45

INITIATION OF ATHEROSCLEROSIS, 45

ATHEROSCLEROTIC INFLAMMATION 
AND IMMUNE ACTIVATION, 45
Inflammatory and Antiinflammatory 

Proteins, 47
Lipid Mediators of Inflammation and 

Resolution, 48

Intracellular Inflammatory Signaling 
Pathways, 49

CALCIFICATION, 51
Intracellular Pathways of Vascular 

Calcification, 51
Extracellular Pathways of Vascular 

Calcification, 51

THE VULNERABLE PLAQUE, 52
Plaque Rupture, 52
Plaque Erosion, 53
Intraplaque Hemorrhage, 53

SUMMARY AND CONCLUSIONS, 54

REFERENCES, 54



46

II

Pa
th

o
g

en
es

is

accumulation in the vascular wall in early atherosclerosis, 
implying that mast cell progenitors are recruited from the 
arterial lumen.6

At this stage, with the presence of both retained naïve 
and modified LDL, together with activated leukocytes, the 
atherosclerotic lesion is emerging. Oxidized and otherwise 
modified forms of LDL particles can bind to scavenger 
receptors, such as SRA-1, CD36, and LOX-1, all of which are 
expressed on resident macrophages.7 The resulting uptake 
of lipoprotein particles will induce the conversion of mac-
rophages into foam cells, a pathogenic process that results 
in the microscopic appearance of lipid-laden macrophages, 
which is a characteristic of the atherosclerotic lesion.

The internalization of oxidized LDL (oxLDL) by macro-
phages and dendritic cells will lead not only to foam cell 
formation, but also antigen presentation. The processing 
of modified lipoproteins and other antigens followed by a 
subsequent presentation to T cells will hence activate the 
adaptive immune system within the atherosclerotic lesion. 
Although oxidation of LDL has been thought to be the 
source of neoantigens, this hypothesis has been challenged 
by results showing that T cells in atherosclerotic mice recog-
nize peptide motifs of native LDL particles and its ApoB100 

moiety. This suggests that cellular immunity toward LDL as 
an autoantigen might drive atherosclerosis.7

Effector CD4+ T cells are recruited to the atherosclerotic 
lesion by leukocyte adhesion molecules and chemotactic 
factors produced as a consequence of innate immune acti-
vation. In addition to Th1 cells, effector T cells of the Treg 
subtype are present in atherosclerotic lesions and act by 
inhibiting immune responses and inflammation; hence they 
are considered as atheroprotective.8 The Th17 cell subtype, 
finally, promotes fibrosis through action of its signature cyto-
kine, IL-17. Therefore, Th17 activity enhances formation of the 
lesion’s fibrous cap and,  hence, presumably,  plaque stability.9

Several factors in the atherosclerotic lesions induce mac-
rophage apoptosis.10 Under normal conditions, apoptotic 
cells are cleared by a specific phagocytosis process, termed 
efferocytosis, from the Greek word “to bury.” Efferocytosis 
is an immune response essential for normal steady state 
of a tissue and a critical phenomenon in the resolution of 
inflammation.11 Defective clearance of lipid-laden apop-
totic macrophages in the atherosclerotic lesion will create 
a lipid necrotic core, as depicted in Fig. 4.1.

In addition to the previously mentioned inflammatory 
circuits, which take place in the intima, complex adaptive 

Monocyte

LDL
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Foam cell
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Endothelial cells Vascular smooth
muscle cells

AdventitiaLumen Intima Media

TLO

Dendritic cell/
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and
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FIG. 4.1 Cellular mechanisms of atherosclerosis. (1) Low-density lipoprotein (LDL) is retained in the vascular wall, where it is modified by oxidation. (2) Oxidized LDL (oxLDL) 
stimulates endothelial cells to express adhesion molecules, which (3) induces leukocyte adhesion and recruitment. (4) Infiltrating monocytes differentiate into macrophages that 
(5) take up oxLDL and become foam cells. (6) Dendritic cells and macrophages present antigens to T cells. (7) Macrophage death, for example by apoptosis, creates a lipid-filled 
necrotic core. Note also the presence of mast cells within the lesion. Tertiary lymphoid organs (TLOs) in the adventitia are also depicted (see text for details).
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immune responses also develop in the adventitia and the 
periadventitial connective tissues. Antigens reach the adven-
titia via the vasa vasorum and also through convection of 
macromolecules from the arterial lumen.12 Inflammatory 
cells observed in the adventitia of atherosclerotic lesions 
include dendritic cells, macrophages, mast cells, and lym-
phocytes. T and B cell activation is present in the adventitia 
of atherosclerotic vessels, and in advanced stages of athero-
sclerosis, large lymphoid structures may develop, referred 
to as adventitial tertiary lymphoid organs13 (see Fig. 4.1). The 
latter contain germinal centers with B cells going through 
differentiation to centrocytes and plasma cells. Surrounding 
them, dendritic cells, T cells, and macrophages form orga-
nized structures of interacting cells. These adventitial tertiary 
lymphoid organs are sites of antibody production, including 
antibodies to plasma lipoproteins. Interestingly, deposits of 
ceroid-containing oxidized lipids are also found here, sug-
gesting that they may serve as antigenic stimuli for antibody 
production.13

Inflammatory and Antiinflammatory 
Proteins
Cytokines
In the 1980s, IL-1 was identified as a cytokine of the vas-
culature, regulating hemostatic properties and leukocyte 
adhesion. The discovery that macrophages initiate IL-1β 
production as a response to cholesterol accumulation 
by means of a multiprotein oligomer called the inflam-
masome14,15 and the development of IL-1β-neutralizing 
antibodies for clinical use have renewed the interest 

in this cytokine in the context of atherosclerosis, as dis-
cussed later. Other cytokines that have been studied for 
their proatherogenic role include tumor necrosis factor 
(TNF), interferon (IFN)-γ, and IL-6, as well as others listed 
in Fig. 4.2. Retrospective analysis of studies of rheumatoid 
arthritis patients receiving TNF blockade has strengthened 
the importance of cytokine signaling in atherosclerosis, 
because these patients exhibit a decreased cardiovascu-
lar risk compared with those given alternative treatment.16 
These observations reinforce the notion of TNF being an 
important proinflammatory signaling factor in atheroscle-
rosis and have suggested that TNF blockade may be useful 
for cardiovascular prevention.16

Several lines of experimental evidence implicate IFN-γ, 
the signature cytokine of Th1 cells, as a powerful proath-
erosclerotic cytokine. IFN-γ increases lesion development, 
modulates lipoprotein metabolism, and inhibits fibrous cap 
formation. Its presence in culprit lesions of human athero-
sclerosis supports the notion that Th1/IFN-γ activity may be 
deleterious in atherosclerosis.

IL-6 is produced in large amounts by IL-1-stimulated 
cells, including vascular and blood-derived ones. As large 
amounts of IL-6 are produced by IL-1-stimulated cells, this 
cytokine acts as an amplifier of vascular inflammation, and 
circulating IL-6 levels have been reported to predict clinical 
events. When IL-6 reaches the liver, it induces an acute-phase 
response that involves increased production of C-reactive 
protein and fibrinogen and subsequent higher circulating 
levels of these acute-phase reactants. Therefore, C-reactive 
protein measurement has become an attractive way of esti-
mating atherosclerosis-associated inflammation.17,18

Proinflammation Antiinflammation/proresolution

Cytokines Chemokines Lipid mediators

IL-1β MCP-1 LTB4

IL-6 CCL3, CCL5 LTC4, LTD4, LTE4

TNF-α MIF-1 TXA2

IFN-γ CXCL4
 CXCL10

Cytokines Chemokines Lipid mediators

IL-10 CXCL5 LXA4, ATL
TNF-β CXCL12 RvD1, RvE1
 CXCL16 MaR1
 CXCL19 PD1

Plaque progression

Plaque regression OR
inhibited progression

FIG. 4.2 Mediators transducing proinflammation, antiinflammation, and proresolution in atherosclerosis. ATL, Aspirin-triggered lipoxin; CCL, C-C chemokine ligand; CXCL, 
C-X-C chemokine ligand; IL, interleukin; LT, leukotriene; LX, lipoxin; MaR1, maresin 1; MCP-1, macrophage chemoattractant protein 1; MIF-1, migration inhibitory factor; PD1, 
protectin 1; Rv, resolvin; TGF, transforming growth factor; TNF, tumor necrosis factor; TXA2, thromboxane A2.
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In contrast to these proinflammatory cytokines, TGF-β 
and IL-10, produced by M2 macrophages and Tregs, activate 
suppressive pathways and have antiatherosclerotic effects 
(see Fig. 4.2). Finally, IL-17 produced by Th17 cells may both 
increase atherosclerosis formation and promote collagen 
synthesis, which stabilizes the atherosclerotic lesion.8

Chemokines
Chemokines are a specific family of chemotactic pro-
teins, classified in subgroups based on the position of the 
N-terminal cysteine residues (CC, CXC, CX3C, XC).19 Several 
studies have supported a key role of chemokines in athero-
sclerosis by means of mediating immune cell recruitment 
and regulating the activation of different immune cell types 
and subsets.19 Endothelium-derived CXCL1 and monocyte 
chemoattractant protein 1 (MCP-1, also referred to as CCL2) 
are involved in early atherosclerosis by means of specific 
chemokine receptors. In addition, the chemokine-like pro-
tein migration inhibitory factor (MIF) also binds to chemo-
kine receptors (CXCR2 and CXCR4) to mediate monocyte 
and T lymphocyte recruitment to atherosclerotic lesions. 
Inhibiting MCP-1 binding to CCR2 reduces inflammatory 
biomarkers in subjects with cardiovascular risk factors, sup-
porting the importance of chemokine signaling as a regula-
tor of inflammation in atherosclerosis16 (see Fig. 4.2).

In contrast to the previously mentioned proinflamma-
tory chemokine-induced effects, other chemokines, such 
as CCL19/CCL21, CXCL5, and CXCL12, mediate macrophage 
regression from atherosclerotic lesions, block foam cell for-
mation, improve endothelial repair, and increase plaque sta-
bility under certain conditions,5 illustrating that changes in 
chemokine profiles may drive the atherosclerotic lesion to 
either progression or regression (see Fig. 4.2).

Lipid Mediators of Inflammation and 
Resolution
In addition to the aforementioned proteins, bioactive lipids 
(see Fig. 4.2) provide important signaling in atherosclero-
sis. Their generation may derive from either extracellular 
metabolism of phospholipids from circulating lipoproteins 
or intracellular enzymatic pathways using membrane phos-
pholipids as substrate.

Phospholipases
The hydrolysis of phospholipids into fatty acids by the phos-
pholipase A2 (PLA2) family of enzymes releases arachidonic 
acid and lysophospholipids.20 The secreted sPLA2 has been 
detected in human atherosclerotic lesions and participates 
in LDL modification by hydrolysis of phosphatidylcholine, 
hence rendering the LDL molecule more atherogenic21 (Fig. 
4.3). Another PLA2 isoenzyme, LpPLA2, which hydrolyzes oxi-
dized phospholipids in LDL particles to proinflammatory lyso-
phosphatidylcholine and oxidized nonesterified fatty acids 
(oxNEFAs), has also been identified as a risk marker for athero-
sclerosis22 (see Fig. 4.3). However, although apparently reducing 
atherosclerosis in animal models of atherosclerosis and surro-
gate markers in early clinical trials, large randomized clinical 
trials (RCTs) have not demonstrated any beneficial effects for 
PLA2 inhibitors in terms of cardiovascular prevention.16

The Cyclooxygenase Pathway
The two cyclooxygenase (COX) enzymes, COX-1 and COX-
2, catalyze the formation of prostaglandins (PGs) and 
thromboxane (TX). The COX isoenzymes are the targets for 

nonsteroidal antiinflammatory drugs (NSAIDs). The use of 
low-dose aspirin in secondary prevention relies on its irre-
versible inhibition of COX-1 in platelets, which lack the ability 
to resynthesize COX enzymes, leading to a selective inhibi-
tion of platelet proaggregatory TXA2 formation.23 In contrast 
to the constitutively expressed COX-1, the COX-2 isoform is 
induced by proinflammatory stimuli at sites of inflamma-
tion, such as atherosclerotic lesions. The use of NSAIDs being 
either selective or preferential for the COX-2 isoform (COX-2 
inhibitors or coxibs) has however been associated with an 
increased cardiovascular risk in several RCTs and observa-
tional studies and has led to withdrawal and precautions in 
their prescription to subjects with an increased cardiovas-
cular risk (see Bäck et al.24 and references therein). Despite 
potential antiinflammatory effects, the detrimental outcome 
of COX-2 inhibition in atherosclerosis may be due to a dis-
turbed balance between TXA2 and prostacyclin, which exert 
opposing effects in terms of platelet aggregation, pro- and 
antiatherogenic signaling, and alterations of vascular reac-
tivity.23 However, other prostaglandins also affect several 
responses in the vascular wall and inflammatory cells with 
potential importance for atherosclerosis, and the balance of 
the COX pathway, both locally in atherosclerotic lesions and 
systemically, may be more complex (see Fig. 4.3).

The Lipoxygenase/Leukotriene Pathways
Arachidonic acid also serves as a substrate for the 5-lipoxy-
genase (5-LO) enzyme and leukotriene (LT) biosynthesis (see 
Fig. 4.3). Arachidonic acid metabolism by the 5-LO enzyme 
together with the 5-LO activating protein (FLAP) leads to the 
formation of the unstable LTA4, which subsequently is either 
hydrolyzed into the dihydroxy LTB4 or conjugated with gluta-
thione to yield the cysteinyl-LTs (LTC4, LTD4, and LTE4). These 
LTs act on specific receptors, BLT and CysLT receptors,25 
respectively, to transduce several proinflammatory effects with 
implications for atherosclerosis development, such as leuko-
cyte recruitment and activation, smooth muscle cell (SMC) 
proliferation, and endothelial dysfunction.26 Local LT biosyn-
thesis and expression of LT forming enzymes are detected in 
human atherosclerotic lesions, and biomarker studies have 
associated LTs with acute coronary syndromes and subclini-
cal atherosclerosis.27 Genetic or pharmacologic targeting of 
5-LO and FLAP has, however, generated contradictory results 
in terms of atherosclerosis development in hyperlipidemic 
mouse models.27 Nevertheless, antileukotrienes that are in 
clinical use for the treatment of asthma and allergic rhinitis 
have been associated with a reduced risk of recurrent cardio-
vascular events in retrospective analysis.28

Specialized Proresolving Mediators
In addition to the formation of proinflammatory leuko-
trienes, lipoxygenases also participate in the formation of 
antiinflammatory lipid mediators, which participate in the 
resolution of inflammation.11 For example, arachidonic acid 
metabolism by means of dual lipoxygenation leads to the 
formation of lipoxin A4 (LXA4) (see Fig. 4.3), whereas the 
metabolite resulting from the consecutive action of LO and 
COX-2 acetylated by aspirin11 is an LXA4 analogue termed 
aspirin-triggered lipoxin (ATL). These lipoxins are produced 
locally in coronary atherosclerotic lesions, and their levels 
increase after aspirin treatment.29

In addition to arachidonic acid, omega-3 fatty acids can 
serve as the substrate for lipoxygenase metabolism, yield-
ing a number of bioactive lipids, such as resolvins, mares-
ins, and protectins, which also promote the resolution of 
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inflammation.11 Fish oil supplementation to ApoE-/- mice 
leads to increased incorporation of the omega-3 fatty acids 
docosahexeanoic acid (DHA) and eicosapentaenoic acid 
(EPA) in cell membranes of different organs,30 but the 
effects on atherosclerosis have been somewhat varying 
between different studies, time points, and models.31

Lipoxins and resolvins stimulate efferocytosis,11,32 which 
is an important mechanism of the resolution of inflamma-
tion and may serve to decrease the necrotic core forma-
tion in atherosclerosis (see previous section and Fig. 4.1). 
LXA4, ATL, and RvD1 exert their proresolving actions by 
means of the receptor FPR2/ALX (formyl peptide receptor 
2 and A type lipoxin receptor), which is also activated by a 
number of proinflammatory agonists in the atherosclerotic 
lesion.32,33 Studies in human carotid atherosclerotic plaques 
and animal models have implicated this receptor in athero-
sclerosis progression and plaque stability.32,34,35 In addition 
to macrophages, the FPR2/ALX receptor is also expressed 
on vascular SMCs, and ATL inhibits vascular SMC migration 
and proliferation,36 suggesting additional benefits of aspirin 
in the treatment of coronary atherosclerosis.

A link between omega-3 fatty acids and decreased car-
diovascular inflammation was first observed in Greenland 

Inuits. The higher levels of DHA and EPA in the plasma and 
platelets of Inuits compared with other Scandinavians were 
inversely related to population rates of acute myocardial 
infarction.31 Epidemiologic and clinical trial evidence sub-
sequently accumulated in further support of antiinflamma-
tory effects for omega-3 fatty acids.31 However, the effects of 
omega-3 supplementation in secondary prevention of coro-
nary artery disease have not been consistently replicated,37 
and further studies are ongoing. The structural elucidation 
of the active proresolution omega-3-derived mediators as 
resolvins, maresins, and protectins11 (see Figs. 4.2 and 4.3) 
suggests specific stimulations of these pathways as putative 
therapeutic options in atherosclerosis.

Intracellular Inflammatory Signaling 
Pathways
p38 Mitogen-Activated Protein Kinase
Among the intracellular pathways that transduce the cellu-
lar responses to the extracellular proinflammatory stimuli 
discussed previously, phosphorylation cascades play a key 
role in regulating cellular activity (Fig. 4.4). The p38 ser-
ine kinase is one of the mitogen-activated protein kinase 
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FIG. 4.3 Phospholipases and lipid mediators in atherosclerosis. Membrane phospholipids are metabolized by intracellular cytosolic PLA2 releasing arachidonic acid, which 
serves as a substrate for the lipoxygenase and cyclooxygenase enzymes to yield lipoxins, leukotrienes, prostaglandins, and thromboxane, which are transported extracellularly 
to act on specific receptors. In addition, lipoxygenase metabolism of omega-3 fatty acids yields resolvins, which together with lipoxins mediate the resolution of inflammation 
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monophosphate; GPCRs, G-protein-coupled receptors; IL, interleukin; IL-1R, IL-1 receptor; NADPH, nicotinamide adenine dinucleotide phosphate; NF-κB, nuclear factor-kappa B; 
PDE, phosphodiesterasas; RANK, receptor activator of NF-κB; RANKL, RANK ligand; ROS, reactive oxygen species; TNF, tumor necrosis factor; TNFR, TNF receptor.
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(MAPK) pathways transducing and amplifying intracellular 
inflammatory responses, such as cytokine production (IL-
1β, TNF, and IL-6) and enzyme activity (COX-2-derived PGE2 
formation).16 Furthermore, p38 phosphorylation may be 
inhibited by specialized proresolving mediators as part of 
their role in the resolution of inflammation. Recent clinical 
evaluations have suggested a potential antiinflammatory 
and therefore beneficial effect of p38 inhibitors in the treat-
ment of atherosclerosis.16

Inflammasome
In classic crystal-induced inflammation, monosodium urate 
and calcium pyrophosphate dehydrate crystals taken up 
by macrophages activate the caspase-1-activating NALP3 
inflammasome, resulting in cleavage of pro-IL-1β and secre-
tion of active IL-1β.38 In atherosclerosis, cholesterol crystal-
lization in macrophages may trigger activation of the NLRP3 
inflammasome and stimulate IL-1β production as a direct 
inflammatory response to cholesterol accumulation14 (see 
Fig. 4.3).

A possible strategy for the inhibition of crystal-induced 
inflammasome activation and IL-1β secretion is offered by 
the microtubule inhibitor colchicine,38 which reduces ath-
erosclerosis in hypercholesterolemic mice and is associ-
ated with decreased cardiovascular risk in observational 
studies and a prospective randomized trial.16 However, 
the perspectives of inhibiting inflammasome activation in 
secondary prevention by means of colchinine may be lim-
ited by its side effects. An alternative approach to targeting 
inflammasome-dependent activation, by neutralizing its 

output cytokine, IL-1β, is being evaluated in the ongoing 
Canakinumab Anti-inflammatory Thrombosis Outcomes 
Study (CANTOS) for effects in secondary prevention after 
myocardial infarction.39

Nuclear Factor-Kappa B
Nuclear factor-kappa B (NF-κB) is a redox-sensitive tran-
scription factor that is activated in human atherosclerotic 
plaques, downstream of the IL-1β receptor. In addition, TLR 
signal transduction is linked to the NF-κB pathway through 
a chain of transducing proteins, including MyD88 and IRAK. 
The TNF receptor-associated factor (TRAF) then conveys 
the signal to either the MAP kinase/AP-1 pathway or acti-
vation of Iκ-kinase, leading to nuclear NF-κB translocation 
to regulate a large number of inflammatory genes. Another 
NF-κB activator, which will be discussed later in the context 
of calcification pathways in atherosclerosis, is the receptor 
activator of NF-κB (RANK), which is a member of the TNF 
receptor family. Subsequent to its activation by RANK ligand 
(RANKL), the cytoplasmic domain of RANK signals through 
TRAFs to activate NF-κB (see Fig. 4.3).

The Jak/STAT Pathway
The Janus kinase (Jak) family is activated by several recep-
tors ligating cytokines, including IFN-γ and IL-6. Jak receptors 
signal through the signal transducer and activator of trans-
cription (STAT) family of intracellular proteins. Targeting 
the Jak/STAT pathway downstream of IFN receptors has 
profound effects on inflammation, foam cell formation, and 
atherosclerosis.
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NADPH Oxidase
The generation of reactive oxygen species (ROS) may be 
a key driver of atherosclerosis. Increased levels of ROS pro-
voke nitric oxide (NO) dysregulation leading to endothelial 
dysfunction and induce mitogenic effects of SMCs in the 
development of intimal hyperplasia. In addition, ROS forma-
tion may be directly involved in regulation of inflammatory 
circuits within the vascular wall. In this context, the nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidase 
family of enzymes catalyze 1-electron transfer of oxygen to 
generate superoxide or hydrogen peroxide (see Fig. 4.3). 
In human atherosclerotic coronary arteries, the NADPH 
subunit Nox2 is expressed in macrophages, whereas Nox4 
expression prevails in the vascular wall.

Phosphodiesterases
Cyclic nucleotides are important second messengers, with 
implications for inflammation. The adenylyl cyclase and 
guanylyl cyclase enzymes catalyze the formation of cyclic 
adenosine monophosphate (cAMP) and cyclic guanosine 
monophosphate (cGMP), respectively. Several endogenous 
antiinflammatory mediators, such as prostacyclin, may 
negatively regulate inflammatory cells through increased 
intracellular cAMP levels as a second messenger. In addi-
tion, cGMP is typically stimulated by NO through activa-
tion of soluble guanylyl cyclase. The intracellular increase 
in cyclic nucleotides is transient, because cAMP and cGMP 
are degraded by phosphodiesterases (PDEs), a group of 
enzymes consisting of multiple isoforms with particular tis-
sue expression and substrate affinities. Blocking cAMP and 
cGMP hydrolysis by means of PDE inhibitors (see Fig. 4.3) 
therefore could serve to enhance the effects of endogenous 
antiinflammatory mediators and SPMs.

CALCIFICATION

In addition to lipid accumulation and inflammation, vascu-
lar calcification plays an important role in atherosclerosis. 
Scoring the amount of calcium in the coronary arteries by 
means of computed tomography provides a noninvasive 
measure of the total atherosclerosis burden. Increased coro-
nary artery calcification (CAC) has been associated with 
increased cardiovascular risk and shown to provide further 
prognostic information in addition to traditional cardiovas-
cular risk factors. Novel concepts in vascular calcification 
imaging also include using positron emission tomography 
to detect vascular uptake of 18F-fluoride, which is a radio-
tracer of active calcification.40

Arterial calcification increases the stiffness of the vas-
cular wall, which can be measured, for example, as an 
increased arterial pulse wave velocity (PWV).41 In addi-
tion, a pattern of punctate vascular calcification has been 
described in atherosclerotic lesions. Such microcalcifica-
tions are of particular importance, as they may be a site 
of plaque destabilization and drive plaque rupture, as will 
be further discussed hereafter. Accordingly, coronary ath-
erosclerotic lesions derived from subjects with acute coro-
nary syndromes exhibit multiple small calcium deposits, 
whereas those derived from subjects with stable coronary 
disease have few and larger calcium deposits.42 Hence 
regardless if it is on a systemic level as part of a general 
arteriosclerosis or localized in atherosclerotic lesions, 
vascular calcification has a major impact on vascular 
biomechanics.3

Although initially considered purely degenerative, ath-
erosclerotic calcification is in fact an active process, which 
involves calcium deposits, procalcifying particles, and a 
phenotypic transdifferentiation of vascular SMCs toward 
an osteoblastic phenotype. Importantly, calcification is also 
linked to inflammation.43

Intracellular Pathways of Vascular 
Calcification
Wnt Signaling
Agonists of the canonical wingless (Wnt) pathway, also 
referred to as the Wnt/β-catenin pathway, bind LDL-receptor 
related proteins (LRP) 5 and 6 with Frizzled proteins as core-
ceptors. This will lead to the cytoplasmatic accumulation 
of β-catenin and subsequent translocation to the nucleus 
and the induction of gene expression (Fig. 4.5), such as, for 
example, bone morphogenic protein (BMP)-2.44

SMAD Signaling
BMPs are members of the TGF-β ligand superfamily, which 
regulate osteoblastic differentiation and calcification of vas-
cular SMCs. The canonical BMP signaling pathway is cou-
pled to phosphorylation of SMAD-1/5/8.45 The TGF-β and 
BMP pathways converge when their respective phosphory-
lated SMADs bind to co-SMAD-4 and translocate into the 
nucleus to induce gene expression (see Fig. 4.5). In contrast, 
SMAD-6 acts as an inhibitor of BMP signaling by preventing 
the formation of the SMAD-1–SMAD-4 complex.45

Notch1 Signaling
Finally, another important signaling pathway in arterial calci-
fication is the transmembrane protein Notch1, which upon 
binding to delta-like or jagged ligands on neighboring cells 
is cleaved, after which the liberated intracellular domain 
translocates into the nucleus to regulate gene expression 
(see Fig. 4.5).

Extracellular Pathways of Vascular 
Calcification
Matrix Gla Protein
The use of vitamin K antagonists, such as warfarin, as anti-
coagulant therapy has been associated with increased vas-
cular calcification. The mechanism involves an inhibition of 
extrahepatic vitamin K-dependent carboxylation of gluta-
mate residues in the matrix Gla protein (MGP), which is an 
inhibitor of calcification. The γ-carboxylated form of MGP 
sequesters BMP-2 to protect nonosseous tissues from calci-
fication. Consequently, mice lacking MGP exhibit extensive 
cardiovascular calcifications.43

Likewise, coadministration of warfarin and vitamin K (to 
specifically inhibit extrahepatic carboxylation) to rodents 
induces arterial medial calcification and increases vascu-
lar stiffness. Importantly, when administered to ApoE-/- mice, 
warfarin also increases the intimal atherosclerotic plaque 
microcalcifications.46 Taken together, these findings suggest 
that novel anticoagulants (NOACs), such as direct thrombin 
inhibitors (dabigatran) and factor X inhibitors (rivaroxa-
ban, apixaban), would offer an advantage compared with 
vitamin K antagonists in terms of vascular calcification and 
atherosclerotic plaque stability. RCTs are ongoing to test this 
hypothesis, comparing NOAC with AVK treatment using CAC 
and PWV as study endpoints.47
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OPG/RANKL/RANK Pathway
Activation of RANK (discussed previously), which is 
expressed on the surface of osteoclasts by RANKL, is criti-
cal for osteoclast differentiation. In contrast, osteoprotegerin 
(OPG), a soluble receptor that is part of the TNF receptor 
superfamily, binds to RANKL and hence blocks its interac-
tion with RANK to prevent bone destruction.

Systemic OPG levels and gene expression of OPG, 
RANKL, and RANK in leukocytes have been detected in sub-
jects with coronary artery disease.48 One study identified 
increased expression of RANKL in T lymphocytes derived 
from patients with acute coronary syndrome compared 
with those derived from patients with stable coronary dis-
ease—thus illustrating the link between the OPG/RANKL/
RANK pathway and inflammation in atherosclerosis. In 
ApoE-/- mice, OPG, RANK, and RANKL are expressed in both 
immune cells and vascular SMCs,48 and OPG treatment 
promotes fibrous cap formation.49 Furthermore, older mice 
lacking both ApoE and OPG exhibit increased calcifica-
tion of atherosclerotic lesions of the innominate artery and 
increased MMP activity in macrophages and SMCs.50

In contrast to its effects in osseous tissue, RANKL induces 
calcification of vascular SMCs by means of RANK and 
NF-κB pathway activation.51 Furthermore, OPG decreases 
the in vitro calcification of vascular SMCs, both by inhibiting 
RANKL-induced effects51 and by direct effects on Notch1 
signaling.52

THE VULNERABLE PLAQUE

Plaque Rupture
As the atherosclerotic plaque develops, SMCs and collagen 
form a cap to protect the lipid and inflammatory content 
from contact with blood. Degradation of this fibrous cap 
surrounding the core of a coronary atherosclerotic lesion 
induces plaque rupture and provokes acute thrombosis53 
(Fig. 4.6). If complete coronary artery occlusion occurs in 
this setting, the myocardium distal to the coronary occlu-
sion will become ischemic, and the patient develops an ST 
elevation myocardial infarction.

Atherosclerotic plaque rupture results from a loss of 
mechanical stability of the fibrous cap surrounding the 
plaque. Therefore, control of cap formation and renewal 
is critical for plaque stability. Cytokines that stimulate 
smooth muscle differentiation and collagen production 
tend to stabilize plaques, whereas cytokines that inhibit 
these processes destabilize them. TGF-β and IL-17A are 
powerful fibrogenic cytokines and therefore promote 
plaque stability. The latter is secreted by Th17 cells; TGF-β 
is produced by several different cell types including Treg, 
certain macrophages, SMCs, and platelets. Counteracting 
these cytokines, the proinflammatory Th1 cytokine, IFN-γ, 
strongly inhibits smooth muscle differentiation and col-
lagen production. It has, therefore, been implicated as a 
plaque-destabilizing cytokine.
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FIG. 4.5 Calcification pathways in atherosclerosis. Notch-1 binding to delta-like or jagged ligands on neighboring cells liberates its intracellular domain (NICD), which translo-
cates into the nucleus and negatively regulates gene expression. The canonical wingless (Wnt) pathway is initiated when Wnt agonists bind LRP 5 and 6, with Frizzled proteins as 
coreceptors, which will lead to accumulation of β-catenin, which translocates to the nucleus and regulates expression of target genes, including BMP-2. TGF-β and BMPs activate 
canonical pathways by phosphorylation of the receptor-regulated SMAD-2/3 and SMAD-1/5/8, respectively. BMP, Bone morphogenic protein; LRP, LDL receptor-related protein; 
NICD, notch intracellular domain; TGF, transforming growth factor.
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Plaque-destabilization can be caused by a number of 
proteinases released by, for example, macrophages,53 mast 
cells,6 lymphocytes,53 and neutrophil granulocytes54 (see 
Fig. 4.5). Examples of such proteinases are the matrix metal-
loproteinase (MMP)55 or cathepsin families. The MMPs are 
zinc-containing endopeptidases involved in the metabolism 
of extracellular matrix, as well as in the cleavage of other pro-
teins. Several of the MMPs are locally expressed within human 
atherosclerotic lesions, and biomarker, genetic, and experi-
mental studies have supported their involvement in plaque 
rupture and an increased risk for acute coronary events.55 
Microcalcifications in the fibrous cap may also be part of 
plaque destabilization and drive plaque rupture (see Fig. 4.6).

Plaque Erosion
Atherosclerotic lesions generally remain covered by an 
intact endothelium until the late stages of the disease.53 

However, in the vulnerable plaque, endothelial cells may 
detach and, as a result, the exposure of the subendothelial 
matrix will lead to neutrophil activation and thrombus for-
mation.53 The latter process, depicted in Fig. 4.5, is referred to 
as plaque erosion.53 Pathology studies suggest that the pro-
portion of myocardial infarctions caused by plaque rupture 
versus erosion is changing, with more cases due to plaque 
erosion and fewer due to plaque rupture.53,56

Intraplaque Hemorrhage
Hypoxia and growth factors contribute to neoangiogenesis 
within the atherosclerotic lesions. This neovascularization is 
however considered to be immature and highly susceptible 
to leakage.54 The resulting intraplaque hemorrhage (see Fig. 
4.5) is an important characteristic of vulnerable plaques 
and a possible predictor of plaque rupture.54 Magnetic reso-
nance imaging (MRI) allows the detection of iron deposition 
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FIG. 4.6 The vulnerable plaque. The fibrous cap, containing mainly smooth muscle cells and collagen, protects the lipid and inflammatory content of the atherosclerotic lesion 
from contact with blood. In plaque erosion, endothelial cells detach and the exposure of the subendothelial matrix will lead to neutrophil activation and thrombus formation. 
Degradation of this fibrous cap surrounding the core of a coronary atherosclerotic lesion induces plaque rupture—provoking acute thrombosis and vessel occlusion. Hypoxia and 
growth factors contribute to neoangiogenesis within the atherosclerotic lesions, which is the source of intraplaque hemorrhage, another important characteristic of vulnerable 
plaques. LTs, Leukotrienes; MMPs, matrix metalloproteinases.
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in atherosclerotic plaques and thus may detect intraplaque 
hemorrhages.57 Although such MRI imaging has been 
reported to distinguish symptomatic from nonsymptomatic 
carotid artery atherosclerotic lesions,57 the possibilities of 
imaging intraplaque hemorrhage in coronary atherosclero-
sis are today limited.

SUMMARY AND CONCLUSIONS

The basic mechanisms of atherosclerosis involve lipid accu-
mulation and immune activation in the vascular wall (see 
Fig. 4.1). These processes are highly regulated by a number 
of specialized protein and lipid mediators, which either stim-
ulate inflammation and atherosclerosis progression or are 
antiatherosclerotic by inducing resolution of inflammation 
(see Figs. 4.2 and 4.3). Inhibiting proinflammatory and stimu-
lating antiinflammatory mediators and/or their intracellular 
signaling (see Fig. 4.4) may present novel therapeutic targets 
for atherosclerosis treatment.16 The progression of coronary 
atherosclerosis toward a vulnerable plaque includes micro-
calcifications, extracellular matrix breakdown, intraplaque 
hemorrhage, degradation of the fibrous cap, plaque erosion, 
and plaque rupture (see Fig. 4.5), leading to the clinical pre-
sentation of an acute coronary syndrome.

Despite a considerable decrease in cardiovascular mor-
bidity and mortality as a result of current secondary preven-
tion measures in coronary patients, there is still a significant 
residual risk in this group. Detailed knowledge of the basic 
mechanism of atherosclerosis is needed to identify possible 
novel therapeutic targets that show superiority when added 
to currently used strategies for secondary prevention. The 
results of ongoing and future RCTs on the effects of anti-
inflammatory agents in preventing the consequences of 
atherosclerosis will shed light on the future prospect of anti-
inflammatory treatment as part of secondary cardiovascular 
prevention. To reach this goal, experimental studies provid-
ing the rationale and the proof of concept for the respective 
targets, observational and biomarker studies in the context 
of human disease, and finally the design of large clinical tri-
als defining the correct target population, treatment periods, 
and outcomes, as well as predicting potential side effects, 
will be crucial for the future development of therapies for 
atherosclerosis.
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INTRODUCTION

Atherosclerotic disease of the epicardial coronary arteries 
has been recognized as the cause of angina pectoris for 
more than 2 centuries, and sudden thrombotic occlusion 
of an epicardial coronary artery has been well established 
as the cause of acute myocardial infarction (AMI) for more 
than 100 years. The introduction of coronary arteriography 
in the late 1950s has made it possible to visualize the con-
tour of the epicardial coronary arterial tree in vivo. This was 
followed in the 1970s by the development of coronary artery 
bypass grafting and of percutaneous coronary intervention 
(PCI). These three techniques have been refined progres-
sively over the years and successfully applied to millions of 
patients worldwide.

However, the epicardial arteries are only one segment of 
the arterial coronary circulation. They give rise to smaller 
arteries and arterioles that in turn feed the capillaries and 
constitute the coronary microcirculation, which is the main 
site of regulation of myocardial blood flow. During the past 
2 decades several studies have demonstrated that abnor-
malities in the function and structure of the coronary micro-
circulation occur in different clinical conditions. In some 
instances, these abnormalities represent epiphenomena, 
whereas in others they represent important markers of risk 
or may even contribute to the pathogenesis of myocardial 
ischemia, thus becoming therapeutic targets.1–3

FUNCTIONAL ANATOMY OF THE  
CORONARY CIRCULATION

The coronary arterial system is composed of three compart-
ments with different functions, although the borders of each 
compartment cannot be clearly defined anatomically (Fig. 
5.1). The proximal compartment is represented by the large 
epicardial coronary arteries, known also as conductance 
vessels. They are surrounded largely by adipose tissue, have 
a thick wall with three, well-represented layers (adventitia, 
media, and intima), possess vasa vasorum, and have diam-
eters ranging from approximately 500 μm up to 2–5 mm. 
These arteries have a capacitance function and offer little 
resistance to coronary blood flow (CBF) (Fig. 5.1A). Their 
distribution has been divided into three patterns.4 The type 
I branching pattern is characterized by numerous branches 

reducing their diameter as they approach the endocar-
dium. The type II pattern is characterized by fewer proximal 
branches that channel transmurally toward the subendocar-
dium of the trabeculae and papillary muscles, an arrange-
ment that favors blood flow to the subendocardium. The 
type III pattern is characterized by epicardial vessels with 
small proximal branches that vascularize the subepicar-
dial layer. During systole, the epicardial arteries accumu-
late elastic energy as they increase their blood content up 
to approximately 25%. This elastic energy is converted into 
blood kinetic energy at the beginning of diastole and con-
tributes to the prompt reopening of intramyocardial vessels 
that are squeezed closed by systole. The latter function is of 
particular relevance if one considers that 90% of CBF occurs 
in diastole. The more distal branches of the coronary arter-
ies have an intramyocardial path (intramural arteries) and 
thinner walls than the epicardial branches, and they do not 
possess vasa vasorum (see Fig. 5.1A).

The intermediate compartment is represented by the 
prearteriolar vessels (Fig. 5.1B). These small arteries have 
diameters ranging from approximately 100 to 500 μm, are 
characterized by a measurable pressure drop along their 
length, and are not under direct vasomotor control by dif-
fusible myocardial metabolites. Their specific function is to 
maintain pressure at the origin of arterioles within a narrow 
range when coronary perfusion pressure or flow changes. 
The more proximal (500 to 150 μm) are predominantly 
responsive to changes in flow, whereas the more distal (150 
to 100 μm) are more responsive to changes in pressure. The 
distal compartment is represented by the arterioles, which 
have diameters of less than 100 μm and are characterized by 
a considerable drop in pressure along their path. Arterioles 
are the site of metabolic regulation of blood flow, as their 
tone is influenced by substances produced by surrounding 
cardiac myocytes during their metabolic activity.2,5,6

REGULATION OF MYOCARDIAL BLOOD FLOW

Myocardial blood flow (MBF) is used to indicate tissue per-
fusion, ie, the volume of blood per unit of time per unit of 
cardiac mass (mL/min per g). MBF should be kept distinct 
from CBF, which is used to indicate the volume of blood that 
flows along a vascular bed over a time unit (mL/min).
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The cardiac pump is an aerobic organ that requires con-
tinuous perfusion with oxygenated blood to generate the 
adenosine triphosphate (ATP) that is necessary for contrac-
tion. The role of the coronary circulation is to provide an 
adequate matching between myocardial oxygen demand 
and supply. Under resting conditions, the tone of the coro-
nary microvasculature is high. This intrinsically high resting 
tone allows the coronary circulation to increase flow when 
myocardial oxygen consumption increases (as oxygen 

extraction from arterial blood is already close to 60–70% 
under baseline conditions) through rapid changes in arte-
riolar diameter, a mechanism known as functional hyper-
emia. The fall in arteriolar resistance drives a number of 
subsequent vascular adaptations that involve all upstream 
coronary vessels. The initial arteriolar response is driven by 
the strict cross-talk that exists between these vessels and 
contracting cardiomyocytes, which is the basis of metabolic 
vasodilatation.7
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The integrated coronary response to changes in myo-

cardial oxygen consumption involves (1) metabolic vaso-
dilation, (2) prearteriolar autoregulation, (3) flow-mediated 
(endothelium-dependent) vasodilation, (4) extravascular 
tissue pressure, and (5) neurohumoral control.

Metabolic Vasodilatation
During Normoxic Conditions
Metabolites that control blood flow in a feed-forward man-
ner are produced at a rate directly proportional to oxidative 
metabolism (Fig. 5.2). Examples of such metabolites are car-
bon dioxide (CO2), which is generated in decarboxylation 
reactions of the citric acid cycle, and reactive oxygen spe-
cies (ROS), which are formed in the respiratory chain in 
proportion to oxygen consumption.3 CO2 is produced in pro-
portion to oxygen consumption and results from the pyru-
vate dehydrogenase reaction and further decarboxylation 
reactions in the citric acid cycle. Increased concentrations 
of CO2 result in an increase of proton (H+) concentration, 
which likely constitutes the direct stimulus for coronary 
vasodilatation.3 Similar to the production of CO2, the pro-
duction of hydrogen peroxide (H2O2) is a feed-forward 
response, in that the production of this ROS is directly linked 
to myocardial oxygen consumption.8 H2O2 is generated by 
two-electron reduction of oxygen. This can occur in one 
enzymatic step, or more typically it involves generation of the 
intermediate ROS, superoxide anion (•O2

–).3,9 With regard to 
the origin of H2O2 associated with metabolic vasodilatation, 
there is evidence supporting its endothelial mitochondrial 

generation.10,11 The vasodilator properties of H2O2 have 
been recognized for a number of years. H2O2-induced dila-
tation is principally mediated by 4-aminopyridine sensitive 
ion channels, presumably Kv channels. The coronary dilator 
effect of H2O2 might also be mediated by the large conduc-
tance Maxi-K channel or by prostanoids.11,12

During Hypoxic Conditions
Hypoxia is the most powerful physiologic stimulus for coro-
nary vasodilatation, and adenosine has been proposed as 
a regulator of CBF in response to hypoxia.3 Adenosine is 
formed by degradation of adenine nucleotides under con-
ditions in which ATP utilization exceeds the capacity of 
myocardial cells to resynthesize high-energy compounds. 
This results in the formation of adenosine monophosphate, 
which in turn is converted to adenosine by the enzyme 
5′-nucleotidase. Adenosine then diffuses from the myocytes 
into the interstitial fluid, where it exerts powerful arteriolar 
dilator effects through the direct stimulation of A2 adenos-
ine receptors on vascular smooth muscle cells. Several find-
ings support the critical role of adenosine in the metabolic 
regulation of blood flow.5,13 Indeed, its production increases 
in cases of imbalance in the supply/demand ratio of myo-
cardial oxygen, with the rise in interstitial concentration of 
adenosine paralleling the increase in CBF.14

Vasodilatation ensues when Ca2+ concentration in the cyto-
sol of the vascular smooth muscle decreases or sensitivity 
to Ca2+ of contractile elements is impaired. Ca2+ entry is pre-
vented by vascular smooth muscle membrane hyperpolariza-
tion in response to KATP channels activation3,15 (see Fig. 5.2).
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Autoregulation, the Prearteriolar 
Adaptations to Metabolic Vasodilatation
Arteriolar dilatation decreases both resistance in overall 
network and pressure in distal prearteriolar vessels, which 
in turn induce the dilatation of these vessels. It is worth 
noting that the coronary circulation exhibits an intrinsic 
tendency to maintain blood flow at a constant rate despite 
changes in perfusion pressure, a mechanism known as 
autoregulation. The mechanism responsible for autoregula-
tion is a myogenic response to transmural distending pres-
sure eliciting wall tension, which involves primarily distal 
prearteriolar vessels: they dilate in response to a reduc-
tion of perfusion pressure and constrict in response to an 
increase of perfusion pressure.14,16 In vitro, active smooth 
muscle tone increases almost linearly with transmural pres-
sure, leading to a substantial diameter reduction.2 A key 
mechanism of this myogenic response is membrane depo-
larization of vascular smooth muscle in response to stretch 
detected by a sensor (extracellular matrix-integrin interac-
tions) that then initiates signaling mechanisms that lead 
to the opening of nonspecific cation channels promoting 
an inward Na+ and/or Ca2+ current, although other mecha-
nisms also contribute to this phenomenon2,17 (Fig. 5.3). 
Myogenic contraction is ultimately caused by activation of 
smooth muscle contractile proteins by myosin light chain 
kinase.18,19

Flow-Mediated Vasodilatation
Shear stress, the tractive force that acts on the vascular wall, 
is proportional to blood shear rate, or velocity, and to vis-
cosity. When flow changes, epicardial coronary arteries and 
proximal prearterioles have an intrinsic tendency to main-
tain a given level of shear stress by endothelial- dependent 
dilatation, ie, the production of endothelial-derived fac-
tors such as nitric oxide (NO) and prostacyclin (PGI2), 
and endothelial-derived hyperpolarizing factors (EDHFs) 
stimulated by the activation of specific receptors (musca-
rinic, bradykinin, histamine) or mechanical deformation 
sensed by cytoskeletal elements and glycocalix5,6,15,17 (see 
Fig. 5.3). In fact, both very high and very low shear stress 
may jeopardize the interaction between blood elements 
and the vascular endothelium. In the absence of changes 
in perfusion pressure, variations of flow in epicardial coro-
nary arteries can be achieved by intracoronary injection 
of arteriolar vasodilators such as adenosine. Human angio-
graphic studies have shown that epicardial coronary arter-
ies dilate in response to an increase in blood flow, and that 
the increase in coronary diameter is proportional to the 
increase in flow, thus maintaining shear stress constant.1 
Vasodilators released by endothelial cells in response to 
an increase in shear stress, NO, EDHFs, and PGI2 operate 
through different mechanisms on the underlying smooth 
muscle14,17 (see Fig. 5.3). NO is generated by the conver-
sion of l-arginine to l-citrulline by the endothelial NO 
synthase (eNOS) in the presence of cofactors such as tet-
rahydrobiopterin (BH4).12 NO induces hyperpolarization 
primarily by activating cyclic guanosine monophosphate 
(cGMP) signaling and KCa channels. In the human heart 
more than one EDHF is produced during shear stress, 
and it appears that the common pathway is the opening 
of K+ channels causing hyperpolarization and relaxation 
of smooth muscle cells. PGI2 causes relaxation by activat-
ing adenylyl cyclase/cyclic adenosine monophosphate 

(cAMP)-dependent hyperpolarization; the latter are 
released into the coronary circulation mainly during epi-
sodes of hypoxia/ischemia12,15 (see Fig. 5.3).

Endothelial-derived vasoconstrictors under normal con-
ditions exert a relatively weak effect on the coronary micro-
circulation (see Fig. 5.3). There is some evidence supporting 
a more significant role of endothelin-1 in atherosclerotic 
disease or for angiotensin-II in obesity, hypertension, or coro-
nary artery disease.5,6,20–22

Extravascular Resistance
In addition to vascular resistance there is an extravascular 
component of resistance due to the compressive forces pro-
duced during cardiac contraction that impinge upon the 
walls of intramyocardial vessels.23 These extravascular sys-
tolic compressive forces have two components: the first is 
related to the pressure developed within the left ventricular 
(LV) cavity, which is directly transmitted to the subendocar-
dium, but falls off to almost zero at the epicardial surface. 
The second is vascular narrowing caused by compression 
and bending of vessels coursing through the ventricular 
wall (see Fig. 5.1A). Because of this cyclic extravascular 
pressure, both vascular resistance and flow vary consider-
ably during the cardiac cycle. Extravascular pressure can 
exceed coronary perfusion pressure during systole, particu-
larly in the inner subendocardial layers. As a consequence, 
during systole, subendocardial microvessels become more 
narrowed, or even occluded, in comparison to those in the 
subepicardium, and, at the onset of diastole, they present a 
higher resistance to flow, needing a longer time to resume 
their full diastolic caliber. This is the reason why most of the 
blood flow to the left ventricle occurs during diastole when 
perfusion pressure exceeds the value of extravascular pres-
sure. At peak systole there is even backflow in the coronary 
arteries, particularly in the intramural and small epicardial 
vessels.6,23

Neural and Biohumoral Regulation  
of the Microcirculation
Small arteries and arterioles are richly innervated by both 
sympathetic and parasympathetic nerve terminals that play 
an important role in the regulation of CBF. Under normal 
circumstances, in addition to its well-known β1 adreno-
ceptor-mediated chronotropic, inotropic, and dromotropic 
effects, the net effect of sympathetic activation is to increase 
CBF through β2 adrenoceptor-mediated vasodilatation of 
small coronary arterioles,24 thus contributing to the feed-
forward control that does not require an error signal such as 
decreased oxygen tension.5 In isolated subepicardial arte-
rioles of swine, β2 adrenoceptor mRNA is expressed nearly 
3-fold more than in subendocardial arterioles,25 indicating 
transmural heterogeneity. Coronary vessels are also rich in 
α adrenoceptors, with α1 being more predominant in larger 
vessels and α2 in the microcirculation. Activation of vascular 
α-adrenoceptors results in vasoconstriction that competes 
with metabolic vasodilatation. Sympathetic α adrenoceptor- 
mediated coronary vasoconstriction has been demon-
strated during adrenergic activation, such as during exercise 
or during a cold pressor reflex in humans.26

Based on experimental evidence, Feigl hypothesized that 
there was a beneficial effect of this paradoxic vasoconstric-
tor influence in that it helps preserve flow to the vulnerable 
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inner layer of the left ventricle, but only when heart rate, 
contractility, and coronary flow are high.27 However, this 
hypothesis was not confirmed by subsequent studies that 
failed to demonstrate a favorable effect of α-adrenergic 
coronary vasoconstriction on the transmural blood flow dis-
tribution under physiologic conditions. On the other hand, 
α-adrenergic coronary vasoconstriction is operative in isch-
emic myocardium, and several studies have demonstrated 

improved subendocardial blood flow following administra-
tion of α-adrenergic blockers.28

Parasympathetic control of CBF has been extensively 
studied in dogs. Vagal stimulation produces uniform vaso-
dilation across the LV wall independent of changes in 
myocardial metabolism. The vagal response, which is acti-
vated during carotid baroreceptor and/or chemoreceptor 
stimulation, depends on the species and the integrity of the 
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endothelium.5,29 Parasympathetic vasodilatation is attrib-
uted to the release of acetylcholine at the adventitial-medial 
border mediated via muscarinic receptors M1 and M2 and 
subsequent activation of endothelial NO mediated dilation.5

Reactive Hyperemia and Coronary  
Flow Reserve
When a major epicardial coronary artery is occluded for 
a short period of time, occlusion release is followed by a 
significant increase in CBF, a phenomenon known as reac-
tive hyperemia. The maximum increase in blood flow occurs 
within a few seconds after the release of the occlusion, and 
the peak flow, which has been shown to reach 4 or 5 times 
the value of preischemic flow, is dependent on the duration 
of the ischemic period for occlusion times up to 15 to 20 s. 
Although occlusions of longer duration do not further mod-
ify the peak of the hyperemic response, they do affect the 
duration of the entire hyperemic process, which increases 
with the length of the occlusion. It is generally accepted that 
myocardial ischemia, even of brief duration, is the most effec-
tive stimulus for vasodilatation of coronary resistive vessels 
and that, under normal circumstances, reactive hyperemic 
peak flow represents the maximum flow available at a given 
coronary perfusion pressure.6 Values of CBF comparable to 
the peak flow of reactive hyperemia can be achieved using 
coronary vasodilators such as adenosine or dipyridamole, 
which induce a “near maximal” vasodilatation of the coro-
nary microcirculation.30

The coronary flow reserve (CFR) is an indirect param-
eter to evaluate the global function of the coronary circula-
tion.31 CFR is the ratio of CBF or MBF during near maximal 
coronary vasodilatation to resting flow and is an integrated 
measure of flow through both the large epicardial coronary 
arteries and the microcirculation6,30,31 (Fig. 5.4). Resting 

blood flow is the denominator in the formula used to com-
pute CFR; thus an increase in resting blood flow, such as that 
often seen in patients with arterial hypertension, will lead to 
a net decrease in the available CFR even if maximum flow 
is normal. The driving perfusion pressure that determines 
flow at any given level of vascular resistance is the pressure 
at the origin of arteriolar vessels, which, under normal cir-
cumstances, corresponds closely to aortic pressure. During 
maximal coronary dilatation, the slope of the pressure/flow 
curve becomes very steep with a sizeable linear increase of 
CBF with increasing pressure (see Fig. 5.4).

MECHANISMS OF CORONARY 
MICROVASCULAR DYSFUNCTION

Coronary microvascular dysfunction (CMD) (Boxes 
5.1 and 5.2) can be sustained by several pathogenetic 
mechanisms, as summarized in Table 5.1. The importance 
of these mechanisms appears to vary in different clini-
cal settings, but several of them may coexist in the same 
condition.1,6

Structural Alterations
Structural abnormalities responsible for CMD have been 
demonstrated in patients with hypertrophic cardiomyopa-
thy (HCM) and in those with arterial hypertension.32 In both 
these conditions morphologic changes are characterized 
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 •  Intramyocardial arterioles below 500 μm in diameter that 
are the main site of myocardial perfusion regulation make 
up the coronary microcirculation.

 •  Coronary microvascular dysfunction is an additional mecha-
nism of myocardial ischemia.

 •  Dysfunction of the coronary microcirculation is caused by 
functional and/or structural alterations of the intramyo-
cardial arterioles as well as by increased extravascular 
compression.

 •  No technique allows direct visualization of the anatomy of 
the coronary microcirculation in vivo in humans.

BOX 5.1 The Coronary Microcirculation

 •  Microvascular function is assessed indirectly, by measuring  
coronary (CBF) or myocardial blood flow (MBF) and 
coronary flow reserve (CFR) or by calculating the index of 
microvascular resistance (IMR).

 •  CBF is the volume of blood that flows along a vascular bed 
over a time unit (mL/min).

 •  MBF is the volume of blood per unit of time per unit of 
cardiac mass (mL/min per g).

 •  CFR is the ratio of CBF or MBF during near maximal vaso-
dilation achieved by means of drugs such as adenosine or 
dipyridamole to baseline CBF or MBF.

 •  IMR is calculated as the product of distal coronary pressure 
and mean transit time using a combined pressure/tempera-
ture wire.

 •  Invasive and noninvasive techniques can be used to assess 
CBF/MBF and CFR including intracoronary Doppler flow 
wires, transthoracic Doppler, positron emission tomogra-
phy, and cardiac magnetic resonance imaging.

BOX 5.2 Functional Assessment of the Coronary 
Microcirculation
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by an adverse remodeling of intramural coronary arteri-
oles responsible for vessel wall thickening, mainly due to 
hypertrophy of smooth muscle cells and increased collagen 
deposition in the tunica media, with variable degrees of inti-
mal thickening.32,33 The remodeled, hypertrophied vascular 
wall leads to an increase in medial wall area, with a relative 
reduction of the vessel lumen. Although qualitatively similar 
in the two conditions, these anatomic changes are usually 
more severe in patients with HCM. An important feature, 
common to patients with arterial hypertension and those 
with HCM, is the diffuse nature of the microvascular remod-
eling, which is extended to the entire left ventricle inde-
pendently of the distribution of ventricular hypertrophy (ie, 
symmetric vs asymmetric) and may also involve portions of 
the right ventricle.30,32,34 The functional counterpart of these 
structural changes of the vessel wall is the demonstration 
that, in most of these patients, maximum MBF and CFR are 
blunted in the whole left ventricle.32 Structural abnormali-
ties of coronary microcirculation have also been described 
in other clinical conditions characterized by CMD, includ-
ing primary microvascular angina (MVA). This condition 
is defined as the occurrence of anginal symptoms in the 
absence of significant coronary artery disease (CAD) or 
cardiomyopathies.35,36 Analysis of endomyocardial biopsies 
obtained from these patients, however, has given discordant 
results, showing no alterations in some and heterogeneous 
findings in others, including medial hyperplasia and hyper-
trophy, intimal proliferation and degeneration, proliferation 
of endothelial cells, and capillary rarefaction.6 Finally, struc-
tural alterations of intramural coronary arterioles have been 
demonstrated in other myocardial diseases including amy-
loidosis and Fabry disease.37

Functional Alterations
Functional CMD may be caused by a variable combination 
of mechanisms leading to impaired coronary microvascular 
dilatation and mechanisms resulting in increased coronary 
microvascular constriction1,5,6,11,13 (see Fig. 5.3).

Alterations of Endothelium-Dependent Vasodilatation
Alterations in endothelial function may impair CBF both at 
rest, favoring susceptibility to constrictor stimuli, and during 
increased myocardial workload, as typically occurs during 
exercise.2,14 NO production and release are the primary 
mechanisms of endothelium-mediated vasodilatation, and 
also the most vulnerable in the case of endothelial dysfunc-
tion. Unfortunately, NO is a volatile molecule, with a very 
short half-life (56 s); thus its direct measurement in vivo is 
difficult.

The detection of abnormalities in endothelium-depen-
dent coronary microvascular dilatation in the clinical setting 
is mainly based on the blunting or even decrease of CBF in 
response to stimuli known to exert their vasodilator effect by 
inducing release of NO from endothelial cells. Stimulation 
of muscarinic receptors by intracoronary acetylcholine, in 
association with intracoronary Doppler flow recording, has 
been the most widespread stimulus used in clinical research, 
although it is limited to invasive procedures.38,39 A valid 
alternative to assess endothelium-dependent CMD is repre-
sented by cold pressure testing (CPT), which can be applied 
noninvasively in association with imaging techniques (eg, 
positron emission tomography [PET]) to measure MBF.40 If 
the endothelium is dysfunctional, the vasodilator response 
to these stimuli is blunted and can even turn into vasocon-
striction in case of severe impairment of endothelial func-
tion, due to the complex vasoconstrictor effects elicited by 
CPT.6

Impaired NO generation as a cause of endothelial dys-
function has been shown in several experimental stud-
ies.41,42 The most common cause is reduced activity of 
endothelial eNOS, the enzyme that catalyzes NO synthesis 
from the amino acid l-arginine, which can be caused by 
noxious stimuli activating acetylcholine/muscarinic, bra-
dykinin, histamine receptors, or increasing frictional forces 
(ie, shear stress).42 In some cases, the administration of the 
NO synthase cofactor BH4 can improve and even normal-
ize endothelial dysfunction,43 thus suggesting that a reduc-
tion of this cofactor can be involved in the impairment of 
endothelium-mediated dilatation, at least in some cases. 
Impairment of endothelium-dependent vasodilatation can 
be caused not only by impaired NO generation, but also by 
increased degradation. NO can be inactivated by several fac-
tors, with superoxide anion •O2

– playing a major role. Excess 
generation of ROS reduces NO bioavailability by reacting 
directly with NO to form peroxynitrite (•ONOO−) and alter-
ing eNOS coupling. When uncoupled, instead of releasing 
NO, eNOS produces ROS, and ROS-mediated oxidation of 
the eNOS cofactor BH4 is the main mechanism responsible 
for eNOS uncoupling.15,43 This chain of events has been 
demonstrated in several conditions that are associated with 
impaired endothelium-dependent coronary microvascular 
dilatation, including diabetes, obesity,44 smoking, and other 
cardiovascular risk factors.1,41 Accordingly, antioxidant 
administration, which prevents superoxide anion formation 
including glutathione and antioxidant vitamins,43 has been 
shown to improve or even normalize endothelium-depen-
dent coronary microvascular dilatation in both experimen-
tal and clinical conditions.1,45

NO exerts its vasodilator effects by diffusing into smooth 
muscle cell cytoplasm and activating the guanylyl cyclase 
(GC) pathway by binding to the heme groups of the 
enzyme.46 Under certain circumstances, NO-dependent 
vasodilatation can be impaired despite normal levels of 

TABLE 5.1 Pathogenetic Mechanisms and Clinical 
Classification of Coronary Microvascular Dysfunction

CLINICAL SETTING

MAIN 
PATHOGENETIC 
MECHANISMS

Type 1: In the 
absence of 
myocardial 
diseases and 
obstructive CAD

Risk factors Endothelial dysfunction
Microvascular angina SMC dysfunction

Vascular remodelling

Type 2: In 
myocardial 
diseases

Hypertrophic cardiomyopathy Vascular remodelling
Dilated cardiomyopathy SMC dysfunction
Anderson-Fabry disease Extramural compression
Amyloidosis Luminal obstruction
Myocarditis
Aortic stenosis

Type 3: In 
obstructive CAD

Stable angina Endothelial dysfunction
Acute coronary syndrome SMC dysfunction

Luminal obstruction

Type 4: Iatrogenic PCI Luminal obstruction
Coronary artery grafting Autonomic dysfunction

CAD, coronary artery diseases; PCI, percutaneous coronary intervention; SMC, 
smooth muscle cells.
(From Crea F, Camici PG, Bairey Merz CN. Coronary microvascular dysfunction: an 
update. Eur Heart J. 2014;35(17):1101.)
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NO production. This might be due to oxidation of the heme 
groups of GC that renders the enzyme unresponsive to NO.46

Endothelial dysfunction is also likely to reduce the activ-
ity of the EDHF and prostacyclin PGI2.47 Peroxynitrite can 
inhibit prostacyclin synthase, thus reducing PGI2 release. 
This induces a shift in the PGI2 precursor PGH2 toward the 
synthesis of thromboxane A2 (TXA2), a powerful vasocon-
strictor. How much and in which cases perturbation of these 
factors significantly contributes to CMD in the clinical set-
ting remains substantially unknown, largely due to the lack 
of specific tests to assess these pathways in vivo.

Alterations of Endothelium-Independent Vasodilatation
An impaired endothelium-independent dilatation as a cause 
of CMD has been demonstrated in several experimental and 
clinical conditions, in which CBF increases and/or micro-
vascular resistance decreases in response to direct arterio-
lar/prearteriolar vasodilators (eg, adenosine, dipyridamole, 
papaverine) were clearly abnormal.13

Despite the large amount of data documenting the role 
of endothelium-independent dilatation of the coronary 
microcirculation, the cellular mechanisms involved remain 
incompletely understood. There are two main known 
intracellular pathways leading to smooth muscle cell 
relaxation.15,17 One pathway is based on activation of the 
enzyme adenylyl cyclase that results in the production of 
cAMP, which acts by opening KATP channels and inhibiting 
calcium influx into smooth muscle cells (see Fig. 5.3). This 
pathway is mainly activated by stimulation of purinergic A2 
receptors and β2 adrenoceptors.14,48 The second intracellu-
lar pathway, mentioned previously, relies on the activation of 
GC, which results in the production of cGMP. This latter path-
way is mainly activated by NO released by the endothelium, 
as discussed previously,17,46,49,50

Thus the mechanisms responsible for an impaired 
smooth muscle cell response to vasodilator stimuli are likely 
to be different in different clinical settings, as they may be 
related to abnormalities in specific receptors or in one or 
both of the main intracellular signaling pathways regulat-
ing smooth muscle cell relaxation. A reduced response to 
the vasodilator effect of prolonged nitrate administration 
(nitrate resistance), for instance, has been shown to occur 
because of a reduced production of cGMP, which might 
also be involved in a reduced response to NO (as shown 
previously).6

Abnormalities in endothelium-independent coronary 
microvascular dilatation can also involve impaired open-
ing of KATP channels.11,51 Indeed, activation of intracellular 
cAMP and cGMP leads to the opening of KATP channels, 
eventually resulting in cell hyperpolarization and closure of 
voltage-dependent calcium channels (see Fig. 5.3). Finally, 
alterations in other K+ channels, such as KCa and Kv chan-
nels, may also be responsible for impairment of endothe-
lium-independent coronary microvascular dilatation.52

In summary, alterations in endothelium-independent 
smooth muscle cell relaxation in the coronary microcircu-
lation may result in impaired vasodilator response to factors 
that mediate the metabolic regulation of CBF, autoregulation, 
and reactive hyperemia, as well as flow-mediated dilatation.

Vasoconstriction
Enhanced vasoconstriction of coronary microcirculation 
can result from either an increased release of vasoconstric-
tor agonists (systemically or locally) (see Fig. 5.3) and/or an 

increased susceptibility of smooth muscle cells to vasocon-
strictor stimuli.

The notion that coronary microvascular constriction may 
cause myocardial ischemia has been demonstrated in both 
experimental models and humans. Some vasoconstrictors 
cause intense, selective microvascular constriction with 
minimal effects on the epicardial coronary arteries.5,6,20,21,26

Experimental studies in dogs have provided evidence that 
administration of endothelin-1 in the left anterior descend-
ing coronary artery can cause a dose-dependent reduction 
of CBF leading to myocardial ischemia in the absence of 
any significant effect on epicardial arteries.53 Similar effects 
were observed with intracoronary injection of angiotensin 
II or phenylephrine,54 and, in rabbits, with the intracoronary 
injection of the tripeptide N-formyl-l-methionin-l-leucil-l-
phenylamine, which acts through release of leukotrienes 
from activated neutrophils.55 These substances act on both 
subendocardial and subepicardial small coronary arteries 
and induce transmural myocardial ischemia.

In humans, evidence of myocardial ischemia due to coro-
nary microvascular constriction comes from studies show-
ing that intracoronary injections of neuropeptide Y56 or high 
doses of acetylcholine38 can cause chest pain and objective 
evidence of myocardial ischemia in patients with normal 
coronary angiograms, in the absence of significant changes 
in epicardial coronary arteries. In patients with flow-limiting 
stenoses, the intracoronary infusion of serotonin has been 
shown to cause myocardial ischemia with evidence of dif-
fuse constriction of distal branches and reduced filling of 
collateral vessels, but with only minimal changes in stenosis 
severity.57 This response to serotonin is known to be due to 
stimulation of both endothelial and vascular smooth mus-
cle 5HT receptors.

Abnormal microvascular constriction has been demon-
strated in patients with chest pain and normal coronary 
arteries and in those with chronic stable angina.39,57 Intense 
coronary microvascular constriction is an important patho-
genetic component of microvascular obstruction (MVO) 
observed in a substantial proportion of patients with ST ele-
vation myocardial infarction (STEMI) after primary PCI.30,58

Intravascular Plugging
Intravascular plugging caused by atherosclerotic debris and 
thrombus material typically occurs during PCI and is related 
to intracoronary manipulation of friable plaques, in particu-
lar in degenerated saphenous vein grafts.59 In these cases, 
microvascular plugging often causes “infarctlets,” charac-
terized by a modest raise of biomarkers of myocardial injury, 
and it is associated with a worse prognosis compared with 
procedures that are not followed by any raise in these bio-
markers.58,60 Intravascular plugging caused by microemboli 
and leukocyte-platelet aggregates is an additional mecha-
nism of MVO in STEMI patients.58,61

MVO is compounded by a complex interplay of isch-
emia/reperfusion-related events, including endothelial dys-
function with loss of vasodilator mechanisms, enhancement 
of vasoconstriction mediated by platelet activation, release 
of TXA2 and 5HT, and inflammatory reaction.61

Extravascular Mechanisms
Extramural Compression
During the cardiac cycle the pulsatile pattern of CBF fol-
lows typical physiologic variations, which are influenced 
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by the variations in intramyocardial and intracavitary pres-
sures occurring during systole and diastole (see Fig. 5.1).14,23 
Approximately 90% of CBF occurs in diastole, and therefore 
diastolic abnormalities have a more significant impact on 
myocardial perfusion. Nevertheless, an increase in systolic 
intramyocardial and intracavitary pressures, for example in 
conditions of increased pressure overload, may negatively 
impact on myocardial perfusion. An increased microvas-
cular compression during systole hinders subendocardial 
vessels’ tone restoration in diastole, thus impairing diastolic 
microvascular CBF in the subendocardial layers.62

Diastolic CBF is impaired whenever intracavitary diastolic 
pressure is increased. This is the case in the presence of either 
primary or secondary LV hypertrophy (LVH)32 and also in the 
presence of diastolic dysfunction consequent to increased 
interstitial and perivascular fibrosis.63 Diastolic impairment 
of CBF is enhanced when arteriolar driving pressure during 
diastole is significantly lower than intracavitary pressure, as in 
patients with severe aortic stenosis, critical coronary stenoses, 
prearteriolar constriction, or merely hypotension.

Tissue Edema
Abnormalities of capillary permeability, which favor migra-
tion of intravascular fluid into the interstitium, cause myo-
cardial edema and CMD. Experimental studies suggest that 
edema per se does not reduce CFR.64 Nevertheless, edema 
can worsen the impairment of CBF in the setting of MVO 
in STEMI.65,66 Edema results from a combination of several 
mechanisms,64 including (1) increased osmolality, caused 
by ischemic myocardial catabolites diffusing to the inter-
stitial space during the ischemic phase, which recalls fluid 
from the intravascular compartment during reperfusion; 
(2) increased vascular permeability to water and protein, 
as well as abnormal ionic transport, consequent to endo-
thelial damage occurring during ischemia/reperfusion; and 
(3) inflammation associated with reperfusion.67 Coronary 
microvascular compression is another component that 
favors intravascular cell plugging by neutrophil-platelet 
aggregates. Finally, myocardial edema can occur during 
open heart surgery.64 Increased venous pressure, mainly in 
the right chambers, may contribute to interstitial edema due 
to increased hydrostatic capillary pressure. Clinically, non-
invasive assessment of myocardial edema and MVO is now 
possible using T2-based and inversion recovery cardiac 
magnetic resonance imaging.30,68

Diastolic Time
Because CBF occurs predominantly during diastole, the 
duration of diastole plays a central role in preserving myo-
cardial perfusion. In the normal heart both subendocardial 
and subepicardial perfusion is maintained at very short dia-
stolic time, as during intense physical exercise. In contrast, 
a reduction of diastolic time can contribute to determine 
a critical reduction of myocardial perfusion at a time when 
coronary-driving pressure is significantly lower than intra-
cavitary pressure, as in patients with aortic stenosis.62

CLINICAL CLASSIFICATION OF CORONARY 
MICROVASCULAR DYSFUNCTION

In 2007, Camici and Crea proposed a clinical classification 
of CMD involving four types: type 1: CMD occurring in the 
absence of CAD and myocardial diseases; type 2: CMD in 
patients with evidence of myocardial diseases; type 3: CMD 

in patients with obstructive CAD; and type 4: CMD conse-
quent to interventions such as bypass surgery, percutane-
ous revascularization, etc., also defined as iatrogenic.1 As 
discussed in the previous section, these types of CMD can 
be sustained by changes inherent to the microvasculature 
(both structural and/or functional), as well by factors that 
originate from the environment surrounding the microvas-
culature (eg, increased extravascular pressure). The impor-
tance of these mechanisms appears to vary in different 
clinical settings, although several of them may coexist in the 
same patient. Clinically, CMD can be severe enough to cause 
myocardial ischemia in isolation or in conjunction with the 
traditional “epicardial” mechanisms35 (Fig. 5.5). It would be 
beyond the scope of this chapter to discuss type 2 CMD32,34 
as we will focus on the other three types.

Type 1 Coronary Microvascular Dysfunction
This type represents the functional counterpart of tradi-
tional coronary risk factors and is the cause of MVA. Type 1 
CMD may not be associated with symptoms or signs of myo-
cardial ischemia, but it can be unveiled by demonstrating a 
reduced CFR. The impairment of CFR can be significant, but 
most often it is not severe enough to limit the heart’s func-
tional capacity during normal daily life activities. The sever-
ity of CFR reduction has been demonstrated to correlate 
with the severity of underlying risk factors. Furthermore, cor-
rection of the risk factor is often paralleled by an improve-
ment in CFR.30

Cigarette Smoking
Cigarette smoking is unquestionably a well-established risk 
factor for cardiovascular disease.69 CMD has been demon-
strated in asymptomatic smokers with no evidence of CAD, 
in whom CFR was reduced by more than 20% compared 
with the value in nonsmoking controls.70 Further evidence 
linking smoking and CMD was derived from a study of 
twins demonstrating that CFR was lower in smoking twins 
compared to nonsmoking cotwins.71 The gas phase of ciga-
rette smoke contains large amounts of free radicals and 
prooxidant lipophilic quinones, which can form the highly 
reactive hydroxyperoxide radical.72 The latter increases 
the amount of oxidized low-density lipoprotein, which in 
turn will impair eNOS and contribute to endothelial dys-
function.3 This is consistent with the results of the study 
by Kaufmann et al. demonstrating that intravenous admin-
istration of the antioxidant vitamin C normalized CFR in 
smokers with no significant effects in nonsmoking control 
subjects.70

Hypercholesterolemia
Reduced CFR has been demonstrated in asymptomatic 
subjects with hypercholesterolemia and angiographically 
normal coronary arteries using PET. A significant inverse 
correlation between CFR and low-density lipoprotein cho-
lesterol has been shown in subjects with elevated total 
cholesterol, although no relation between total cholesterol 
and CFR could be demonstrated. This supports a direct 
pathogenic role of this subfraction in the development of 
CMD.73 There is evidence that the CFR reduction in dys-
lipidemic patients can be improved, at least in part, by 
cholesterol-lowering strategies.1 Furthermore, in patients 
with familial combined hyperlipidemia, treatment with 
the peroxisome proliferator-activated receptor (PPAR)-γ 
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agonist pioglitazone, in addition to conventional lipid-low-
ering therapy, led to significant improvement in myocardial 
glucose utilization that was paralleled by an increase in 
hyperemic MBF.74

Hypertension
Arterial hypertension is a major independent risk factor 
for adverse cardiovascular events. Patients with hyperten-
sion have evidence of CMD and may present signs and 
symptoms suggestive of myocardial ischemia even in the 
absence of obstructive CAD.75 The blunting of CFR in hyper-
tension is severe, particularly if there is concomitant LVH. 
In patients with stage 1–2 hypertension and LVH, CFR was 
shown to be transmurally blunted due to a reduced hyper-
emic response to stress inversely related to systolic blood 
pressure.76 This finding may be explained by the increased 
extravascular compressive forces, with elevated systolic/
diastolic wall stress and impaired relaxation, which con-
tribute to impaired microvascular function. However, the 
impairment of CFR in hypertension is not necessarily 
related to the degree of cardiomyocyte hypertrophy. It is 
strictly linked to the degree of arteriolar remodeling and 
capillary rarefaction due, at least in part, to excessive acti-
vation of the renin-angiotensin-aldosterone system.32,77 
Treatment with angiotensin-converting enzyme inhibitors 
can improve CFR in patients with arterial hypertension. 
These drugs have also been shown to improve coronary 
flow and revert arteriolar remodeling in the spontaneously 
hypertensive rat model.78

Diabetes and Insulin Resistance
A direct deleterious effect of diabetes on vascular and, 
in particular, endothelial function has been suggested, 
thereby increasing the potential for vasoconstriction and 
thrombosis. There is, indeed, consistent evidence that 

patients with diabetes exhibit CMD and that this may be 
an early marker of atherosclerosis that precedes clini-
cally overt CAD.1 The worsening of glucose intolerance 
and insulin resistance in patients with the metabolic syn-
drome is paralleled by progressive impairment of coro-
nary microvascular function.79,80 Furthermore, in patients 
with diabetes mellitus, coronary vasodilator dysfunction 
is a powerful, independent correlate of cardiac mortality 
and all-cause mortality.81 The impairment in stress perfu-
sion in patients with type 2 diabetes can be normalized 
acutely by means of insulin infusion and glycemic con-
trol with glyburide and metformin or insulin-sensitizing 
thiazolidinediones.82–84

Inflammation
Chronic inflammatory diseases such as rheumatoid arthri-
tis, systemic lupus erythematosus, and systemic sclerosis 
are important risk factors for the development of ischemic 
heart disease and a source of high cardiovascular mor-
bidity and mortality. In these patients inflammation can 
impair coronary microvascular function and contribute to 
the development of myocardial ischemia in the absence 
of obstructive CAD and even in the absence of other 
risk factors.2,30 Increased levels of markers of inflamma-
tion, including C-reactive protein (CRP) and interleukin-1 
receptor antagonist, have been reported in patients with 
MVA.85 High CRP levels were associated with increased 
frequency of ischemic electrocardiographic changes.86 
More recently, objective evidence linking CMD with inflam-
mation in patients with chest pain and angiographically 
normal coronary arteries without conventional risk factors 
for CAD has been provided by Recio-Mayoral et al.87 They 
demonstrated that patients with elevated CRP levels have 
a severely reduced CFR compared with control subjects, a 
finding indicative of CMD.

Mechanisms of myocardial ischemia

Epicardial coronary arteries Coronary dysfunction

These three mechanisms can overlap

Atherosclerotic disease Vasospastic disease

Stable plaque

Reduction in
CFR

Vulnerable plaque Focal/transient
vasospasm

Persistent
vasospasm

Plaque rupture Prinzmetal
angina

Myocardial
infarction

Thrombosis

Demand
ischemia
± angina

Acute coronary
syndromes/infarction

Microvascular dysfunction

Impairs coronary physiology
and myocardial blood flow
in subjects with risk factors

Contributes
to myocardial

ischemia
in CAD and CMP

Induces severe
acute ischemia

‘Takotsubo’

FIG. 5.5 In addition to the “classic” mechanisms (ie, atherosclerotic disease and vasospastic disease) that lead to myocardial ischemia, coronary microvascular dysfunction 
(CMD) has emerged as a third potential mechanism. As with the other two mechanisms, CMD (alone or in combination with the other two) can lead to transient myocardial 
ischemia, as in patients with coronary artery disease (CAD) or cardiomyopathy (CMP), or to severe acute ischemia, as observed in Takotsubo syndrome. CFR, coronary flow reserve. 
(From Crea F, Camici PG, Bairey Merz CN. Coronary microvascular dysfunction: an update. Eur Heart J. 2014;35(17):1101.)
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Stable Microvascular Angina
MVA is the prototypical clinical manifestation of type 1 CMD. 
Primary stable MVA is defined as the occurrence of angi-
nal attacks in relation to effort, in the absence of obstruc-
tive CAD, myocardial diseases, and any other significant 
cardiovascular disease. In these patients CMD is the cause 
of myocardial ischemia and chest pain. MVA is caused by 
a variable combination of (1) structural abnormalities, (2) 
alterations of endothelium-dependent and independent 
vasodilatation, (3) alterations of endothelium-independent 
vasodilatation, and (4) enhanced pain perception. MVA will 
be discussed in detail in Chapter 25.

Type 3 Coronary Microvascular Dysfunction
CMD plays an important role in both stable CAD and acute 
coronary syndromes. This section will focus only on the role 
of CMD in stable CAD. In acute coronary syndromes, CMD 
is involved in the pathogenesis of MVO, also known as no 
reflow phenomenon, which occurs in a sizeable proportion 
of patients with STEMI, who, despite successful recanaliza-
tion of the culprit artery, have evidence of angiographic slow 
flow or of MVO and are at higher risk of adverse cardiovas-
cular events at follow-up.

Pathophysiology of Coronary Microvascular Dysfunction 
in Stable Coronary Artery Disease
The role played by CMD in determining symptom severity 
in patients with chronic CAD was initially highlighted in 
the early 1990s in patients with angina, total occlusion of a 
single coronary artery, and no previous MI.6 These patients 
showed remarkable variability in their anginal and ischemic 
threshold. Angina and electrocardiographic signs of isch-
emia on Holter monitoring were present at a relatively low 
heart rate; in contrast, at other times during the same day, 
both symptoms and signs of ischemia were absent despite 
much higher heart rates. As these patients did not have evi-
dence of “dynamic” stenosis—ie, vasoconstriction at the site 
of a stenosis that further reduces a vessel’s lumen and thus 
increases stenosis severity—in large epicardial arteries, the 
variability of anginal and ischemic threshold could only 
be explained by profound dynamic changes of coronary 
microvascular resistance.88 In line with this finding, subse-
quent studies in patients with single-vessel CAD have docu-
mented an abnormal CFR, measured with PET, in regions 
subtended by angiographically normal coronary arteries.89

In patients with obstructive CAD, the development of 
myocardial ischemia during increased oxygen demand is 
generally attributed to an inadequate flow increase due 
to the exhaustion of the CFR.89 However, it is worth noting 
that the correlation between stenosis severity and CFR mea-
sured in vivo is widely scattered and thus other factors might 
contribute to the development of myocardial ischemia.31 
Among patients with stable angina, the invasive measure-
ment of resistance in the stenotic segment and the microvas-
culature in response to atrial pacing showed an increased 
resistance in both districts. The intracoronary infusion of 
adenosine during pacing reduced microvascular resistance, 
suggesting that CFR was not totally exhausted.90 In patients 
with CAD, the physiologic arteriolar vasodilatation during 
increased oxygen demand is limited by the presence of 
the stenosis, which causes a consistent pressure drop. The 
intrinsic control mechanisms of the coronary circulation 
maintain driving pressure in a range of values high enough 

to perfuse vessels, but low enough to prevent capillary dam-
age. Such a control could be as powerful as the metabolic 
control, although the two may go in opposite directions in 
the presence of CAD. The response of the microcirculation 
to an excessively low perfusion pressure could be a hetero-
geneous vasoconstriction aimed at maintaining pressure at 
the cost of excluding some vascular units.6

There is evidence that, on a background of optimal medi-
cal therapy, revascularization by PCI improves anginal symp-
toms compared with medical therapy, although it does not 
reduce the risk of mortality, cardiovascular death, nonfatal 
MI, or further revascularization.91 However, in a substantial 
proportion of patients, the prevalence of angina at follow-
up remains high despite successful revascularization. For 
instance, in the Clinical Outcomes Utilizing Revascularization 
and Aggressive Drug Evaluation (COURAGE) trial more than 
30% of patients were still experiencing angina 1 year after 
PCI, and at 5-year follow-up, the incidence of angina was  
not significantly different from that in patients who did not 
undergo a revascularization procedure.92 These findings 
suggest that, although revascularization is effective in remov-
ing coronary stenosis and its hemodynamic consequences, 
other mechanisms, including CMD, contribute to the patho-
genesis of ischemia and angina in these patients.

In over 1000 patients who underwent elective measure-
ment of both fractional flow reserve (FFR) and index of 
microvascular resistance (IMR),93 Lee et al94 found no cor-
relation between IMR and either FFR or angiographic lesion 
severity. Furthermore, the predictors of high IMR were dif-
ferent from those for an ischemic FFR. It is foreseeable that 
integration of IMR into FFR measurement may provide addi-
tional insights regarding the relative contribution of macro- 
and microvascular disease in patients with ischemic heart 
disease.

The noninvasive quantification of MBF using PET has 
provided clear evidence that the inclusion of CFR in risk 
prediction models resulted in the correct reclassification 
of risk in a substantial proportion of patients, including a 
sizeable proportion of those at intermediate risk.81,95–98 CFR 
is an integrated measurement of the function of both large 
vessels and the microvasculature.30 An abnormal CFR gives 
incremental risk stratification over and above that obtained 
by the conventional semiquantitative evaluation of myocar-
dial perfusion studies (ie, summed rest and stress scores). 
The measurement of absolute MBF and CFR provides infor-
mation on both regional and diffuse perfusion abnormali-
ties, the latter being a typical manifestation of CMD.

Support to this hypothesis is provided by data reported 
by Milo et al.99 They found that patients with evidence of 
ST-segment depression during exercise stress testing had 
lower CBF response to adenosine following the procedure, 
although no significant clinical or procedural differences 
were observed between patients with positive and negative 
exercise stress test results.

In stable CAD, CMD is not only a likely explanation of 
symptoms persisting after successful recanalization, but 
also a predictor of an adverse outcome. Invasive measure-
ment of coronary flow velocity reserve (CFVR) has shown 
that an abnormal CFVR in reference vessels was associated 
with a significant increase of mortality at long-term follow-
up.100 Another study from the same group has demonstrated 
that a normal FFR with an abnormal CFVR was associated 
with a significantly increased major adverse cardiac events 
rate throughout 10 years of follow-up, regardless of the FFR 
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cut-off applied.101 These findings strongly suggest that the 
outcome in these patients was determined by CMD rather 
than by functional stenosis severity.

These findings are further confirmed by Taqueti et al, who 
measured CFR noninvasively with PET and the extent and 
severity of coronary disease at angiography in a cohort of 
patients with chronic CAD. Although these two factors were 
weakly correlated, their severity was independently associ-
ated with cardiovascular death and heart failure admission 
at 3-year follow-up after adjustment for clinical risk score, 
ejection fraction, global ischemia, and early revasculariza-
tion. Interestingly, global CFR had an impact on the effect 
of revascularization, so that only patients with low CFR 
appeared to benefit from revascularization, and only if the 
revascularization included coronary artery bypass grafting 
(CABG), and their event rate was comparable to patients 
with preserved CFR. These data raise the paradoxic hypothe-
sis that invasive revascularization in patients with preserved 
CFR may contribute to increased events.102

Clinical Implications
A microvascular origin of angina in patients with obstruc-
tive CAD can be suspected in patients who have prolonged 
angina or angina poorly responsive to sublingual nitrates 
(clinical features frequently observed in patients with 
MVA). It can also be suspected in patients in whom angina 
is more severe than predicted by the severity of coronary 
stenoses. Finally, it may be suspected in patients in whom 
the angina threshold is remarkably variable, although this 
variability can also be accounted for by the presence of 
“dynamic” stenoses. In the individual patient, however, it is 
often very difficult to establish the role played by CMD in 
causing angina.

It is predictable, however, that up to 30% of patients 
will have persistence of angina and/or evidence of stress-
induced ischemia due to persistent CMD, despite suc-
cessful coronary revascularization. Thus, when the goal of 
revascularization is symptom control rather than outcome 
improvement, it is always worth testing optimal antianginal 
treatment, including drugs targeting CMD, before proposing 
a new or repeat revascularization procedure.

After myocardial revascularization, it would be highly 
desirable to identify those patients who have angina and 
inducible ischemia caused by CMD as opposed to that 
caused by restenosis. In this context, noninvasive assess-
ment of CFR can provide useful, incremental information 
for the diagnosis of CMD and for further risk stratification.

The observation that the reduction of CFR is mainly due 
to progressive reductions in peak stress MBF indicates a 
primary abnormality in coronary vasodilator function and 
strongly supports the presence of CMD.97

Type 4 Coronary Microvascular Dysfunction
In addition to the CMD observed in patients with chronic 
CAD (ie, type 3), coronary revascularization by PCI or 
CABG can induce a further transient impairment of 
CFR in the territory subtended by a successfully recan-
alized artery. This is most likely triggered by an intra-
coronary reflex resulting in a reversible α-adrenergic 
receptor-mediated constriction of coronary microvessels 
that limits hyperemic blood flow and can be prevented by 
α-adrenergic receptor antagonists given before the pro-
cedure. This phenomenon may contribute to the delayed 

improvement of exercise-induced myocardial ischemia 
that can be observed after successful PCI.1

In addition to vasoconstriction, embolization of the cor-
onary microcirculation can contribute to CMD in patients 
undergoing PCI and CABG. The material that is washed out 
of the plaques is dislodged distally in the microcirculation 
and may cause infarctlets as demonstrated by increased 
necrosis biomarkers. In a meta-analysis including over 7500 
patients, troponin elevations after PCI were found in 29% of 
the patients, and in 15% the elevation reached the criterion 
for MI. Patients with PCI-related MI had an increased risk of 
death and re-PCI. At follow-up, any troponin elevation was 
associated with a 50% increased risk of major cardiovascu-
lar events.103

In the setting of PCI for obstructed saphenous vein grafts, 
mechanical prevention of distal embolization by filters or 
proximal protection devices has been demonstrated to 
reduce the occurrence of periprocedural MI and major 
cardiac events.104 With regard to pharmacologic treatment, 
administration of statins was shown to halve periprocedural 
infarction both during elective and urgent PCI.105 Similarly 
to PCI, substantial biomarker elevations measured 2 and 24 
hours after CABG have been shown to have significant inde-
pendent prognostic implications.106 Surgical trauma and 
cardiopulmonary bypass contribute to a systemic inflam-
matory response, measurable by circulating cytokines, 
which promotes CMD. This can be compounded by many 
factors, including contact of blood with the bypass circuit, 
myocardial ischemia during bypass, aortic cross-clamping, 
and reperfusion injury. In this setting statins also have a pro-
tective effect, lowering all-cause mortality rate, atrial fibrilla-
tion, and stroke in the absence of any beneficial effect on 
postoperative infarction or renal failure.107 The pleiotropic 
effect of statins could be the putative mechanism of this 
improvement of CMD.

CONCLUDING REMARKS

The mechanisms of myocardial ischemia are multiple and 
include disease of both the epicardial coronary arteries and 
the coronary microcirculation, and under certain circum-
stances these two vascular districts can be affected simulta-
neously. Microvascular dysfunction is caused by functional 
and/or structural abnormalities of intramural coronary arte-
rioles, as well as by increased extravascular compression. 
Microvascular dysfunction often occurs in patients with 
normal coronary angiograms and can be detected only 
through the measurement of functional parameters that 
probe coronary physiology. These include the CFR and the 
IMR, which can be obtained using invasive or noninvasive 
techniques. Clinically, CMD has been classified into 4 types 
and may manifest itself as exercise-induced ischemia, isch-
emia at rest, or an acute coronary syndrome.
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INTRODUCTION

Myocardial ischemia occurs when the ability to supply oxy-
gen and nutrients to the myocardium is exceeded by the 
myocardium’s oxygen and nutrient requirements. The heart 
is primarily an aerobic organ and has a narrow threshold 
for a deficit in oxygen delivery. The myocardium, and con-
sequently the coronary circulation, must be able to adapt 
quickly to meet the body’s varying hemodynamic require-
ments. The development of acute ischemia sequentially 
adversely affects diastolic function, systolic function, and 
electrocardiographic changes and finally results in chest 
pain; a sequence referred to as the ischemic cascade.1 In 
the presence of chronic ischemia, a patient may develop 
left ventricular (LV) systolic and diastolic dysfunction and 
elevation of LV diastolic pressure resulting in heart failure. 
A patient’s clinical comorbidities, presenting clinical state, 
and hemodynamics determine the threshold for developing 
ischemia.

Myocardial Oxygen Demand
Myocardial oxygen demand is governed by three princi-
pal factors: heart rate, contractility, and wall tension. As the 
heart rate increases, the myocardial oxygen requirement 
increases, yet there is a concomitant decrease in diastolic 
filling period, which consequently decreases the available 
time for perfusion. As myocardial contractility increases, 
the requirement for oxygen and nutrients is also increased. 
Wall tension is the force generated by the myocardium at a 
given preload and afterload and may be calculated by the 
Laplace law (Fig. 6.1). Wall tension is affected by afterload, 
chamber size (i.e., radius), and wall thickness. Clinically, 
chamber dimensions are decreased by interventions that 
reduce LV preload whereas afterload is largely determined 
by systolic blood pressure. The impact of afterload (i.e., 
increased systolic blood pressure) on myocardial oxygen 
demand is greater than the impact of preload or heart 
rate. As afterload increases, the radius of the ventricle may 
increase and further elevate the pressure required by the 
ventricle to propel blood from the heart. As wall tension 
increases, myocardial oxygen demand increases.2

Assessment of these factors is essential in understand-
ing an individual patient’s potential for developing myo-
cardial ischemia (Table 6.1). Moreover, each of these 
determinants of myocardial oxygen demand represents an 

important treatment target for reduction of ischemia (see 
Chapter 20).

Myocardial Oxygen Supply
Myocardial oxygen supply is determined by oxygen trans-
port, oxygen delivery, and coronary arterial blood flow. 
Perturbations to any of these three components will 
decrease the ability to meet the metabolic requirements of 
the myocardium. Along with oxygen, the delivery of meta-
bolic substrate to the myocardium is facilitated by normal 
coronary blood flow. In the normal resting state, the heart 
relies primarily on fatty acids, and to a lesser degree glu-
cose, for facilitating aerobic metabolism. As supply dimin-
ishes and as demand increases—producing ischemia—the 
myocardium switches substrate utilization to lactate and 
glycogen.

Oxygen is transported in the blood bound to hemoglobin 
and dissociates from hemoglobin when delivered to tissues 
for oxidative metabolism. The transport of oxygen and the 
ability to deliver it to myocytes is impacted both by hemo-
globin levels and factors that influence the oxygen dissocia-
tion curve (Fig. 6.2). The normal oxygen dissociation curve 
facilitates the binding of oxygen to hemoglobin in the lungs 
and the dissociation within the myocardial tissue where the 
carbon dioxide levels are higher and pH lower. Factors that 
shift the curve to the left decrease oxygen release in the tis-
sues as the hemoglobin molecule has a higher affinity for 
oxygen; these include hypothermia, decrease in levels of 
2,3-diphosphoglycerate, increase in pH (alkalosis), decrease 
in CO2, and increases in carbon monoxide. In addition, 
acquired hemoglobinopathies such as methemoglobin-
emia shift the curve left with a net increase in the affinity for 
oxygen within the affected hemoglobin molecule.3 Clinical 
states including hypothermia, acid/base disorders, anemia, 
hypoxemia, sepsis, and hemoglobinopathies can precipitate 
ischemia at lower thresholds, even in the absence of epicar-
dial coronary artery disease (CAD). By decreasing delivery 
of oxygen to tissues, anemia results in reduced oxygen sup-
ply. At any level of hemoglobin, oxygen delivery is further 
influenced by factors that govern O2 dissociation from 
hemoglobin as previously described (see Fig. 6.2).

Coronary blood flow regulation is essential for the heart 
to adapt its metabolic requirements and to receive ade-
quate oxygen and nutrients. Coronary circulation is medi-
ated by perfusion pressure (aortic diastolic to LV diastolic 
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pressure), arterial tone (autoregulation), metabolic activity, 
sympathetic/parasympathetic activity, and the endothelium. 
The regulation of coronary blood flow occurs via neural 
pathways, metabolic mediators, myogenic control, and extra-
vascular compressive forces (Table 6.2). Exogenous medi-
cations, including α- and β-adrenergic agonists/antagonists, 
adenosine, and dipyridamole, impact blood flow via coro-
nary epicardial and resistance vessels.4

Coronary autoregulation maintains a relatively constant 
perfusion pressure over a broad range of aortic mean pres-
sures (40 to 130 mm Hg).5,6 The epicardial vessels do not 
contribute to resistance unless clinically significant steno-
ses are present. In the absence of coronary artery stenoses, 

the majority of resistance is provided by prearteriolar, arte-
riolar, and intramyocardial capillary vessels (Fig. 6.3). At rest, 
the capillaries are responsible for 25% of the microvascular 
resistance, which increases to 75% during periods of hyper-
emia.7 In normal individuals, coronary flow can increase 
3- to 5-fold under conditions of maximal hyperemia. This 
ability to augment coronary blood flow is termed coronary 
flow reserve (see Chapter 5). Abnormalities in coronary flow 
reserve occur in many pathologic states, including diabetes 
mellitus, hypertension, dyslipidemia, myocardial infarction, 
aortic stenosis, and idiopathic dilated cardiomyopathies.8–11

CLINICAL PREDISPOSITION

An individual’s health and risk factors impact his/her abil-
ity to increase coronary blood flow to meet the substrate 
requirements of the myocardium. The coronary epicardial 
and resistance vessels must be able to dilate to augment cor-
onary blood flow. Factors that inhibit the normal coronary 
flow reserve will increase the propensity for developing 
myocardial ischemia. The common underlying mechanisms 
include endothelial cell dysfunction and a decrease in myo-
cardial capillary density. Common conditions that adversely 
impact endothelial cell function include increasing age, 
obesity, hypertension, dyslipidemia, diabetes mellitus, hyper-
homocysteinemia, and in women a history of preeclampsia 
and/or a postmenopausal state.12,13 In addition, risk factors 
including smoking, sedentary lifestyle, and poor nutrition 
also promote endothelial cell dysfunction.12,14 These risk 
factors and clinical conditions decrease the production 
of vasodilators such as nitric oxide (NO) and prostacyclin 
while increasing the production of potent vasoconstrictors 
including endothelin-1. Over time, this produces a prothrom-
botic environment and stimulates the formation of athero-
sclerosis, which may precipitate ischemia. In the presence 
of endothelial dysfunction, stimuli that normally result in 
vasodilation may paradoxically cause coronary vasocon-
striction and precipitate myocardial ischemia.

SPECIFIC ENVIRONMENTAL FACTORS

Hypoxemia
Individuals frequently develop hypoxemia secondary to 
medical conditions such as acute or chronic pulmonary dis-
eases or exposure to high-altitude environments including 
airline travel and residing or visiting high-altitude locales. 
In addition to the direct effects of hypoxemia on oxygen 
delivery, individuals who are acutely hypoxemic develop 
tachycardia and an increase in rate pressure product. In 
the absence of epicardial CAD, the coronary physiology 
adapts to hypoxemia by epicardial coronary vasodilation 
and an increase in coronary flow reserve. In the presence 
of epicardial coronary disease, hypoxemia-induced epicar-
dial coronary vasodilation may not occur; when studied in 
individuals with greater than 50% stenoses in at least one 
major epicardial vessel, vasoconstriction occurred, lead-
ing to a decrease in overall myocardial blood flow.15,16 As a 
result, individuals with comorbidities such as hypertension 
may develop myocardial ischemia at a lower peak rate pres-
sure product, which may limit their functional capacity. An 
understanding of the normal response to hypoxemia and 
the alterations that occur in patients with CAD is critical in 
directing patient management during critical illnesses to 

T

T = P × r
2h

Laplace Law
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r

FIG. 6.1 Laplace law. Wall tension (T) increases directly with ventricular pressure (P) 
as well as with the radius of the ventricle (r). Conversely, the thickness of the wall is 
inversely related to wall tension. (From Nadruz W. Myocardial remodeling in hyper-
tension. J Hum Hypertens. 2015;29(1):1–6.)

TABLE 6.1 Myocardial O2 Consumption Components

Total

 6–8 mL/min per 100 g

Distribution

 Basal 20%

 Electrical 1%

 Volume work 15%

 Pressure work 64%

Effects on MVO2 of 50% Increase In

 Wall stress 25%

 Contractility 45%

 Pressure work 50%

 Heart Rate 50%

Individual components are broken down into their relative contribution to 
myocardial oxygen consumption (MVO2).
Adapted from Gould KL. Coronary Artery Stenosis. New York: Elsevier; 1991.
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minimize the risk for myocardial ischemia. This should be 
assessed with an understanding of the impact the patient’s 
overall clinical condition is having on the oxygen dissocia-
tion curve as this may also adversely impact the threshold 
for developing ischemia.

Hyperglycemia
The prevalence of diabetes mellitus is increasing and 
impacts a significant proportion of the general population. 
Individuals with metabolic syndrome or with diabetes mel-
litus have an increased incidence of myocardial ischemia 
and myocardial infarction. For patients hospitalized with 

acute illnesses, hyperglycemia in the absence of diabetes 
is often noted. The presence of hyperglycemia, indepen-
dent of diabetes, is now known to adversely affect coronary 
physiology.12,17 In a study of 104 patients without diabetes 
(fasting blood glucose of <126 mg/dL, hemoglobin A1c 
<6.5%), cardiac catheterization and assessment of coronary 
blood flow, coronary artery diameter, and coronary vas-
cular resistance were performed. Hyperglycemia did not 
impact endothelium-dependent epicardial vessel dilation 
but was associated with impaired endothelial function in 
resistance coronary vessels. In addition, hyperglycemia was 
associated with increased coronary vascular resistance.18 
These effects on coronary physiology may contribute to 
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FIG. 6.2 Oxygen disassociation curve. Factors affecting the disassociation include pH, CO2, 2,3-diphosphoglycerate (2,3-DPG), and temperature. Anemia decreases the overall 
oxygen-carrying capacity of blood. Po2, partial pressure of oxygen. (From Mairbaurl H. Red blood cells in sports: effects of exercise and training on oxygen supply by red blood 
cells. Front Physiol. 2013;4:332.)

TABLE 6.2 Net Effects of Myogenic Response, Metabolic Mediators, and Neurohormonal Input to Coronary 
Vascular Resistance, Both in Normal State and with Atherosclerosis

NORMAL CORONARIES ATHEROSCLEROSIS

Myogenic Response

Pressure and flow-based dilation/constriction, 
resistance vessels

Dilation or constriction Dilation or constriction

Metabolic Mediators

Adenosine Dilation of resistance vessels Attenuated dilation

Sympathetic

Norepinepherine

α1 Constriction Constriction

β2 Dilation Attenuated dilation

Parasympathetic

Acetylcholine Dilation Constriction of conduit vessels
Attenuated dilation of resistance vessels

Adapted from Canty JM. Coronary blood flow and myocardial ischemia. In: Bonow RO et al. eds. Braunwald’s Heart Disease. Philadelphia: Elsevier; 2012.
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the increased risk for developing myocardial ischemia. 
Whether acute treatment of hyperglycemia decreases the 
risk of developing myocardial ischemia is unknown and 
requires further investigation. Diabetes, much like hyperten-
sion, plays a key role in the development of atherosclerosis, 
as well as myocardial ischemia. Diabetes mellitus leads to 
the development of oxygen free radicals, inflammation, and 
impaired vascular tone.19–21 Hyperglycemia causes a down-
regulation of the endogenous nitric oxide synthase, inhibit-
ing endogenous vasodilation via NO, as well as decreasing 
NO-related inhibition of platelet aggregation.22,23 Insulin 
resistance leads to an increase in free fatty acids, thereby 
promoting free radical generation and inflammation. 
Diabetes also leads to an upregulation in endothelin-1 as 
well as angiotensin II, known vasoconstrictors and catalysts 
for atherogenesis.24 Diabetes contributes to an alteration 
in collagen synthesis, leading to a weakened fibrous cap.25 
Along with its vascular effects, diabetes can elevate the pro-
thrombotic nature of platelets, leading to further ischemic 
events.19

Hypercapnia
In the absence of respiratory disease, carbon dioxide, a 
product of aerobic cellular respiration, is maintained within 
a range of 35 to 45 mm Hg. Levels of carbon dioxide are 
known to impact the oxygen dissociation curve and coro-
nary blood flow; the regional production of carbon diox-
ide is crucial to the metabolic control of myocardial blood 
flow.26 Systemic hypercapnia is often accompanied by aci-
dosis and changes in hemodynamic states. Together these 
often increase coronary blood flow, primarily via decreases 
in coronary vascular resistance.27 Depending on the 
degree of sympathetic activation, the decrease in coronary 

vascular resistance may be blunted.28 In addition, the ability 
of hemoglobin to bind oxygen and transport it to the tissue 
is impaired when systemic carbon dioxide is elevated and 
the patient has acidosis. Consequently, patients can develop 
ischemia at a lower peak rate pressure product or when the 
perfusion pressure is adversely impacted, especially in the 
presence of concomitant CAD.

Acidosis
The presence of acidosis shifts the oxygen dissociation 
curve to the right, which promotes the dissociation of oxy-
gen from hemoglobin at the tissue level. In the presence 
of systemic acidosis, however, this decreases the oxygen-
carrying capacity of hemoglobin and may contribute to 
a lower ischemic threshold. Furthermore, in vitro studies 
have shown that acidosis has a profound inhibitory effect 
on the production of cellular cyclic GMP synthesis, which 
is further impaired when coupled with the presence of 
hypoxemia.29

Hypothermia
Hypothermia is now commonly applied to out-of-hospital 
cardiac arrest patients who have been successfully resusci-
tated and who have impaired neurologic function. In canine 
models, both mild (32°C) and moderate (27°C) surface-
induced hypothermia did not adversely impact coronary 
autoregulation.30 Therapeutic hypothermia reduces heart 
rate, may decrease the magnitude of vasopressor require-
ments, and may minimally improve systolic function.31 In 
contrast to the favorable hemodynamic effects, therapeu-
tic hypothermia activates platelets and may be associated 
with an increase in the risk of stent thrombosis.32 There is 
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no evidence, however, that it changes the threshold for isch-
emia (see Fig. 6.2).

SPECIFIC CARDIOVASCULAR CONDITIONS

Hyperlipidemia
Elevated levels of low-density lipoprotein (LDL) confer an 
increased risk for atherosclerosis and myocardial ischemia, 
and treatment with lipid-modifying agents decreases this 
risk.33–36 Mechanisms for the development of both ischemia 
and atherosclerosis are multiple, including inflammation-
driven development of lipid-laden plaques, oxidation of LDL 
increasing inflammation, and decreased response to vasodi-
lation through direct inhibition of endothelium-dependent 
vasodilation.37–40 Improvements in levels and various treat-
ments of hyperlipidemia have been shown to decrease 
recurrent ischemic events, furthering the understanding of 
the direct and indirect relationship between hyperlipidemia 
and myocardial ischemia.

Hypertension
Hypertension is an important contributor to myocardial 
ischemia41–45 with effects on both myocardial oxygen 
demand and supply. Even without the longstanding adap-
tive mechanism of LV hypertrophy, hypertension itself 
leads to both endothelial dysfunction and a maladaptive 
response to appropriate endogenous nitrate-driven coro-
nary vasodilation. Increased levels of angiotensin II directly 
affect atherosclerosis and endothelial dysfunction, through 
upregulation of proinflammatory cytokines such as inter-
leukin-6, NF-κB, and reactive oxygen species.46–48 Chronic 
hypertension disables normal endogenous mechanisms 
by which coronary arteries augment flow, mainly through 
endothelial NO and its effects on smooth muscles cells.49–52 
Management of hypertension, especially with inhibitors of 
the renin-angiotensin-aldos-terone system, has a significant 
impact in decreasing myocardial ischemia.

Hypotension
Systemic hypotension, with its many causes, leads to 
reduced tissue perfusion including that in the myocar-
dium. A decrease in the coronary perfusion pressure 
occurs, which decreases myocardial oxygen delivery.53–56 
An increase in production of lactic acid further worsens 
delivery of oxygen to the myocardium.57 This scenario is 
common in cardiogenic shock where worsening hypoten-
sion leads to an increase in systemic vasoconstriction, LV 
diastolic pressure, and worsening acidosis, which collec-
tively decrease myocardial oxygen delivery. The presence 
of coexisting CAD will further impair myocardial tissue 
perfusion.58

Coronary Artery Disease
The development of CAD predisposes the patient to devel-
oping ischemia at lower peak rate pressure products, which 
may limit functional capacity. Daily experiences and activi-
ties including emotional stressors such as anger, tobacco 
use, and exercise can trigger ischemia.59 Abnormalities in 
endothelial cell function may result in paradoxic vasocon-
striction to stimuli including cold temperatures, exercise, 

hypoxemia, and emotional stressors, which can lead to 
angina. As coronary stenoses increase in severity, the cor-
onary microcirculation dilates in an effort to maintain 
adequate blood flow (Fig. 6.4). The development of epicar-
dial stenoses results in increased resistance to blood flow. 
The pressure gradient that develops across the lesion is 
described by the Bernoulli equation (Fig. 6.5). The pressure 
gradient is influenced by lesion length in a linear fashion 
but is exponentially increased by the reduction in cross-sec-
tional area. Thus, small changes in cross-sectional area may 
have profound hemodynamic effects given that the pressure 
gradient is inversely proportional to the fourth power of the 
lumen reduction. Whereas resting blood flow is maintained 
at normal levels until epicardial coronary stenoses exceed 
approximately 85% of the normal vessel diameter, maximal 
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hyperemic coronary blood flow is impaired once the epi-
cardial stenoses exceed approximately 50% (Fig. 6.6).60

In the presence of CAD, many factors may impact the 
precipitation of myocardial ischemia including heart rate, 
blood pressure, myocardial wall tension, LV diastolic pres-
sure, and clinical factors including hyperlipidemia, diabe-
tes mellitus, and hypertension. Medical therapies directed 
toward decreasing heart rate and blood pressure and 
maintaining normal wall tension may favorably impact 
the patient, improving functional capacity by enhancing 
myocardial oxygen delivery while decreasing myocardial 
oxygen demand. In addition, medications that decrease 
epicardial vasoconstriction, including calcium-channel 
blockers and nitrates, are also beneficial by increasing 
coronary blood flow. Risk factor modifications, including 
treatment of hyperlipidemia, avoidance of smoking, mind-
fulness to decrease stress, and consistent cardioaerobic 
exercise, are also beneficial in preventing myocardial 
ischemia.

Valvular Heart Disease
Patients with aortic stenosis often complain of angina, 
even in the absence of CAD. These patients have multiple 

abnormalities including increased afterload secondary to 
the valvular lesion, LV hypertrophy, and abnormalities in 
coronary physiology. Factors impacting demand include 
heart rate, LV peak systolic pressure, inotropic state, and 
valve area. Factors impacting myocardial supply include 
diastolic filling time, wall thickness, and LV diastolic 
pressure. The first study to indicate a mechanism for the 
development of angina in this population was a study of 
coronary flow reserve.61 Patients with aortic stenosis and 
LV hypertrophy without CAD underwent measurement of 
coronary flow reserve at the time of their operation and 
were compared with patients who did not have LV hyper-
trophy. In the aortic stenosis group with LV hypertrophy, 
the coronary flow reserve was reduced by greater than 
50%. Subsequently, further insights into mechanisms of 
ischemia were identified by use of cardiac magnetic res-
onance and positron emission tomography to assess LV 
mass and myocardial blood flow at rest and during hyper-
emia.62 Myocardial blood flow was reduced to a greater 
extent in the subendocardium than the subepicardium; 
the magnitude of reduction in blood flow was related to 
increasing severity of aortic stenosis. In addition, there was 
a strong correlation between diastolic filling time and cor-
onary flow reserve. Thus, diastolic filling time and severity 
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of aortic valve stenosis may be greater contributors to the 
threshold for ischemia than LV hypertrophy. Following aor-
tic valve replacement, patients often have regression of LV 
hypertrophy, improvement in coronary flow reserve, and 
improvement in functional capacity with a reduction in 
angina.

Patients with aortic insufficiency may complain of 
angina and have demonstrable myocardial ischemia.63 The 
etiology of coronary ischemia in the presence of severe 
aortic insufficiency has been attributed to a decrease 
in aortic diastolic pressure coupled with increase in LV 
end-diastolic pressure, which may decrease coronary 
blood flow. LV hypertrophy and LV dilation increase wall 
stress.64,65 In a small study, myocardial ischemia was not 
found to correlate directly with hypertrophy or LV dilation, 
but was hypothesized to be more related to coronary flow 
dynamics in severe aortic regurgitation. Consideration for 
coronary steal with severe aortic insufficiency was postu-
lated to be a significant contributing factor.66 Any valvular 
lesion that impacts the ventricular geometry, preload, or 
afterload may decrease the threshold for developing myo-
cardial ischemia.

Cardiomyopathies
Patients with idiopathic dilated cardiomyopathies are at 
increased risk for developing myocardial ischemia. Many 
factors impact this predisposition including the presence 
of comorbidities including hypertension, diabetes, and 
hyperlipidemia, as well as altered hemodynamics, includ-
ing relative tachycardia and elevations in left atrial and 
LV pressures and secondary pulmonary hypertension. 
Changes in LV geometry including an increase in LV dia-
stolic dimension adversely impact wall tension. Clinical 
studies have demonstrated that elevations in both left 
atrial and LV pressures predispose patients to develop 
ischemia. In addition to their effects on oxygen demand, 
elevations in left atrial and LV pressures adversely affect 
myocardial blood flow and coronary flow reserve, in 
part by reversing the endocardial/epicardial myocardial 
blood flow ratio.67 In addition, when either LV diastolic 
or left atrial pressures are elevated, the coronary driving 
pressures shift from the difference between the aortic 
and right atrial pressure to the difference between the 
aortic and LV pressure. As the pressure in the left ventricle 
increases, the capillary resistance increases because the 
capillaries collapse secondary to the increase in pressure 
exerted by elevations in the LV diastolic pressure, and this 
results in a reduction in coronary blood flow.68 In addition, 
patients with idiopathic dilated cardiomyopathies also 
have a reduction in capillary artery density and diameter 
that further impairs coronary flow reserve.11 Given these 
abnormalities within the coronary circulation, efforts to 
optimize preload, reduce afterload, and lower heart rate 
are essential to reducing myocardial ischemia in these 
patients.

Hypertrophic Cardiomyopathy
Patients with hypertrophic cardiomyopathy and normal 
epicardial coronary arteries often complain of angina. 
Studies have demonstrated similarities to the mecha-
nisms responsible for ischemia in patients with aortic ste-
nosis. A unique difference in patients with hypertrophic 

cardiomyopathy is a decrease in capillary density rela-
tive to an increase in cardiac mass.69 In these patients, 
a decrease in coronary flow reserve has been noted in 
several studies, particularly when studied during ventricu-
lar pacing.70 During mild tachycardia with heart rates as 
high as 130 beats/min, the mild increase in LV end-dia-
stolic pressure did not appear to dramatically alter coro-
nary blood flow as evidenced by appropriately increased 
great cardiac vein flow. As pacing rates increased, the 
coronary blood flow decreased significantly, and the LV 
end-diastolic pressure increased significantly, leading to 
the hypothesis that the increased intracavitary pressure, 
coupled with decreased coronary flow reserve, precipi-
tates myocardial ischemia.

Syndrome X
Some patients (predominantly premenopausal women) 
may complain of classic exertional angina and have evi-
dence of myocardial ischemia by stress imaging studies, 
yet have angiographically normal arteries. Investigators 
have demonstrated abnormalities in endothelial cell func-
tion with the presence of paradoxic vasoconstriction and 
abnormal coronary blood flow reserve.71 Impaired vaso-
dilation occurs secondary to both endothelial-dependent 
and -independent factors.72 Abnormalities in coronary 
blood flow reserve may be secondary to abnormalities in 
rheology and/or abnormalities in the coronary resistance 
vessels and capillaries. In a study of women with Syndrome 
X, resting coronary blood flow was increased and coronary 
autoregulation was abnormal. The abnormality in coro-
nary autoregulation was demonstrated to be secondary to 
abnormalities in the coronary resistance vessels without 
differences in capillary density.73 Treatments to increase the 
threshold for the development of angina and ischemia have 
focused on risk factor modification as well as medical ther-
apies, including aminophylline, statins, β-blockers, angioten-
sin-converting enzyme inhibitors, and ranolazine.74–78 (see 
Chapter 25).

CONCLUSIONS

Myocardial ischemia occurs when the myocardial 
demand for substrates exceeds that of supply. Although 
we often consider myocardial ischemia in the setting of 
critical CAD, it is clear that ischemia may occur with or 
without epicardial CAD. Understanding the emotional 
triggers, environmental and hemodynamic factors, and 
associated clinical conditions that may precipitate  
myocardial ischemia is critical for mitigating and/or  
treating patients with myocardial ischemia (Fig. 6.7). 
Among patients without severe stenoses that limit resting 
coronary blood flow, certain factors affecting coronary 
flow and perfusion pressure, including shear stress-
induced plaque rupture and platelet aggregation, along 
with changes in oxygen-carrying capacity, can result in 
downstream ischemia. Increasing myocardial oxygen 
demand through an increase in heart rate, inotropy, and 
wall tension further potentiate this cascade, whether this 
be through the action of illicit substances, physiologic 
states, or severe infection and sepsis. Recognition and 
treatment of these factors are vital in decreasing down-
stream myocardial ischemia by rebalancing supply and 
demand.
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INTRODUCTION

Despite continuing technological advances in cardiovascu-
lar medicine, the history and physical examination remain 
vital to establish an accurate diagnosis of chronic coronary 
artery disease (CAD). Whereas many patients may describe 
typical angina, providers cannot rely on these symptoms 
alone to diagnose ischemia because silent (asymptomatic) 
ischemia remains a common presentation, estimated to 
affect almost half of patients with CAD.1 Conversely, some 
patients may endorse symptoms that closely mimic typical 
angina in the absence of significant CAD.2 Thus appropri-
ate integration of patient symptoms, demographics, clinical 
characteristics, and examination findings remains essen-
tial for the clinician to accurately determine the likelihood 
or classification of CAD and to assess comorbidities and 
sequelae.

Positive interactions during the interview and examina-
tion can also lay the foundation for establishing a healthy 
doctor-patient relationship, critical to allowing the patient to 
freely share his/her experiences, goals, and preferences with 
the provider. Formation of such trust may also increase the 
likelihood of adherence to the treatment plan.3 This is of par-
ticular importance in the treatment of chronic coronary dis-
ease, which frequently relies on a multitude of medications 
and therapeutic lifestyle changes to improve symptoms and 
survival. Thus the following discussion of history-taking and 
physical examination may have important diagnostic and 
therapeutic implications for chronic CAD.

HISTORY

Typical Angina Pectoris
Typical anginal pain is characterized by its location, qual-
ity, duration, and exacerbating/alleviating factors. Angina 
can be retrosternal or diffuse in the chest, but it can also 
be felt in regions corresponding to the C7 through T4 der-
matomes (eg, neck, jaw, and arms) because the sympathetic 

afferent nerves that signal myocardial ischemia also inner-
vate these territories.4 Typical angina may be pressure-like, 
squeezing, or heavy in quality. It is usually not sharp or stab-
bing, pleuritic, or positional.5 Although the classic Levine 
sign (in which the patient places his/her fist over the chest 
to describe anginal pain) is often discussed, in a contem-
porary population this gesture had a low sensitivity (6%) 
for the detection of angina in patients admitted with chest 
discomfort.6 Angina typically lasts for minutes rather than 
seconds in duration, and it may be exacerbated by physical 
exertion or mental/emotional stress and alleviated by rest 
and/or nitroglycerin.7,8

Atypical and Nonanginal Symptoms
Symptoms that do not fit the above classic features of typical 
angina are often referred to as atypical. Three categories of 
typical, atypical, and nonanginal symptoms are frequently 
used for clinical simplification (Table 7.1).8 However, it is 
important to note that the presence of typical angina alone 
does not confirm the presence of CAD; conversely, atypical 
or nonanginal features alone do not exclude the possibil-
ity of CAD.9 Nonetheless, some features may increase or 
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section III

CliniCal Evaluation

TABLE 7.1 Clinical Classification of Chest Pain

Typical Angina Retrosternal chest discomfort
Increased with exertion or  

emotional stress
Relief with rest or nitroglycerin

Atypical Angina Exhibits 2 of the above features

Noncardiac Chest Pain Exhibits 0 or 1 of the above features

(Adapted from Fihn SD Gardin JM, Abrams J, et al. 2012 ACCF/AHA/ACP/AATS/
PCNA/SCAI/STS Guideline for the diagnosis and management of patients with stable 
ischemic heart disease: a report of the American College of Cardiology Foundation/
American Heart Association Task Force on Practice Guidelines, and the American 
College of Physicians, American Association for Thoracic Surgery, Preventive 
Cardiovascular Nurses Association, Society for Cardiovascular Angiography and 
Interventions, and Society of Thoracic Surgeons. J Am Coll Cardiol. 2012;60: 
e44–e164.)
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decrease the likelihood of chest pain being anginal in ori-
gin.10,11 Symptoms and exam features with significant posi-
tive and negative likelihood ratios for angina are shown in 
Fig. 7.1.12 Calculation of the posttest probability of CAD with 
likelihood ratios (LRs) is done as follows. First, estimate the 
pretest probability (Ppre) of CAD and convert the probability 
to odds (Opre) with Opre = Ppre/(1 − Ppre). Second, multiply 
that pretest odds (Opre) of CAD by the LR to determine the 
posttest odds (Opost = LR × Opre). Finally, convert the posttest 
odds back to a probability, Ppost = Opost/(1 + Opost).13

The LR with the lowest point estimate, making angina 
least likely, is pleuritic-type chest pain, followed by a posi-
tional component, pain being sharp/stabbing in quality, or 
reproducible with palpation. Angina is slightly less likely 
when pain is located under the breast or not associated 
with exertion. Although features such as association with 
exertion, radiation to the left arm, associated diaphoresis, 
nausea/vomiting, and pressure-like quality are classic/typi-
cal features of angina, these features did not lead to a large 
change in the probability of angina. Features with the high-
est LRs, which would theoretically most increase the prob-
ability of angina, were observed to be radiation to the right 
arm or both arms. Of note, the confidence intervals were 
wide for these latter two features, indicative of imprecision 
in the estimates of the LRs.

There are also other features of chest pain that have tra-
ditionally been accepted as useful in the differentiation of 
anginal versus nonanginal chest pain (eg, relief with nitro-
glycerin or gastrointestinal [GI] cocktails), but they may 
not have significant predictive value. In an analysis of 459 
patients with chest pain at an urban teaching hospital, nitro-
glycerin relieved chest pain in 35% of patients who were 
found to have CAD as a cause of chest pain versus 41% of 
patients without CAD (p > .20). Similarly, relief of chest pain 
with a GI cocktail (often consisting of viscous lidocaine, an 
antacid, with/without other components) has also been 
documented to poorly differentiate symptoms of myocar-
dial ischemia.14,15 Some patients may not have chest pain 

during periods of ischemia, but instead only experience 
dyspnea or jaw, neck, or arm pain.16 These symptoms with-
out chest pain are often called anginal equivalents. Within 
each individual, specific anginal equivalents (ie, dyspnea, 
jaw pain, etc.) may characteristically recur with each sub-
sequent episode of ischemia, and thus providers should 
inquire about similarities/differences to prior known angi-
nal/ischemic episodes.

Gender Differences in Presentation
Historically, women have often been underrepresented 
in major clinical trials of CAD17; thus, characterization of 
CAD presentation in women has largely been derived from 
smaller analyses. However, compared with men, women 
have been reported to have higher prevalence of atypi-
cal chest pain features, including pain during rest, sleep, 
or mental stress, and associated neck/shoulder pain, nau-
sea, fatigue, and dyspnea with ischemia.17,18 The Women’s 
Ischemic Syndrome Evaluation (WISE) study reported that 
as many as 65% of women with CAD may not exhibit “typi-
cal” anginal symptoms.19 Some of these differences may 
be related to greater prevalence of coronary microvascular 
dysfunction, vasospasm, or heightened pain perception in 
women.20,21 Further studies have suggested that gender dif-
ferences in language or descriptors used may account for 
some of the reported differences in presentation, in that 
women may be more likely to describe their symptoms 
with other terms such as discomfort, pressing, aching, or 
shortness of breath when compared with men.22,23

Despite these reported gender differences, several studies 
have found that the presenting symptoms of CAD may be 
more similar than different between men and women.23–25 
In a meta-analysis of 74 studies involving more than 20,000 
patients, women reported angina at a similar or slightly 
higher frequency than men did.25 Even among many stud-
ies reporting gender differences in angina presentation, the 
most common descriptors used by both genders tended 

 Angina less likely Angina more likely LR (95% Cl)

Pleuritic 0.2 (0.1–0.3)

Positional 0.3 (0.2–0.5)

Sharp or stabbing 0.3 (0.2–0.5)

Reproducible with palpatation 0.3 (0.2–0.4)

Under the breast 0.8 (0.7–0.9)

Non-exertional 0.8 (0.6–0.9)

Pressure-like 1.3 (1.2–1.5)

Associated nausea/vomiting 1.9 (1.7–2.3)

Associated diaphoresis 2.0 (1.9–2.2)

Radiation to left arm 2.3 (1.7–3.1)

Exertional 2.4 (1.5–3.8)

Radiation to both arms 4.1 (2.5–6.5)

Radiation to right arm 4.7 (1.9–12)

 0.1 1 10

FIG. 7.1 Features of chest pain and likelihood of angina. Specific features of chest pain are listed to the left of the forest plot. Point estimates with 95% confidence 
intervals (CIs) depict likelihoods (LRs) of angina (logarithmic scale). Angina is indicated to be less likely to the left of unity and more likely to the right of unity. (Data from Swap 
CJ, Nagurney JT. Value and limitations of chest pain history in the evaluation of patients with suspected acute coronary syndromes. JAMA. 2005;294:2623–2629.)
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to be typical features such as “chest pain,” “pressure,” and 
“tightness.”22,23,26

Fitness and Functional Capacity
Beyond inquiring about symptoms, assessing functional 
capacity during the history is important for assessing risk 
and prognosis. Multiple studies have confirmed a graded 
and inverse association between fitness level and mortal-
ity in patients with cardiovascular disease, independent of 
other risk factors. For example, in an analysis from the Duke 
database, patients who were able to exercise greater than 10 
metabolic equivalents (METs) on a Bruce protocol without 
ischemia had 95% survival at 4 years; whereas those who 
could not achieve 4 METs had only 59% survival at 2 years.27 
In an analysis from the Veterans Affairs database, patients 
were divided into quintiles of exercise capacity. Patients 
in the lowest quintile of fitness (achieving <5 METs) had 
fourfold higher adjusted relative risk for mortality at 6 years 
compared with those in the highest quintile (>10.7 METs).28 
Furthermore, in an analysis of 9852 patients with known 
CAD from the Henry Ford Exercise Testing Project, each 
1-MET increase in exercise capacity was associated with 
approximately 13% lower adjusted risk of mortality over the 
median follow-up of 11 years. Furthermore, patients with 
similar exercise capacity were found to have similar risk for 
mortality regardless of baseline revascularization status.29

Estimating the Probability of Coronary 
Artery Disease
Relying on the description of symptoms alone is insuf-
ficient to accurately diagnose CAD. Whereas a wide 
array of diagnostic testing modalities, including stress 
electrocardiography, echocardiography, myocardial per-
fusion imaging, magnetic resonance imaging, coronary 
computed tomography, and cardiac catheterization, are 
available, the indiscriminate application of these test-
ing modalities can lead to potential misclassification of 
patients (as incorrectly having or not having CAD) due to 
imperfect test sensitivities/specificities. Moreover, mount-
ing costs and risks for complications/adverse side effects 
of cardiac testing also remain important considerations. 
Therefore, prior to deciding on whether a diagnostic test 
should be used and/or selecting the most appropriate 
modality, providers must develop an estimate of the prob-
ability of CAD for each patient undergoing evaluation.

Categorizing symptoms into typical, atypical, and non-
anginal pain can increase or decrease the likelihood of 
CAD; however, clinicians cannot accurately estimate the 

probability of CAD without first considering those symp-
toms in the context of the patient’s age and gender. This 
concept was first illustrated by Diamond and Forrester 
in 19792 and was validated by similar findings from the 
Coronary Artery Surgery Study (CASS) trial.30 The impor-
tance of age and gender in estimating the probability 
of CAD in a more contemporary multinational cohort is 
shown in Table 7.2. In patients presenting with typical angi-
nal symptoms, the probability of significant CAD (>50% 
stenosis) can range from 28% to 93%, depending on age/
gender. Likewise, the probability of CAD with nonanginal 
pain can range from 5% to 65%. Accordingly, many patients 
with nonanginal symptoms may still have higher probabil-
ity for CAD than others with typical angina. For example, 
an 80-year-old man with nonanginal symptoms would have 
a 65% probability of CAD versus a 35-year-old woman with 
typical angina who would have a 28% probability of CAD 
(see Table 7.2).31

Incorporating comorbidities with age, gender, and symp-
toms can further improve determination of CAD prob-
ability. This was illustrated by investigators using the Duke 
Database of Cardiovascular Disease (Table 7.3).8 For exam-
ple, using Diamond–Forrester type classifications based on 
age/gender/symptoms alone, a 35-year-old man with typi-
cal angina would have a 59% probability of CAD; however, 
the likelihood of CAD would differ significantly between 
a healthy 35-year-old man with no cardiovascular risk fac-
tors and a 35-year-old man with diabetes, hyperlipidemia, 
and tobacco abuse. In the 35-year-old man with no risk fac-
tors, the probability of significant CAD (≥70% stenosis in a 
coronary artery) would be 30% versus 88% in the man with 
multiple risk factors. If patients had abnormal electrocar-
diograms at rest with significant ST- or T-wave changes or  
Q waves, probabilities of CAD would be higher.32

The Diamond-Forrester-type classifications and estima-
tions from the Duke database can be of great utility in deter-
mining more precise probabilities of CAD; however, several 
limitations should be noted. These predictive models were 
developed from patients referred to university hospital set-
tings; therefore, they may overestimate the probability of 
CAD for lower-risk primary care and/or community medical 
center populations. Additionally, these models may be less 
precise and overestimate probabilities of CAD in women 
when compared with the much lower prevalence of CAD 
observed in women in the WISE study.33 Furthermore, these 
probabilities were derived from eras (the 1970s and 1980s) 
when risk factor burdens significantly differed from con-
temporary populations who have significantly less tobacco 
use, higher prevalence of obesity and diabetes, and higher 
prevalence of CAD in younger individuals.31 Finally, these 

TABLE 7.2 Probability of Coronary Artery Disease by Age, Gender, and Symptoms

AGE (YEARS)
NONANGINAL PAIN (%) ATYPICAL ANGINA (%) TYPICAL ANGINA (%)
Women Men Women Men Women Men

30–39 5 18 10 29 28 59

40–49 8 25 14 38 37 69

50–59 12 34 20 49 47 77

60–69 17 44 28 59 58 84

70–79 24 54 37 69 68 89

>80 32 65 47 78 76 93

(Adapted from Genders TS, Steyerberg EW, Alkadhi H, et al. A clinical prediction rule for the diagnosis of coronary artery disease: validation, updating, and extension. Eur 
Heart J. 2011;32(11):1316–1330.)
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reported probabilities tend to overestimate the prevalence 
of CAD across all age groups and genders when compared 
with studies that assess the prevalence of CAD by coronary 
computed tomographic angiography (CTA). This may be 
due to probability estimates traditionally being derived from 
patients undergoing clinically indicated evaluation with 
invasive cardiac catheterization (often after abnormal stress  
test results) who are more likely to have disease versus low- 
to intermediate-risk patients preferentially referred for non-
invasive testing.34

ASSESSMENT AND CLASSIFICATION  
OF ANGINA

Assessment and classification of angina, including chronic-
ity, severity, and burden of disease, are vital to determining 
the most appropriate treatment strategy. For example, one 
must ensure that an acute coronary syndrome is not pres-
ent prior to instituting a treatment plan solely geared toward 
chronic stable CAD. Additionally, adequate assessment of 
the burden of symptoms and impairment in quality of life 
is necessary to tailor therapies to achieve adequate relief of 
symptoms.

Unstable angina is defined as angina that is new in onset, 
increasing in frequency, severity, or duration, or occurs at 
rest. A classification system of unstable angina was devised 
by Braunwald35; however, chronic stable angina is most 
often categorized by the Canadian Cardiovascular Society  
(CCS) classification system (Table 7.4), ranging from class 
1 angina occurring only with strenuous, rapid, or prolonged 
exertion to class 4 angina with inability to do any activity 
without symptoms and/or angina at rest.36

As patients are often concerned with optimizing qual-
ity of life beyond longevity alone, further assessment of 
symptom-burden and health-related quality of life can be 
beneficial to understand the impact of CAD on patients’ 
lives and to assess response to therapies.37 Clinicians can 
use semiobjective quantitative measures such as how often 
the patient requires sublingual nitroglycerin and/or approxi-
mate walking distance achieved (eg, two blocks, 0.5 miles) 
before stopping due to angina. General health-related qual-
ity of life may be measured by survey instruments such as 
the Medical Outcomes Study 36-Item Short Form Health 
Survey (SF-36)38; whereas the Seattle Angina Questionnaire 
(SAQ)39 is an example of a disease-specific quality of life 
instrument for CAD.

Historically, such surveys have been primarily used in 
research settings; however, with the advent of abbreviated 
survey versions40 and a growing emphasis on patient- 
centered outcomes in clinical medicine,41 there is potential 
for expanded use of such measures in clinical practice to 

supplement traditional history-taking for symptom assess-
ment. The shortened version of the SAQ is a seven-question 
survey that can be completed at or prior to an office visit 
and may potentially improve efficiency of care. With the 
same questions asked the same way every time, the clinician 
may have more reproducible patient-centered data to aid 
clinical decision-making and potentially improve quality 
of care and health status.40 Poorer health status in the SAQ 
domains of physical limitation, angina frequency, and qual-
ity of life is also associated with graded increases in risk for  
mortality and rehospitalization for acute coronary syndrome 
(Fig. 7.2).42

Silent Ischemia and Infarction
A notable challenge in taking a history for chronic CAD is 
that significant CAD may be present without any associated 
symptoms or physical findings present. This phenomenon, 
described as silent myocardial ischemia or silent infarction, 
has been detected by various modalities including continu-
ous ambulatory electrocardiographic monitoring, exercise 
tolerance testing, and stress imaging techniques (see Chapter 
29, Screening for CAD in Asymptomatic Individuals). Silent 
ischemia has been described in asymptomatic individuals 
with and without known CAD.

Among asymptomatic individuals in the general popula-
tion with no known CAD, the prevalence of silent ischemia 
has been estimated at 2% to 3%43,44; however, prevalence 
increases significantly with age and cardiovascular risk fac-
tors. In asymptomatic, apparently healthy individuals from 
the Baltimore Longitudinal Study of Aging, the prevalence 
of silent ischemia markedly increased with age, with evi-
dence of silent ischemia present in less than 3% of those 
under 60 years of age but greater than 15% of those above 
80 years of age.45 In patients with diabetes, the risk of silent 
ischemia is particularly high. In a multicenter Italian study 
of 1899 asymptomatic diabetic patients less than or equal 
to 60 years of age, silent ischemia was present in at least 
39%.46 Silent ischemia/infarction can also occur in patients 

TABLE 7.3 Probability of Coronary Artery Disease by Age, Gender, and Comorbidities

AGE (YEARS)
NONANGINAL PAIN (%) ATYPICAL ANGINA (%) TYPICAL ANGINA (%)
Women Men Women Men Women Men

35 1–19 3–35 2–39 8–59 10–78 30–88

45 2–22 9–47 5–43 21–70 20–79 51–92

55 4–21 23–59 10–47 45–79 38–82 80–95

65 9–29 49–69 20–51 71–86 56–84 93–97

(Adapted from Fihn SD, Gardin JM, Abrams J, et al. 2012 ACCF/AHA/ACP/AATS/PCNA/SCAI/STS Guideline for the diagnosis and management of patients with stable ischemic 
heart disease: a report of the American College of Cardiology Foundation/American Heart Association Task Force on Practice Guidelines, and the American College of 
Physicians, American Association for Thoracic Surgery, Preventive Cardiovascular Nurses Association, Society for Cardiovascular Angiography and Interventions, and Society of 
Thoracic Surgeons. J Am Coll Cardiol. 2012;60:e44–e164.)

TABLE 7.4 Canadian Cardiovascular Society (CCS) 
Classifications of Angina

CCS CLASS DESCRIPTION (SUMMARY)

I Angina with strenuous, rapid, or prolonged exertion

II Slight limitation of ordinary activity

III Marked limitation of ordinary activity, such as walking  
1 to 2 blocks or climbing 1 flight of stairs

IV Angina at rest

(Adapted from Campeau L. Grading of angina pectoris [letter]. Circulation. 
1976;54:522–523.
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with a prior history of CAD and myocardial infarction. 
Approximately 30% to 43% of patients with prior myocardial 
infarction or angina have been reported to have silent isch-
emia.1 Whereas it is estimated that almost half of patients 
with existing angina may have concomitant silent ischemia, 
with the application of adequate antiischemic therapies 
this may drop to approximately one-fourth to one-third of 
patients.1

Assessment of Comorbidities
Beyond assessing the patient’s symptoms and functional 
capacity as previously described, it is also important to 
include in the history-taking an assessment of comorbidi-
ties and sequelae of chronic CAD to optimize secondary 
prevention therapy. The presence of traditional cardiovas-
cular risk factors, such as history of hypertension, hyper-
lipidemia, diabetes mellitus, tobacco abuse, and dietary/
exercise habits, should be inquired about and documented. 
Once these modifiable risk factors are identified, the clini-
cian may then be able to address and potentially mitigate 
risk of future cardiovascular events. Global risk assess-
ment for patients without known cardiovascular disease 
can be performed with the aid of various risk assessment 
tools, such as the 2013 American College of Cardiology/
American Heart Association atherosclerotic cardiovascu-
lar disease (ASCVD) risk model, the Multi-Ethnic Study of 
Atherosclerosis (MESA) risk score, the Reynold risk score, 
or others.47–49 For patients with chronic CAD or other ath-
erosclerotic cardiovascular disease, global risk assessment 
models are not as well developed and the implications for 
clinical care are not as clear because these patients already 
have indications for secondary prevention medications 
(see Chapter 27 for discussion of global risk assessment in 
patients with Chronic CAD).

Potential sequelae of chronic CAD should be assessed 
during the history-taking. Symptoms such as dyspnea, 
orthopnea, paroxysmal nocturnal dyspnea, and edema 
may suggest congestive heart failure from left ventricular 
dysfunction. Palpitations or syncope may suggest atrial or 
ventricular arrhythmias. The prevalence of peripheral vascu-
lar disease in patients with CAD has been estimated to be 
two to three times higher versus those without CAD50; thus, 
inquiring about symptoms of claudication and cerebrovas-
cular disease is important for comprehensive cardiovascu-
lar assessment.

PHYSICAL EXAMINATION

Whereas carotid, renal, or peripheral limb arterial stenoses 
can at times be detected on physical exam via ausculation 
and/or palpation, unfortunately, coronary stenoses cannot 
be detected in the same manner due to slower coronary 
artery filling predominantly occurring in diastole.51 Thus, 
physical examination for chronic CAD is focused on asssess-
ing risk factors and monitoring for sequelae of CAD. Notable 
risk factors, complications, and comorbidities of chronic 
coronary disease that should be assessed on physical exam-
ination are discussed hereafter (Table 7.5).

Assessing Risk Factors
Hypertension and Obesity
An accurate measurement of blood pressure requires that 
the patient rest for 5 minutes, and when the blood pressure 
is measured, s/he has both feet on the floor, legs uncrossed, 
back supported, and the arm maintained at the level of the 
heart.52 Blood pressure should be measured in both arms. 
A disparity of 15 mm Hg or more is often due to subclavian 
artery stenosis and associated with increased risk for periph-
eral arterial disease, cerebrovascular disease, and cardiovas-
cular death (hazard ratio 1.7, 95% confidence interval [CI], 
1.1–2.5).53 Body weight should be measured and weight 
indexed to height (kg/m2) for calculation of the body mass 
index (BMI). Obesity is most often defined by a BMI greater 
than 30 kg/m2; however, other metrics such as waist cir-
cumference and waist/hip ratio may also have clinical util-
ity, as measures of central or visceral adiposity have been 
described to be predictors of cardiovascular risk beyond 
weight alone (see Chapter 19, Obesity and CAD). Although 
the relationship between obesity and CAD is nuanced, it is 
generally recommended to monitor and address obesity in 
the treatment of chronic CAD.8

Dyslipidemia
Several physical findings have been associated with dys-
lipidemia. Cutaneous xanthomas (and xanthelasma on the 
eyelids) are localized collections of lipid deposits within the 
skin, often associated with underlying lipid abnormalities 
(Figs. 7.3 and Fig. 7.4).54,55 Correction of underlying dyslip-
idemia may at times result in improvement of xanthomas. 
Achilles tendon xanthomas have been reported to be a 
pathognomonic finding for familial hypercholesterolemia. 
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FIG. 7.2 One-year outcomes by Seattle Angina Questionnaire (SAQ) scores. Poorer health status in the domains of Physical Limitation, Angina Frequency, and Quality 
of Life is associated with graded increases in risk for 1-year mortality with coronary artery disease. (Adapted from Spertus JA, Jones P, McDonell M, et al. Health status predicts 
long-term outcome in outpatients with coronary disease. Circulation. 2002;106:43–49.)
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Moreover, the presence and degree of Achilles tendon xan-
thoma and width have been reported to correlate with risk 
of cardiovascular disease.56,57

Corneal arcus is a deposition of lipid-rich material in the 
peripheral cornea, which can be directly visualized without 
slit-lamp examination (Fig. 7.5). Corneal arcus may be indic-
ative of dyslipidemia and has also been postulated to be 
a marker of atherosclerosis in some small studies; however, 
larger and more rigorous analyses, such as the Framingham 
Heart Study, which included more than 23,000 person-exams, 
found no significant increased risk for adverse cardiovascu-
lar events after adjustment for age and gender (hazard ratio, 
1.17; 95% CI, 0.94–1.47, p = .16).58,59

Diabetes Mellitus and Insulin Resistance
Acanthosis nigricans is a darkening and thickening (pig-
mented hyperkeratosis) of the skin usually occurring on the 
neck and flexor surfaces (Fig. 7.6). It is most often associ-
ated with obesity and insulin resistance, although malig-
nancy and other syndromes are also rare causes.60 Weight 

loss may improve acanthosis in obese patients. Skin tags, 
also called acrochordons, are benign pedunculated growths 
commonly occurring on the neck, axillae, and groin, and 
are associated with diabetes and metabolic abnormalities. 
In a case-control comparison of individuals matched for 
age, gender, and BMI, the presence of three or more skin 
tags was associated with a threefold greater prevalence of 
diabetes mellitus (23.1% vs 8.5%, p = .005) compared with 
those without skin tags.61 When compared with acanthosis 
nigricans, the presence of multiple skin tags (eight or more) 
may be more sensitive (although less specific) in identify-
ing patients with insulin resistance and abnormal glucose 
metabolism.62

Tobacco Abuse and Chronic Obstructive  
Pulmonary Disease
As continued tobacco abuse increases risk for recurrent 
cardiovascular events and patients may at times attempt 
to conceal tobacco use,63 detecting findings suggestive 
of tobacco use can identify an opportunity to reinforce 
the importance of cessation/abstaining to reduce risk. 
Nicotine staining on the teeth,  fingers and/or nails,  an odor 
of tobacco, or premature wrinkling of the skin may sug-
gest current/former tobacco abuse. Furthermore, chronic 
obstructive pulmonary disease (COPD) has been reported 
to be a risk factor for cardiovascular mortality, independent 
of tobacco abuse.64 Examination findings of prolonged 
expiration, wheezing, and distant breath sounds may sug-
gest underlying COPD.65

Miscellaneous Physical Findings
It is worth mentioning that ear lobe creases (Fig. 7.7), also 
known as Frank sign,66 have been reported in several stud-
ies to be a potential marker of increased risk for chronic 
CAD.67 In a 2014 meta-analysis of 37 studies including over 
31,000 patients, the authors concluded that the presence of 
ear lobe creases demonstrated a pooled sensitivity of 62% 
(95% CI, 56–67%), specificity 67% (95% CI, 61–73%), and 

FIG. 7.3 Xanthelasma on bilateral upper and lower eyelids indicative of 
underlying lipid abnormalities. (Reproduced from Dwivedi S, Jhamb R. Cutaneous 
markers of coronary artery disease. World J Cardiol. 2010;2:262–269.)

TABLE 7.5 Key Physical Examination Findings in Chronic Coronary Artery Disease

GOAL CATEGORY FINDINGS/COMMENTS

Assessing risk factors Blood pressure >15 mm Hg arm blood pressure disparity = increased risk for peripheral arterial disease (PAD) 
and cardiovascular death

Weight Body mass index >30 kg/m2 = obesity
Lipid abnormalities Cutaneous xanthomas

Xanthelasma on the eyelids
Corneal arcus

Diabetes mellitus Acanthosis nigricans
Skin tags

Tobacco abuse and chronic obstructive 
pulmonary disease (COPD)

Odor of tobacco
Staining of teeth, fingers, or nails
Premature skin wrinkling
Prolonged expiration, wheezing, distant breath sounds

Miscellaneous Ear lobe creases (Frank sign)

Assessing for 
complications

Congestive heart failure Jugular venous distention, S3, S4, displaced point of maximal impulse, hepatomegaly, 
pulmonary/peripheral edema

Ischemic mitral regurgitation
Low-output cardiac failure

Arrhythmias Ectopy, atrial fibrillation
PAD Carotid bruits

Peripheral pulses
Peripheral skin discoloration or hair loss

Assessing for other 
causes of angina 
and dyspnea

Aortic stenosis Late peaking systolic murmur
Pulsus parvus et tardus

Hypertrophic cardiomyopathy Harsh crescendo-decrescendo systolic murmur dynamic with provocation
Pulmonary hypertension Loud P2, right S4, TR murmur, RV lift/heave
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odds ratio of 3.27 (95% CI, 2.47–4.32) for the presence of 
CAD.68 The potential mediators of this association are not 
well understood. The prevalence of ear lobe creases and 
CAD both increase with age and diabetes; however, even 
after adjustment for demographics and traditional risk fac-
tors, ear lobe creases have been reported in some analyses 
to be independently associated with CAD.66 Prior investiga-
tors have speculated that a mirrored atherosclerotic process 
may occur in both vascular beds. In the earlobes, it has been 
postulated that these vascular changes may lead to prema-
ture destruction of elastic fibers, which results in the forma-
tion of visible creases.66

Heart Failure
In an analysis of multicenter systolic heart failure trials 
between 1986 and 2005 including more than 25,000 patients, 
CAD was the cause of heart failure in 62% of patients.69 CAD 

may also be a contributor in up to two-thirds of patients 
with diastolic heart failure70; thus examining for signs of 
heart failure is imperative in patients with CAD. Examination 
should include assessment for jugular venous distention, 
S3 and S4, displacement of the point of maximal impulse, 
hepatomegaly, and pulmonary/peripheral edema. Chronic 
CAD can also lead to heart failure by chronic ischemic 

A

B C D

FIG. 7.4 Large tendon xanthomas on the hand (A) and Achilles tendon (B), with radiographs (C and D) of the ankles showing severe Achilles tendon thickening in a patient 
with familial hyperlipidemia and severe coronary artery disease. (Reproduced from Terasaki F, Morita H, Harada-Shiba M, et al. Familial hypercholesterolemia with multiple large 
tendinous xanthomas and advanced coronary artery atherosclerosis. Intern Med. 2013;52(5):577–581.)

FIG. 7.5 Corneal arcus. Arcus deposits often begin at the 6 o’clock and 12 o’clock 
positions of the peripheral iris and progress circumferentially. (Reproduced from Zech 
LA Jr, Hoeg JM. Correlating corneal arcus with atherosclerosis in familial hypercholes-
terolemia. Lipids Health Dis. 2008;7:7.)

FIG. 7.6 Acanthosis nigricans in the axilla. Acanthosis is associated with insulin 
resistance and diabetes mellitus. (From Couper J, Jones TW. Diabetes In: South M, ed: 
Practical Paediatrics, 7th ed. London: Elsevier Ltd. 2012;687–695.)
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mitral regurgitation, which is often appreciated as a holo-
systolic murmur radiating to the apex or axilla on ausculta-
tion. Regardless of the mechanism of heart failure in chronic 
CAD, the examiner should be vigilant for the development 
of advanced heart failure with low cardiac output and poor 
perfusion, manifested by hypotension, narrow pulse pres-
sure, resting tachycardia, and cool extremities, which por-
tends a grave prognosis if not urgently addressed.

Arrhythmias
A wide variety of atrial and ventricular arrhythmias, includ-
ing premature ventricular contractions, atrial fibrillation, 
ventricular tachycardia/fibrillation, varying degrees of heart 
block, and others, may be seen in chronic ischemic heart 
disease. Examination findings of irregularities in the rhythm 
or severe bradycardia or tachycardia should prompt further 
evaluation, usually with a 12-lead electrocardiogram as the 
subsequent step.

Cardiac Auscultation and Palpation
Because aortic stenosis, hypertrophic cardiomyopathy, and 
pulmonary hypertension may all present with angina and 
dyspnea as the initial symptoms, it is also important to aus-
cultate and palpate for evidence of these conditions. Severe 
aortic valve stenosis classically demonstrates a mid- to 
late-peaking systolic murmur radiating to the carotids with 
pulsus parvus et tardus and a soft A2. Hypertrophic car-
diomyopathy may exhibit a harsh crescendo-decrescendo 
systolic murmur that increases with Valsalva or rising to 
standing and diminishes with squatting due to dynamic 
left ventricular outflow tract obstruction. A second murmur 
of mitral regurgitation from systolic anterior motion of the 
mitral valve may also be appreciated. Patients with pulmo-
nary arterial hypertension may have a loud P2, a right-sided 
S4, a murmur of tricuspid regurgitation, or a right ventricular 
lift/heave on palpation of the chest.71

Peripheral Arterial Disease
Coronary and peripheral arterial disease frequently coex-
ist with approximately 15% to 40% of patients having con-
comitant diseases.72 Thus, it remains important to examine 
for evidence of noncoronary atherosclerosis in patients 
with chronic CAD. Carotid arteries should be auscultated 
to assess for bruits, which are associated with increased 
risk for atherosclerotic cardiovascular events, although not 
necessarily specific for a focal stenosis in the auscultated 
territory.73 Abdominal palpation alone should not be relied 
on to diagnose or exclude the presence of aortic aneurysm 
because sensitivity/specificity are inadequate.74 The periph-
eral pulses (eg, radial, femoral, dorsalis pedis, posterior tibi-
alis) should be palpated. Diminished pulses, as well as skin 
discoloration, hair loss, or mottled appearance of the skin, 
may signify peripheral arterial disease.

CONCLUSIONS

During the history and physical examination, the provider 
has a daunting task of collecting and sorting through a 
potential plethora of subjective information and physical 
findings to form an accurate assessment of the presence, 
severity, comorbidities, and complications of CAD, while 
simultaneously working to build the patient-provider rela-
tionship. Each encounter presents unique challenges and 
opportunities from both the physician and patient perspec-
tives, with increasing constraints from time and technology 
in many contemporary healthcare settings. Using estab-
lished prediction tools that integrate demographics and 
symptoms, with or without risk factors, along with provider 
knowledge of the predictive value of various symptoms, 
will likely allow for greater accuracy in the estimation of 
probability of disease, rather than relying on the descrip-
tion of typical angina alone to diagnose CAD. Assessment 
of symptom-burden, functional capacity, comorbidities, and 
monitoring for complications during the history and physi-
cal exam are prerequisite elements for the development of 
a comprehensive treatment plan to optimize quality of life 
and outcomes in patients with chronic CAD.
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INTRODUCTION

Atheromatous plaque in arterial wall is the pathologic sub-
strate for myocardial infarction and ischemic stroke and is 
intimately related to the deposition of oxidized lipids from 
the circulation into the subintimal space, initiating a vicious 
cycle of local inflammation, macrophage foam cell forma-
tion, and smooth muscle recruitment. The measurement of 
circulating lipids has led to significant improvements not 
only in understanding the pathophysiology of atheroscle-
rotic cardiovascular disease (ASCVD) but also in improving 
risk prediction and management of ASCVD.

TRADITIONAL LIPOPROTEIN MEASUREMENTS

The three major classes of lipoproteins are low-density lipo-
protein (LDL), very low-density lipoprotein (VLDL), and 
high-density lipoprotein (HDL).1 Apolipoprotein B (apoB) 
is the main protein constituent of atherogenic lipoproteins, 
including LDL, VLDL, intermediate-density lipoprotein (IDL), 
lipoprotein(a), and chylomicrons, and it serves as the primary 
ligand for the LDL receptor and scavenger receptors in arterial 
macrophages and other tissues types. LDL cholesterol (LDL-
C) is the most abundant apoB-containing lipid, accounting 
for 60% to 70% of the total serum cholesterol. VLDL consists 
of triglycerides and most of the remaining atherogenic apoB-
containing cholesterol. IDL is similar to LDL and also contains 
apoB and triglycerides. Chylomicrons are very large particles 
that carry dietary cholesterol and triglycerides from the intes-
tine to the liver. In contrast, HDL cholesterol (HDL-C) contains 
apolipoprotein A-I (apoA-I), which is considered atheropro-
tective, and makes up approximately 20% to 30% of the total 
serum cholesterol pool. Total cholesterol, HDL-C, and triglyc-
erides are directly measured enzymatically, and LDL-C is typi-
cally calculated using the Friedewald formula (Fig. 8.1).2 The 
overall burden of atherogenic lipoproteins can be assessed as 
non-HDL-C, calculated by simply subtracting HDL-C from total 
cholesterol (see Fig. 8.1).3

Total and Low-Density Lipoprotein 
Cholesterol
Genetic and intervention studies in humans reveal an over-
whelming consistency in the relationship between LDL-C (or 

total cholesterol) levels and both incident ASCVD in those 
free of ASCVD and recurrent events in those with established 
ischemic heart disease (Fig. 8.2).4,5 Studies have revealed 
an absence of atheromatous plaques and clinically evident 
coronary disease in populations where LDL-C is maintained 
under 100 mg/dL (2.6 mmol/L) (or total cholesterol < 150 
mg/dL [3.9 mmol/L]).6 LDL-C levels above 190 mg/dL (4.9 
mmol/L) suggest a genetic disorder such as familial hyper-
cholesterolemia and increased short-term ASCVD risk.7  Total 
cholesterol is directly measured and was the primary lipid 
studied in the original cholesterol investigations. Current 
American and European ASCVD risk algorithms use total 
cholesterol as the measure of atherogenic lipoprotein.3,7 Total 
and LDL-C levels can be lowered by a variety of interventions, 
including reduced dietary intake of trans and saturated fats, 
increased dietary intake of soluble fiber, and pharmacother-
apies such as statins, bile acid sequestrants, nicotinic acid, 
cholesterol absorption inhibitors, and proprotein convertase 
subtilisin kexin type 9 (PCSK9) inhibitors (Table 8.1).8

High-Density Lipoprotein Cholesterol
HDL-C is the other major lipid used in validated risk scoring 
algorithms. Observational studies show consistent relation-
ships between low HDL-C (< 40 mg/dL) (1 mmol/L) and 
increased ASCVD risk (Fig. 8.3).9 HDL-C levels have a signifi-
cant inherited component and are typically higher in women 
and in those of African descent. Low HDL-C levels are asso-
ciated with smoking, insulin resistance, hypertriglyceridemia, 
and physical inactivity. Low HDL-C is one of the five compo-
nents of the metabolic syndrome and is often part of a lipid 
triad that includes high triglycerides and small dense LDL 
particles.10 HDL-C levels below 40 mg/dL (1 mmol/L) in men 
and below 50 mg/dL (1.3 mmol/L) in women are consid-
ered major ASCVD risk markers; however there is insufficient 
evidence to support raising HDL-C as a treatment target.3,7 
Lifestyle interventions that are associated with increases in 
HDL-C include smoking cessation, weight loss, reduced car-
bohydrate consumption, increased physical activity, and mod-
erate alcohol consumption.8 Nicotinic acid is the most potent 
clinically available pharmacotherapy that raises HDL-C levels, 
with differential and weaker effects seen after administration 
of fibrates and statins (see Table 8.1).19 However, as noted 
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above, raising HDL-C has not been proven to be a valid thera-
peutic approach to improve ASCVD outcomes.33–34

Triglycerides
Triglycerides are fatty acids that contain most of the fat stored 
by the body and are derived from dietary sources and metab-
olism of fat depots. A fasting triglyceride level above 150 mg/
dL (1.7 mmol/L) is considered dyslipidemia and is a com-
ponent of the metabolic syndrome. Hypertriglyceridemia is 
defined as a fasting level above 200 mg/dL (2.3 mmol/L) 

and is associated with increased ASCVD risk.11 Increasing 
triglyceride levels reflect enrichment of circulating levels 
of triglyceride-rich lipoproteins; of which VLDL is the most 
common, followed by IDL and chylomicrons.11

The relationship between hypertriglyceridemia and 
ASCVD risk has been controversial. Adjustment for HDL-C and 
non-HDL-C levels partially attenuates the association between 
triglyceride levels and incident events in some but not all stud-
ies.11 In contrast, Mendelian randomization studies suggest 
that triglyceride-rich lipoproteins or their remnants are caus-
ally related to increased risk of ischemic heart disease.12–15 
Elevated triglyceride levels are associated with an atherogenic 
dyslipidemia comprised of cholesterol enrichment of triglyc-
eride-rich lipoproteins, increased small dense LDL particles, 
and low HDL-C, which may also contribute to the increased 
risk seen with hypertriglyceridemia, especially among those 
with metabolic syndrome or diabetes.16 Lastly, the increased 
ASCVD risk seen with elevated triglycerides seems to be dis-
proportionately higher in women than in men.16,17

Triglyceride levels can rise significantly following a fatty 
meal; therefore it is usually recommended to measure fast-
ing triglyceride levels; however nonfasting triglyceride lev-
els above 200 mg/dL (2.3 mmol/L) are also associated with 
increased risk and may be a better predictor than fasting 
levels (Fig. 8.4).18 In fact, several of the Mendelian random-
ization studies mentioned above assessed nonfasting tri-
glyceride levels and demonstrated causality with incident 
ischemic heart disease. Elevations in nonfasting triglycer-
ides reflect increased exposure to atherogenic triglyceride-
rich lipoproteins in the circulation.

Hypertriglyceridemia, like low HDL-C, is also seen with 
hyperglycemia and increased insulin resistance, obesity,  
alcohol intake, physical inactivity, and carbohydrate intake. 
When triglyceride levels are above 400 mg/dL (4.5 mmol/L), 
the levels of triglyceride-rich lipoproteins such as VLDL 
and IDL are elevated and the calculated LDL-C is not valid. 
Therefore, non-HDL-C should be calculated (see the section 
on non-HDL-C) when triglycerides are above 200 to 400 mg/
dL (2.3 to 4.5 mmol/L).3,19

Fibrates, high-dose nicotinic acid, and high-dose omega-3 
fatty acids are the most potent triglyceride-lowering agents 
(see Table 8.1).19 Most other lipid-lowering drug classes mod-
estly lower triglyceride levels, with the exception of bile acid 
sequestrants, which can raise levels. The evidence to support 
targeting triglyceride levels to reduce ASCVD risk is incon-
sistent.16 In two randomized controlled trials, adding fenofi-
brate to statin therapy did not improve outcomes compared 
with statin alone in the overall trial populations,19a,19b but did 
show a benefit in the subgroups defined by high triglyceride 
and low HDL-C at baseline.19c Monotherapy with gemfibrozil 
in high-risk patients improved outcomes,19d but a meta-analy-
sis of all fibrate trials revealed no improvement in cardiovas-
cular mortality and a nonsignificant trend toward increased 
noncardiovascular deaths.20 The evidence for nicotinic acid 
is remarkably similar to that of fibrates: older studies without 
statin background therapy suggested benefit but more con-
temporary trials with background statin therapy have been 
negative.16 Similar to the fibrate trials, subgroups defined by 
high triglyceride and low HDL-C seemed to benefit from high-
dose nicotinic acid.16 Omega-3 fatty acids have been studied 
using various formulations and various doses of the active 
ingredients.16 A randomized controlled trial in Japanese 
patients showed improvement in a composite ASCVD end-
point in those allocated to pure ethyl ester in addition to 

Non-HDL-C

Total
cholesterol =

LDL-C =

Non-HDL-C =

Total cholesterol – HDL-C – Triglyceride/5 (Friedewald)

Total cholesterol – HDL-C 

Triglyceride-rich lipoproteins

VLDL-C LDL-C HDL-CIDL-CVLDL-CR

+

FIG. 8.1 Calculation of low-density lipoprotein cholesterol (LDL-C), and non-high-
density lipoprotein cholesterol (HDL-C). In the Friedewald formula for calculating LDL-
C, triglycerides are divided by 5 if using mg/dL and by 2.22 if using mmol/L. (Data 
from Friedewald WT, Levy RI, Fredrickson DS. Estimation of the concentration of low-
density lipoprotein cholesterol in plasma, without use of the preparative ultracentri-
fuge. Clin Chem. 1972;18(6):499–502 and Grundy SM, Cleeman JI, Merz CN, et al. 
Implications of recent clinical trials for the National Cholesterol Education Program 
Adult Treatment Panel III guidelines. Circulation. 2004;110:227–239.)
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background statin therapy, with a magnified effect in those 
with high triglyceride and low HDL-C.16 However, a subse-
quent meta-analysis of omega-3 fatty acids failed to show a 
consistent improvement in any cardiovascular endpoint.21 
Ongoing randomized trials of high-dose omega-3 fatty acids 
among those with elevated triglycerides and ASCVD risk will 
provide more direct guidance on the role of omega-3 therapies 
in reducing triglycerides to reduce ASCVD risk. Regardless of 
ASCVD risk, triglyceride levels should be kept below 500 mg/
dL (5.6 mmol/L) to avoid the risk of pancreatitis.11

Causes of Secondary Dyslipidemia
Traditional lipids are routinely measured and abnormal val-
ues (dyslipidemia) are often acted upon directly with the goal 
of reducing ASCVD risk. However, there are common condi-
tions that can lead to dyslipidemia that should be evaluated 
(Table 8.2).19 In addition to diets enriched in trans and satu-
rated fats, the most common conditions leading to increased 
LDL-C levels include hypothyroidism, kidney disease, meno-
pause, and medications including thiazide diuretics, fibrates, 
and glucocorticoids. With respect to triglycerides, in addition 
to diets with high glycemic loads, other common conditions 
leading to elevated levels include excess alcohol intake, dia-
betes, nephrotic syndrome, β-blockers, hormone replacement 
therapy, atypical antipsychotic drugs, and other conditions 
that also raise LDL-C levels (see Table 8.2). Addressing these 
causes first can often lead to improvements or resolution of 
the dyslipidemias without lipid-modifying therapies.

Non-High-Density Lipoprotein Cholesterol
Non-HDL-C is calculated easily by subtracting HDL-C from 
total cholesterol and represents the cholesterol in all apoB-
containing atherogenic lipoproteins, including LDL, VLDL, 
and IDL (see Fig. 8.1).3,19 Typically, thresholds for defining treat-
ment and goals for non-HDL-C are 30 mg/dL (0.77 mmol/L) 
higher than those for LDL-C; therefore ideal non-HDL-C lev-
els are below 130 mg/dL (3.3 mmol/L) for primary preven-
tion. Non-HDL-C predicts ASCVD risk similarly or better than 
LDL-C (Fig. 8.5).22 In contrast to calculated LDL-C, non-HDL-
C is not sensitive to elevated triglycerides and can be mea-
sured in the nonfasting state; therefore it is a better measure 
of atherogenic lipids in those with elevated triglyceride levels 

TABLE 8.1 Interventions Affecting Lipid Levels

LIPID-MODIFYING 
THERAPIES LDL-C NON-HDL-C HDL-C TRIGLYCERIDES LP(a)

Statins ↓ 18–55% ↓ 15–51% ↑ 5–15% ↓ 7–30% ↔

Bile-acid sequestrants ↓ 15–30% ↓ 4–16% ↑ 3–5% ↑ 0–10%

Cholesterol absorption 
inhibitors

↓ 13–20% ↓ 14–19% ↑ 3–5% ↓ 5–11%

PCSK9 inhibitors ↓ 61–62% ↓ 52% ↑ 5–7% ↓ 12–17% ↓ 25%

ApoB antisense ↓ 25–37% ↑ 2–15% ↓ 9–26% ↓ 21–33%

MTP inhibitor ↓ 44–50% ↓ 44–50% ↓ 12–↑1% ↓ 29–45% ↓ 15–19%

Nicotinic acid ↓ 5–25% ↓ 8–23% ↑ 15–35% ↓ 20–50% ↓ 20–40%

Fibric acids ↓ 5–↑20% ↓ 5–19% ↑ 10–20% ↓ 20–50%

Long-chain omega-3  
fatty acids

↓6–↑25% ↓5–14% ↓ 5–↑7% ↓ 19–44%

HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; Lp, lipoprotein; MTP, microsomal triglyceride transfer protein; PCSK9, proprotein 
convertase subtilisin kexin type 9.
Adapted from Jacobson TA, Ito MK, Maki KC, et al. National Lipid Association recommendations for patient-centered management of dyslipidemia: part 1 — executive 
summary. J Clin Lipidol. 2014;8(5):473–488.
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(∼ above 200 mg/dL; 2.3 mmol/L). Elevations in non-HDL-C 
reflect increasing levels of atherogenic remnant lipoproteins 
and often occur with worsening hyperglycemia and insulin 
resistance, obesity, physical inactivity, and increased carbo-
hydrate and alcohol intake. Lastly, non-HDL-C is significantly 
associated with ASCVD risk among those on statins as well 
as among those at high risk22; therefore non-HDL-C is an easy 
measure of residual risk that can be lowered by intensifying 
lifestyle change and/or lipid-lowering therapy.

MEASUREMENT OF ADVANCED 
LIPOPROTEINS

Apolipoprotein B and Apolipoprotein A-I
ApoB and apoA-I levels are most commonly measured by 
the vertical auto profile (VAP) or by nuclear magnetic reso-
nance (NMR) spectroscopy, but they can also be measured 
with immunoassay. There is significant variability among the 
tests; apolipoprotein levels are highest using immunoassays 
and lowest using VAP.23 ApoB is carried by all atherogenic 
lipoproteins in a 1:1 fashion such that every LDL, VLDL, and 
IDL particle contains one apoB lipoprotein.19 Thus it is the 
most direct measure of atherogenic lipoproteins but is not 
part of routine laboratory assessment. Like non-HDL-C, apoB 
levels are not affected by the nonfasting state or by hyper-
triglyceridemia. Maintaining levels below 80 to 90 mg/dL is 
recommended for patients with ASCVD who are taking lipid-
lowering therapy.3,19 ApoB levels consistently outperform 
LDL-C in risk prediction, whereas direct comparisons with 
non-HDL-C are mixed.1 Among patients on lipid-lowering 
therapies, the relationship between atherogenic cholesterol 
and apoB changes, such that there are larger decreases in 
cholesterol than apoB. However, given that assays measuring 
apoB have not been standardized, and non-HDL-C performs 
as well or almost as well as apoB and is not associated with 
additional cost, it remains unclear what role apoB measure-
ment should play in ASCVD risk prediction or management. 
In summary, given that LDL-C and non-HDL-C are part of rou-
tine laboratory assessments and inexpensive to measure, the 
added value of apoB measurements is probably too small to 
merit the cost.

ApoA-I is the main protein carried by HDL particles and 
is considered to have antiatherogenic properties by partici-
pating in the removal of cholesterol from the arterial wall 
and transport to the liver for excretion into the bile and out 
of the body. Unlike apoB, apoA-I does not have a 1:1 ratio 
with HDL particles and is therefore not an exact reflection 
of all circulating HDL particles.24 Many studies have sup-
ported an independent inverse association between apoA-I 
levels and incident ASCVD events; however individual-level 
meta-analyses revealed a failure of apoA-I to improve risk 
prediction performance when accounting for traditional lip-
ids.25 Similarly, the ratio apoB/apoA-I is also associated with 
cardiovascular disease (CVD) but does not consistently per-
form better than traditional lipids and non-HDL-C in terms 
of improving discrimination and reclassification.26 Given 
the variability across measurement techniques, limited 
availability, and minimal to no improvements in risk predic-
tion beyond non-HDL-C or other combinations of traditional 
lipids, the value of measuring the apolipoproteins for risk 
prediction remains unclear.

Lipoprotein(a)
Lipoprotein(a) [Lp(a)] is a complex LDL-like lipoprotein 
particle containing one apoB surrounding a core of choles-
teryl ester, triglyceride, and phospholipid. It differs from LDL 
in that the apoB protein is covalently linked to a highly gly-
cosylated protein called apolipoprotein(a) that resembles 
plasminogen.27 Lp(a) consists of many isoforms of varying 
sizes of apo(a) that are determined by the number of Kringle 
repeats in the apo(a) domain. Circulating levels of Lp(a) are 
heavily influenced by genetically determined numbers of 

TABLE 8.2 Causes of Secondary Dyslipidemia

ELEVATED 
LDL-C

ELEVATED 
TRIGLYCERIDES LOW HDL-C

Diseases

Hypothyroidism + + +

Chronic kidney 
disease

+ + +

Nephrotic syndrome + + +

Autoimmune 
disorders

+ + +

Menopause + + +

Polycystic ovary 
syndrome

+ +

Pregnancy + +

HIV infection + + +

Obstructive liver 
disease

+

Diabetes + +

Metabolic 
syndrome

+ +

Excessive alcohol 
intake

+

Drugs

Thiazide diuretics + +

Glucocorticoids + +

Anabolic steroids + +

Fibric acids +

Omega-3 fatty 
acids containing 
docosahexanoic 
acid

+

Thiazolidinediones + + (rosiglitazone only)

Immunosuppressive 
drugs

+ +

Oral estrogens +

Tamoxifen +

Raloxifene +

Retinoids +

β-blockers + +

Atypical 
antipsychotics

+

Protease inhibitors +

Bile acid 
sequestrants

+

Cyclophosphamide +

HDL-C, high-density lipoprotein cholesterol; HIV, human immunodeficiency virus; 
LDL-C, low-density lipoprotein cholesterol.
Adapted from Jacobson TA, Ito MK, Maki KC, et al. National Lipid Association 
recommendations for patient-centered management of dyslipidemia: part 1 — 
executive summary. J Clin Lipidol. 2014;8(5):473–488.



92

III

C
li

n
iC

a
l 

Ev
a

lu
a

ti
o

n

Kringle repeats and consequent apo(a) size, with smaller size 
correlating with higher Lp(a) levels.27 Environment and life-
style have little effect on circulating levels.28 Measurement 
of Lp(a) levels in humans has been complicated by the 
inability of earlier methods to account for isoform size and 
a lack of standardization of reference calibrators.27 In 2016, 
the World Health Organization Committee of Biological 
Standards accepted a reference standard for use in assay 
calibrators in nmol/L, which circumvents the problems asso-
ciated with size variability of apo(a).27 In addition, use of a 
specific assay with a 5-calibrator system has been certified 
for lack of significant bias based on apo(a) isoform size.

Most studies have revealed direct relationships between 
increasing Lp(a) levels and CV risk, specifically myocardial 
infarction and stroke.29 Furthermore, Mendelian randomiza-
tion studies support Lp(a) as a causal risk factor for clini-
cal atherosclerotic events. In one study, genetically elevated 
Lp(a) levels were associated with a hazard ratio of 1.22 
[95% confidence interval (CI) 1.09–1.37] per doubling of 
Lp(a) level.30 Another study identified two genetic variants 
that strongly correlated with increased Lp(a) levels and 
were associated with a combined odds ratio of 2.57 (95% 
CI 1.80–3.67) for coronary disease, findings that were repli-
cated in other cohorts.31 These studies support the notion 
that elevated Lp(a) likely represents an inherited risk for 
ASCVD and may be useful to measure in those without tra-
ditional ASCVD risk factors but a family history of prema-
ture ASCVD, to help further stratify risk. Lp(a) measurement 
may also help clarify etiology in those developing ASCVD 
without significant risk factors or recurrent ASCVD despite 
statin treatment. However, several but not all studies have 
observed that the increased risk associated with elevated 
Lp(a) is diminished among those on statin treatment with 
significant LDL-C lowering,27 limiting clinical usefulness of 
the test among those already on lipid-lowering treatment.

The threshold of increased risk seen in many studies 
correlates with approximately the 75th percentile from 
Caucasian population-based cohorts, or approximately 30 
mg/dL (75 nmol/L) (Fig. 8.6).30 Interestingly, Lp(a) levels 
vary significantly by ethnicity, with individuals of African 
descent having the highest values and South Asians having 
values between Africans and Caucasians.28 Most studies 

correlating Lp(a) with CV risk have been performed in 
Caucasians; therefore, it remains unknown what the appro-
priate threshold level for increased risk will be in non-Cau-
casian populations. It is important to note that Lp(a) levels 
should be measured with isoform-insensitive assays and 
that validated reference standards do not exist currently.27

The strategy to lower Lp(a) levels to reduce ASCVD risk 
has been bolstered by genetic studies establishing Lp(a) as 
a causal risk factor for ASCVD. Nicotinic acid is the most 
potent Lp(a)-lowering drug that is clinically available, reduc-
ing Lp(a) levels by 20% to 40% (see Table 8.1).32 However, 
in a large randomized controlled trial of extended-release 
high-dose nicotinic acid, there was no benefit of adding it 
to statin therapy, despite a 21% reduction in Lp(a) and other 
favorable lipid changes.33 A second large randomized trial 
of extended-release high-dose nicotinic acid in addition to 
statin therapy also did not improve ASCVD outcomes,34 lim-
iting enthusiasm for the use of nicotinic acid as a clinically 
useful Lp(a)-lowering agent. Statins significantly lower LDL-C 
and apoB levels but, intriguingly, have no consistent effect on 
Lp(a) levels.32 ApoB antisense oligonucleotides and micro-
somal triglyceride transfer protein inhibitors are clinically 
available for treatment in patients with homozygous familial 
hypercholesterolemia and are associated with 17% to 26% 
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FIG. 8.5 Non-high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), and cardiovascular events from the Framingham cohort and Fram-
ingham offspring studies. Cardiovascular events defined as incident fatal and nonfatal myocardial infarction, acute coronary syndrome, and sudden cardiovascular death (N = 
990/5794). (A) The relative risk ratio of increasing categories of non-HDL-C within groups of LDL-C. (B) The same data, but the relative risk ratio of increasing categories of LDL-C 
is displayed within groups of non-HDL-C. For both A and B, the reference group is LDL-C < 130 mg/dL (3.4 mmol/L) and non-HDL-C < 160 mg/dL (4.1 mmol/L). (Adapted from 
Liu J, Sempos CT, Donahue RP, et al. Non-high-density lipoprotein and very-low-density lipoprotein cholesterol and their risk predictive values in coronary heart disease. Am J 
Cardiol. 2006;98(10):1363–1368 [Fig. 1, Table 4].)
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reductions in Lp(a) levels (see Table 8.1).32 Unfortunately, 
they are also associated with significant toxicities that may 
limit generalized use. PCSK9 inhibitors have recently been 
approved for clinical use and are associated with approxi-
mately a 25% reduction in Lp(a) levels.32 Ongoing outcome 
trials will determine if reductions in Lp(a) by PCSK9 inhibi-
tion is associated with CV benefit.

Lipoprotein Particle Size and Concentration
Each of the lipoprotein classes (LDL, VLDL, IDL, HDL) is 
comprised of subclasses of varying sizes. In addition to 
measuring the total cholesterol content of these particles, 
advanced techniques can also measure the size and total 
concentration of each lipoprotein class. The most common 
methods include density gradient rapid ultracentrifugation, 
NMR spectroscopy, gel electrophoresis, and ion mobility. 
However, agreement across methods varies, making direct 
comparisons challenging.35–37

LDL and HDL size-based subclasses have yielded incon-
sistent relationships with CVD, in part due to varying adjust-
ments for cardiometabolic status.38 Small LDL particles are 
the most atherogenic, and many but not all studies have 
shown associations with increased ASCVD risk. However, 
incorporation of total LDL particle number attenuates this 
association in some studies, and it remains unclear whether 
measurement of small LDL improves risk prediction beyond 
traditional lipid measurements, including non-HDL-C. 
Similarly, although increased total LDL particle number has 
been associated with increased ASCVD risk in many studies, 
the risk prediction afforded by LDL particle number has not 
been superior to non-HDL-C or apoB.39 In a large popula-
tion-based cohort (MESA), when LDL particle number was 
discordant and higher than LDL-C, only LDL particle num-
ber predicted ASCVD risk,40 suggesting that increased num-
bers of atherogenic particles, independent of cholesterol 
load, confer increased risk. However, in this analysis, there 
was no direct comparison with non-HDL-C or apoB, which 
also reflect increased levels of atherogenic particles. With 
regard to HDL particle subclasses, large HDL particles reflect 
mature HDL capable of transporting circulating cholesterol 
back to the liver and have been associated with lower risk 
in several studies. However, large HDL particles are highly 
correlated with HDL-C levels, and associations with ASCVD 
are attenuated when accounting for adiposity and insulin 
resistance.41–43 In addition, extremely elevated HDL-C and 
HDL size have been paradoxically directly associated with 
increased CV events, suggesting dysfunctional HDL par-
ticles at the upper extremes of HDL-C concentration and 
size.41–43 In contrast, higher total HDL particle number is 
more consistently correlated with reduced ASCVD risk, even 
with adjustment for HDL-C and at the extremes, and abol-
ishes the association between HDL-C and CV events.41–44 
However, it remains unclear at this stage whether measure-
ment of lipoprotein particle composition adds to ASCVD 
risk assessment beyond traditional lipids and risk factors.

NOVEL LIPID TESTS

Measurement of circulating cholesterol content, particle 
concentration, and particle composition of LDL and HDL 
do not directly interrogate the most proximate lipid pro-
cesses related to arterial atherosclerosis: influx of choles-
terol derived from oxidized apoB-containing lipoproteins 

from the circulation, and efflux of cholesterol to apoA-I-con-
taining lipoproteins out into the circulation. Novel tests have 
been developed to measure these processes more directly, 
and ongoing studies are testing the clinical relevance of 
these assays for risk prediction and as targets of therapy.

Oxidized Low-Density Lipoprotein
Although increased circulating LDL leads to increased 
uptake in the arterial wall, it is the oxidized forms of LDL 
(ox-LDL) that induce cholesterol accumulation into mono-
cytes/macrophages and subsequent atheroma formation.45 
Ox-LDL directly promotes atherosclerosis by driving foam 
cell formation, endothelial dysfunction, smooth muscle cell 
migration and proliferation, and platelet activation.46

Small but significant amounts of ox-LDL are measureable 
in the blood. Three different enzyme-linked immunosorbent 
assays using various murine monoclonal antibodies have 
been tested in human research studies but none is commer-
cially available for clinical use.47 These three antibody assays 
detect different epitopes on ox-LDL and results cannot be 
easily compared. At least one of these assays detects oxidized 
phospholipid on apoB particles and strongly correlates with 
circulating Lp(a) levels (r = 0.8 to 0.9), limiting the ability 
to determine associations with ASCVD specific to ox-LDL. 
Ox-LDL levels are higher in those with existing coronary and 
peripheral arterial disease and rise acutely after myocardial 
and cerebral infarctions, as well as after coronary revascular-
ization.47 However, ox-LDL levels have not been consistently 
shown to correlate with burden of atherosclerosis or improve 
risk prediction of incident events.47 It remains to be seen 
whether development of more standardized assays for ox-
LDL measurement may lead to a clinically useful ox-LDL test.

Cholesterol Efflux
Most lipid testing has focused on the influx of atherogenic 
circulating lipids into arterial walls and progression of ath-
erosclerotic plaques. HDL promotes efflux of cholesterol out 
of the arterial wall into the circulation, and its circulating 
cholesterol content (HDL-C) has been assumed to reflect 
this antiatherosclerotic process.48 Low levels of HDL-C have 
been associated with incident ASCVD in multiple studies;9 
however low HDL-C is part of the metabolic syndrome pro-
file and reflects increased insulin resistance. Accounting 
for insulin resistance through measures of adiposity, hyper-
triglyceridemia, and hyperglycemia abolish or significantly 
weaken the CV risk associated with low HDL-C.49 In addition, 
several randomized controlled trials of therapies raising 
HDL-C have failed to improve outcomes, further highlighting 
the limitations of using HDL-C as a sole therapeutic target.49

In an effort to more directly measure HDL function, 
assays measuring cholesterol efflux have been developed 
and tested in humans.50 The concept involves quantifying 
the amount of labeled cholesterol that effluxes out of stan-
dardized macrophages into apoB-depleted serum or plasma 
containing mostly apoA-I lipoproteins (the main protein 
associated with HDL) (Fig. 8.7).48 In a large study, efflux was 
inversely associated with prevalent coronary disease at the 
time of coronary angiography.51 Subsequently, several large 
cohorts have revealed consistent associations between low 
baseline efflux and increased risk of both incident and 
recurrent ASCVD (Fig. 8.8).44,52,53 These associations are 
independent of HDL-C and HDL particle concentrations, as 
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well as measures of insulin resistance and inflammation. In 
these studies, the association between HDL-C and CV events 
was attenuated when accounting for efflux. These assays 
remain in development as they are cell-based and have not 
been standardized with reference ranges. However, a recent 
report on the additive risk prediction utility of cholesterol 
efflux beyond other emerging risk factors such as coronary 
calcium, family history, and C-reactive protein suggests that 
perhaps this HDL function marker may be clinically useful.54

LIPID TARGETS ON TREATMENT

Statins significantly lower ASCVD risk in both primary and 
secondary prevention populations and are the first choice in 

terms of lipid-modifying therapy for risk reduction.3,7 The main 
targets of statins have been LDL-C and non-HDL-C as they best 
reflect reductions in risk in randomized controlled trials of 
statins.55 Some guidelines suggest that an optional goal is to 
target apoB when LDL-C and non-HDL-C goals have been met, 
particularly in those with diabetes or elevated triglyceride 
levels.1,3,19,56 Direct comparisons of LDL-C and non-HDL-C as 
treatment targets in an individual-level meta-analysis pooling 
eight primary and secondary prevention statin trials reveal 
incremental risk reduction when directly targeting non-HDL-
C to < 130 mg/dL (3.3 mmol/L) versus targeting LDL-C to < 100 
mg/dL (2.6 mmol/L).57 Compared with those achieving both 
LDL-C and non-HDL-C targets, those who did not achieve the 
non-HDL-C target of < 130 mg/dL (3.3 mmol/L) had 20% to 
30% increased risk regardless of achieved LDL-C. In this meta-
analysis, statin-induced change in non-HDL-C explained 64% 
of the treatment benefit, compared with 54% explained by 
change in apoB and only 50% explained by change in LDL-
C. These observations of clear superiority of non-HDL-C over 
LDL-C, along with the ease and no added cost of calculating 
non-HDL-C versus measuring apoB, clearly make non-HDL-C 
a primary lipid target for statin therapy.

Other traditional and advanced lipoprotein measures 
have not been proven to be better than non-HDL-C as treat-
ment targets to reduce ASCVD. Elevated triglycerides and 
low HDL-C are components of the metabolic syndrome 
and reflect increased atherosclerotic and cardiometabolic 
risk.10 However, pharmacotherapies targeting these lipopro-
teins, when given in combination with statin therapy, have 
not consistently been shown to reduce ASCVD despite sig-
nificant reductions in triglycerides58 or increases in HDL-C.59 
High triglycerides and low HDL-C translate into increased 
triglyceride-rich lipoproteins; therefore non-HDL-C can be 
used to track efficacy of lifestyle measures to improve this 
profile. Similarly, because abnormal levels of most advanced 
lipoprotein tests usually reflect increased insulin resis-
tance, non-HDL-C is an adequate surrogate without added 
expense to follow lifestyle measures to improve the insulin-
resistant state. Lastly, there is insufficient current evidence 
to support lowering Lp(a) as a treatment target.32 In the 
Atherothrombosis Intervention in. Metabolic Syndrome with 
Low HDL/High Triglycerides and Impact on Global Health 
Outcomes (AIM-HIGH) trial, reduction of Lp(a) levels with 
extended-release niacin was not associated with improved 
outcomes.60 In summary, most lipid measures, whether tradi-
tional or advanced, may provide improved baseline risk esti-
mation but none is considered to be better than non-HDL-C 
as a treatment target for statins or any other lipid-modifying 
therapy to reduce ASCVD risk.

Treatment Targets Versus Fixed-Dose Statins
The 2013 American College of Cardiology/American Heart 
Association (ACC/AHA) Cholesterol Guidelines recom-
mend fixed-dose high- or medium-potency statins for high- 
or intermediate-risk individuals, respectively, and suggest 
abandoning lipid treatment targets.7 Prior Adult Treatment 
Panel lipid guidelines6 and other current guidelines con-
tinue to emphasize lipid treatment goals, with statins as 
first-line therapies.3,19,56 The divergence of the ACC/AHA 
guidelines is in part related to an ongoing debate on whether 
evidence from randomized controlled trials or observations 
from epidemiologic studies should dictate management 
strategies. The vast majority of randomized controlled trials 
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FIG. 8.7 Macrophage-specific cholesterol efflux. Macrophages are labeled 
with cholesterol and incubated with apolipoprotein B-depleted plasma or serum. The 
amount of labeled cholesterol (C) that moves from the cells to the acceptor as a 
fraction of the total labeled cholesterol in the cells is quantified as cholesterol efflux.
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have tested fixed-dose statins and have shown reductions 
in ASCVD events compared with placebo or high- versus 
medium-potency statins.4 Treatment to a target LDL-C or 
non-HDL-C as a strategy has not been tested for hard out-
comes in a large trial. This forms the basis of the 2013 ACC/
AHA recommendations, which emphasized the randomized 
controlled trial evidence, in part to highlight the benefit of 
initiating and maintaining high-potency statins in high-risk 
individuals, regardless of baseline or on-treatment LDL-C 
levels. At the time of the 2013 ACC/AHA guidelines, no non-
statin therapy had been shown to reduce hard ASCVD risk 
in addition to statins, further strengthening the position to 
use only fixed-dose statins.

However, randomized trials of statins and genetic epide-
miology studies reveal a consistent log-linear relationship 
between baseline and on-treatment LDL-C levels and ASCVD 
risk with no apparent floor.5,61 Whereas there has been little 
debate whether the high-risk person who achieves a 50% 
reduction in LDL-C to 60 mg/dL (1.6 mmol/L) on high-
potency statin has achieved effective risk reduction, there 
continues to be debate about whether a person with lower 
starting LDL-C levels closer to recommended goals of 70 to 
100 mg/dL (1.8 to 2.6 mmol/L) will also benefit from high- 
versus medium-potency statin. Meta-analyses of all the ran-
domized trials suggest that statins at fixed doses as assigned 
in the trials result in consistent risk reductions across the 
spectrum of baseline LDL-C levels, even as low as 50 mg/
dL (1.3 mmol/L).61 Less commonly in the current era, some 
individuals have baseline LDL-C levels above 160 mg/dL 
(4.1 mmol/L) and treatment with high-potency statin may 
get their LDL-C to 80 to 90 mg/dL (2.0 to 2.3 mmol/L), and 
the question then becomes whether there would be incre-
mental benefit in further LDL-C lowering.

An essential concept surrounding these debates is the 
number needed to treat (NNT) to prevent one event. In con-
trast to relative risk reduction, which is remarkably consis-
tent for statins across the spectrum of baseline risk and lipid 
levels,4 the NNT is based on the absolute risk reduction, 
which varies by baseline risk and the magnitude of lipid-
lowering achieved. As an example, extrapolating published 
data from the meta-analysis by the Cholesterol Treatment 
Trialists’ (CTT) Collaboration,61 the NNT is markedly higher 

in those at lower versus higher risk (< 10% vs > 10%) (Fig. 
8.9). Furthermore, in the low-risk group, the high NNT is 
significantly lowered (improved) with larger reductions in 
LDL-C. A separate published analysis of the same data sug-
gests a similar pattern: the NNT is highest in those at low risk 
and low baseline LDL-C/non-HDL-C levels.62 In this analy-
sis, fixed-dose statin (vs treatment target) resulted in a more 
favorable NNT in those with LDL-C levels below ∼100 mg/
dL (2.6 mmol/L). In contrast, an LDL target < 70 mg/dL (< 1.8 
mmol/L) (vs fixed-dose statin) resulted in a lower NNT in 
those with LDL-C levels > 160 mg/dL (4.1 mmol/L) (Fig. 8.10).

Several other points regarding lipid testing among 
patients already receiving lipid modifying therapy merit 
comment. The 2015 Improved Reduction of Outcomes: 
Vytorin Efficacy International Trial (IMPROVE-IT) study was 
the first randomized controlled clinical trial to show that a 
nonstatin drug, ezetimibe, in addition to statin, reduced the 
risk of prespecified major ASCVD events when compared 
with statin therapy alone.63 In this high-risk cohort of patients 
with acute coronary syndrome, the achieved LDL-C was 54 
mg/dL (1.4 mmol/L) in the simvastatin+ezetimibe group ver-
sus 70 mg/dL (1.8 mmol/L) in the simvastatin monotherapy 
group, resulting in a 2% absolute reduction in the primary 
combined endpoint (32.7% vs 34.7%, p = 0.016). There was 
also a 2% absolute reduction in the hard endpoints of non-
fatal and fatal myocardial infarction (MI) or stroke (20.4% 
vs 22.2%, hazard ratio 0.90, 95%CI 0.84–0.96, p = 0.003). The 
reduction in events with ezetimibe+statin correlated with a 
further 24% LDL-C lowering. Moreover, the findings are con-
sistent with the log-linear relationship between LDL-C and 
ASCVD from previous statin trials and raise the possibility 
that achieved LDL-C may still be useful as therapeutic target.

PCSK9-inhibitors also significantly lower LDL-C in addi-
tion to statin therapy (see Table 8.1).64,65 If this novel class of 
lipid drugs is confirmed to reduce CV events, as preliminary 
data suggest,64,65 the case for targeting the lowest possible 
LDL-C/non-HDL-C will become stronger. Lastly, lipid testing on 
therapy may reveal continued or new elevations of non-HDL-
C, indicating lack of adherence to drug therapy and lifestyle 
recommendations and/or the development of new disorders 
such as diabetes, hypothyroidism, or nephrotic syndrome.
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SUMMARY AND GUIDELINE 
RECOMMENDATIONS

The concept that abnormal lipids contribute significantly 
to ASCVD risk has been firmly in place since as early as the 
1950s. Total cholesterol and low HDL-C are the standard lip-
ids used in risk prediction algorithms to determine need for 
statins and other risk-reducing measures. Lipid targets have 
focused on specific LDL-C and non-HDL-C thresholds, but 
the NNT to prevent one event varies on baseline risk, starting 
lipid levels, and degree of lipid-lowering. With respect to lipid 
targets, non-HDL-C is superior to LDL-C in predicting residual 
risk and does not require fasting status. Many advanced lipo-
protein measures incrementally improve risk prediction but 
typically reflect insulin-resistant states, are not current targets 
of therapy, and do not perform sufficiently better than non-
HDL-C across broad populations. Randomized controlled tri-
als of statins strongly suggest that high-risk individuals benefit 
from high-potency statins, regardless of baseline or on-treat-
ment LDL-C/non-HDL-C levels. The results of the IMPROVE-IT 
trial63 and preliminary results from trials of several PCSK9-
inhibitors64-65 suggest a role of additional LDL-C/non-HDL-C 
lowering in addition to statin therapy.
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INTRODUCTION

Several diagnostic tools exist to clinically assess the prevalence 
and severity of coronary heart disease and to enhance the abil-
ity to identify the “vulnerable” patient at risk of developing car-
diovascular events. In addition, the assessment of biomarkers 
is one option to improve the diagnosis of disease, to better 
identify high-risk individuals, to improve prognostication, and 
to optimize the selection of and response to chronic artery 
disease treatment. The major strength of biomarker assess-
ment in chronic coronary artery disease (CAD) constitutes the 
improved prognostication and monitoring of disease.

The term biomarker (i.e., biologic marker) was introduced 
approximately 30 years ago indicating a measurable and 
quantifiable biological parameter (e.g. specific enzyme con-
centration, specific hormone concentration, specific gene 
phenotype distribution in a population, presence of biologi-
cal substances) which serve as indices for health- and phys-
iology-related assessments, such as disease risk, psychiatric 
disorders, environmental exposure and its effects, disease 
diagnosis, metabolic processes, substance abuse, pregnancy, 
cell line development, epidemiologic studies, etc.1

This term was further developed and the definition stand-
ardized as

“a characteristic that is objectively measured and evalu-
ated as an indicator of normal biological processes, 
pathogenic processes, or pharmacologic responses to a 
therapeutic intervention.”2

A biomarker can be determined as a biosample (blood-, 
urinary-, or tissue-borne); it may be a recording like blood 
pressure, electrocardiogram (ECG), stress test, or Holter; or it 
can constitute an imaging test (echocardiogram, magnetic 
resonance imaging [MRI], or computed tomography [CT] 
scan). This chapter focuses on the impact of blood-borne 
biomarkers in chronic CAD.

There are several main practical considerations for the use 
of blood-borne biomarkers in stable CAD (Box 9.1). First, bio-
markers might help to identify the prevalence of a disease in 
addition to clinical assessment, ECG, stress test, and imaging 
tests such as echocardiography or CT scan. However, the diag-
nostic accuracy of blood-borne biomarkers in identifying or 
validating chronic CAD is rather weak. Second, biomarkers 

may help to improve prognostication in diseased individuals 
as some biomarkers are strongly related to future cardiovascu-
lar events. Third, biomarkers may support treatment selection 
in CAD patients. Fourth, biomarkers might serve as indicators 
for disease progression and, finally, biomarkers might be used 
to monitor treatment success, although the use of biomarkers 
for the monitoring of disease progression and treatment suc-
cess has not been successfully proven so far.

The advent of new molecular technologies such as gene 
sequencing or reliable determination of noncoding RNAs 
allows the identification of novel biomarkers related to a 
disease. These novel biomarkers, which have not entered 
the clinical routine so far, might have the potential for more 
accurate disease-related application.

The overall expectation of a biomarker for chronic cardio-
vascular disease (CVD) is to enhance the ability of the clini-
cian to optimally manage the patient (Fig. 9.1). For instance, 
in a person with chronic or atypical chest pain, a biomarker 
may be expected to facilitate the identification of patients 
with chest pain of ischemic etiology leading to the clinical 
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 1.  Provides additional information to already established 
clinical parameters

 2.  Objectively measurable and quantifiable biologic parameter
 3.  Measurable in an accurate and standardized way with low 

intra-individual variability
 4.  Indicator of health and physiology-related assessments
 5.  Tested in prospective studies to validate its prognostic and 

diagnostic efficacy
 6.  Able to

 •  identify individuals at high risk
 •  identify disease prevalence in addition to clinical 

assessment
 •  improve prognostication in healthy and diseased 

individuals
 •  provide information that could lead to a change in 

therapeutic strategies and support treatment selection
 •  monitor treatment success
 •  assist the clinician for optimal patient management
 •  assess response to therapy

 7.  Easily accessible, measurable, cost-effective

BOX 9.1 Biomarker Criteria: What Makes a 
Biomarker Useful?
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symptom of angina. In a patient with CAD, a biomarker may 
assess the likelihood of a future event and response to therapy.

The clinical value of a biomarker is related to its accu-
racy, its standardized determination including reproducibil-
ity, its accessibility, and direct interpretation of the biomarker 
results for clinicians. The interpretation should include con-
sistent prediction in multiple studies and the capacity to 
improve patient management. Changes in biomarker levels 
should lead to clinically relevant consequences (see Fig. 9.1).

To date, cardiovascular risk assessment has been predom-
inantly based on classic risk factors. However, particularly 
in diseased individuals, the classic risk factors do not fully 
explain the risk of repeated events. Most of these factors are 
modifiable, and intervention is likely to reduce the risk of 
CVD. To improve risk estimation beyond what is possible with 
classic risk factors, many biomarkers have now been related 
to cardiovascular risk in secondary prevention. It seems that 
biomarkers of inflammation like C-reactive protein (CRP), 
biomarkers of hemodynamics like B-type natriuretic pep-
tide (BNP) and the N-terminal fragment of its prohormone, 
NT-proBNP, and—most recently—markers reflecting cardiac 
micronecrosis such as cardiac troponins measured with 
high-sensitivity assays have most consistently improved risk 
estimates and led to interventions.

Various biomarkers have been postulated to improve risk 
prediction and patient care in stable CAD patients. Only a 
few biomarkers have undergone rigorous evaluation regard-
ing whether or not they add prognostic information beyond 
that which is already obtained by simpler clinical methods 
and classic risk factors (see Fig. 9.1). These extensively stud-
ied biomarkers are cardiac troponin I or T, CRP, and BNP. In 
addition, multiple studies have tested their interaction with 
different therapeutic strategies.

In general, biomarkers that are currently discussed to support 
management in chronic CAD reflect different pathophysiologic 
processes such as cardiac micronecrosis and hemodynamics, 
as well as more general processes such as inflammation, vascu-
lar function, renal function, and lipid disorders.

This chapter provides an overview about established and 
novel biomarkers in chronic CAD and describes the molecu-
lar basis of biomarker discovery and selection and the practi-
cal considerations that are a prerequisite to their clinical use.

BIOMARKERS OF MYOCARDIAL INJURY

Cardiac Troponin
Myocardial injury occurs when there is a disruption of nor-
mal cardiac myocyte membrane integrity.  This results in the 

release of intracellular components into the extracellular 
space, including detectable levels of a variety of biologically 
active cytosolic and structural proteins, such as cardiac tro-
ponins. Myocardial injury has traditionally been considered 
to be an irreversible process (cell death), occurring mainly 
during an acute pathologic cardiac condition like an acute 
coronary ischemic event or acute myocarditis.3 The advent 
of more sensitive methods allows troponin determination in 
apparently stable cardiac healthy conditions.

Cardiac troponins I and T are regulatory proteins that 
control the calcium-mediated interaction of actin and myo-
sin during contraction. These proteins are products of spe-
cific genes and therefore have the potential to be unique for 
the heart. Studies performed with cardiac troponin I have 
failed to locate any troponin I outside of the heart at any 
stage of neonatal development. In contrast, cardiac troponin 
T is expressed to a minor extent in skeletal muscle.4 Data 
indicate that there are at least some patients with skeletal 
muscle disease who have detectable levels of cardiac tro-
ponins. This implies that skeletal muscle injury can, in some 
patients, be the source for elevations of troponin detected in 
the blood,5 even in a healthy state.

Assays to Measure Cardiac Troponins
Cardiac troponins I and T are specific markers for myocar-
dial injury.  However, there are variations in the sensitivity and 
specificity of various immunoassays. This is related to a lack of 
standardization, the presence of modified cardiac troponin I 
and troponin T in “serum” or “plasma”, and variations in anti-
body cross-reactivities to the various detectable forms of tro-
ponin I that result from their degradation. Because each assay 
relies on specific conditions, one cannot extrapolate a value 
from one assay to another. Older assays are less sensitive than 
newer assays. The former are referred to as conventional or 
sensitive assays and the latter are referred to as high- sensitivity 6 
assays.7,8 One criterion for calling an assay high sensitivity is 
the proportion of apparently healthy individuals in whom the 
assay is capable of detecting troponin.9 All individuals have 
small amounts of measurable troponin levels in their blood.10 
Most conventional or sensitive assays detect troponin levels 
only in very few normal individuals, whereas some high-sen-
sitivity assays detect troponin in nearly 100% of normal indi-
viduals.7,8,11–14 Both the analytical performance of the assay 
and instrumentation and differences in the reference popula-
tions likely contribute to reported variability between assays 
(as reviewed by Jaffe3).

The highly sensitive assays have tremendous potential for 
clinical practice. Compared with sensitive troponin assays, 
high-sensitivity troponin assays enhance the accuracy and 
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FIG. 9.1 Workflow and qualification of establishing a biomarker for chronic coronary artery disease.
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speed of the diagnosis, improve outcome, and are cost-effec-
tive.15 High-sensitivity assays that allow the measurement 
of very low cardiac troponin levels in patients with stable 
heart disease are now available for clinical and research 
use. These low, previously undetectable troponin levels have 
shown strong associations with incidents, i.e., future myocar-
dial infarction (MI), stroke, and death, in a variety of primary 
and secondary prevention populations, including in patients 
with stable ischemic heart disease or stable CAD.16–18

Omland et al. showed that very low circulating levels of 
cardiac troponin T are detectable in the great majority of 
patients with stable CAD and preserved left ventricular func-
tion. Multiple conventional risk factors were associated with 
higher troponin T levels in this population, and very low 
circulating levels of troponin T had a graded relationship 
with the incidence of cardiovascular death and heart fail-
ure (HF). Moreover, the authors presented insights into the 
levels well below the limit of detection of previous assays 
and below the 99th percentile in apparently healthy blood 
donors. Even in this range, troponin levels were strongly 
associated with the incidence of cardiovascular death and 
HF; however, the levels were not independently associated 
with the incidence of MI.18

When applying a high-sensitivity troponin I test in the 
same study population, Omland et al. demonstrated that 
small elevations were associated with the incidence of car-
diovascular death or HF in patients with stable CAD and 
provide additional prognostic information to conventional 
risk markers and prognostic cardiovascular biomarkers, 
including troponin T. Interestingly, the correlation between 
troponin I and troponin T levels was of only moderate 
strength, suggesting that mechanisms of release and/or deg-
radation may potentially differ between the troponins in the 
chronic setting. Furthermore, troponin I, but not troponin T, 
was significantly and independently associated with both 
prior acute MI (AMI) and the incidence of subsequent AMI. 
Chronic, low-grade elevation of troponin I and troponin T 
in patients with stable CAD may potentially reflect different 
pathophysiologic determinants and suggest different thera-
peutic responses.17

Everett et al. showed in their study involving patients with 
both type 2 diabetes and stable ischemic heart disease that 
baseline cardiac troponin T levels above the upper limit of 
normal were associated with approximately a doubling of 
the risks of MI, stroke, HF, death from cardiovascular causes, 
and death from any cause. Nearly 40% of the patients had 
high-sensitivity cardiac troponin T levels at baseline that 
were above the upper reference limit used to define myo-
cardial injury. The incidence of the primary composite end-
point of death from cardiovascular causes, MI, or stroke at 5 
years in this group was 27%, which was double the rate in 
the group with normal baseline troponin T levels. Similar 
results were seen with respect to other important outcomes, 
such as the secondary composite outcome of death from 
any cause, MI, stroke, or HF. The relationship between tropo-
nin T levels and the subsequent risk of MI, stroke, HF, death 
from cardiovascular causes, and death from any cause sug-
gests that high-sensitivity cardiac troponin T level is a pow-
erful prognostic marker in patients who have both type 2 
diabetes and stable ischemic heart disease.16

The newly established technologies allow precise mea-
surement of low circulating troponin levels even in the 
general population.10 This biomarker is of particular impor-
tance, as it is cardiac specific and directly reflects pathologic 

cardiac conditions. Cardiac troponin concentrations also 
correlate with the prevalence of cardiovascular risk factors. 
Assessment of circulating troponin levels using a robust, 
highly sensitive assay might therefore be suitable to predict 
first and subsequent adverse events. Whether the measure-
ment of troponin in addition to risk scoring systems19 is 
useful for cardiovascular risk assessment will be subject to 
further research.

The first steps in this direction have been analysed by using 
the harmonized database and biobank of the Biomarker for 
Cardiovascular Risk Assessment in Europe (BiomarCaRE). 
The distribution of troponin I levels was evaluated on an 
individual level, assayed using a highly sensitive method in 
population cohorts across Europe. The association with car-
diovascular mortality, first nonfatal and fatal cardiovascular 
events, and overall mortality has been characterized, and the 
predictive value beyond the variables used in the European 
Society of Cardiology Systematic COronary Risk Evaluation 
(ESC SCORE) has been determined. The application of high-
sensitivity cardiac troponin I has the potential to improve 
risk prediction of cardiac death in the general population. 
A potentially clinically relevant cut-off value was applied. 
The results of the BiomarCaRE study indicate conditions in 
which the determination of troponin I concentrations pro-
vides additional prognostic information to established risk 
models. Troponin I determination might support the selec-
tion of those individuals who would benefit most from pre-
ventive strategies.19 However, the direct interaction between 
troponin elevation and preventive treatment strategies in 
particular in diseased individuals still has to be proven.

BIOMARKERS OF VASCULAR FUNCTION AND 
NEUROHUMORAL ACTIVITY

B-Type Natriuretic Peptide
BNP is a natriuretic peptide hormone with vasoactive func-
tions and is involved in volume homeostasis and cardiovas-
cular remodeling.20 Both BNP and NT-proBNP are robust 
markers of neurohormonal activation. BNP is produced 
from larger precursor molecules, prepro-BNP(1-134) and 
pro-BNP(1-108), pro-BNP is then cleaved into the active 
moiety BNP(1-32) and an inactive part, NT-proBNP(1-76).21 
Although this simple model of the cleavage pattern is widely 
described, the cleavage mechanisms seem to be more 
complex and dependent on different factors. A number of 
reports have demonstrated high-molecular-weight mate-
rial, apparently unprocessed proBNP forms, circulating in 
healthy as well as in diseased individuals, even in almost 
equal amounts as processed BNP.22 proBNP is a glycopro-
tein including several glycosylation sites within the protein. 
The glycosylation status seems to be crucial for further 
proBNP processing, in particular at the glycosylation sites 
near the region of cleavage. Molecular studies have shown 
an O-glycosylation-dependent inhibition of proBNP process-
ing, which could be one possible explanation for the pres-
ence of higher levels of unprocessed proBNP in biologic 
samples.23 In addition, NT-proBNP in human blood is also 
glycosylated, which can negatively influence the recogni-
tion of NT-proBNP by antibodies targeting the central part of 
the molecule23 and thus might not be easily accessible by 
standard assays. These data are of clinical interest, as they 
indicate the existence of different high-molecular-weight 
and low-molecular-weight forms of BNP in biologic material. 
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Consequently, assays to detect BNP/NT-proBNP need to be 
able to clearly distinguish between these various circulating 
forms of BNP.

Several other mechanisms also contribute to an increase 
in BNP levels such as cardiac hypertrophy, or increased 
muscle mass in left ventricular hypertrophy. By binding to its 
receptor (natriuretic peptide A receptor), BNP mediates natri-
uresis, vasodilatation, and renin inhibition, as well as anti-
ischemic effects.21 Clearance of BNP is mediated mainly via 
the natriuretic peptide C (clearance) receptor and the widely 
distributed enzyme neprilysin.  Although functionally inac-
tive, NT-proBNP has a longer half-life compared to BNP (1–2 h 
vs. 20 min), resulting in higher circulating levels. The longer in 
vivo half-life and enhanced in vitro stability are clear advan-
tages, particularly in settings such as general practice where 
samples are shipped to hospital laboratories for analysis.

The main source of circulating BNP is the ventricular 
myocardium where it is produced in response to dilatation 
and pressure overload, and released into the circulation.24 
This reflection of myocardial stretch makes BNP an excel-
lent marker for diagnosis25,26 and an important surrogate 
for severity of HF. 26 As markers for myocardial stretch, and 
the fact that therapy of HF modulates levels of BNP and 
NT-proBNP, these biomarkers are recommended for the 
assessment of diagnosis, prognosis, and treatment success 
in HF by all major cardiovascular societies.26

A large body of data provide evidence that BNP produc-
tion is stimulated by hypoxia and ischemia itself, processes 
which may result in myocyte stress under ischemic con-
ditions despite constancy in measurable hemodynamic 
parameters.27

For patients with HF with reduced ejection fraction 
(HFrEF), impressive data have been generated for BNP in 
the prediction of outcome. In particular, patients with per-
sistently high BNP levels are at high risk for adverse out-
comes. In chronic HF, higher levels of BNP are associated 
with increased cardiovascular and all-cause mortality, inde-
pendent of age, New York Heart Association class, previous 

MI, and left ventricular ejection fraction (LVEF).28 BNP is 
also associated with re-admission for HF and outcomes 
after presentation to the emergency department for HF, a 
setting in which traditional risk factors do not have any 
prognostic value.28 In HF with preserved ejection fraction 
(HFpEF), BNP has also been shown to be an important 
prognostic marker in patients for predicting mortality.21

In addition to its use for HF diagnosis and prognosis, 
NT-proBNP has also been recognized as a marker of long-
term mortality in patients with stable coronary disease. 
Kragelund et al.29 showed, in over 1000 coronary heart dis-
ease (CHD) patients, including a high proportion of patients 
with suspected HF, that NT-proBNP levels were significantly 
higher in patients who died from any cause after a median 
follow-up of 9 years. Patients with high NT-pro-BNP levels 
were older, had a lower LVEF and a lower creatinine clear-
ance rate, and were more likely to have a history of MI, clini-
cally significant CAD, and diabetes.29 In another large study 
whose aim was to examine the predictive value of BNP 
in CAD for long-term cardiovascular outcome, Schnabel 
et al.27 prospectively analyzed BNP levels in patients with 
stable angina. BNP levels were significantly increased in 
patients with future cardiovascular events. Patients with high 
levels of BNP had an elevated risk for cardiovascular events, 
even after adjustment for potential confounders such as age, 
gender, body mass index (BMI), CRP, and HDL-C (Fig. 9.2).27 
These data provide clear and independent evidence that 
BNP is a strong prognostic marker that provides additional 
information above and beyond that provided by classic risk 
factors.

In the studies of Kargelund and Schnabel,29,30 a high 
proportion of clinically suspected HF patients—and 
thus high-risk stable CAD patients—were present. Thus, 
the association between BNP and mortality might be 
explained mainly by the ability of BNP to predict HF. 
To further examine whether BNP can act as a prognos-
tic indicator in patients with low-risk stable CAD and 
to investigate whether BNP levels might also relate to 
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incidence of coronary ischemic events, plasma BNP 
and NT-proBNP levels were measured in a subcohort of 
the Prevention of Events with Angiotensin-Converting 
Enzyme Inhibition (PEACE) trial, including patients with 
stable CAD and preserved systolic function.31 Both BNP 
and NT-proBNP showed predictive value for incidence 
of cardiovascular death, congestive HF, and stroke, but 
not for MI. After adjustment for classic risk factors, both 
peptides were still predictive for HF but only NT-proBNP 
remained predictive for cardiovascular death and stroke. 
Importantly, even after adjustment for the incidence of HF, 
NT-proBNP remained a significant predictor of cardiovas-
cular mortality.31 Accordingly, both BNP peptides added 
strong prognostic information to classic risk factors in 
both high- and low-risk patients with stable CAD.

Although persuasive evidence exists that NT-proBNP and 
BNP strongly predict outcome in individuals with chronic 
CAD, the determination of these natriuretic markers is 
currently not established in the clinical routine of stable  
ischemic heart disease assessment. This is explained by 
the lack of treatment consequences in individuals with 
chronic CAD who have elevated NT-proBNP or BNP lev-
els. Nevertheless, elevated natriuretic peptide levels in 
these patients should prompt detailed diagnostic efforts to 
exclude the presence of HF.

Atrial Natriuretic Peptide
Similar to BNP,  atrial or A-type natriuretic peptide (ANP) is a 
hormone that is released from myocardial cells in response 
to volume expansion and increased wall stress.32 ANP cir-
culates primarily as a 28–amino acid polypeptide predomi-
nately synthesized and secreted by atrial cardiomyocytes 
in healthy individuals. In HF, ANP is also produced by ven-
tricular cardiomyocytes. ANP is derived from a precursor 
molecule of 126 amino acids, called proANP, and is cleaved 
into a 98–amino acid N-terminal fragment (NT-proANP) and 
the active ANP. NT-proANP has a much longer half-life than 
active ANP and has therefore been proposed as a more reli-
able analyte for measurement than ANP.  33 Further fragmen-
tation of proANP results in a mid-regional ANP molecule 
(MR-proANP), which is even more stable than the N- or 
C-terminal part of the precursor.34

Just like the related B-type natriuretic peptides, an 
increase in ANP and its cleavage associates with HF. The 
Leicester Acute Myocardial Infarction Peptide (LAMP) 
study demonstrated that MR-proANP is a powerful pre-
dictor of death in post-MI patients.35 This was especially 
evident in patients with an elevated NT-proBNP, indicat-
ing that the combination of both A- and B-type natriuretic 
peptides gives added prognostic information above exist-
ing clinical characteristics.35 The Gruppo Italiano per lo 
Studio della Sopravvivenza nell’Infarto Miocardico Heart 
Failure (GISSI-HF) trial provided evidence that measure-
ment of MR-proANP provided prognostic information inde-
pendently of NT-proBNP.  36 Natriuretic peptides and other 
vasoactive peptides were measured in 1237 patients with 
chronic stable HF at randomization and at 3 months. The 
addition of MR-proANP improved classification for mortality 
when added to models based on clinical risk factors alone 
(net reclassification improvement [NRI] = 0.12) or together 
with NT-proBNP (NRI = 0.06). Increases in MR-proANP levels 
were associated with mortality (hazard ratio 1.38, 95% con-
fidence interval [CI] 0.99–1.93 and hazard ratio 1.58, 95% CI 

1.13–2.21, in the middle and highest versus the lowest ter-
tiles, respectively).36,37

Although data on the value of ANP and its amino- and 
mid-terminal fragments in chronic coronary disease are 
available, more data are needed to define the clinical utility 
of MR-proANP measurements in patients with stable angina 
pectoris and chronic CAD.

Adrenomedullin
Adrenomedullin (ADM) is a peptide that was originally 
isolated from human pheochromocytoma cells; it has an 
amino acid sequence that is similar to human calcitonin 
gene-related peptide, a potent vasodilator.32 In addition 
to the strong vasodilatory effects on the vasculature, ADM 
enhances myocardial contractility via a cyclic adenosine 
monophosphate-independent mechanism (reviewed by 
Colucci38). Although not cardiac-specific, ADM exerts vari-
ous effects on the cardiovascular system, i.e., induction of 
hypotension and bronchodilatation or enhancement of 
renal perfusion.

ADM is derived from a 185–amino acid precursor peptide 
(preproADM), which is processed into another biologically 
active peptide termed proadrenomedullin N-terminal 20 pep-
tide (PAMP). This peptide fragment has a suggested hypoten-
sive effect and two peptides flanking ADM: one mid-regional 
part of proADM (proADM 45–92) and the COOH terminus of 
the molecule (proADM 153–185).39

Earlier studies investigating the active form of ADM 
showed that ADM plasma levels are elevated in patients 
with chronic HF and increase with disease severity.41 
Because active ADM immediately binds to receptors in the 
vicinity of its production and has a short half-life (22 min), 
reliable measurement of active ADM in the circulation is 
difficult. Therefore, novel immunoassays measuring the sta-
ble mid-regional part of proADM (MR-proADM) have been 
developed39 and are currently used to assess MR-proADM 
levels.

In hypertensive African Americans, MR-proADM is cor-
related with pulse pressure, left ventricular (LV) mass, and 
albuminuria (reviewed by Neumann et al. 40). In patients 
with HF, ADM was an independent predictor of mortal-
ity and added further prognostic value to established bio-
markers, e.g., NT-proBNP.  40 In the Biomarkers in Acute Heart 
Failure (BACH) trial, which investigated the prognostic 
value of MR-proADM in patients with acute HF, the peptide 
predicted survival over a period of 90 days superior to BNP 
and NT-proBNP.  41 Using cut-off values, the accuracy to pre-
dict 90-day survival was 73% for MR-proADM, 62% for BNP, 
and 64% for NT-proBNP (difference p < 0.001). Even in the 
adjusted multivariable Cox regression, MR-proADM carried 
independent prognostic value.

The prognostic impact of MR-proADM on future fatal and 
nonfatal cardiovascular events in patients with symptomatic 
CAD was assessed in the AtheroGene study.42 Individuals 
presenting with stable angina pectoris had comparable 
MR-proADM levels to levels in those with acute coronary 
events. Individuals who suffered a subsequent cardiovas-
cular event had elevated MR-proADM levels at baseline in 
both groups. Baseline MR-proADM levels were indepen-
dently associated with future cardiovascular events, and 
MR-proADM added information beyond that obtained from 
classic risk models. The additional use of MR-proADM for 
risk stratification in patients with known stable coronary 
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heart disease was also shown in the Long-Term Intervention 
with Pravastatin in Ischemic Disease (LIPID) study.43 Here, 
baseline levels of MR-proADM predicted major CHD events 
(nonfatal MI or CHD death and all-cause mortality) after 1 
year. An increase in MR-proADM levels after 1 year was asso-
ciated with an increased risk of subsequent CHD events, 
nonfatal MI, HF, and all-cause mortality. Adjustment for base-
line BNP levels did not change the significance of these 
associations.

Concerning its prognostic value in post-MI patients, 
MR-proADM was also a powerful predictor of adverse out-
come and was correlated with future cardiovascular events 
in patients with symptomatic CAD and acute chest pain. 
In the LAMP Study, MR-proADM was increased in post-MI 
patients35 who suffered death or HF, and MR-proADM levels 
were significant independent predictors of death and HF 
in these patients. MR-proADM levels provided even stron-
ger risk stratification in those patients who had NT-proBNP 
levels above the median, indicating that MR-proADM repre-
sents a powerful and clinically useful marker for prognosis 
of death and HF after AMI, comparable to or in combination 
with NT-proBNP.

Growth Differentiation Factor-15
Growth differentiation factor-15 (GDF-15), also known as 
serum macrophage inhibitory cytocine-1 (MIC-1), is a mem-
ber of the transforming growth factor (TGF-ß) cytokine 
superfamily, which has been discussed in the last decade 
as a novel emerging biomarker for CVD and other diseases 
such as cancer.44 Under physiologic conditions, GDF-15 is 
solely expressed in the placenta, but its expression pattern 
is increased under various pathophysiologic conditions.45 
GDF-15 has been shown to be associated with oxidative 
stress, inflammation, and stress induced by biomechanical 
stretching of the heart.46 In an experimental mouse model, 
Kempf et al. showed endogenous GDF-15 to be significantly 
involved in cardiac protection in ischemia or reperfusion 
injury.46 However, the pathophysiologic role of GDF-15 in dif-
ferent pathologic disease states and its regulatory mecha-
nism are still controversial.45

In diseased patients suffering from HF, GDF-15 measure-
ment improved the prediction of mortality and an adverse 
outcome.47 Interestingly, GDF-15 levels seem to better cor-
relate with diastolic dysfunction than NT-proBNP levels 
and thus add incremental information to NT-proBNP in 
a population at risk.47 Brown et al. described increased 
plasma levels of GDF-15 as a predictor for cardiovascu-
lar events in patients in a case-control study in healthy 
women.48 Interestingly, GDF-15 was also reported to be 
a prognostic marker in non-ST-segment elevation MI 
(NSTEMI) or ST-segment elevation MI (STEMI).49 GDF-15 
has also been evaluated as a prognostic tool in stable CAD. 
In the AtheroGene study, GDF-15 was associated with coro-
nary heart disease mortality, but not MI, after adjustment 
for confounders.49 In the Heart and Soul study, GDF-15 was 
independently associated with increased risk of cardiovas-
cular events.50 GDF-15 levels have also been implicated 
as a marker for patients at risk of death and HF rehospi-
talization in both HFrEF and HFpEF.51 To date, this marker 
constitutes a powerful risk predictor in various clinical con-
ditions, but without direct clinical applicability. Whether 
the determination of GDF-15 in chronic CAD might help to 
improve treatment strategies has not yet been tested.

BIOMARKERS OF RENAL FUNCTION

It has been well proven that impairment of renal function 
is strongly associated with CAD and cardiovascular mortal-
ity.6,52 Beyond shared risk factors, decreased renal function 
affects the cardiovascular system through numerous mecha-
nisms, e.g., increased aldosterone activity,53 enhanced proin-
flammation,54 and platelet activation.55 These mechanisms 
lead to an acceleration of the development and progres-
sion of CAD, resulting in a poor prognosis of patients with 
decreased renal function. In addition to manifest chronic 
kidney disease,56 slight impairment of renal function is 
also associated with increased coronary risk.57,58 Therefore, 
biomarkers for the identification and exact quantification 
of different stages of renal dysfunction are essential for risk 
stratification, prevention, and therapies of CAD.

Estimated Glomerular Filtration Rate
The estimated glomerular filtration rate (eGFR) is the most 
relevant parameter for assessment of renal function in clini-
cal practice. Different equations for the estimation of GFR 
have been developed during the past decades. Today, the 
eGFR equation of the Chronic Kidney Disease Epidemiology 
Collaboration (CKD-EPI)56 is the best validated equation in 
terms of accuracy and risk prediction, especially in individu-
als with normal or only mildly reduced GFR.56 Thus, the CKD-
EPI equation is currently replacing other eGFR equations 
such as the Cockcroft-Gault equation or the Modification 
of Diet in Renal Disease (MDRD) equation. Despite several 
limitations, serum creatinine remains the most commonly 
used renal marker for estimation of GFR.

Numerous large studies have shown a substantial 
increase of cardiovascular risk in relation to eGFR decline 
toward 60 mL/min per 1.73 m2 or below.6 Individuals with an 
eGFR less than 60 mL/min per 1.73 m2 are defined as high 
cardiovascular risk. Although those individuals are exposed 
to more adverse effects by the use of cardiovascular drugs 
or iodinated contrast agents compared to individuals with 
a preserved renal function, the benefit of an intensive treat-
ment of CVD outweighs this substantially in patients with 
decreased renal function.59,60 Therefore, a baseline and 
annual measurement of creatinine and assessment of renal 
function with eGFR is recommended for all patients with 
known or suspected CAD.61

Cystatin C
As serum creatinine measurements have limitations due 
to variations in creatinine production, secretion, and extra-
renal excretion influenced by age, gender, muscle metab-
olism, and renal reserve, potentially more robust renal 
markers have been evaluated. Of these, cystatin C is the best 
validated and most widespread renal marker beside serum 
creatinine. Cystatin C is produced by all nucleated cells at a 
relatively constant rate, is filtered at the glomerulus, and is 
not reabsorbed in the tubules. Due to fewer variations influ-
enced by age, gender, muscle mass, diet, or other factors, 
impaired cystatin C concentration better detects particu-
larly mild decreases of renal function.62 In a large cohort of 
patients with CAD and normal or only mildly reduced renal 
function, cystatin C was a potent predictor of cardiovascular 
mortality beyond classic risk factors.63

In terms of GFR prediction, the use of cystatin C for esti-
mation of eGFR with cystatin C–based eGFR equations has 
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similar accuracy compared to the use of creatinine-based 
eGFR equations.62 The combined CKD-EPI eGFR equation 
using both serum creatinine and cystatin C has been shown 
to be more exact for estimation of GFR than eGFR equations 
based on either of these markers alone.56 In terms of cardio-
vascular risk prediction, eGFR calculated with the cystatin 
C–based or combined CKD-EPI equation was shown to be 
more strongly associated with the cardiovascular prognosis 
than eGFR calculated with serum creatinine–based equa-
tions both in a cohort of HF patients and in a cohort of 
patients with CAD.64,65

Measurement of cystatin C in addition to serum creati-
nine and assessment of eGFR with the combined CKD-EPI 
equation can be helpful as a confirmatory test in patients 
with a creatinine-based GFR estimation of 45 to 75 mL/min 
per 1.73 m2 to identify, or exclude more accurately, the car-
diovascular high-risk setting of reduced renal function with 
a GFR less than 60 mL/min per 1.73 m2, which requires the 
most intensive treatment of cardiovascular risk factors.

LIPID BIOMARKERS

More than a century ago the German chemist Adolf Windaus 
described a far higher amount of cholesterol in atherogenic 
plaques of human aortas compared to healthy aortas. Since 
then, numerous studies have demonstrated a key role of ath-
erogenic cholesterol-containing lipoprotein particles, par-
ticularly low-density lipoprotein cholesterol (LDL-C), for the 
development of CAD.66

Although there is a large diversity of measurable lipopro-
teins and various lipoprotein ratios have been evaluated, 
the strong evidence of lipid-lowering therapy established 
through many randomized controlled trials is almost 
entirely based on total cholesterol and LDL-C. (See Chapter 
8 for more on lipid biomarkers.)

Recommendations for Lipid Profile 
Measurement
A lipid profile including total cholesterol (TC), high-
density lipoprotein cholesterol (HDL-C), LDL-C, and tri-
glycerides (TGs) should be assessed in all patients with 
suspected or known stable CAD. In those patients with 
established diagnosis of CAD the lipid profile should be 
reassessed in an intervallic manner in order to control 
the efficacy of lipid-lowering therapy and to evaluate 
dose adjustments in the case of LDL-C goal-directed ther-
apy. Without clear evidence for the duration of intervals 
of reassessment, annual measurements of the lipid profile 
are recommended.61

Whereas measurement of lipids at a fasting status was 
common for decades, the 2016 joint consensus statement 
from the European Atherosclerosis Society and European 
Federation of Clinical Chemistry and Laboratory Medicine 
recommended the routine use of nonfasting lipid profiles 
to improve patient compliance and simplify the processes 
of lipid testing.67 This recommendation is based on well-
proven data indicating that the changes of lipid parameters 
1 to 6 hours after a common meal are not clinically relevant. 
A fasting measurement of the lipid profile is only recom-
mended in the case of very high nonfasting TG levels (> 440 
mg/dL according to ESC recommendations, > 500 mg/dL 
according to American Heart Association [AHA]/American 
College of Cardiology [ACC] recommendations).

Low-Density Lipoprotein Cholesterol
Epidemiologic, genetic, mechanistic, and intervention stud-
ies have proven the causal role of LDL-C in the genesis of 
CAD. In patients with CAD, an LDL-C reduction with statins of 
1 mmol/L (38.7 mg/dL) results in a 20% to 25% relative risk 
reduction of major vascular events irrespective of baseline 
LDL-C.68 Furthermore, several studies have shown a lower 
progression and even regression of CAD with significant per-
cent diameter stenosis decrease and minimum lumen diam-
eter increase under intensive LDL-C reduction by high-dose 
statin therapy.69

Neither treatment to a specific LDL-C target nor com-
parison of different LDL-C treatment targets has been inves-
tigated by randomized controlled trials. The vast majority 
of randomized controlled trials proving a risk reduction in 
patients with CAD used a fixed-dose statin therapy. Based on 
this evidence the latest ACC/AHA guidelines do not recom-
mend any specific LDL-C targets or titrating lipid-lowering 
therapy to LDL-C goals, but do recommend high-intensity 
statin therapy in all patients with known CAD regardless of 
specific LDL-C targets. In contrast, the ESC guidelines recom-
mend statin therapy for all patients with CAD with a treat-
ment target of LDL-C less than 1.8 mmol/L (< 70 mg/dL) 
or at least 50% reduction from baseline LDL-C if the target 
level cannot be achieved. Despite different recommenda-
tions regarding the strategies of lipid-lowering therapy for 
patients with known CAD, both the ESC guidelines and ACC/
AHA guidelines recommend at least annual measurements 
of LDL-C to evaluate the adherence and response to lipid-
lowering therapy.61,70 LDL-C can be determined using the 
Friedewald formula, if TGs are less than 400 mg/dL, or mea-
sured directly irrespective of TG levels.

High-Density Lipoprotein Cholesterol
An inverse correlation of HDL-C levels and the risk of CAD 
has been found by numerous epidemiologic studies. Several 
protective mechanisms of HDL-C have been described.71 
Despite the strong correlation of HDL-C levels and CAD, no 
causation between HDL-C and the genesis of CAD or ath-
erosclerosis has been established. Of particular importance, 
Mendelian randomization studies have not shown an asso-
ciation between genetic mechanisms that raise HDL-C levels 
and the risk of CVD.72 Furthermore, clinical trials investigating 
HDL-C-raising therapies such as niacin or cholesteryl ester 
transfer protein inhibitors have failed to improve cardiovas-
cular outcomes.73,74 In the setting of secondary prevention, 
both the AHA/ACC and ESC guidelines do not specify HDL-C 
levels as treatment targets for patients with CAD. In the set-
ting of primary prevention or suspected CAD, measurement 
of HDL-C is recommended for risk estimation and can be 
used for decision-making in individuals with a cardiovascu-
lar risk at the threshold for intensive risk factor modification, 
where these individuals qualify for more intensive advice in 
the case of low HDL-C levels.75 Low HDL-C levels are defined 
as less than 1.0 mmol/L (< 40 mg/dL) in men and less than 1.2 
mmol/L (< 45 mg/dL) in women.

Markers of functional properties of HDL as cholesterol 
efflux capacity and not solely HDL-C levels are promising 
and might be established as relevant biomarkers and treat-
ment targets.76

Triglycerides
Elevated levels of TGs are associated with CVD with an 
increased risk for fasting levels of greater than 1.7 mmol/L 
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(> 150 mg/dL). Compared to hypercholesterolemia as a car-
diovascular risk factor, the association of TGs and CVD is far 
weaker. However, evidence suggesting a causal role of TGs 
in the genesis of coronary heart disease was recently pre-
sented.77,78 Because clinical trials with triglyceride-reducing 
therapies such as fibrates, nicotinic acid, and fish oil have 
failed to show a cardiovascular risk reduction, guidelines 
do not specify treatment targets for patients with CAD.61 
Irrespective of the presence of CVD the ACC/AHA guidelines 
recommend an evaluation for secondary causes of hyperlip-
idemia in the case of very high TG levels (≥ 500 mg/dL [≥ 
5.7 mmol/L]), e.g., high alcohol intake, nephrotic syndrome, 
hypothyroidism, or poorly controlled diabetes.70

Lipoprotein(a)
Beyond the role of a cardiovascular risk factor, genetic 
studies indicate a causal role of lipoprotein(a) (Lp[a]) for 
CVD, particularly CAD.79,80 Plasma levels of Lp(a) are geneti-
cally determined, remain relatively constant throughout 
life without significant response to lifestyle changes, and 
vary strongly between ethnicities, with the lowest levels in 
Caucasians and highest levels in African Americans.81 A 
strong inverse correlation between the size of the apo(a) 
isoforms and Lp(a) levels has been shown.82 Therefore, 
assays for Lp(a) measurements are recommended to be iso-
form insensitive.81 Several substances, such as some fibrates 
or niacin, have been shown to moderately reduce Lp(a) lev-
els by a maximum of 30% to 35%. However, no clinical trials 
have shown cardiovascular risk reduction for selective Lp(a) 
reduction. Instead of broad screening for elevated Lp(a) lev-
els in the general population, Lp(a) should be measured 
once only in selected individuals. For patients with CAD, 
measurement of Lp(a) is recommended in those with a pre-
mature CAD, in those with a family history of premature CVD 
and/or elevated Lp(a), and in those with recurrent vascular 
events despite intensive statin treatment.81 Reassessment of 
Lp(a) levels is only necessary in patients who receive Lp(a)-
reducing treatment such as niacin or lipid apheresis.

INFLAMMATORY BIOMARKERS

High-Sensitivity C-Reactive Protein
CRP is a sensitive marker of inflammation and tissue damage. 
Phylogenetically conserved, CRP plays a role in the response 
to inflammation. Produced in the liver, levels of CRP rapidly 
rise nonspecifically during acute phase reactions, such as 
infections. CRP directly binds highly atherogenic oxidized 
LDL-C and is present within lipid-laden plaques,83 thereby 
triggering the immune response.

CRP has received widespread interest in CVD, although 
controversy remains regarding its clinical value as a poten-
tial proinflammatory mediator. Data from several epidemi-
ologic studies indicate a significant association between 
elevated serum or plasma levels of CRP and the prevalence 
of underlying atherosclerosis, the risk of recurrent cardiovas-
cular events among patients with established disease, and 
the incidence of first cardiovascular events among individu-
als at risk for atherosclerosis.84,85

In addition, a number of drugs used in the treatment of 
CVD, such as statins, reduce serum CRP levels. The poten-
tial interaction of CRP levels with statin therapy has been 
retrospectively and prospectively tested in various clini-
cal trials. The Pravastatin or Atorvastatin Evaluation and 

Infection Therapy–Thrombolysis in Myocardial Infarction 
22 (PROVE-IT–TIMI 22) and Reversal of Atherosclerosis 
with Aggressive Lipid Lowering (REVERSAL) trials showed 
that intensive statin therapy achieved a greater reduction 
in high-sensitivity C-reactive protein (hs-CRP) levels and, 
together with LDL-C, were associated with a greater reduc-
tion in the number of clinical events and progression of 
atherosclerotic plaque burden. Statins reduced hs-CRP and 
LDL-C levels by 38% and 35%, respectively.83 Confirmation of 
these data could be shown in the Aggrastat to Zocor (A to 
Z) trial, in which on-treatment hs-CRP levels were indepen-
dently associated with long-term survival.83 The Justification 
for the Use of Statins in Primary Prevention: An Intervention 
Trial Evaluating Rosuvastatin (JUPITER) study prospectively 
tested the impact of rosuvastatin therapy in cardiovascular 
risk individuals with LDL levels below 130 mg/dL and CRP 
above 2 mg/L. In this trial of apparently healthy individu-
als without hyperlipidemia but with elevated hs-CRP levels, 
rosuvastatin significantly reduced the incidence of major 
cardiovascular events.86 These data provide the possibility 
that reduced inflammation contributes to the beneficial 
effects of these medications.

The question of whether CRP is causally linked with 
CAD (and thus lowering CRP should also reduce CAD risk), 
or just a marker of underlying atherosclerosis, has been 
investigated in Mendelian randomization studies. These 
approaches allow the drawing of conclusions about the 
causality underlying the relationship between biomarker 
and diseases. Mendelian randomization studies investigate 
the impact of genetic variations, which influence circulat-
ing biomarker levels like CRP concentration, on future car-
diovascular events. Several such Mendelian randomization 
studies investigating CRP and cardiovascular events have 
convincingly excluded a causal role of CRP for CAD.87,88 
In contrast, Mendelian randomization studies targeting 
the LDL hypothesis have proven the causal role of LDL-C 
for incident cardiovascular events. Despite the consistent 
epidemiologic evidence, there is, at present, no established 
role for routine measurement of hs-CRP in patients with 
CVD.89

Various studies described the association between CRP 
and outcome in patients with stable angina and chronic 
CAD. Hs-CRP levels were, among other inflammatory 
markers, significantly higher in those patients who died 
of cardiac events during follow-up and were predictive 
of death.90,91 This association was not observed in statin-
treated individuals. However, in patients without statin 
medication, cardiac mortality was low when the patients 
had low hs-CRP levels but was high in individuals with 
elevated hs-CRP levels. These patients had a 2.3-fold risk 
increase for fatal coronary events, independent of LDL-C 
levels.90 In the PEACE trial, the ability of hs-CRP to predict 
outcomes in patients with stable CAD and a preserved 
ejection fraction was further tested. In over 3700 patients, 
hs-CRP levels were measured and patients were followed 
up over a median of 4.8 years for cardiovascular death, 
MI, or stroke.92 Higher hs-CRP levels were associated with 
a significantly increased risk of cardiovascular death, MI, 
and stroke, even at average levels > 1 mg/L. Elevated hs-CRP 
levels were also found to be an independent predictor for 
incident HF and diabetes. Thus, in patients with stable CAD, 
hs-CRP levels were a strong predictor of cardiovascular 
death, MI, stroke, new HF, and new diabetes, independent of 
baseline characteristics and treatments.92
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Despite being associated with incident cardiovascular 
events in patients with chronic CAD, the strength of the CRP 
association is not comparable to that of cardiac specific 
biomarkers such as troponin or NT-proBNP. For example, in 
the Heart Outcomes Prevention Evaluation (HOPE) Study, 
which evaluated several biomarkers in a setting of high-risk 
individuals, data showed that classic risk factor models do 
not gain accuracy by including inflammatory markers for 
the prediction of future cardiovascular events. The value 
for risk prediction attributable to CRP was modest, whereas 
plasma NT-proBNP levels strongly predicted future fatal and 
nonfatal cardiac events and, significantly, added informa-
tion above classic risk factors.93 Furthermore, no interaction 
between CRP levels and ramipril therapy was observed.

At this stage, the clinical use of CRP determination in 
patients with established chronic CAD is not fully proven 
and has not been included in guideline recommendations.

Interleukin-6
Whereas the association between inflammation and the 
development of atherosclerotic disease is well known, prov-
ing causation for any particular biomarker of inflammation 
has been difficult. Interleukin (IL)-6 signals a downstream 
proinflammatory response by activating membrane-bound 
IL-6 receptors on the cell surface. IL-6 receptors appear to 
play a direct causal role in the development of CHD and 
have been discussed as a target for therapeutic interventions 
to prevent CHD. Two large meta-analyses have confirmed 
the crucial role of IL-6 in the generation of inflammation 
and the associated risk of CHD.94,95 These studies demon-
strated an association between IL-6 levels and CHD in a 
dose-dependent manner. Taken together, these results pro-
vide evidence supporting a causal role of IL-6 in the devel-
opment of CHD and suggest it as a target for therapeutic 
interventions to prevent CHD.96

Multiple Marker Strategies
The simultaneous measurement and analysis of several bio-
markers might add more clinically useful information, as a 
broader picture of the different pathophysiologic aspects 
could be reflected upon and thus would be more informa-
tive.  Several studies have evaluated the performance of these 
multimarker strategies in individuals with chronic CAD.

The incremental value of simultaneously measured 
markers reflecting acute-phase reaction, proinflammatory 
pathways, endothelial cell activation, and vascular func-
tion, compared to classic risk factors, was assessed in the 
secondary prevention setting of the HOPE Study. Among 
others, hs-CPR, IL-6, and NT-proBNP were analyzed with 
regard to the endpoints of MI, stroke, and cardiovascular 
death.93 Inflammatory markers such as CRP and IL-6 added 
only limited additional prognostic information above clas-
sic risk factors (although individually significantly related 
to cardiovascular risk), whereas the inclusion of NT-proBNP 
improved the prediction of future cardiac events, resulting 
in significant incremental prognostic information.93

Another multimarker approach for risk prediction in 
CAD selected more novel biomarkers reflecting inflam-
mation (CRP, GDF-15), lipid metabolism (apolipoproteins), 
renal function (cystatin C and creatinine), and cardiovas-
cular function and remodeling (including natriuretic pep-
tides and MR-proADM), representing multiple pathways 

of CAD.30 This comparative analysis revealed Nt-proBNP, 
MR-proADM, cystatin C, and MR-proANP as the most infor-
mative biomarkers offering incremental predictive ability 
over classic risk factors. The combination of these bio-
markers was most strongly related to outcome, and added 
incremental risk information to classic risk factor models. 
However, the combination did not enhance risk stratifica-
tion or reclassification compared to the strongest single 
biomarkers, NT-proBNP and GDF-15.30 Supporting these 
data, a multimarker approach in the PEACE trial includ-
ing stable CAD patients at low risk assessed the markers 
MR-proANP and MR-proADM, as well as endothelin and 
copeptin. After adjustment for clinical cardiovascular 
risk predictors and LVEF, elevated levels of MR-proANP, 
MR-proADM, and CT-proET-1 were independently asso-
ciated with the risk of cardiovascular death or HF. These 
three biomarkers also significantly improved metrics of 
discrimination when added to a clinical model.97

In the LIPID study the predictive power of biomarkers 
reflecting hemodynamics, micronecrosis, inflammation, 
coagulation, lipids, neurohumoral activity, and renal func-
tion was examined beyond classic risk factor models.98 
Furthermore, the investigators addressed whether changes in 
concentrations of these biomarkers over 12 months affected 
the risk of subsequent CHD events. All baseline biomarkers 
measured—except lipoprotein-associated phospholipase 
A2 (Lp-PLA2) activity and Lp(a)—were associated with out-
come. The strongest prediction was observed for BNP and 
sensitive troponin I baseline concentrations.  The predic-
tion strength of these biomarkers was also strong compared 
with classic risk factors and other clinical features. Of all 
variables assessed, only a history of MI was a stronger pre-
dictor than troponin I or BNP. The other biomarkers—cys-
tatin C, MR-proADM, D-dimer, and CRP—had significant but 
lesser prognostic value. The major finding was that changes 
in levels of troponin I and BNP in addition to their baseline 
levels predicted higher or lower CHD risk. These associa-
tions were observed irrespective of whether patients were 
randomized to pravastatin or placebo. Thus, both of these 
markers can be considered to reflect aggregate therapeu-
tic and environmental effects. Despite evidence that some 
biomarkers can add information concerning prediction of 
the risk of CVD and associated events, apart from their diag-
nostic value in acute MI (troponin) and HF (particularly 
BNP) the direct clinical benefit of their assessment in usual 
clinical practice has not been well defined.

In summary, the data of most multiple marker studies sug-
gest that combining biomarkers reflecting different cardio-
vascular processes in a panel can be helpful for improved 
risk prediction in chronic CAD and repeated biomarker 
measures such as troponin or BNP, and their level changes 
might directly translate into risk prediction.

NOVEL, OMICS-BASED BIOMARKERS

To improve risk estimation above and beyond established 
risk scores and to advance therapy decision-making and 
guidance, novel94 biomarkers are of considerable interest. 
The implementation of these new biomarkers into clini-
cal practice is under development, with intensive research 
efforts ongoing, and represents an important area in bio-
medical research.

High-throughput technologies that allow the measurement 
of large panels of markers on a genome-wide scale—often 



Stan
d

ard
 an

d
 N

o
vel B

io
m

arkers
107

9

referred to as omics approaches—are making it possible to 
discover novel biomarker profiles.99 Improvements in these 
technologies have allowed researchers to interrogate genes 
(genomics), gene transcripts (transcriptomics), proteins (pro-
teomics), metabolites (metabolomics), and lipids (lipido-
mics) for biomarker discovery (Table 9.1). Advantages of the 
omics technologies over traditional approaches include their 
broad applicability not only to circulating proteins but also to 
other molecules such as RNA and metabolites, as well as their 
ability to analyze very large numbers of molecules simultane-
ously.100 Thereby, the identification of novel biomarkers can 
shed light onto molecular and pathophysiologic mechanisms 
and pathways and can identify biomarkers causally involved 
in chronic CVDs. In the following section we will provide an 
overview of emerging and potential omics-based biomarkers.

Genomic Biomarkers
Genomic (see Chapter 3) variations, mainly the so-called single 
nucleotide polymorphisms (SNPs), are dominant markers of 
the genetic variability in humans, and a multitude of genome-
wide association studies (GWAS) have explored the influence 
of these genomic variations on CVDs. A GWAS is a gene-
mapping study that assesses evidence of association between 
genomic variants and disease status or clinical phenotypes 
across the genome. By design, GWAS provide an unbiased 
survey of the effects of genomic variants. The performance of 
GWAS became feasible by the advent of high-throughput geno-
typing microarray platforms that allow millions of genotypes 
to be assessed in a single experiment and, more currently, by 
sequencing approaches including exome and whole genome 
sequencing covering the entire genome. However, the power 
of detection depends directly on the sample size of the study 
population, the minor allele frequency of the SNP,  the strength 
of linkage disequilibrium between SNPs, and the effect sizes of 
the alleles.101 As larger sample sizes increase the power, empha-
sis has increased on meta-analyses of GWAS results of many 
individual studies.101 These meta-analyses mainly include 

the Coronary ARtery DIsease Genome wide Replication and 
Meta-analysis (CARDIoGRAM), the Coronary Artery Disease 
(C4D) consortia, and the joint CARDIoGRAMplusC4D consor-
tium and have tagged over 56 SNPs so far as associated with 
CVD with high statistical significance.102 The pathophysiologic 
pathways covered by the identified regions include, among 
others, inflammation, lipid metabolism, vascular remodeling, 
and nitric oxide (NO)/cyclic guanosine monophosphate 
(cGMP) signaling.102

The most prominent genomic region with the high-
est population-attributable risk identified so far is located 
on chromosome 9p21.3. It is particularly striking that this 
genomic region contains no annotated genes, and SNPs that 
tag this region are not associated with any established risk 
factor for CAD.101 However, this locus encodes different tran-
scripts of the long noncoding RNA ANRIL that function in 
vascular disease.103 The top associated SNPs are found adja-
cent to the last exon of ANRIL, and mechanistic studies have 
shown that the 9p21 risk allele disrupts an inhibitory STAT1 
binding site, leading to upregulation of ANRIL expression.104 
These data suggest that genetic variants, by an influence 
on gene expression, might function as genetic biomarkers. 
Another prominent marker that resulted from genomics 
analyses on cholesterol levels is the proprotein convertase 
subtilisin/kexin type 9 (PCSK9). PCSK9 functions in LDL-C 
metabolism leading to the degradation of LDL-C recep-
tors. Gain-of-function and loss-of-function mutations in the 
PCSK9 gene lead to strong alterations in LDL-C levels and 
thereby a change in risk for CVD.102 Therefore, PCSK9 inhibi-
tors are promising subjects of current therapeutic concepts.

The enormous progress made in the field of genomic cardio-
vascular research leads inevitably to the question of whether 
genomic variants have the power to serve as genetic markers 
and substantially improve the predication of clinically impor-
tant cardiovascular outcomes and therapy discrimination.101 
As most of the single genetic variants typically explain only 
a modest fraction of the variance, an aggregated multilocus 
genetic risk score might improve risk prediction.105 Basically, 
the generation of a genetic risk score involves summarizing 
information across multiple SNPs, e.g., by summing the num-
ber of risk-conferring alleles (0, 1, or 2) across all loci.105

Efforts on genetic risk scores have evaluated the abil-
ity of validated lipid-modulating SNPs, SNPs associated to 
type 2 diabetes, hypertension, coronary heart disease, and 
CVD.101,105 Studies assessing genetic risk scores for the pre-
diction of incident CVD used CAD-associated SNPs and 
identified a 24-SNP, as well as a 46-SNP risk score.106,107 In 
both studies the genetic risk score showed an association 
with incident CAD. However, although the risk score mod-
els significantly improved risk reclassification beyond 
traditional risk factors, discrimination was not improved. 
Similarly, the evaluation of genetic risk scores in secondary 
prevention indicated that genetic risk scores are not suc-
cessful in predicting new cardiovascular events in individu-
als with previous CAD.108

Evidently, genomics have yielded several key insights into 
putative causes and mechanisms of CVD. However, currently, 
no genetic marker or genetic risk score is ready for wide-
spread use as a risk marker in stable CAD.

Transcriptomic Biomarkers
Technical advances in the field of transcriptomics—the 
simultaneous study of RNA transcripts and their expression 

TABLE 9.1 Omics Approaches for the Discovery of 
Novel Biomarkers

OMICS APPROACH APPLICATION

Genomics Assessment of genomic variations across the 
genome

Measured by microarrays and sequencing
Association of genomic variants and disease traits
Mainly SNPs

Transcriptomics Assessment of all RNA transcripts
Measured by microarrays and sequencing
Association of transcripts and disease traits
Mainly mRNA and noncoding RNAs

Metabolomics Assessment of all low-molecular-mass 
metabolites

Measured mainly by mass spectrometry and NMR
Targeted and nontargeted approaches
Association of metabolites and disease traits

Proteomics Assessment of all proteins and peptides
Measured mainly by mass spectrometry
Association of peptides and disease traits

Lipidomics Assessment of the complete collection of lipids
Measured mainly by mass spectrometry and NMR
Association of lipids and disease traits

mRNA, Messenger RNA; NMR; nuclear magnetic resonance technology; SNPs, single 
nucleotide polymorphisms.
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patterns at a genome-wide level—harbor the potential to 
gain a better understanding of complex biologic systems 
as well as the potential for identification and development 
of novel biomarkers. Transcriptomic approaches include 
microarray-based methods, where tens of thousands of tran-
scripts are simultaneously analyzed by chemically labeling 
RNA molecules and subsequent hybridization to probes on 
the microarray. With the novel RNA sequencing technologies, 
a population of RNA is converted to a cDNA library, which is 
subsequently sequenced in a high-throughput base-by-base 
manner to obtain short sequences, providing a much bet-
ter and deeper coverage for detection of low abundance 
transcripts.

In the cardiovascular biomarker field, recent advances 
have identified several transcriptomics-based biomarkers 
that have the potential for translation as clinically useful 
biomarkers in chronic CAD.

Growth Differentiation Factor-15
A biomarker initially identified by transcriptomics analyses 
is GDF-15, a distant member of the TGF-β cytokine super-
family. GDF-15 is a stress-responsive cytokine expressed in 
the cardiovascular system. Microarray analyses showed that 
the GDF-15 gene was highly upregulated in NO-treated car-
diomyocytes, under oxidative stress, in pressure overloaded 
left ventricles of mice with aortic stenosis, and in a mouse 
model of dilated cardiomyopathy.109 Its value as a circulat-
ing biomarker for chronic CAD has been outlined previously.

Soluble ST2
Another example of a transcriptomics-based biomarker is 
soluble source of tumorigenicity 2 (sST2). Weinberg et al.109 
identified the ST2 gene (also called receptor of IL-33) as 
upregulated in cardiac myocytes subjected to mechani-
cal stress by microarray analysis. Soluble ST2 is a secreted 
receptor belonging to the IL-1 receptor family that regulates 
inflammation and immunity110 and is involved in cardiac 
stress response and remodeling.111 Soluble ST2 in complex 
with IL-33 has been implicated in the pathogenesis of CAD, 
mainly HF. Increased sST2 levels and thus impaired IL-33/
ST2L signaling lead to cardiac hypertrophy, fibrosis, worsen-
ing left ventricular function, and arterial hypertension112,113 
and were also shown to be related to increased events of 
HF.114 In the Framingham Heart Study, measurements of 
soluble ST2 showed clear gender differences, an increase 
with age, and increased levels in association with diabetes 
and hypertension,112 and sST2 added prognostic value to 
standard risk factors with regard to cardiovascular events 
and HF and was related to an adverse outcome in patients 
diagnosed with chronic HF.110,114 In combination with addi-
tional biomarkers (MR-proADM, high-sensitivity Troponin T 
[hsTnT], combined free light chains [cFLC], and hs-CRP), 
sST2 provided an even more incremental prognostic value 
in a dichotomized analysis in patients with HF. Thus, sST2 
in combination with additional markers has potential as a 
clinically valuable marker.111

GDF-15 and ST2 are clear examples of how an initial 
transcriptomics analysis identified a target as a cardiac 
biomarker that is on its way to validation and clinical 
application.

Expression Signatures
Grouping several messenger RNAs (mRNAs) into a combined 
set can reflect a broader picture of the pathophysiologic 

mechanisms and pathways, and thus assist in the under-
standing of disease pathobiology, and might be useful for 
prioritizing novel therapeutic targets for treating the disease. 
Consequently, the combination of different mRNAs with a 
gene expression signature might prove to be a powerful bio-
marker for CAD. To date, a number of studies have been pub-
lished examining whole blood gene expression profiling to 
identify individuals at risk of CAD.

Aiming to investigate the extent to which gene expres-
sion patterns in peripheral blood can mirror the severity of 
CAD, Sinnaeve et al.115 identified and subsequently tested 
a signature of 160 genes in angiographically documented 
CAD. Molecular pathways covered by these 160 genes 
included angiogenesis, the inflammatory response, apopto-
sis, cell adhesion, cell growth, cell cycle arrest, cell-cell com-
munication, lipid homeostasis, and the immune response. 
Similarly, a total of 35 genes showed differential expression 
in whole blood of CHD individuals with alterations in path-
ways of hematopoiesis, ubiquitination, apoptosis, and innate 
immune response pathways.116

In the Personalized Risk Evaluation and Diagnosis in 
the Coronary Tree (PREDICT) study, a whole blood 23-gene 
expression score was developed and validated for the 
assessment of obstructive CAD in nondiabetic patients.117 
This score was further evaluated in the multicenter 
Cardiovascular OutcoMes for People Using Anticoagulation 
StrategieS (COMPASS) study with regard to the diagnostic 
accuracy in symptomatic patients referred for myocardial 
perfusion.118 This gene expression score was a significant 
predictor of CAD and resulted, at a predefined threshold, in 
a high sensitivity and high negative predictive value, making 
this score extremely promising and one of the best exam-
ples of the value of transcriptomics-based biomarkers in the 
cardiovascular field today.

However, when comparing the genes identified in these 
different studies, it becomes obvious that there is little 
overlap and that the effect sizes of the genes were small. 
A number of reasons might explain these discrepancies. 
First, multiplex tests are often complex, containing multiple 
sample processing steps, operators, machines, and types of 
reagents, which can affect assay variability.  Secondly, the 
lack of concordance in the clinical phenotype or differ-
ences in disease definition can be a major contributor to 
different study results; for instance, the use of different or 
no control groups can result in decreased power to detect 
true findings. Furthermore, the large variety of available 
gene expression technologies can lead to different results 
across studies. Therefore—as for any biomarker discovery 
approach—harmonized definitions in phenotypes and dis-
ease entities, the use of standardized control groups, and 
technical, as well as clinical, validation in different tech-
nological settings and in independent cohorts are prereq-
uisites for the clinical implementation of transcriptomics 
biomarkers.

Noncoding RNA
RNA has long been considered as the messenger molecule 
between genes and proteins, where RNA is transcribed from 
DNA to mRNA and subsequently translated into a protein.105 
In recent years, however, noncoding RNA (ncRNA) species 
(besides transfer and ribosomal RNA) have been charac-
terized, including microRNAs (miRNAs),119 long noncod-
ing RNAs (lncRNAs),104 and most currently circular RNAs 
(circRNAs).120 ncRNAs can be small molecules between 20 
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and 23 nt in length (miRNAs), molecules longer than 200 nt 
(lncRNAs), or can form covalently closed, circular RNA mol-
ecules (circRNAs).120 ncRNAs have in common that they 
are nonprotein coding transcripts with regulatory functions 
within important cellular and developmental processes 
and disease pathologies. ncRNAs fulfill several criteria to be 
considered as potential biomarkers: (1) some are quantita-
tively altered in CVD, (2) they show organ- and cell-specific 
expression patterns and thus can act as indicators of patho-
genic processes,121 (3) they are easily accessible, and (4) 
they withstand conditions such as longtime storage, mul-
tiple freeze/thaw cycles, and different pH values, and show 
a high degree of stability in body fluids.122 The release of 
ncRNAs into extracellular compartments, in particular into 
the bloodstream, represents the possibility of noninvasively 
detecting and using them as disease biomarkers. In the CVD 
setting, numerous studies have explored ncRNAs as circulat-
ing biomarkers, putting them on the verge of implementa-
tion in clinical disease evaluation.123

microRNAs
miRNAs are the best investigated ncRNAs so far. Since their 
discovery in 1993,124 approximately 1800 miRNAs have 
been annotated (see http://www.mirbase.org/). miRNAs are 
produced by all cell types and interact mainly with the 3′ 
untranslated region of protein-coding genes, thereby inhibit-
ing the translational process.

The potential of circulating miRNAs as cardiovascular 
biomarkers has been widely studied. For example, in patients 
with stable CAD, reduced levels of miR-126 and members of 
miR-17-92a have been detected. In patients with CHD, lower 
levels of miR-145-5p cluster were found.100 In another study, 
assessing the value for discrimination of unstable angina 
pectoris and stable CAD, higher levels of miRNA-21, miRNA-
133a/b, and miRNA-199a, and lower levels of miRNA-145 and 
miRNA-155, were suggested.125 As only small cohort sizes 
have been investigated, validation in larger cohorts is neces-
sary. However, in agreement with this study, lower levels of 
miRNA-145 and miRNA-155 showed an inverse correlation 
with CAD severity scores (Gensini and Synergy between 
percutaneous coronary intervention with Taxus and cardiac 
surgery [SYNTAX]).125

In a large study investigating the value of miRNAs for strati-
fication of subsequent coronary events among patients with 
CAD, eight miRNAs, previously shown to facilitate diagnosis of 
acute coronary syndrome, were investigated.126 The analyses 
indicated that, in particular, miR-132 and miR-140-3p, as well 
as miR-201, precisely predicted cardiovascular death.

Similarly, in HF patients the potential of miRNAs as circu-
lating biomarkers has been assessed. For example, a screen-
ing of circulating miRNAs in patients with HF identified 186 
circulating miRNAs.123 Of these, miR-423-5p, miR-320a, miR-
22, and miR-92b were upregulated in HF patients compared 
with healthy controls. A subsequently successfully developed 
score consisting of these miRNAs was able to discriminate 
HF patients from healthy controls. A significant associa-
tion between this miRNA score and several established HF 
parameters such as NT-proBNP, wide QRS complex, and LV 
dilatation was found.123 These miRNAs had also been identi-
fied in additional studies on HF,127–129 indicating a specific 
role in the underlying molecular pathways of HF. Similar to 
the research on single miRNAs, several studies assessed the 
potential of miRNA signatures as biomarkers for CAD, mainly 
including miR-126, miR-223, and miR-197.130,131

The results presented here emphasize the great potential 
of miRNAs as emerging CAD biomarkers. However, there is 
still a need for more, larger epidemiologic and clinical stud-
ies evaluating and validating these miRNA results.

lncRNAs
lncRNAs are transcribed from either intergenic regions, from 
introns of protein-coding sequences, or from an antisense 
strand of genes.104 In contrast to miRNA sequences, the pri-
mary sequence of lncRNAs is only poorly conserved. The 
number of lncRNAs within cells is believed to be approxi-
mately 9000.132 However, the number of lncRNAs that have 
been studied in CAD is still very limited. In total, eight differ-
ent transcripts have been assessed as potential biomarkers, 
with promising results.125,133 A 2015 transcriptomics analysis 
of HF patients showed the potential of lncRNAs as biomark-
ers in CAD.133 Higher levels of LIPCAR (long intergenic non-
coding RNA predicting cardiac remodeling) were associated 
with a higher risk of cardiovascular mortality in HF patients 
in addition to traditional risk factors. Other lncRNAs, includ-
ing aHIF, ANRIL, KCNQ1OT1, MIAT, and MALAT1, have also 
been reported as potential biomarkers in HF. Of particular 
interest is the lcRNA ANRIL. ANRIL is encoded on chromo-
some 9p21, the genomic region, which had been identified 
as the most significant susceptibility locus of CAD by GWAS 
(see the section on Genomics Biomarkers). The 9p21 region 
is a region with no protein-coding genes annotated, and for 
a long time the effector within this region was unknown. 
Identification of ANRIL provided possible functional links to 
the 9p21 region. Genetic variants (SNPs) identified by GWAS 
disrupt the binding site for the transcriptional factor STAT1 
in the ANRIL gene, leading to an upregulation of ANRIL.104 
Further studies focusing on the mechanistic role of ANRIL, 
showed an involvement in cell viability, proliferation, adhe-
sion, and apoptosis.104

In 2015, lncRNA CoroMarker134 and LncPPARδδ135 were 
identified as predictive biomarkers for CAD. Despite this 
progress, the cellular origin of circulating lncRNAs is often 
unclear136 and little knowledge on the causal involvement 
in the underlying disease is currently available.

Circular RNAs
Even though the existence of circRNAs has been known for 
some time, this class of ncRNAs has only recently gained 
interest as potential biomarkers.120 Due to their circular 
state, these RNA molecules are highly stable and show an 
evolutionary conservation. circRNAs can be reproducibly 
detected at high levels in peripheral blood and other body 
fluids. A 2016 study revealed over 9000 candidate circRNAs 
detected in heart tissue.137 However, their regulation in CAD 
still remains mainly unexplored and upcoming studies will 
have to further explore the potential of circRNAs as clini-
cally relevant biomarkers.

As already reported for the assessment of mRNA/gene 
expression biomarkers, research on ncRNAs also needs to 
deal with a range of current challenges due to preanalytical 
and analytical factors influencing data quality.

Similar to any other biomarkers the use of standardized 
control groups, independent large-scale technical groups, 
and clinical validation groups is necessary. In addition, 
other factors have been shown to influence ncRNA levels. 
In particular, antiplatelet medication, heparin, and statin 
treatment might influence circulating miRNA levels and 
release kinetics.125 A major limitation in ncRNA biomarker 

http://www.mirbase.org/
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research is the current lack of standardization of sample 
isolation,138 processing, and detection techniques,139 as 
well as endogenous and exogenous controls for data nor-
malization. As alterations and material-dependent stabili-
ties of ncRNA levels in different materials such as plasma, 
serum, urine, and cells have been found140 the choice of 
material also needs to be carefully considered.

Metabolomic Biomarkers
Metabolomics is based on profiling all low-molecular-mass 
metabolites present in biologic samples. Most metabolites 
are lipids (such as phospholipids, glycerophospholip-
ids, sphingolipids), acylcarnitines, amino acids, biogenic 
amines, hormones, bile acids, or fatty acids. Compared with 
other omics technologies, there are fewer metabolites (3 
× 103) than there are genes (2 × 104), transcripts (> 106), 
proteins (> 106), and posttranslational modified proteins 
(> 107).141 Current metabolomics approaches can assess 
several hundreds of molecules, depending on the plat-
form, but no single technology can measure the complete 
metabolome. For detection of novel metabolites or differ-
ences among samples, nontargeted approaches are used 
that are performed by nuclear magnetic resonance or mass 
spectrometry, whereas targeted approaches use prespeci-
fied panels of metabolites (e.g., the metabolon panel, or the 
Biocrates metabolite kit). The assessment of a particular iso-
lated metabolite will not be fully informative and makes a 
correct interpretation difficult. However, metabolite profiles 
(such as a group of metabolites) may greatly improve the 
interpretation of an altered metabolomics pathway, in par-
ticular when combined with other omics results.142

With respect to CAD, metabolomics approaches have led 
to the identification of metabolites in several pathways with 
potential as novel clinical biomarkers.143,144 Metabolites 
derived from dietary choline and L-carnitine have been 
described as playing a role in aortic lesion formation in 
mice and risk of CAD in humans.145 Evaluating the discrimi-
native capabilities of metabolites for CAD, Shah et al.,146 
using principle component analyses, identified branched-
chain amino acid metabolites and urea cycle metabolites in 
association with CAD. Of particular interest is a 2016 study 
that integrated targeted metabolomics with an unbiased 
genetic screen and identified loci on chromosomes 2q34 
and 5q14.1 as being associated with plasma levels of metab-
olites related to betaine metabolism, as well as a decreased 
risk of CAD.145 These data suggest that glycine metabo-
lism and the urea cycle are potential metabolic pathways 
involved in CAD.

Although in its infancy with regard to biomarkers for CAD, 
metabolomics approaches have a great potential in identi-
fying and clinically utilizing metabolites in the near future.

Others: Proteomic and Lipidomic 
Biomarkers
There are several other areas of omics studies for which there 
is growing interest in the field of CAD biomarkers. One area 
is proteomics, the analysis of the protein repertoire of a given 
cell type mainly based on mass spectrometry technologies. 
Proteomics uniquely offers insights into diseases because 
proteins and their bioenzymatical functions largely deter-
mine the phenotypic diversity. It has been estimated that more 
than 300,000 human polypeptide species are represented in 

the human plasma proteome. Of particular interest in pro-
teomics biomarker research are posttranslational modifica-
tions, that is, alterations in proteins (such as phosphorylation, 
acetylation, or ubiquitinylation) introduced covalently and/
or enzymatically during or after the translation, which regu-
late activity, stability, and folding of proteins.

Compared to other omics approaches described previously, 
only a small amount of proteomics studies targeting CAD have 
been performed to date. For example, in urinary samples, over 
100 peptides were discovered in HF individuals with reduced 
ejection fraction. The combination of all markers accurately 
discriminated between HF patients and controls, indicating 
that the urinary proteome might help to improve the diagno-
sis and prognosis of HF.147 In addition, some posttranslational 
modifications, such as glycosylation, have already been eval-
uated as potential biomarkers in CAD.100

Lipidomics, the assessment of the complete collection of 
lipids, can also be determined by mass spectrometry or nuclear 
magnetic resonance technologies and is another emerg-
ing omics field. Plasma lipids are solubilized and dispersed 
through their association with specific groups of proteins, e.g., 
with albumin or plasma lipoproteins.148 The structural diver-
sity of lipids is mirrored by the enormous variation in their 
physiologic function.148 As lipids such as HDL-C, LDL-C, and 
Lp(a) are important molecules involved in the physiology of 
CAD, the examination of all forms of lipids and lipid metabo-
lism is of utmost interest in CAD biomarker research.

In a large study of CAD subjects with long term follow-up, 
distinct ceramide species (a family of waxy lipid molecules) 
were significantly associated with fatal outcome,148 providing 
evidence that ceramides may be useful biomarkers indepen-
dently of traditional risk factors. Interestingly, this study also 
investigated the effect of lipid-lowering therapy on lipid levels. 
Simvastatin lowered plasma ceramides broadly by approxi-
mately 25%, but no changes in ceramides were observed in the 
ezetimibe group. PCSK9 deficiency was significantly associ-
ated with lowered LDL-C (-13%) accompanied by a significant 
20% reduction in CAD outcome risk-related ceramides.149

An overview of all biomarkers related to chronic CAD is 
provided in Fig. 9.3.

CONCLUSIONS

In recent years, biomarker research has improved risk strati-
fication in CAD patients. Although the use of established 
markers such as NT-proBNP and cardiac troponins is recom-
mended in the guidelines for diagnosis of HF and acute coro-
nary syndrome, the biomarker determination in stable angina 
and chronic CAD patients is—apart from the determination 
of lipid profiles—not recommended in clinical routine.

Several emerging biomarkers have been identified, 
including gene expression signatures and noncoding RNAs, 
and a few are on their way to being translated into clini-
cal utility. However, several aspects deserve more detailed 
care, ranging from appropriate study design and material to 
analytical methods, standardizations, and, most importantly, 
validation in independent and large-scale studies.

To reach clinical application of a biomarker, the central 
questions about the clinical potential need to be evaluated 
as outlined by Morrow and de Lemos:150

 (1)  Can the clinician measure the biomarker?
 (2)  Does the biomarker add new information?
 (3)  Does the biomarker help the clinician to manage 

patients?
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INTRODUCTION

The 12-lead electrocardiogram (ECG) has remained the 
standard initial evaluation tool in patients with suspected 
or known ischemic and electrophysiologic cardiac condi-
tions for more than half a century. With the first description 
of the string galvanometer by Einthoven in the early part of 
the 20th century, the electrical activity of the human heart 
could be directly represented in an interpretable format.1 
Advances in ECG technology and clinical interpretation 
have allowed this simple test to remain an important tool in 
the evaluation of patients with acute ischemia, arrhythmias, 
genetic abnormalities, and chronic coronary artery disease 
(CAD).

Advances in technology have also brought multiple new 
tools for evaluating cardiac structure and function such 
as echocardiography and magnetic resonance imaging. 
However, the ECG remains the most widely used procedure 
for evaluating cardiac status, and competent ECG interpreta-
tion allows for a cost-effective method to avoid overtesting 
and to facilitate the early recognition of potentially danger-
ous conditions.

INDICATIONS FOR ELECTROCARDIOGRAPHIC 
TESTING

The American College of Cardiology/American Heart 
Association (ACC/AHA) guidelines for electrocardiogra-
phy outline the appropriate use of the ECG in patients with 
known coronary disease2 (Table 10.1). Class I indications 
are given to patients undergoing initial evaluation, those pre-
scribed ongoing pharmacologic therapy known to produce 
ECG changes, and those with new signs or symptoms (Box 
10.1). Coronary disease is a chronic condition, and patients 
are known to have clinical progression in the absence of 
symptoms or exacerbations. The guidelines suggest that 
periodic ECG evaluation of patients with chronic cardiac 
conditions is warranted. In the absence of symptoms, this 
interval should be no more frequent than every 4 months 
and likely no longer than yearly.2 The most appropriate inter-
val varies by individual patient depending on age, severity 

of disease, and known natural progression.2 ECG evaluation 
is appropriate in all patients with known coronary disease 
undergoing preoperative evaluation.3

Intraventricular Conduction Delays
Intraventricular conduction delays (IVCDs) and bundle 
branch blocks (BBBs) can be seen in patients without 
known cardiovascular disease (CVD) (isolated BBB) and in 
those with nonischemic or ischemic cardiomyopathies.4,5 
Criteria for defining these conduction disturbances have 
been well established.6 Some patients with BBB will have 
rate-related or intermittent episodes of BBB, which may 
progress to permanent BBB over time.

In multiple studies, the presence of a right BBB (RBBB) 
has not been associated with an increased risk of overall 
mortality, cardiovascular mortality, or CVD.7,8 However, mul-
tiple population-based longitudinal studies have shown 
that the presence of a left BBB (LBBB) is associated with 
CVD including future high-grade atrioventricular block and 
increased cardiovascular mortality.5,8 More recently, these 
findings have been extended to patients with incomplete 
LBBB and nonspecific IVCD.

Despite these clinical findings, the presence of an RBBB 
and not an LBBB has been recently found to be associated 
with large anteroseptal scarring in patients with cardiomy-
opathy of both ischemic and nonischemic etiology.9 This is 
consistent with necropsy studies evaluating the blood sup-
ply of the conduction system.10 Whereas the right bundle is 
supplied solely by septal perforators originating from the left 
anterior descending artery, the left bundle has dual blood 
supply in 90% of cases with the septal perforators feeding 
the anterior fascicle of the left bundle and the right coro-
nary artery feeding the posterior fascicle via the posterior 
descending artery10 (Fig. 10.1). The anterior and posterior 
fascicles of the left bundle each have a dual blood supply in 
up to 50% of cases. For this reason, despite the common mis-
conception, new complete LBBB is rarely seen as a compli-
cation of acute anterior infarction and, when seen, is usually 
indicative of massive infarction.11
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One of the most significant effects of IVCD in patients 
with coronary disease is the challenge that it presents 
with interpretation of acute ischemic changes and stress 
ECG changes. Stress ECG alone has a very poor diagnostic 
accuracy in the presence of LBBB.12 However, important 
prognostic information can still be gathered from exercise 
performance when combined with an imaging modality 

Specific Conditions
 •  Chamber enlargement or hypertrophy
 •  Resolution or alteration of Arrhythmia or conduction 

disturbances
 •  Electrolyte abnormalities
 •  Pericarditis
 •  Endocarditis
 •  Myocarditis
 •  Transplant rejection
 •  Infiltrative cardiomyopathy

New Symptoms
 •  Syncope or near-syncope
 •  Change in anginal pattern
 •  Chest pain
 •  New or worsened dyspnea
 •  Extreme fatigue or weakness
 •  Palpitations

Physical Exam Findings
 •  Signs of congestive heart failure
 •  New organic murmur or friction rub
 •  Accelerating or poorly controlled systemic hypertension
 •  Findings suggestive of pulmonary hypertension
 •  Recent stroke
 •  Inappropriate heart rate
 •  Unexplained fever in known valvular disease

Cardiac Medications

Amiodarone ECG at baseline and every 6 months thereafter
Dronedarone
Digoxin
Flecainide ECG at baseline, 2–3 weeks postinitiation, and 

every 6 months thereafter
Propafenone
Sotalol
Dofetilide ECG every 3 months after inpatient initiation

BOX 10.1 Indications for Electrocardiographic 
Testing

TABLE 10.1 American College of Cardiology/American Heart Association Guidelines for Electrocardiograms 
(ECGs) in Patients with Known Cardiovascular Disease or Dysfunction

INDICATION CLASS I (INDICATED) CLASS II (EQUIVOCAL) CLASS III (NOT INDICATED)

Baseline or initial evaluation All patients None None

Response to therapy Patients in whom prescribed therapy is known to 
produce changes on the ECG that correlate with 
therapeutic responses or disease progression.

Patients in whom prescribed therapy may produce 
adverse effects that may be predicted from or 
detected by changes on the ECG.

None Patients receiving pharmacologic or 
nonpharmacologic therapy not 
known to produce changes on 
the ECG or to affect conditions 
that may be associated with such 
changes.

Follow-up evaluation Patients with a change in symptoms, signs, or 
laboratory findings related to cardiovascular status.

Patients with an implanted pacemaker or 
antitachycardia device. Patients with new signs 
or symptoms related to cardiovascular function. 
Patients with cardiovascular disease, even in the 
absence of new symptoms or signs, after an interval 
of time appropriate for the condition or disease.

None Adult patients whose cardiovascular 
condition is usually benign and 
unlikely to progress (e.g., patients 
with asymptomatic mild mitral 
valve prolapse, mild hypertension, 
or premature contractions in 
absence of organic heart disease). 
Adult patients with chronic stable 
heart disease seen at frequent 
intervals (e.g., 4 months).

Before surgery All patients with known cardiovascular disease or 
dysfunction, except as noted under class II.

Patients with hemodynamically 
insignificant congenital 
or acquired heart disease, 
mild systemic hypertension, 
or infrequent premature 
complexes in absence of 
organic heart disease.

None

LAD

PDA
Marginal artery

Artery to
AV node

RCA

Artery to
SA node

Sinus node AV node

Bundle of His

Right bundle
branch Left posterior

fascicle

Left anterior
fascicle

FIG. 10.1 Schematic diagram of the blood supply to the cardiac conduction 
system. The first septal perforators can be seen supplying the distal portion of the 
atrioventricular (AV) node and then the right bundle branch. In this depiction, both 
the anterior and posterior fascicles of the left bundle have a dual blood supply from 
the left anterior descending (LAD) and posterior descending artery (PDA) systems. 
RCA, Right coronary artery; SA, sinoatrial. (Redrawn from Levine HJ. Clinical Cardio-
vascular Physiology. New York: Grune and Stratton; 1976.)
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to evaluate for ischemia such as two-dimensional echocar-
diography or myocardial perfusion imaging.12,13 In one large 
single-institution experience, among patients with a positive 
exercise stress echocardiogram, those with underlying LBBB 
had a significantly higher future mortality rate than those 
with an RBBB or no conduction abnormality (4.5% per year 
vs 2.5% per year and 1.9% per year, respectively). Additionally, 
those patients with a normal stress echocardiogram showed 
a similar mortality with and without LBBB.14

Whereas the presence of LBBB with known coronary 
disease clearly is associated with an increase in the risk 
of cardiovascular events, the presence of LBBB does not 
increase the probability of coronary disease itself. In a study 
of patients without known coronary disease referred for 
coronary computed tomography angiography (CCTA), 106 
patients with presumed new LBBB were compared with 
303 matched controls and found to have no significant dif-
ference in the presence of obstructive coronary disease.15 
This study also found comparable image quality in LBBB 
patients and non-LBBB controls, suggesting that CCTA is a 
reasonable diagnostic test in patients with LBBB.

The clinical scenario most often seen in chronic coro-
nary patients is a new-onset BBB in the absence of symp-
toms. There are no consensus guidelines for how these 
patients should be evaluated. The evidence would suggest 
that the most likely etiology is a chronic degenerative/
fibrotic process affecting the conduction system rather than 
new ischemia. However, it may be reasonable to consider 
noninvasive evaluation of cardiac function and in selected 
patients, screening for ischemia. Additionally, increasing the 
frequency of routine ECG testing is also reasonable.

Ventricular Ectopy
Patients with stable CAD are often found to have prema-
ture ventricular ectopic beats (PVCs) on routine ECG. Most 
times these are asymptomatic; however some patients will 
experience palpitations. In patients with a low burden of 
ectopy and no symptoms, medical therapy should not be 
changed from that recommended for the coronary disease 
itself. Attempts to suppress ectopy with arrhythmic drugs 
should be avoided in these patients based on the results 
of the Cardiac Arrhythmias Suppression Trial (CAST).16 For 
patients with minor symptoms, starting or increasing dos-
ages of β-blockers or calcium-channel blockers should be 
considered.

Patients with high burdens of ventricular ectopy may 
have decreased systolic function.17,18 An exact burden cut-
off has not been elucidated to date; however studies have 
shown that a range of PVC burden from 13% to 24% of total 
beats is independently associated with development of car-
diomyopathy.19,20 In addition, successful elimination of the 
ectopy through ablation can result in significant improve-
ment and even normalization of systolic function.19,20 The 
link between a high burden of ectopy and cardiomyopathy 
has been extended to patients with chronic coronary dis-
ease. In a small single-center study of patients with CAD and 
high ectopy burden, PVC ablation decreased PVC burden 
from 22% to 2.6%. The mean left ventricular ejection fraction 
(LVEF) improved in these patients from 38% to 51%, signifi-
cantly better than in a control population without ablation 
that showed no change in systolic function.21 This more 
aggressive strategy may eliminate the need for implant-
able cardioverter-defibrillators (ICDs) in some patients. In 

a study of 66 patients (including 11 with known coronary 
disease) undergoing PVC suppression with ablation who 
met current guidelines for ICD implantation before therapy, 
64% no longer had an indication based on improvement in 
LVEF (including 10 of the 11 patients with prior myocardial 
infarction).22

Whereas most patients with PVCs should still be man-
aged based on symptoms only, further attention should be 
paid to the patient with very frequent ventricular ectopy. 
Evidence shows these patients are at higher risk of develop-
ing cardiomyopathy and that elimination of the ectopy can 
reverse left ventricular dysfunction, even among those with 
an ischemic etiology. As there are no specific guidelines 
addressing management of PVCs in patients with CAD, we 
recommend ambulatory Holter monitoring and assessment 
of LV function in patients with a high burden of ectopy by 
history or ECG.

Persistent and New Q Waves
As mentioned previously, ECGs should be obtained at base-
line and at regular intervals in patients with chronic CAD. 
CAD patients will often have evidence of prior infarction or 
conduction system disease at baseline. These baseline ECGs 
are important to use as a comparison when patients present 
with new symptoms.

Pathologic Q waves are considered the classic ECG sign 
of necrotic myocardium and are seen in the late progres-
sion of myocardial infarction (MI).23 In the modern era of 
reperfusion therapy however, many patients who are found 
to have Q waves on presenting ECGs can have partial or 
complete resolution over time.24,25 Compared with patients 
with persistent Q waves, those with eventual Q wave regres-
sion have significantly improved LVEF26 (Fig. 10.2).

When routine ECGs are performed in patients with coro-
nary disease, occasionally one will find evidence of new 
MI in patients who have had no apparent symptoms. This 
evaluation and management of apparent “silent” MI is not 
directly addressed in current practice guidelines. Clearly a 
careful history should be obtained, focusing on symptoms 
that may have been atypical for the patient and symptoms 
that may point to crescendo angina or congestive heart fail-
ure. In our opinion, in the absence of symptoms the find-
ing of new Q waves on routine ECG does not require an 
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Baseline 4 months 24 months

P <0.001

P =0.02

Non-Q-wave MI

Q-wave regression

Persistent Q-wave MI

FIG. 10.2 Patients with Q-wave regression displayed significantly larger left ven-
tricular ejection fraction (LVEF) improvement at 24 months compared with both 
persistent Q waves found on electrocardiogram and with non-Q-wave myocardial 
infarction patients. (Adapted from Delewi R, Ijff G, van de Hoef TP, et al. Pathological 
Q waves in myocardial infarction in patients treated by primary PCI. JACC Cardiovasc 
Imaging. 2013;6(3):324–331.)
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evaluation for ischemia, but should trigger consideration 
for reassessment of LV function. This is particularly true for 
patients who have not yet met criteria for an ICD as a new 
infarction may now place them at increased risk of sudden 
death. If new LV dysfunction is seen, it is reasonable to con-
sider an assessment for ischemic and viable myocardium 
even in the absence of symptoms, as revascularization may 
improve LV function.

Many other ECG abnormalities may be seen, from non-
specific ST changes to LV hypertrophy, which have been 
associated with increased risk of coronary events in the 
non-CVD and hypertensive populations. The potential effect 
on long-term prognosis in patients already diagnosed with 
coronary disease is not well understood. However, given that 
each of these findings alone changes classic risk models 
only modestly, it is unlikely that these findings in patients 
with known coronary disease on optimal medical therapy 
significantly modifies their future risk of coronary events. 
It is again our opinion that these findings should trigger a 
reevaluation of potential symptoms and possibly a reassess-
ment of LV function.

EXERCISE TREADMILL TESTING

Historical Perspective
In 1941 Masters and Jaffe reported the combination of 
Masters’ two-step stress test with the ECG to obtain objec-
tive evidence of angina pectoris.27 Because many patients 
could not perform the Masters two-step stress test, Bruce and 
colleagues devised a more accessible version of the stress 
test using the motorized treadmill with inclination in 1956.28 
His eponymous protocol has been included in over 15,000 
scholarly articles and remains the most common and most 
studied protocol today.

More definitive diagnostic procedures and treatment 
were developed soon afterward. Coronary angiography was 
introduced in 1958 and coronary artery bypass (CABG) 
surgery in 1967. Since the early days of stress testing, other 
modalities of imaging have accompanied stress ECG, espe-
cially myocardial perfusion imaging and echocardiogra-
phy. The combination of imaging with the stress ECG has 
improved the sensitivity and specificity of the test29 (see 
Chapters 11, 12, and 15). Categorically, these are functional 
or physiologic tests that depend on their ability to produce 
objective evidence of myocardial ischemia.

The objectives of stress ECG need to be evaluated in the 
context of a cost-sensitive environment. The first consider-
ation is the diagnostic value of determining obstructive CAD, 
more precisely the confirmation that a patient’s symptoms 
of chest discomfort are due to angina pectoris. The second 
is risk stratification and the prognostic value of stress ECG. 
The stress ECG may appropriately identify patients at high 
risk for MI and other major adverse cardiac events. Thus the 
clinician may better determine which patient might derive 
incremental benefit from revascularization. Finally, one may 
use stress ECG to objectively determine the efficacy of a 
treatment regimen whether it is revascularization or medi-
cal therapy.

This section will describe the role of stress ECG in 
CAD; it will also review the physiology of exercise and the 
pathophysiology of myocardial ischemia and describe 
the performance of the test and the interpretation of its 
outcomes.

The Physiology of Exercise
Exercise, and for that matter any activity that requires the 
contractions of muscles, requires energy. This energy is pre-
dominantly derived from oxidative metabolism to generate 
adenosine triphosphate. Fundamentally, the process requires 
efficient delivery of oxygen to the tissues. At any moment, 
the total body uptake of oxygen is defined as VO2. The Fick 
equation describes the relationship between cardiac output 
(CO) and the extraction of oxygen at the tissue level (arterio-
venous oxygen difference). VO2 = CO × a–vO2 difference.30

The VO2, or total body oxygen requirement at rest, is 
described as 1 MET (metabolic equivalent). This is estimated 
at 3.5 mL O2/kg body wt. per min. Thus any physiologic activ-
ity or exercise can be described as a multiple of this basal 
metabolic unit. Whereas 1 MET corresponds to complete 
rest, 5 METs of energy is the equivalent of walking one block 
or climbing one flight of stairs.

During exercise, VO2 increases. In other words, the person 
who is exercising requires more oxygen to supply energy 
for exercising muscles. In order to accomplish this, CO (the 
product of heart rate [HR] × stroke volume) may increases 
fourfold to sixfold, HR may increase twofold to threefold, 
and stroke volume may increase by 50%. At approximately 
40% of maximum VO2 the increase in stroke volume plateaus 
due to a progressive decrease in diastolic filling time.31 By 
definition, VO2 max is the maximum achievable VO2 and is 
related to age, sex, physical fitness, and cardiac status. O2 
extraction in the periphery may increase as much as three-
fold during exercise, and the maximum O2 extraction is 
estimated at 15–17 mL O2/100 mL blood as the physiologic 
limit. VO2 peak describes the symptom-limited maximum 
of a given patient undergoing exercise while testing and is 
commonly expressed as the patient’s maximum exercise 
capacity or aerobic limit.

Aerobic exercise (high-repetition/low-resistance exer-
cise) involves vigorous muscle activity (multiple cycles of 
muscular contraction and relaxation). Oxidative metabolites 
are generated in these large working muscles. The metab-
olites cause dilation of local arterioles, which increases 
the blood flow to the exercising muscles up to fourfold. 
Massive dilation of these vessels decreases vascular resis-
tance, which contributes to the increase in stroke volume. 
With upright exercise such as jogging or fast walking, large 
muscle groups lead to an increase in sympathetic tone and 
a relative decrease in vagal tone. This increase in sympa-
thetic tone increases HR and myocardial contractility. This 
also causes a shunting of blood from the renal, splanchnic, 
and cutaneous vascular beds supplying large muscles. This 
circulatory shunting increases the venous return and further 
contributes to an increase in CO through the Starling mech-
anism. During exercise, systolic pressure increases gradually, 
driven by an increase in CO, and diastolic pressure remains 
constant or decreases slightly.30

Dynamic arm exercise results in a similar hemodynamic 
response but HR and systolic blood pressure tend to be 
higher. During exercise, the myocardium experiences a 
marked increase in oxygen demand. This demand is driven 
by HR, blood pressure, LV contractility, wall thickness, and 
cavity size. The rate–pressure product (maximum HR × 
maximal systolic blood pressure achieved during exercise) 
is an excellent index of the O2 demand (see Chapter 6). 
Myocardial ischemia develops when the demand for oxy-
gen is not met. The main goal of stress testing is to elicit myo-
cardial ischemia under a controlled condition.30
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TECHNICAL ASPECTS OF STRESS TESTING

Subject Preparation
Perhaps the most important aspect of stress testing is patient 
selection. As discussed in more detail in the next section, 
stress testing performs optimally as a diagnostic test when 
patients with intermediate likelihood of disease are selected 
(Box 10.2). Furthermore, the patient must be physically 
capable of performing treadmill exercise and the ECG must 
be interpretable for ischemic changes.

The most common forms of stress testing are the graded 
motorized treadmill and the cycle ergometer (stationary bicy-
cle). The cycle ergometer is more commonly used outside 
the United States; it has the advantage of less expense and 
requires less laboratory space. Furthermore the cycle ergom-
eter allows for easier access to the patient’s arms and torso 
for measuring blood pressures and recording the ECG during 
exercise. However, subjects inexperienced in cycling tend to 
fatigue before they reach their true VO2 max due to leg fatigue. 
Inexperienced subjects achieve 10% to 20% lower VO2 max 
on the cycle ergometer than on treadmill exercise.32 Dynamic 
arm exercise is another variety of aerobic stress available for 
patients who cannot perform adequate leg exercise; however, 
this modality is rarely used in clinical practice (Box 10.3). The 
graded treadmill is the most common modality used in the 
United States. There are a variety of protocols available, but 
the Bruce protocol (Table 10.2) is by far the most common 
and best studied protocol in practice today.

Most people can perform the Bruce protocol stress test. 
Some individuals have never exercised on a treadmill. A 
brief demonstration of the treadmill exercise is highly rec-
ommended before allowing a patient to initiate the test.33,34

Patient Selection
The subject must be physically able to exercise (Box 10.4). 
The patient should first be interviewed and examined to 

Adapted from Fihn, SD, Gardin, JM, Abrams J, et al. 2012 ACCF/AHA/ACP/AATS/
PCNA/SCAI/STS Guideline for the diagnosis and management of patients with stable 
ischemic heart disease: a report of the American College of Cardiology Foundation/
American Heart Association Task Force on Practice Guidelines, and the American 
College of Physicians, American Association for Thoracic Surgery, Preventive 
Cardiovascular Nurses Association, Society for Cardiovascular Angiography and 
Interventions, and Society of Thoracic Surgeons. Circulation. 2012;60:126;e44–164 
and Greenland P, Alpert JS, Beller GA, et al. 2010 ACCF/AHA guideline for 
assessment of cardiovascular risk in asymptomatic adults: a report of the American 
College of Cardiology Foundation/American Heart Association Task Force on Practice 
Guidelines. Circulation. 2010;112,e584–636.

 1.  Diagnosis of coronary artery disease in patients with an 
intermediate pretest probability of ischemic heart disease 
who have an interpretable ECG and at least moderate 
physical functioning capability

 2.  Risk assessment in patients with stable ischemic heart 
disease who are able to exercise to an adequate workload 
and have an interpretable ECG

 3.  Patients with known stable ischemic heart disease who 
have new or worsening symptoms not consistent with 
unstable angina and have at least moderate physical func-
tioning capability and interpretable ECG

 4.  Determination of the efficacy of a treatment regimen in 
patients with known stable ischemic heart disease who 
are able to exercise to an adequate workload and have an 
interpretable ECG

BOX 10.2 Indications for Stress 
Electrocardiogram (ECG)

 1.  Bruce protocol: standard graded motorized treadmill stress 
testing

 2.  Modified Bruce protocol: standard graded motorized 
treadmill stress testing to accommodate patients with 
limited physical functional capacity

 3.  Cycle ergometer: utilizes bicycle type exercise
 4.  Arm cycle ergometry: utilizes upper extremity exercise
 5.  Cardiopulmonary exercise testing: combines stationary 

cycle or motorized treadmill exercise with direct determi-
nation of oxygen uptake (VO2)

BOX 10.3 Exercise Modalities and Protocols

TABLE 10.2 Bruce Protocol

STAGE TIME (MIN) SPEED (MPH) GRADE (%) METS

Rest 0:00 0.0 0 1.0

1 3:00 1.7 10 4.6

2 3:00 2.5 12 7.0

3 3:00 3.4 14 10.1

4 3:00 4.2 16 12.9

The modified Bruce protocol uses initial low-level 3-min stages at a speed of 1.7 
MPH and grade 0% and 5%, respectively, and then continues to the full Bruce 
protocol.

From American College of Sports Medicine Guidelines for Exercise Testing and 
Prescription. 9th ed. Philadelphia: Lippincott, Williams and Wilkins; 2013.

History
 1.  Medical diagnoses and past medical history: a variety of 

diagnoses should be reviewed, including cardiovascular 
disease (known existing coronary artery disease [CAD], pre-
vious myocardial infarction, or coronary revascularization); 
arrhythmias, syncope or presyncope; pulmonary disease, 
including asthma, emphysema, bronchitis, or recent pulmo-
nary embolism; cerebral vascular disease, including stroke; 
peripheral artery disease; current pregnancy; musculoskel-
etal, neuromuscular, and joint disease

 2.  Symptoms: angina; chest, jaw, or arm discomfort; short-
ness of breath; palpitations, especially if associated with 
physical activity, eating a large meal, emotional upset, or 
exposure to cold

 3.  Risk factors for atherosclerotic disease: hypertension, 
diabetes, obesity, dyslipidemia, smoking; if the patient is 
without known CAD, determine the pretest probability of 
CAD (see Chapter 7)

 4.  Recent illness, hospitalization, or surgical procedure
 5.  Medication dose and schedule (particularly β-blockers)
 6.  Ability to perform physical activity

Physical Examination
 1.  Pulse rate and regularity
 2.  Resting blood pressure while sitting and standing
 3.  Auscultation of lungs, with specific attention to uniformity 

of breath sounds in all areas, particularly in patients with 
shortness of breath or history of heart failure or pulmonary 
disease

 4.  Auscultation of the heart, with particular attention in 
patients with heart failure or valvular disease

 5.  Examination related to orthopedic, neurologic, or other 
medical conditions that might limit exercise

BOX 10.4 The Patient Assessment for Exercise

Adapted from Balady GJ, Morise AP. Exercise testing. In: Braunwald’s Heart Disease. 
Mann DL, Zipes DP, Libby P, et al, eds. 10th ed. 2015, Philadelphia, Elsevier: 157.
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ensure that he or she does not have an important contrain-
dication to exercise (Box 10.5).

During the interview the clinician should inquire about 
the patient’s symptoms of chest pain, in particular its charac-
teristics.35 A risk calculator (see Chapter 7) may be used36–38 
to assist the clinician in making a more objective assess-
ment of the patient’s pretest probability. The clinician should 
further ask the patient about prior heart conditions or pro-
cedures—especially CAD, heart failure, history of pace-
maker or ICD implantation, prior percutaneous coronary 
intervention (PCI) or CABG, and serious valve conditions 
(in particular aortic stenosis). On a brief physical exam the 
clinician should evaluate the patient for evidence of impor-
tant contraindications such as decompensated heart failure 
or aortic stenosis.

LV hypertrophy with strain pattern may distort ST-segments 
and present difficulty in distinguishing ischemic ST depres-
sion during ECG stress testing. Certain distinguishing charac-
teristics of LV hypertrophy with strain (e.g., the association 
with increased R-wave voltage and asymmetry of inverted 
T waves) may help,39 but in general significant LV hyper-
trophy with strain decreases the diagnostic accuracy of 
stress ECG.40 Although LV hypertrophy with strain is not a 
contraindication for stress ECG, the clinician may decide to 
combine stress with an imaging modality as an alternative 
to stress ECG if the ST strain pattern is deemed sufficiently 
pronounced41 (See Chapters 11, 12, and 15).

Certain medications may affect the stress ECG. In particu-
lar digoxin is known to cause ST depression on the resting 
ECG and may lead to false-positive test results. β-Blockers 
may significantly reduce the HR response to exercise and 
result in an inadequate and nondiagnostic study. The deci-
sion on how to manage the patient who is currently on 
β-blockers depends entirely on the objectives of the stress 
test. If the objective is to diagnose obstructive CAD, the cli-
nician should advise the patient not to take the β-blockers 
before the test so that the patient has the opportunity to 
achieve an adequate HR response. However, if the patient 
is known to have obstructive CAD and the objective of the 
stress test is to assess risk or to determine the efficacy of 

the patient’s medical regimen that includes a β-blocker, the 
patient should be instructed to take all medications before 
the stress test as prescribed. In this scenario one can objec-
tively determine the patient’s ischemic threshold.30

Monitoring During Exercise
ECG leads are placed in a 12-lead “torso” configuration on 
the individual and secured to accommodate the exercising 
patient. Care should be taken to ensure proper skin prepara-
tion as the ECG leads are applied. A resting ECG should be 
performed while the patient is standing. A blood pressure 
cuff is placed on one arm so that blood pressure can be 
monitored at rest as well as at the end of each 3-min stage 
of exercise. Finally, the patient’s symptoms are monitored. 
Some clinicians use the Borg Scale of Exercise (Table 10.3) 
to quantify the subjective experience of exertion.30 Patients 
are asked to report whether they feel a pressure-like subster-
nal chest discomfort during exercise, to grade its severity, 
and to determine whether it is limiting the ability to proceed 
or not (Box 10.6).

Absolute Contraindications
 •  Acute myocardial infarction (within 2 days)
 •  High-risk unstable angina
 •  Uncontrolled cardiac arrhythmia with hemodynamic 

compromise
 •  Symptomatic severe aortic stenosis
 •  Decompensated heart failure
 •  Acute pulmonary embolism or pulmonary infarction
 •  Acute myocarditis or pericarditis
 •  Physical disability precluding safe and adequate testing

Relative Contraindications
 •  Known left main coronary artery stenosis
 •  Moderate aortic stenosis with uncertain relationship to 

symptoms
 •  Atrial tachyarrhythmias with uncontrolled ventricular rates
 •  Acquired complete heart block
 •  Hypertrophic cardiomyopathy with a severe resting 

gradient
 •  Mental impairment with limited ability to cooperate

BOX 10.5 Contraindications to Exercise Testing

From Fletcher GF, Ades PA, Kligfield P, et al. Exercise standards for testing and 
training: a scientific statement from the American Heart Association. Circulation. 
2013;128:873–934.

TABLE 10.3 Borg Scale of Perceived Exertion

PERCEPTION OF 
EXERTION BORG SCALE EXAMPLES

None 6 Reading a book

Very, very light 7–8 Tying shoes

Very light 9–10 Folding clothes

Fairly light 11–12 Easy walking

Somewhat hard 13–14 Brisk walking

Hard 15–16 Bicycling, swimming

Very hard 17–18 Highest level sustainable

Very, very hard 19–20 Highest level unsustainable, 
finishing kick in a race

During the Exercise
 •  Twelve-lead electrocardiogram (ECG) during the last min-

ute of each stage or at least every 3 min
 •  Blood pressure during the last minute at each stage or at 

least every 3 min
 •  Symptom rating scales as appropriate for the test indica-

tion in laboratory protocol

During the Recovery Period
 •  Monitoring for a minimum of 6 min after exercise in a 

sitting or supine position or until near-baseline heart 
rate, blood pressure, ECG, and symptoms are measured 
or reached. An active cool down may be included in the 
recovery period, particularly following high levels of exer-
cise, to minimize the postexercise hypotensive effects of 
venous pooling in the lower extremities.

 •  Twelve-lead ECG every minute
 •  Heart rate and blood pressure immediately after exercise 

and then every 1 or 2 min thereafter until near-baseline 
measures are reached

 •  Symptomatic ratings every minute as long as symptoms 
persist after exercise. Patient should be observed until all 
symptoms have resolved/returned to baseline levels.

BOX 10.6 Patient Monitoring During Exercise 
Testing

Adapted from Balady GJ, Morise AP. Exercise testing. In: Braunwald’s Heart Disease. 
Mann DL, Zipes DP, Libby P, et al, eds. 10th ed. 2015, Philadelphia, Elsevier: 157.
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Termination of the Test
The goals of stress testing are twofold: the patient exercises to 
his/her maximum capacity (exhaustion) and exceeds 85% 
of the maximum age-predicted maximum HR (MAPHR) 
and/or the patient objectively demonstrates myocardial 
ischemia with characteristic ST depression.

The MAPHR is traditionally calculated as 220 minus the 
patient’s age in years (MAPHR = 220 − age).

The maximum achievable workload (determined by the 
duration of exercise on the test) represents the patient’s 
exercise capacity, which is an important prognostic factor. 
Whereas cardiopulmonary testing employs ventilator gas 
exchange analysis to determine actual VO2,42 most stress 
labs estimate the METs performed from time on the tread-
mill. The patient’s work performance can be evaluated 
against an expected result based on age.

 Men : predicted METs = 18 − 0.15 × age (years) 

 Women : predicted METs = 14.7 − 0.13 × age (years) 

The O2 demand is estimated by the double product of 
the maximum HR achieved × the maximum systolic pres-
sure achieved.

Technically, a maximal stress study is one in which the 
patient achieves his/her predicted maximal HR [MAPHR 
= 220 − age (years)]. However, a diagnostically adequate 
test is one in which the patient achieves or exceeds 85% 
MAPHR with exercise. This is one of the primary goals of the 
test. Thus a submaximal study is one in which the patient 
is unable to achieve this goal. Patients who perform a sub-
maximal stress test should typically achieve a double prod-
uct (maximum HR × maximum systolic pressure) greater 
than 20,000. A diagnostic test however may result before the 
patient achieves his/her MAPHR, if he/she reports limiting 
angina and ischemic ECG changes. An inadequate study is 
one in which the patient fails to achieve 85% of his/her pre-
dicted maximum HR and fails to demonstrate ischemic ECG 
changes. If the patient performs a stress ECG test in which 
85% MAPHR is not achieved and exhibits no ischemic ECG 
changes, the test is considered nondiagnostic. Patients who 
cannot achieve greater than 80% of their MAPHR (and who 
are not taking β-blockers or other negative chronotropic 
medications) may have chronotropic insufficiency.30 In 
general, the stress test should continue until the patient is 
exhausted (Borg scale ≥17). This represents the patient’s 
maximum exercise capacity as measured in minutes on the 
Bruce protocol, and this time is an important component of 
the Duke treadmill score (see hereafter).

Patient safety is of utmost importance and the test may 
need to be terminated prematurely (Box 10.7). The supervis-
ing professional should maintain close observation of the 
patient as he/she exercises and should be prepared to stop 
the treadmill the moment that the patient appears unstable 
so that the patient does not sustain injury. Furthermore, a 
stress ECG test should be terminated if the patient exhibits 
2 mm horizontal ST depression in one or more leads and/or 
a drop of 10 mm Hg in systolic pressure after an initial rise 
whether or not the patient reports symptoms.43

Supervision of the Test
The ACC/AHA Clinical Statement on Stress Testing addresses 
competency in stress testing and specifically the qualifi-
cations and competency for those who would supervise 

the stress test.44 The authors describe three categories of 
supervision: personal supervision, in which the supervis-
ing professional is at the patient’s side; direct supervision, 
in which the supervising professional is within immediate 
access and available if a problem arises but not necessar-
ily physically in the stress lab; and general supervision, in 
which the supervising professional has a more general role 
of oversight and is not immediately available. The authors 
are of the opinion that exercise physiologists, stress techs, 
RNs, PAs, and NPs, with appropriate training, can compe-
tently personally supervise the test, while the cardiologist 
or other physician remains immediately available in case of 
an emergency (direct supervision).44 For patients screened 
and found to be appropriate (with no contraindications) for 
the test, the risk of sudden cardiac arrest during stress testing 
is extremely low (1 in 10,000).45 In fact, the most common 
cause of liability or lawsuits generated as a result of a mishap 
during stress testing involves mechanical falls in which the 
patient is physically injured. Thus great care should be taken 
to make sure that the patient is safe and understands proce-
dures for emergency stopping and that safety handrails are 
available during the exercise to mitigate these issues.46

STRESS TESTING IN PATIENTS WITH 
CORONARY ARTERY DISEASE

The stress ECG is a very useful diagnostic tool in CAD. In 
the appropriate context, it can provide valuable diagnostic 

Absolute Indications
 •  ST-elevation (> 1.0 mm) in leads without Q waves (other 

than aVR, aVL, or V1)
 •  Drop in systolic blood pressure of > 10 mm Hg, despite an 

increase in workload, when accompanied by any other 
evidence of ischemia

 •  Moderate to severe angina
 •  Central nervous system symptoms (e.g. ataxia, dizziness, or 

near-syncope)
 •  Signs of poor perfusion (cyanosis or pallor)
 •  Sustained ventricular tachycardia or other arrhythmia that 

interferes with normal maintenance of cardiac output dur-
ing exercise

 •  Technical difficulties monitoring the electrocardiogram
 •  Patient’s request to stop

Relative Indications
 •  Marked ST displacement (> 2 mm horizontal or downslop-

ing) in a patient with suspected ischemia
 •  Drop in systolic blood pressure > 10 mm Hg (persistently 

below baseline), despite an increase in workload, in the 
absence of other evidence of ischemia

 •  Increasing chest pain
 •  Fatigue, shortness of breath, wheezing, leg cramps, or 

claudication
 •  Arrhythmias other than sustained ventricular tachycardia, 

including multifocal ectopy, ventricular triplets, supraven-
tricular tachycardia, atrioventricular heart block, or brady-
cardia arrhythmias

 •  Exaggerated hypertensive response (systolic blood pressure 
> 250 mm Hg and/or diastolic blood pressure > 115 mm Hg)

 •  Development of a bundle branch block that cannot be 
distinguished from ventricular tachycardia

BOX 10.7 Indications for Terminating an Exercise 
Test

From Fletcher GF, Ades PA, Kligfield P, et al. Exercise standards for testing and 
training: a scientific statement from the American Heart Association. Circulation. 
2013;128:873–934.
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and prognostic information regarding CAD. As with any test, 
it has its limitations. It also has distinct advantages in that it 
provides a wealth of physiologic information in a standard-
ized and controlled environment. Furthermore, it is relatively 
inexpensive and most patients can perform graded treadmill 
exercise.47–49

Fundamentally, the stress ECG attempts to induce myo-
cardial ischemia in a safe and standardized fashion. It cap-
tures multiple important physiologic and ECG parameters 
in the process. Components of the Duke treadmill score, 
for example, exercise capacity (duration on the treadmill), 
reproduction of symptoms, and detection of ischemic ECG 
changes, are recorded.50

The clinician must be clear on the objectives of the test. 
Stress ECG can potentially detect only obstructive coronary 
atherosclerotic lesions that are flow limiting (i.e., ≧75% diam-
eter stenosis) or severe microvascular abnormalities asso-
ciated with exercise-induced ischemia. The more severely 
narrowed a coronary artery is and the more myocardium 
at risk (based on proximal location and number of severe 
lesions involved), the more likely the stress ECG is to register 
a positive result. Several important studies have compared 
stress ECG outcomes to the gold standard of coronary angi-
ography. These studies are subject to selection bias, because 
clinicians regarded the patients in these studies as having 
a higher pretest probability sufficient to warrant a cardiac 
catheterization. The sensitivity of the stress ECG (the per-
centage of patients with actual obstructive CAD who have 
a positive stress test) is ∼70%. The specificity of the stress 
ECG (the percentage of patients without obstructive CAD 
who have a negative test) is 75% to 80%.51 Clearly the test 
performs better with optimal patient selection. According 
to the Bayes theorem, the pretest probability significantly 

affects the posterior probability or outcome of the test.52 
If many low-risk patients (low pretest probability) undergo 
stress ECG, an excessive number of false-positive results are 
likely, whereas if patients with a very high pretest probability 
are tested, the false-negative result may be high53 (Fig. 10.3). 
Accordingly, stress ECG is most likely to provide clinically 
useful diagnostic information in those patients at intermedi-
ate pretest probability of disease.

Often the objective of the stress ECG is to determine 
whether the patient’s symptoms of chest discomfort are due 
to obstructive CAD. The presumed implication is that if the 
patient who has these symptoms is found to have one or 
more flow-limiting coronary lesions, he or she could poten-
tially benefit from revascularization with either PCI or CABG.

Several probabilistic tools/calculators have sought to 
aid the clinician in assessing a patient’s pretest probability 
of obstructive CAD (see Chapter 7). They incorporate the 
important characteristics of angina35 as well as age, gender, 
and other risk factors. One well known algorithm is the Duke 
chest pain score. This calculator tool derived its fundamental 
information from the results of a retrospective study and was 
then applied prospectively to test its validity. This calculator 
generates a probability score that evaluates the likelihood 
an individual patient’s symptoms correlate with significant 
obstructive CAD. Thus using the Duke chest pain calculator 
one could determine that a particular patient has a very low 
probability (low pretest probability) and probably should 
not undergo a stress ECG in his or her initial diagnostic eval-
uation. On the other hand, if a patient is found to have a very 
high probability of having significant obstructive CAD (e.g., 
a Duke chest pain score >85%), the stress ECG is not likely to 
provide any further incremental value for that patient and 
he or she should more likely go directly to catheterization. 
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FIG. 10.3 The relation between pretest and posttest probability. Diagnostic accuracy improves with a test with a higher sensitivity and specificity. Bayesian theory has 
shown that the value of noninvasive testing is greatest in patients with an intermediate pretest probability of having coronary artery disease. (From Weustink AC, de Feyter PJ. 
The role of multi-slice computed tomography in stable angina management: a current perspective. Neth Heart J. 2011;19(7–8):336–343.)
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As mentioned previously, the patients best served by stress 
ECG are those who have an intermediate likelihood of hav-
ing obstructive CAD (pretest probability between 20% and 
85%)37,38 (Fig. 10.4).

ST Depression
Positive ischemic changes are defined as at least 1 mm (or 
0.1mV) horizontal or downsloping ST depression in three 
consecutive beats in one or more ECG leads. The PQ line is 
used as the isoelectric line and the ST depression is mea-
sured at 60 ms (to 80 ms) beyond the J point. ST-segment 
depression greater than 2 mm is a criterion for termination of 
the test. Upsloping ST depression is not considered a positive 
(ischemic) response.30 Pathophysiologically, ST depression 
represents subendocardial ischemia (Fig. 10.5).

Unlike ST elevation in the case of ST-segment elevation 
MI (STEMI), the particular leads exhibiting ischemic ST 
depression are a poor predictor of the anatomic region of 
ischemia. The lateral leads (I, aVL, and V6) are the most likely 
leads to exhibit ischemic changes; however, one may subse-
quently find that the significant lesions may be found in the 
left anterior descending (LAD) artery (anterior distribution) 
or the right coronary artery (inferior distribution).

ST Elevation
ST elevation during stress ECG is an abnormal and fairly 
unusual response. Most commonly it is seen in the pres-
ence of pathologic Q waves, where it may suggest an LV 
aneurysm or periinfarction ischemia. In this case a stress 
test with nuclear perfusion imaging may help further 
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FIG. 10.4 Algorithm for stress electrocardiogram (ECG) for chest pain evaluation. The clinician first determines the patient’s pretest probability based on the patient’s 
traditional risk factors and characteristics of chest pain. The Duke chest pain score may be used for this purpose. Patients with low pretest probability would not likely benefit from 
further ischemic evaluation and should be assessed for other etiologies of chest pain. Patients with very high pretest probability for angina due to obstructive coronary artery dis-
ease are ordinarily best served with coronary angiography. Those with intermediate pretest probability are best served by noninvasive evaluation for inducible myocardial ischemia. 
If the patient can exercise and has an interpretable resting ECG, he or she should undergo stress ECG. Those who do not meet these criteria may undergo pharmacologic stress 
testing with cardiac imaging. The results of the stress ECG may be evaluated with the Duke treadmill score. Patients with a low risk (≥ 5) likely do not have obstructive CAD and 
have a very favorable prognosis for absence of cardiac events. Those with high-risk Duke treadmill score (≤ 10) most likely have significant obstructive CAD and should undergo 
coronary angiography. Those with an intermediate Duke treadmill score (4 to −10) should undergo stress testing with cardiac imaging.
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evaluate this finding. In the absence of pathologic Q waves, 
ST elevation suggests transmural ischemia and is more 
likely associated with significant proximal CAD (e.g., proxi-
mal LAD) or coronary spasm. In particular, there is growing 
evidence that ST elevation in lead aVR of ≥ 1 mm (0.1 mV) 
is a potential indicator of significant left main or proximal 
LAD disease.54–56

Bundle Branch Block
LBBB on the resting ECG is a contraindication to ECG 
stress testing because ischemic ST changes cannot be 
interpreted.

In 0.5% of stress testing cases a BBB develops during exer-
cise. If LBBB develops with a HR greater than 125 beats/min 
the finding is of no consequence regarding CAD. However, 
if LBBB appears during exercise before HR of 125 beats/
min, it has prognostic significance for future major adverse 
cardiac events (MACEs). Exercise-induced RBBB is not 
associated with increased risk of MACE. Ischemic changes 
in leads II, III, aVF and I, aVL, and V6 may be interpreted 
in the setting of RBBB, but ECG leads V1 to V4 cannot be 
interpreted.57,58

T-Wave Changes
In general T-wave changes (including inversion or pseudo-
normalization) have no diagnostic relevance. However 
more refined analytical technics using signal averaging may 
reveal increased risk for ventricular arrhythmias.

Arrhythmias
Isolated PVCs are observed in approximately 20% of stress 
tests and have no diagnostic importance. However, frequent 
PVCs and nonsustained VT, although rarely seen (2–3% 
of cases), may have prognostic importance. PVCs with an 
RBBB morphology in particular suggest an increased risk 
for MACE.

Exercise-induced supraventricular arrhythmias, for exam-
ple, supraventricular tachycardia or atrial fibrillation, are not 
predictive of ischemia. These findings may however predict 
the appearance of supraventricular tachycardia or atrial 
fibrillation at a later date.59,60

PROGNOSIS

The stress ECG is also a strong prognostic tool. The more 
flow-limiting lesions that a patient has and the more prox-
imal the disease, the more myocardium is at risk and the 
more likely the stress ECG is to be positive. Furthermore, as 
more myocardium is at risk due to widespread and severe 
coronary disease, the more physiologic parameters are 
adversely affected in this functional test.
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FIG. 10.5 Eight typical exercise electrocardiographic patterns at rest and 
at peak exertion during stress testing. The computer-process incrementally 
average beat corresponds with raw data taken at the same time point during exer-
cise and is illustrated in the last column. The patterns represent worsening elec-
trocardiographic responses during exercise. In the column of computer-average 
beats, ST80 displacement (top number) indicates the magnitude of the ST-seg-
ment displacement 80 ms after the J point relative to the PQ junction or E point. 
ST-segment slope measurement (bottom number) indicates the ST-segment slope 
and at a fixed time point after the J point to the ST80 measurement. At least three 
non-computer-processed average complexes with a stable baseline should meet 
the criteria for abnormality before the exercise electrocardiographic result can be 
considered abnormal. Normal and rapidly upsloping ST-segment responses typi-
cally occur with exercise. J point depression with rapidly upsloping ST-segments 
is a common response in an older, apparently healthy person. Minor ST-segment 
depression can occasionally occur at submaximal workload in patients with coro-
nary artery disease (CAD); in this figure, the ST-segment is depressed 0.09 mV (0.9 
mm) 80 ms after the J point. A slow upsloping ST-segment pattern may suggest 
an ischemic response in patients with known CAD or in those with a high pretest 
clinical risk for CAD. Criteria for slow upsloping ST-segment depression include J 
point and ST80 depression of ≥ 0.15 mV and an ST-segment slope greater than 
1.0 mV/s. This pattern may also proceed to horizontal or downsloping ST-segment 

depression that will occur during recovery. Classic criteria for myocardial ischemia 
include horizontal ST-segment depression observed when both the J point and 
ST80 depression are > 0.1 mV and the ST-segment slope is within the range of 
1.0 mV/s. Downsloping ST-segment depression occurs when the J point and ST80 
depression are 0.1 mV and the ST-segment slope is −1.0 mV/s. ST-segment eleva-
tion in the non-Q-wave infarct lead occurs when the J point and ST60 are > 1.0 
mV and it represents a severe ischemic response. ST-segment elevation in infarct 
territory (Q-wave lead) indicates a severe wall motion abnormality and, in most 
cases, is not considered an ischemic response. (From Chaitman BR. Exercise elec-
trocardiographic stress testing. In: Beller GA, ed. Chronic Ischemic Heart Disease. 
In: Braunwald E, series ed. Atlas of Heart Diseases. Vol 5. Philadelphia: Current 
Medicine; 1995:2.1–2.30.)
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Exercise Capacity
Exercise capacity has been found to be a strong predictor 
of future MACEs. Bourque et al.61 found that the ability of a 
patient to achieve greater than 10 METs of exercise had a 
strong negative predictive value for MACE and the absence 
of significant (> 10%) LV ischemia.61–63 In contrast, patients 
with severe disease are limited in their capacity to exercise. 
This is observed in several ways. First, the duration of the 
test is limited. It is often limited because of anginal symp-
toms but also because of the patient’s diminished capacity 
to perform work. In some patients this diminished capac-
ity to perform work is due to an inability (in the absence 
of β-blockers) to appropriately increase their HR during 
exercise. This finding, termed chronotropic insufficiency, is a 
strong predictor of adverse cardiac events.64–67

Alternatively some patients may have diminished capac-
ity to perform exercise due to widespread ischemia that 
decreases LV stroke volume and therefore decreases CO and 
thus the ability to perform cardiac work. In the extreme, wide-
spread myocardial ischemia may be reflected in a drop in 
systolic blood pressure (defined as a drop of 10 mm Hg in sys-
tolic blood pressure from the resting systolic blood pressure). 
Indeed, exercise-induced hypotension is associated with a 
poor prognosis and a higher likelihood that the patient may 
have left main disease or severe three-vessel CAD. Regardless 
of the underlying physiologic mechanism, patients who are 
unable to exercise to the goal of 85% of predicted maximum 
HR are considered at higher risk for cardiac events.47–49

Heart Rate Response
Early HR acceleration suggests deconditioning. However 
atrial fibrillation may confuse this issue. Furthermore, early 
HR acceleration may indicate anemia or significant LV sys-
tolic dysfunction.68 During recovery, vagal tone increases 
and sympathetic tone decreases. This leads to a gradual 
decrease in HR in healthy individuals. An abnormal recov-
ery (slower than usual to return to baseline resting HR) 
would suggest poor conditioning.69

An abnormal response would be:
< 12 beats/min after 1 min of recovery while standing
< 18 beats/min after 1 min of recovery while sitting
< 42 beats/min after 2 min of recovery while sitting.

Blood Pressure Response
The systolic blood pressure normally increases at least to 
greater than 140 mm Hg with maximal exercise. The double 
product (maximal HR × maximal SBP) normally exceeds 
20,000. A systolic blood pressure that does not exceed 140 
mm Hg and a double product that does not exceed 10,000 
suggest a poor prognosis.

A drop in systolic blood pressure greater than 10 mm Hg 
after an initial rise indicates a very poor prognosis. One must 
however be aware of a pseudodrop in systolic blood pres-
sure in the case of an anxious patient whose systolic blood 
pressure was excessively elevated at rest but “settled down” 
once the test began.43,70 An excessive increase in systolic 
blood pressure above 220 mm Hg suggests hypertension 
that has previously gone undiagnosed.

ECG Changes
The time during the exercise phase at which significant ST 
depression appears is very important and may be referred to 

as the ischemic threshold. Duration of exercise relates to per-
formance of work and therefore O2 demand. Ischemia that 
appears with a low workload (within 6 min) corresponds to 
a poor prognosis and high likelihood of significant left main, 
proximal LAD, and/or three-vessel disease.

Important factors that relate ST depression to the prob-
ability of significant disease are:
 1.  A shorter time to induce significant ST depression
 2.  The duration of ischemic changes (the number of min-

utes that ST depression persists in recovery). Typically, 
ST depression lasts at least 2 min before the ST depres-
sion normalizes. ST depression lasting longer than 5 min 
would suggest a poor prognosis.

 3.  Number of leads exhibiting ST depression
 4.  Depth of ST depression
 5.  Elevation rather than depression

Duke Treadmill Score
The Duke treadmill score combines and balances several 
important testing parameters. It provides a quantifiable 
means to determine the likelihood that a positive result 
reflects significant obstructive CAD and serves as an impor-
tant prognostic indicator.50

The Duke
treadmill

score

= – –

Duration of
exercise in

minutes
(on Bruce
protocol)

{5 × (ST
depression)}

Measured
in mm

{4 × (angina variable)}

0 = No Angina
1 = Mild Angina
2 = Limiting Angina

Exercise capacity (time on the exercise protocol) and 
the degree of ST depression are perhaps the most important 
prognostic variables (Fig. 10.6). The Duke treadmill score is 
prognostically relevant for both men and women.71

Silent Ischemia
Often patients will meet ECG criteria for ischemia during 
treadmill testing in the absence of symptoms. This is referred 
to as silent myocardial ischemia, which is also a term used 
to describe ischemic changes seen on ambulatory ECG (not 
discussed here). Review of the data related to the prognostic 
significance of this finding is mixed as it spans eras of signifi-
cant changes in medical and interventional therapy.72

Early data from the Coronary Artery Surgery Study (CASS) 
registry in 1988 evaluated the incidence of MI and sudden 
death in patients with known coronary disease and symp-
tomatic versus asymptomatic exercise-induced ischemia.73 In  
the study, 424 patients with asymptomatic ST changes during  
exercise testing were compared with 456 patients with ST chan-
ges and angina. At 7-year follow-up there were similar rates of 
both MI (20% vs 18%) and sudden cardiac death (9% vs 7%). 
There was no significant difference between the two groups 
and both groups had significantly higher adverse event rates 
than matched controls over the same period. This suggests that 
patients with evidence of ischemia but without symptoms were 
at the same risk as those who experienced angina (Fig. 10.7).

A more recent study from 2003 evaluated 356 patients 
after coronary intervention with exercise myocardial per-
fusion scans:74 23% of patients tested showed evidence of 
target vessel ischemia and 62% of these patients had no 
symptoms. Over 4 years of follow-up, the finding of silent 
ischemia predicted higher rates of cardiac death, MI, or 
revascularization than no ischemia but a better outcome 
than symptomatic ischemia.



EC
G

 an
d

 Stan
d

ard
 Exercise Stress Testin

g
125

10

With evidence showing that silent ischemia predicts poor 
outcomes, it is not surprising that studies have evaluated 
the effect of revascularization targeting silent ischemia on 
these outcomes. The Asymptomatic Cardiac Ischemia Pilot 
(ACIP) study tested percutaneous transluminal coronary 
angioplasty (PTCA) and CABG versus medical therapy in 
patients with silent ischemia seen on ambulatory ECG and 
an abnormal exercise tolerance test.75 All patients were 
without symptoms at the time of ischemic changes and one-
third had no angina symptoms whatsoever. Patients random-
ized to revascularization had a significant improvement in 
silent ischemia elimination (55% vs 40%) and lower rates 
of a composite including death, MI, revascularization, and 
unstable angina than those randomized to medical therapy.

More recently in 2012, a post hoc analysis of the Clinical 
Outcomes Utilizing Revascularization and Aggressive Drug 
Evaluation (COURAGE) trial evaluated potential differ-
ences in the patients with known CAD treated with either 
optimal medical therapy (OMT) or PCI.76 Of the 2280 

patients in the trial, 283 (12%) had no history of anginal 
symptoms. Compared to patients with symptoms, those with 
silent myocardial ischemia had fewer revascularizations 
regardless of treatment assignment (27% vs 16%) and fewer 
hospitalizations for acute coronary syndrome (12% vs 7%). 
Among patients with silent ischemia, no significant differ-
ence was seen in the outcomes of death, MI, or hospitaliza-
tion for acute coronary syndrome between those assigned 
to OMT or PCI.

Taking a different approach, in 2004 the Aggressive 
Diagnosis of Restenosis (ADORE) trial enrolled 342 patients 
after PCI to test a strategy of routine stress testing regardless 
of symptoms versus a selective approach in which testing 
was performed only when clinically indicated.77 Measured 
outcomes, which included exercise capacity, functional 
status, and quality of life scores, showed no difference at 9 
months between the two groups.

Results of ADORE and of OMT versus PCI trials in the era 
of modern medical therapy support the AHA/ACC guide-
lines recommendations against routine stress testing in 
asymptomatic patients after revascularization in the abscess 
of clear indications. Stress tests are occasionally performed 
for indications other than angina such as preoperative eval-
uation. When silent ischemia is found on these studies the 
decision on how to proceed is more difficult. It is necessary 
to consider the characteristics of the patient and the reason 
the test was ordered before making a decision on how to 
proceed. Based on recent data, continuing OMT alone may 
represent the most appropriate strategy for the majority of 
patients with silent ischemia.

THERAPEUTIC EFFICACY

Another strategy for the use of stress ECG in patients with 
known obstructive CAD is to objectively determine the effi-
cacy of medical therapy. By utilizing the objective measures 
of a stress ECG, the ischemic threshold can be compared 
before and after therapy and thus a quantifiable measure 
of treatment efficacy can be obtained. In addition, the 
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FIG. 10.6 The prognostic value of the Duke treadmill score (DTS) is illustrated in these Kaplan-Meier survival curves of patients with low- (DTS ≥ +5), intermediate- (DTS ≤ +4 
to −10), and high-risk (< −10) for cardiovascular events. (From Shaw LJ, Peterson ED, Shaw LK, et al. Use of a prognostic treadmill score in identifying CAD subgroups. Circula-
tion. 1998;98:1622–1630.)
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threshold of symptoms, ischemic ST-segment changes, and 
duration on the treadmill may be helpful parameters to 
establish a new ischemic threshold in patients on medical 
therapy and to provide recommendations on the intensity 
of exercise (i.e., exercise prescription).

Women
The subjects in most studies evaluating the sensitivity and 
specificity of the stress ECG have been predominantly male. 
A meta-analysis of these studies revealed a sensitivity of 
68% and a specificity of 77%. In contrast studies in women 
suggested a substantially lower sensitivity of 31% with a 
specificity of 71%.71 There is a relatively low prevalence of 
disease especially in premenopausal women. Cheng et al.78 
(Fig. 10.8) used CCTA to evaluate CAD prevalence among 
women and found that age, angina characteristics, and three 
or more traditional Framingham risk factors allowed for 
stratification into low-, intermediate-, and high-risk cohorts. 
Subsequent studies of women with intermediate risk of CAD 
revealed a sensitivity of 61% and a specificity of 70% of stress 
ECG.71

Importantly, it has been observed that ST depression on 
stress ECG is not as reliable a diagnostic variable for women 
compared with men.71 This is particularly true when a 
woman has ST depression on her baseline ECG.

Exercise capacity is a very important predictor of 
obstructive CAD and adverse cardiac events in women.79 
The Duke treadmill score provides similar prediction of 
events in women compared with men.80 Because the 
stress ECG has a strong negative predictive value for 
women who can exercise and who have a normal resting 
ECG, ACC/AHA guidelines recommend stress ECG as the 

first functional test to consider in women with intermedi-
ate risk.30

PREOPERATIVE EVALUATION FOR 
NONCARDIAC SURGERY

Asymptomatic patients with known CAD who are active 
(able to perform at least 4 METs, e.g., light housework) are 
generally felt to be reasonable candidates for surgery.81 
However, in patients who have a previously undiagnosed 
chest pain syndrome, a stress ECG may be helpful. One may 
use the stress ECG to objectively determine the ischemic 
threshold in symptomatic patients with known CAD. One 
might use more caution or consider intensifying medical 
therapy before surgery if the patient develops myocardial 
ischemia at a relatively low workload. Finally, one might 
consider preoperative evaluation with stress ECG in patients 
who have no symptoms but are generally very sedentary (< 
4 METs). However, these patients may not be capable of per-
forming an adequate stress test and a pharmacologic stress 
test may be a better option.

CONCLUSIONS

The 12-lead ECG remains an essential tool for evaluation 
of patients with suspected acute and chronic CAD and the 
various arrhythmias that accompany CAD. Even in an era 
of advanced imaging technology, the stress ECG retains its 
position as the most cost-effective means to evaluate most 
patients with known and intermediate probability for CAD. 
Thus these relatively simple and inexpensive tests are likely 
to remain in the clinician’s diagnostic armamentarium for 
years to come.
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INTRODUCTION

Over many decades, echocardiography has evolved consid
erably to provide a comprehensive assessment of cardiac  
structure and function in a truly bedside manner.1 Echo
cardiography is a readily available technique that is porta
ble, inexpensive, and free from radiation. Echocardiographic 
imaging modalities now include Mmode, twodimensional, 
flow Doppler, color flow mapping, tissue Doppler, contrast, 
threedimensional, and speckletracking strain imaging. 
Echocardiography may also be applied in conjunction with 
exercise or pharmacologic stress in the diagnostic evalua
tion of coronary artery disease (CAD) and for certain non
coronary conditions. In addition, echocardiography may 
be performed via the transesophageal route, not only for 
diagnostic purposes, but increasingly for imaging guidance 
during cardiac structural interventions under general anaes
thesia. Consequently, the indications for echocardiography 
are wide ranging, leading to the publication of numerous 
international guidelines for standardization of methodolo
gies and appropriate use of the technique in various cardiac 
conditions.2–5

In this chapter, the clinical application of echocardiogra
phy will be divided into three broad categories as follows: 
(1) detection of CAD, (2) assessment of left ventricular (LV) 
dysfunction, and (3) delineation of structural complications.

DETECTION OF CORONARY ARTERY DISEASE

Pathophysiology of Myocardial Ischemia
The pathophysiologic changes that occur as a consequence 
of interruption in coronary blood flow are described by 
the ischemic cascade as shown in Fig. 11.1. Resting blood 
flow may be preserved until a coronary artery stenosis 
approaches 90% diameter narrowing. At lesser degrees of 
stenosis, although resting flow is normal, coronary flow 
reserve (CFR) may be reduced such that when there is an 
increase in oxygen demand with exercise, there is an inabil
ity to increase blood flow adequately to meet the metabolic 
requirements, leading to a supplydemand mismatch and 
subsequent myocardial ischemia. The inadequate increase 

in blood flow in the stenosed coronary artery bed leads to a 
sequential reduction in myocardial perfusion, diastolic dys
function, reduced myocardial systolic strain, visible regional 
wall motion abnormality (WMA), electrocardiogram (ECG) 
changes, and finally symptoms. These changes are reversible 
with cessation of exercise. In addition to coronary artery 
stenosis severity, blood flow to the myocardium may be 
affected by location of the stenosis, lesion length, number of 
lesions, and comorbidities such as hypertension and diabe
tes affecting intrinsic CFR.

Regional Wall Motion Changes in 
Myocardial Ischemia and Infarction
The echocardiographic hallmark of underlying CAD is the 
presence of resting or stressinduced regional WMA. Normal LV 
wall motion consists of endocardial thickening that occurs in a 
relatively synchronous manner in all myocardial walls leading 
to a decrease in cavity size. These changes are greater in magni
tude at the base of the LV and less so moving toward the apex. 
Normal myocardial contraction depends predominantly on 
endocardial rather than epicardial contraction because the 
velocity and magnitude of contraction are greater in the sub
endocardial rather than subepicardial layers. Consequently, 
impaired function of the subendocardial muscle fibers has 
a disproportionate impact on overall wall thickening and LV 
systolic function. It has been shown that ischemia or infarction 
of the inner 20% of the myocardial wall leads to an absence 
of visible contraction in that region. This means that even non
transmural ischemia or infarction results in malfunction of the  
entire wall that is indistinguishable from that seen with trans
mural involvement.

If a prolonged period of ischemia has occurred due to 
transient occlusion with minimal infarction and restoration 
of blood flow, recovery of function within the affected myo
cardial segment may be delayed due to myocardial stun
ning. Repetitive episodes of demand ischemia may also lead 
to myocardial stunning. Echocardiographically, myocardial 
stunning manifests as a persistent regional WMA soon after 
restoration of blood flow, followed by recovery of contrac
tion within a few days up to a few weeks later.
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If complete coronary artery occlusion occurs and flow 
is not restored, myocardial infarction (MI) and necrosis 
may ensue leading to persistent regional WMA and LV dys
function. The extent of myocardial damage depends on 
the duration of complete coronary artery occlusion. If flow 
can be restored within 60 minutes, myocardial loss may be 
minimized. If flow can be restored within 4 hours there may 
be varying degrees of nontransmural or partial thickness 
infarction involving the subendocardial layers. A complete 
absence of blood flow for 4 to 6 hours tends to result in 
irreversible, transmural myocardial damage. The location of 
the regional WMA is a good indicator of the coronary artery 
territory involved in the infarction. However, the size of the 
WMA on echocardiography may overestimate infarct size 
both in terms of thickness of infarction due to tethering of 
the adjacent noninfarcted walls.

In some patients with LV dysfunction due to CAD, there 
may be areas of chronically dysfunctional myocardium 
that result from a state of chronic low blood flow, enough 
to sustain viability to the affected myocardium, but causing 
repetitive ischemia and stunning. These areas of socalled 
hibernating myocardium have the ability to regain contrac
tile function following revascularization and are therefore 
important to identify.

Resting Echocardiography
A resting echocardiogram may be helpful in the diagnosis of 
CAD if performed during symptoms. If a WMA is identified 
during chest pain and then resolves with relief of symptoms, 
this is very good evidence that the chest pain is due to myo
cardial ischemia. Equally, even in the absence of symptoms, 
the detection of a regional area of akinesia at rest is sugges
tive of silent CAD and previous MI, particularly if associated 
with increased echogenicity and thinning of the myocar
dium (Video 11.1). In the absence of symptoms, a normal 
resting echocardiogram adds little in establishing whether 
the patient has underlying CAD. Importantly, however, there 
are a number of other cardiac causes of chest pain, such as 
severe aortic stenosis, hypertrophic cardiomyopathy, mitral 
valve prolapse, and right ventricular pathology which may be 
excluded by echocardiography. Transthoracic echocardiogra
phy may also be useful in the evaluation of chest pain in the 
acute setting for differentiating MI, aortic dissection, pulmo
nary embolism, or acute pericarditis and pericardial effusion.

Stress Echocardiography
In view of the limited diagnostic accuracy of exercise 
electrocardiography, cardiac imagingbased investigations 
are gradually superseding its use in clinical practice.6–9 
Moreover, approximately 20% to 30% of patients are unable 
to exercise adequately because of comorbidities such as 
osteoarthritis, chronic pulmonary disease, and peripheral 
vascular disease.

The technique of stress echocardiography became clini
cally applicable in the 1980s when twodimensional echo
cardiography was used in conjunction with physiologic 
exercise or pharmacologic stress agents to provoke ischemia. 
Since then, with continued technological advances in image 
quality, particularly the introduction of intravenous ultra
sound contrast agents, stress echocardiography has evolved 
into a safe, accurate, and wellestablished technique for the 
diagnostic and prognostic evaluation of suspected cardiac 
chest pain.10–13

Exercise Echocardiography
Physiologic exercise is the preferred method of stress testing 
for ambulant patients, and this can be achieved either by 
treadmill exercise or bicycle ergometry. For treadmill exer
cise, the Bruce protocol is most commonly used and the 
exercise time or workload achieved per se provides useful 
clinical and prognostic information.14 Imaging under these 
circumstances is performed at rest and immediately after 
exercise, allowing a time interval of approximately 60 to 90 
seconds in which to acquire the poststress images. Upright 
or semisupine bicycle ergometry offers the advantage of 
imaging at any time during exercise, rather than immedi
ately postexercise as with treadmill exercise. However, the 
test may be limited by suboptimal patient position for image 
acquisition or leg fatigue preventing the attainment of target 
heart rate and potential cardiac symptoms. Treadmill exer
cise tends to evoke a higher workload and peak heart rate 
than does bicycle ergometry and therefore may be prefer
able for ischemia testing. However, bicycle exercise may be 
more suitable if additional Dopplerderived information is 
required, for example, on valve function, filling pressures, or 
pulmonary artery (PA) pressure.

Pharmacologic Stress Echocardiography
A pharmacologic approach to stress testing, using inotropic 
or vasodilator stress agents in conjunction with echocar
diography, is a suitable alternative for those unable to exer
cise and provides similar diagnostic accuracy to exercise 
echocardiography. Pharmacologic stress testing avoids the 
challenges of image acquisition posed by exercise such 
as hyperventilation and excessive chest wall movement. 
Moreover, the stress images can be obtained at a constant 
and controlled heart rate at peak stress without undue time 
pressure.

1. Dobutamine Stress Echocardiography
Dobutamine, a synthetic catecholamine, is the most widely 
used stressor agent and acts by stimulating α1, β1, and β2 
adrenoceptors. This leads to an increase in heart rate, blood 
pressure (BP), and inotropic activity, thereby increasing myo
cardial oxygen demand. The protocol for dobutamine stress 
echocardiography uses a weightadjusted, graded intrave
nous dobutamine infusion15,16 (Fig. 11.2). Echocardiographic 
images are acquired at rest, middose, peak dose, and 
recovery; heart rate, BP, and cardiac rhythm are monitored 

Wall motion imaging 

Flow heterogeneity  

Time from onset of ischemia  

Perfusion imaging 
ECG changes 

Systolic dysfunction 

Angina 

Diastolic dysfunction 

Hypoperfusion

FIG. 11.1 Pathophysiology of myocardial ischemia—the ischemic cascade. 
ECG, Electrocardiogram.



130

III

C
li

n
iC

a
l 

Ev
a

lu
a

ti
o

n

throughout the study. The increase in systolic BP is less with 
dobutamine compared to exercise. Endpoints of the test 
include achievement of 85% of agepredicted target heart 
rate; development of cardiac symptoms or ischemia, arrhyth
mias, hypotension, or severe hypertension; and intolerable 
side effects to dobutamine. If target heart rate has not been 
achieved at maximal dobutamine stress, intravenous atro
pine may be given in divided doses to a maximum dose of 2 
mg. On rare occasions, shortacting intravenous βblockade 
may be needed to reverse the effects of dobutamine.

Achievement of target heart rate is an important goal 
of ischemia testing with dobutamine, and therefore any 
ratelimiting medications should be withheld for at least 
48 hours to avoid a nondiagnostic test. Among those with 
reportedly normal dobutamine stress echocardiograms, a 
suboptimal heart rate response is associated with a higher 
cardiac event rate.

The use of dobutamine is associated with side effects 
such as headache, tremor, palpitations, nausea, urinary 
urgency, and anxiety, but with prior counselling and reassur
ance these are adequately well tolerated and do not usu
ally lead to premature termination of the test. A minority of 
patients develop a reflex vagal response to dobutamine lead
ing to hypotension and a fall in heart rate. Every test carries 
a definite, albeit minor, risk and exercise is generally safer 
than pharmacologic stress. For dobutamine stress echocar
diography, ventricular arrhythmias, prolonged ischemia, and 
MI have a reported incidence of approximately 1 in 1000 
with an incidence of death of 1 in 5000.17 In experienced 
hands, dobutamine stress echocardiography can be safely 
performed in patients with LV dysfunction, aortic and cere
bral aneurysms, and implantable cardioverter defibrillators.

2. Vasodilator Stress Echocardiography
Vasodilator stress echocardiography is typically per
formed with either dipyridamole or adenosine.10,12,18 
Dipyridamole stimulates A2A adenosinergic receptors 
present on the endothelial and smooth muscle cells of 

coronary arterioles. This leads to an increase in endoge
nous adenosine levels by the inhibition of cellular uptake 
of adenosine and the prevention of its breakdown by 
adenosine deaminase. Adenosine is a coronary arteriolar 
vasodilator that causes hyperemia in myocardial segments 
with normal vasodilatory reserve, ie, without significant epi
cardial stenoses or impairment in microvascular function. 
In contrast, segments with impaired vasodilatory reserve 
may become ischemic after administration of adenosine, 
due to a coronary steal phenomenon, where blood flow is 
preferentially directed to segments with normal epicardial 
and microvascular resistance (eFigs. 11.1 and 11.2).

The dipyridamole protocol consists of an intravenous 
infusion of 0.84 mg/kg over 10 min, in two separate doses. 
A dose of 0.56 mg/kg is given over 4 min, followed by 
echocardiographic imaging, and if no sign of ischemia, an 
additional 0.28 mg/kg is given over 2 min. If no endpoint is 
reached, atropine is added. The same overall dose of 0.84 
mg/kg can also be given over 6 min. All caffeinecontaining 
foods should be avoided for 12 hours before testing, and all 
theophyllinecontaining drugs should be discontinued for 
at least 24 hours. The peak vasodilatory effect of dipyridam
ole is obtained 4 to 8 minutes after the end of the infusion, 
and the halflife is approximately 6 hours. The dipyridamole 
dose usually employed for stress echocardiography (0.84 
mg/kg) causes a 3 to 4fold increase in coronary blood flow 
in normals over resting values. Vasodilator stress usually pro
duces a mild decrease in BP and a mild increase in heart 
rate. Therefore, atropine is frequently required to achieve 
target heart rate and thereby increase myocardial oxygen 
demand. Aminophylline should be available for immediate 
use in case an adverse dipyridamolerelated event occurs 
and be routinely infused at the end of the test.

Adenosine can be used in a similar manner and is typ
ically infused at a maximum dose of 140 μg/kg per min 
over 6 min. Imaging is performed prior to and after starting 
the adenosine infusion, and, compared with dipyridamole, 
adenosine has the advantage of a shorter halflife.

Echocardiography ± contrast 

Heart rate and rhythm monitoring 

Blood pressure 

Baseline 
5 

10 

40 

30 

20 

3 0 6 9 15 12 18 

Recovery 

Time (min) 

± Atropine 0.25–2 mg

DOBUTAMINE 

± Metoprolol 5 mg 

FIG. 11.2 Protocol for dobutamine stress echocardiography. If resting wall motion is normal, dobutamine is started at a dose of 10 μg/kg per min, but if there is a regional 
wall motion abnormality, assessment of myocardial viability may be indicated starting at a dose of 5 μg/kg per min. Red dots represent the time points for image acquisition.
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LAD Cx CxLAD

Predipyridamole Postdipyridamole

LAD flow = Cx flow (because Cx
arteriolar bed vasodilated at rest to

compensate for stenosis)

Flow through LAD ↑↑ but capillary
bed of Cx ↓ as CFR partially exhausted

e-FIG. 11.1 Vertical steal phenomenon with dipyridamole. At rest, perfusion in the circumflex (Cx) is maintained due to vasodilation of the arteriolar bed (larger circles 
downstream from epicardial vessel), thus using some of the coronary flow reserve (CFR). After dipyridamole-induced vasodilation, flow through the left anterior descending (LAD) 
vessel increases significantly (as it can vasodilate normally because no CFR is used at rest). However, the fall in perfusion pressure through the stenosed artery causes a critical 
drop in perfusion pressure to the capillary bed downstream, resulting in closing or “derecruitment” of the capillaries. ↑↑, Increase; ↓, decrease. (Modified from Picano E. Stress 
Echocardiography. 5th ed. Heidelberg: Springer-Verlag; 2009.)

Predipyridamole Postdipyridamole

RCA LAD RCA LAD

e-FIG. 11.2 Horizontal steal phenomenon with dipyridamole. The right coronary artery (RCA) is donating collateral supply to the diseased left anterior descending 
artery (LAD). The LAD arterioles are vasodilated at rest (larger vessels drawn on left side of image). After dipyridamole-induced vasodilation, there is a drop in pressure along 
the supply artery and thus distal perfusion pressure to the collateral vessels falls. The RCA arteriolar bed thus steals blood from the LAD system. (Modified from Picano E. Stress 
Echocardiography. 5th ed. Heidelberg: Springer-Verlag; 2009).
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Combined with wall motion assessment, dedicated imag
ing of the left anterior descending (LAD) coronary artery 
during vasodilator stress may be performed to provide an 
assessment of CFR (eFig. 11.3). The ratio of hyperemic peak 
to basal peak diastolic coronary flow Doppler velocities rep
resents CFR, and this parameter has been shown to provide 
additive prognostic value over and above wall motion assess
ment.19,20 However, the technique is not widely used because 
of protocol complexity and challenging imaging of the LAD.

Minor, but limiting, side effects preclude the achievement 
of maximal pharmacologic stress in less than 5% of patients 
given dipyridamole. Approximately twothirds of patients 
studied with the highdose dipyridamole protocol experi
ence minor side effects such as flushing and headache that 
usually resolve following administration of aminophylline at 
the end of testing. On rare occasions, dipyridamoleinduced 
ischemia requires the administration of nitrates. Major life
threatening complications, including MI, complete heart 
block, asystole, ventricular tachycardia, or pulmonary 
edema, occur in approximately 1 in 1000 cases. Adenosine 
has a similar sideeffect profile to dipyridamole, but may be 
safer because of the shorter duration of action. Both agents 
are contraindicated in patients with significant conduc
tion disease and reactive airways obstruction. Under these 
circumstances, dobutamine may be the pharmacologic 
stressor agent of choice. Conversely, vasodilator stress may 
be a safer option in those with a predisposition to atrial or 
ventricular tachyarrhythmias. In general, the choice of phar
macologic stressor agent is governed by operator prefer
ence and familiarity.

3. Pacing-Induced Stress Echocardiography
In those with a permanent pacemaker, it may not be pos
sible to provoke an adequate heart rate response with 
exercise or dobutamineatropine stress. Stress testing can 
be performed by programming the pacing rate to increase 
every 2 to 3 minutes until target heart rate is achieved. This 
technique can be used in conjunction with dobutamine to 
further increase inotropic activity and myocardial oxygen 
consumption. Transesophageal atrial pacing stress echocar
diography is an alternative method to exercise or pharmaco
logic stress testing, but has not gained popularity.

Analysis of Regional Wall Motion
Most commonly, analysis of regional wall motion is qualita
tive, based on visual assessment of myocardial thickening 
rather than motion, which may be influenced by pushing and 
pulling forces. Normal wall motion consists mainly of endo
cardial thickening representing a 35% to 40% increase in wall 
thickness from diastole with varying reductions in endocar
dial thickening seen in ischemia. The analysis is aided by 
dividing the LV into myocardial segments. For the purposes 
of wall motion analysis, a 16segment model was previously 
used, but a 17segment model is now recommended in 
which the additional segment represents the true apex.21 This 
allows comparison with myocardial perfusion studies using 
nuclear imaging and cardiac magnetic resonance (CMR) 
imaging, which have traditionally included a true apical 
segment. (Fig. 11.3). A visual assessment of each individual 
segment is made in multiple views, ascribing a wall motion 
score such that normokinesis = 1, hypokinesis = 2, akinesis = 3,  
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FIG. 11.3 Echocardiographic images, bullseye plot, and coronary artery distribution using the 17-segment left ventricular model for assessment of regional 
wall motion. LAD, Left anterior descending artery; LCX, left circumflex artery; LV, left ventricle; RCA, right coronary artery.
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flow reserve:
68/32 = 2.13

e-FIG. 11.3 Two-dimensional and color flow imaging of the left anterior descending artery followed by pulsed wave Doppler flow assessment at rest and at 
peak dipyridamole stress to derive coronary flow reserve. (From http://www.wikiecho.org).

http://www.wikiecho.org
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and dyskinesis = 4. The total score of the segments can then 
be divided by the number of segments analyzed to derive 
a wall motion score index. A completely normal LV at rest 
has a score index of 1.0. In the context of previous MI, the 
wall motion score index at rest provides a very good approxi
mation of the location and size of MI and global LV systolic 
function. With normal resting wall motion and stressinduced 
reversible ischemia, the wall motion score index during 
stress represents the location, extent, and severity of ischemia. 
This approach helps to identify the coronary artery territory 
responsible for the regional WMA. Involvement of the ante
rior septum and anterior wall signifies disease in the LAD 
artery and its branches (Video 11.2), whereas abnormalities 
of the inferior wall tend to indicate right CAD in the major
ity of cases (Video 11.3). There can be substantial overlap in 
blood supply to the inferolateral wall by the right coronary 
and left circumflex arteries, and similarly with the anterolat
eral walls by the LAD and left circumflex arteries. Dilatation 
of the LV cavity with stress often indicates multivessel disease 
(Video 11.4). The ischemic threshold may also be assessed 
by determining the heart rate at which regional WMAs were 
detected, and this has been shown to correlate with the  
number of stenosed coronary arteries.

The use of ultrasound contrast agents has helped 
to improve image quality and observer variability (see 

following discussion). Most studies are unequivocally nega
tive or positive, but there are sometimes borderline cases 
in which the image quality is suboptimal or wall motion 
changes are subtle and of uncertain significance. The most 
important factor in minimizing variability and maintaining 
diagnostic accuracy is appropriate and rigorous training in 
stress echocardiography.

Quantitative methods have been sought to make the find
ings more tangible and improve reporting by less experi
enced physicians. Automated endocardial border detection 
using integrated back scatter, tissue Doppler assessment of 
myocardial displacement, velocity, strain and strain rate, and 
realtime threedimensional imaging have been studied but 
require further simplification and validation in order to gain 
clinical acceptance.

Indications
The indications for stress echocardiography are summa
rized in Box 11.1. Appropriateness criteria for stress echo
cardiography have also been established.11 Dobutamine 
stress echocardiography is indicated for the assessment of 
myocardial viability in those with resting akinetic regions, as 
discussed later.

Safety and Feasibility
Advances in imaging technology, in particular the introduc
tion of harmonic imaging and use of ultrasound contrast 
agents, have significantly improved endocardial definition 
(Fig. 11.4). Accordingly, stress echocardiography is now fea
sible in over 95% of patients including those with morbid 
obesity.22

Diagnostic Accuracy
A large evidence base shows that all forms of exercise and 
pharmacologic stress echocardiography are more accurate 
than the treadmill exercise ECG, with sensitivities, specifici
ties, and overall diagnostic accuracies approximating to 80% 
to 90%.10 The normalcy rate of stress echocardiography is 
approximately 90% to 95%.1

Falsenegative studies may be due to suboptimal stress, 
use of βblockers, singlevessel disease, and hyperdynamic 
states. Falsepositive studies can be due to reduced CFR 
and ischemia in the absence of epicardial CAD. This may 
include patients with significant LV hypertrophy, diabetes 
mellitus, myocarditis, cardiomyopathies, and syndrome 
X. Exercise may result in worsening regional and global 

A B

FIG. 11.4 Contrast echocardiography for left ventricular opacification. (A) Apical four-chamber view showing poor endocardial definition of the left ventricular myocardium 
with harmonic imaging. (B) The same apical four-chamber view with contrast-enhanced imaging clearly showing the endocardium, allowing a proper assessment of regional 
wall motion and ejection fraction.

Universal Indications
Intermediate pretest probability of CAD
Abnormal resting ECG (ST/T wave changes, LBBB)
Inconclusive exercise ECG because of equivocal ST changes
Suspicion of a false-positive exercise ECG
Functional assessment of an equivocal coronary artery stenosis
Evaluation of cardiac etiology of exertional dyspnea
Risk stratification in known CAD
Preoperative risk assessment for noncardiac surgery

Pharmacologic Stress Indications
Inability to exercise
Submaximal exercise ECG
Assessment of myocardial viability—dobutamine

BOX 11.1 Indications for Stress 
Echocardiography for the Assessment of 
Coronary Artery Disease

CAD, Coronary artery disease; ECG, electrocardiogram; LBBB, left bundle branch 
block.
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systolic function in myopathic ventricles in the absence of 
ischemia (Video 11.5). Abnormal septal motion due to left 
bundle branch block (LBBB), ventricular pacing, or follow
ing cardiac surgery may also confound the interpretation 
of regional wall changes with stress. In addition, septal dys
synchrony may lead to worsening septal perfusion and wall 
thickening at higher heart rates in the absence of coronary 
artery obstruction.

Prognostic Value
Stress echocardiography provides independent prognos
tic information over and above clinical risk factors and 
stress test parameters for the prediction of allcause mor
tality, cardiac death, and composite endpoints23 (eFig. 
11.4). A normal stress echocardiogram yields an annual 
event rate of less than 1%,24 similar to that of an age and 
sexmatched normal population. Under these circum
stances, further diagnostic evaluation is rarely needed 
and, in particular, coronary angiography can be avoided. 
A positive stress echocardiogram carries a risk of nonfatal 
MI and allcause death over subsequent years of over 10%, 
and certain stress echo parameters help to further stratify 
risk. These include the location, extent, and severity of 
stressinduced WMA, low ischemic threshold, LV hypertro
phy, resting ejection fraction (EF), and peak wall motion 
score index. Falsepositive stress echocardiograms have 
also been associated with a higher risk of events, indi
cating the limitations of coronary angiography as a gold 
standard.25

Cost-Effectiveness Versus Exercise Electrocardiography
Compared to exercise electrocardiography, stress echo
cardiography identifies more patients as low risk and 
fewer as intermediate and high risk. Although initial pro
cedural costs are greater, stress echocardiography leads 
to a lower cost of additional downstream procedures 
when compared with exercise electrocardiography, with 
lower rates of coronary angiography and revasculariza
tion. Consequently, exercise echocardiography has been 
shown to be a costeffective alternative to exercise elec
trocardiography.26,27 Similar results have been shown in 
patients presenting with troponinnegative chest pain (e
Fig. 11.5).28

Comparison with Alternative Imaging Techniques
Perfusion scintigraphy is a longestablished technique for 
ischemia testing and is the main diagnostic alternative to 
stress echocardiography. The overall diagnostic accura
cies of the two techniques and prognostic value are simi
lar; there is a nonsignificant trend toward higher sensitivity 
with perfusion scintigraphy, but higher specificity with stress 
echocardiography.12 The two techniques have broadly simi
lar clinical applications and the choice of test depends 
mainly on availability and expertise. Although stress echo
cardiography is operator dependent and more subjective, it 
has the benefits of lower cost, widely available equipment, 
truly bedside nature, and no exposure to radiation. In con
trast with radionuclide imaging, echocardiographic images 
can be obtained anywhere along the continuum from rest 
to peak physiologic stress. Moreover, stress echocardiogra
phy has the major advantage of excluding other causes of 
cardiac symptoms such as valvular disease, cardiomyopa
thies, pericardial disease, and congenital heart defects. CMR 
imaging allows the assessment of myocardial perfusion or 

wall motion with good accuracy. The advantages of the tech
nique are related to high image quality and the absence of 
ionizing radiation. However, the high costs, lengthy image 
acquisition, and low availability make CMR a good option 
mainly when stress echocardiography is nondiagnostic or 
not feasible. Computed tomography (CT) coronary angi
ography and coronary calcification scoring is the latest 
technique to enter the field of cardiac imaging. CT has the 
inherent limitations of radiation exposure, and more funda
mentally, provides anatomic rather than functional informa
tion. Nevertheless, as with the other imaging techniques, its 
use has been advocated in patients with an intermediate 
pretest probability of CAD.

Contrast Echocardiography for Left 
Ventricular Opacification
Despite the advances in twodimensional image quality 
with harmonic imaging, a significant minority of patients 
may have suboptimal images. This is particularly notable 
in patients with obesity, lung disease, or in the intensive 
care setting. Moreover, the need for very good endocardial 
definition is paramount in stress echocardiography. These 
concerns have prompted the development of ultrasound 
contrast agents to opacify the left ventricle. Since the 1990s, 
stabilized microbubble ultrasound contrast agents that are 
capable of transit through the pulmonary circulation have 
become available. These have been coupled with modifica
tions in ultrasound technology to improve visualization of 
the microbubbles in the LV cavity and myocardium.29–31

Ultrasound Contrast Agents
Ultrasound contrast agents consist of acoustically active 
gas–filled microspheres designed to increase the signal 
strength of ultrasound waves. The microbubbles are smaller 
than the capillaries in the lungs allowing transit from the 
venous to the arterial side of the circulation. As they remain 
intravascular at all times, they act as red blood cell tracers. 
To prevent dissolution of the microbubble, a lowsolubility, 
highmolecularweight gas is used. The microbubbles are 
stabilized by the outer shell coated with a biocompatible 
surfactant to minimize reaction. The compressibility of the 
gas enables the microbubbles to be an efficient acoustic 
reflector. The microbubbles are eliminated from the body 
via the reticuloendothelial system with their gas escaping 
from the lungs.

Ultrasound Imaging of Contrast Agents
Myocardial tissue is capable of reflecting an equal and 
opposite frequency, and this is known as a linear response. 
Consequently, standard twodimensional imaging originally 
involved the ultrasound receiver transmitting and receiv
ing ultrasound impulses of the same frequency, known as 
fundamental imaging. However, ultrasound waves become 
distorted on passing through the body as they encounter tis
sues of differing composition and density. This may change 
the waveform and generate frequencies different from the 
incident frequency. The strongest harmonic signals are mul
tiples of the fundamental frequency. A nonlinear response 
is one in which harmonic frequencies of the fundamental 
frequency can be produced. Because microbubbles have 
nonlinear scattering properties, harmonic imaging was orig
inally introduced to enhance the detection of ultrasound 
contrast agents within the heart. Myocardial tissue has both 
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linear and nonlinear properties that have improved imaging 
of myocardial tissue using harmonic imaging, but microbub
bles have greater nonlinearity and a number of techniques 
have been developed to help distinguish microbubbles 
from the surrounding tissue.

The mechanical index is a measure of the power gen
erated by an ultrasound transducer within an acoustic 
field and gives an indication of the likelihood of bubble 
disruption. The mechanical index used during routine 
examinations destroys most contrast microbubbles. In 
order to image contrast within the LV cavity it is necessary 
to reduce the transmitted mechanical index, and using 
more contrastspecific imaging modalities this helps to 
remove the tissue signal and leave only the contrast. This 
type of imaging is very effective for LV endocardial bor
der enhancement as it demonstrates a sharp demarcation 
between the contrastenhanced cavity and the myocar
dium (see Fig. 11.4).

Administration and Indications for Use of Ultrasound 
Contrast Agents
Table 11.1 summarizes the characteristics of currently avail
able ultrasound contrast agents. These ultrasound contrast 
agents are administered intravenously as a bolus or con
tinuous infusion. Slow bolus injections (0.2–0.5 mL) are 
usually enough for the evaluation of the LV in the standard 
apical and parasternal views. A continuous infusion is some
times preferred in more challenging cases to provide stable 
conditions for image acquisition from different views. The 
indications for the use of ultrasound contrast agents for LV 
opacification are broadly as follows:
 •  endocardial visualization and assessment of LV structure 

and function when two or more contiguous segments are 
not seen on noncontrast images;

 •  accurate and repeatable measurements of LV volumes 
and EF;

 •  to confirm or exclude apical pathology, LV thrombus, 
noncompaction, and ventricular pseudoaneurysm;

 •  to optimize images and diagnostic assessment of patients 
undergoing stress echocardiography.
By enhancing LV endocardial border definition, ultra

sound contrast agents reduce the number of uninterpretable 
and technically difficult studies, increase the yield of definite 
apical pathology such as thrombus formation, and improve 
the quantification of LV volumes and EF.

Safety
Side effects have been noted with ultrasound contrast 
agents but these are usually mild and transient. Serious aller
gic reactions have been observed but are extremely rare, 
with an incidence of approximately 1 in 10,000 cases.30–32 
Absolute contraindications for the administration of con
trast agents include bidirectional or righttoleft intracardiac 
shunting or known hypersensitivity to the agent.

Cost-Effectiveness
By improving image quality in patients with difficult acous
tic windows, the use of contrast agents may shorten the 
time to diagnosis, enhance decisionmaking, and improve 
workflow through the echo lab by reducing the time 
needed to image challenging cases. A large prospective 
study in patients with technically difficult echocardio
graphic studies showed that the use of contrast echocar
diography had a positive impact on diagnosis, resource 
utilization, and patient management.33 Approximately one
third of patients had either a reduction in the number of 
additional diagnostic procedures, a significant alteration 
in medical management, or both. The impact of incorpo
rating contrast agents was most pronounced in critically 
ill and hospitalized patients, those with the poorest qual
ity images. Costeffectiveness analysis showed a saving of 
$122 per patient.33 In the setting of stress echocardiography, 
contrast agents have been shown to improve visualization 
of regional WMAs, thereby increasing reader confidence 
in study interpretation and improving diagnostic accuracy. 
Interobserver variability of interpretation of stress echo
cardiograms has also been shown to improve significantly 
with contrast administration, particularly in less experi
enced hands. It has been estimated that the use of contrast 
agents for suboptimal images during stress echocardiogra
phy may result in a saving of $238 per patient by reducing 
the need for further investigation.30

Myocardial Contrast Echocardiography
Ultrasound contrast agents may also be used to assess myo
cardial perfusion. After transit through the LV cavity, micro
bubbles enter the epicardial coronary arteries and the 
coronary microcirculation. The focus of myocardial contrast 
echocardiography is to use the best available imaging set
tings to visualize the microbubbles within the myocardium 
and hence assess myocardial perfusion. Continuous intrave
nous infusion of contrast agents is mandatory in order to 
provide a steadystate concentration of microbubbles and 
reduce the likelihood of artifacts. The technique relies on 
using imaging settings which initially destroy microbubbles 
and then observe the rate of microbubble replenishment 
within the myocardium.29

Real-Time Imaging
High mechanical index contrast imaging leads to early 
destruction of microbubbles and therefore does not allow 
continuous realtime imaging. Realtime imaging uses a 
mechanical index low enough to minimize microbubble 
destruction and thereby strengthen the signal from micro
bubbles while at the same time generating little harmonic 
signal from myocardial tissue. Microbubbles can be inten
tionally destroyed by a “flash” of high mechanical index 
ultrasound pulses, and contrast replenishment within the 
myocardium may then be observed by switching to a low 
mechanical index setting to allow qualitative and quantita
tive assessment of myocardial perfusion. This method allows 
the benefit of realtime assessment of both wall motion and 
perfusion (Video 11.6).

Intermittent Imaging
After microbubble destruction with flash imaging, a high 
mechanical index setting may be used to assess myocar
dial perfusion by intermittently imaging the myocardium at 

TABLE 11.1 Properties of Commercially Available 
Ultrasound Contrast Agents for Cardiac Imaging

GAS BUBBLE SIZE
SURFACE 
COATING

Sonovue Sulphur hexafluoride 2–8 μm Phospholipid

Optison Perfluoropropane 3–4.5 μm Albumin

Definity Octafluoropropane 1.1–3.3 μm Phospholipid
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endsystole after every few cardiac cycles. Intermittent imag
ing avoids significant microbubble destruction and thereby 
allows replenishment of the microbubbles into the myocar
dium, imaged as snapshots in endsystole when the myocar
dium is at its thickest and easiest to discern (Fig. 11.5A). The 
main advantage of this technique is the high sensitivity, as 
the harmonic signals generated by bubble destruction at a 
high mechanical index are stronger than those emitted at 
a lower mechanical index. However, continuous imaging of 
wall motion and perfusion is not feasible (Video 11.7).

Quantification of Myocardial Perfusion
Approximately 90% of myocardial blood volume resides 
within the capillaries. When the entire myocardium is fully 
saturated with contrast during a continuous infusion of 
microbubbles, the signal intensity denotes the capillary 
blood volume. Any alteration of signal in such a situation 
must therefore occur predominantly as a result of change 
in capillary blood volume. As contrast agents are essentially 
red blood cell tracers, the rate at which contrast replenish
ment occurs after microbubble destruction represents red 
blood cell velocity. Myocardial blood flow is the product of 
myocardial blood volume and red blood cell velocity. If a 
graph is drawn plotting contrast video intensity against time, 

an exponential curve is obtained (Fig. 11.6). Mathematical 
analysis reveals that the plateau represents the peak myocar
dial blood volume (denoted A) and the initial slope of the 
curve is the microbubble velocity (denoted β). A × β then 
gives myocardial blood flow, and the ratio of myocardial 
blood flow at stress compared to rest then yields the CFR.

The capillary blood velocity is 1 mm/s with an ultrasound 
beam elevation of 5 mm. Thus, it takes 5 seconds for com
plete replenishment of the myocardium. Any decrease in 
myocardial blood flow prolongs replenishment time in pro
portion to the reduction in myocardial blood flow. Therefore, 
myocardial contrast echocardiography can detect capillary 
blood volume and, by virtue of its temporal resolution, can 
also assess myocardial blood flow.

Clinical Utility of Stress Myocardial Contrast 
Echocardiography
For the assessment of myocardial perfusion, vasodilator stress 
has been most commonly used, but dobutamine or exercise is 
just as accurate. As an alternative to dipyridamole and adenos
ine, a newer A2A adenosine receptor agonist, regadenoson, may 
be given in conjunction with myocardial contrast echocardiog
raphy.34 The latter agent is administered as a bolus injection and 
has a short halflife of only 2 to 3 min. This allows myocardial 
perfusion images to be acquired within 2 to 4 min of injection, 
permitting a rapid turnover of studies performed.

In the presence of a coronary stenosis, during stress, the 
perfusion pressure in the capillary bed supplied by the dis
eased artery falls significantly and these capillaries close. 
Consequently, there is a reduction in blood velocity and 
blood flow through the subtended myocardial segments, 
and this results in prolonged replenishment of microbub
bles during destructionreplenishment imaging, indicating 
reduced perfusion (see Fig. 11.5B).

If wall thickening at rest is normal then, by definition, perfu
sion must also be normal. However, at intermediate stages of 
stress in a patient with flow limiting stenosis, there may be a 
reduction in myocardial perfusion before any change in wall 
motion. Therefore, perfusion assessment may be more sensi
tive than wall motion assessment, but with lower specificity. 
Numerous studies have shown good sensitivities and specific
ities of myocardial contrast echocardiography for the detec
tion of CAD and myocardial viability.29 A 2013 multicenter 
study found myocardial contrast echocardiography to be 
noninferior to single photon emission computed tomography 

A

B

ECG

Flash

FIG. 11.5 (A) Myocardial contrast echocardiography by intermittent, high mechan-
ical index imaging. After flash bubble destruction, replenishment of microbubbles in 
to the myocardium are imaged as snapshots in end-systole when the myocardium 
is at its thickest. (A, Modified from Senior R, Becher H, Monaghan M, et al. Con-
trast echocardiography: evidence-based recommendations by European Association 
of Echocardiolgraphy. Eur J Echocardiogr. 2009;10:194-212). (B) Apical 4-chamber 
view showing normal perfusion at rest (left) and perfusion defect in the septum, apex, 
and lateral wall with dipyridamole stress still present 3 seconds after microbubble 
destruction (right). This suggests significant disease in the LAD and LCx arteries, con-
firmed by coronary arteriography (B, Modified from Senior R, Janardhanan, Jeetley 
P, Burden L. Myocardial contrast echocardiography for distinguishing ischemic from 
non-ischemic first-onset acute heart failure – insights into the mechanism of acute 
heart failure. Circulation 2005; 112: 1587-93). 
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FIG. 11.6 Quantification of myocardial perfusion. The plateau represents the 
peak myocardial blood volume (denoted A) and the initial slope of the curve is the 
microbubble velocity (β). The product of A × β equals myocardial blood flow.
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(SPECT) imaging for the detection of CAD.35 From the prog
nostic point of view, a negative stress myocardial contrast 
echocardiographic study is associated with a low event rate,36 
and in patients undergoing dobutamine stress echocardiog
raphy combined with myocardial contrast echocardiography, 
the assessment of myocardial perfusion provides incremental 
value in the prediction of 3year eventfree survival,37 under
lining the utility of combining myocardial contrast echocar
diography with stress echocardiography.

Myocardial contrast echocardiography has good evi
dence to support its incorporation into clinical practice.38,39 
However, interobserver agreement is variable and the tech
nique requires considerable expertise in order to avoid pit
falls associated with machine settings, perfusion imaging, 
contrast delivery, and patient anatomy. Ultrasound contrast 
agents are not currently licensed for perfusion imaging, and 
the technique has yet to gain momentum in the clinical arena.

ASSESSMENT OF LEFT VENTRICULAR 
DYSFUNCTION

Perhaps the most common indication for echocardiography 
is the assessment of LV systolic function. The data provide 
useful clinical, diagnostic, and prognostic information in vir
tually all types of organic heart disease.

Quantitative Assessment of Left Ventricular 
Systolic Function
Ejection Fraction
1. Two-Dimensional and Contrast Echocardiography
The recommended twodimensional echocardiographic 
method for measurement of LV volumes and EF is the 
biplane method of disks. This method involves tracing the 

endocardial borders from the apical fourchamber and 
twochamber views at enddiastole and endsystole21 (Fig. 
11.7). EF can then be derived from the enddiastolic volume 
(EDV) and endsystolic volume (ESV) as follows: EF = (EDV 
– ESV)/EDV. These measurements can be prone to error if 
image quality is suboptimal, but accuracy and reproducibil
ity can be improved by the use of ultrasound contrast agents. 
LV volumes derived from contrast echocardiography are 
higher than those measured on standard tissue harmonic 
imaging, probably because contrast tracks the true endocar
dial surface better than noncontrast images. Consequently, 
LV volumes and EF measurements from contrast echocar
diography have been shown to correlate better with CMR
derived measurements as the reference standard (eFig. 
11.6). Interreader variability is also improved with contrast
enhanced versus unenhanced images.40 This is clinically 
important because left ventricular ejection fraction (LVEF) 
after MI remains a major determinant of outcome and is 
pivotal for decisionmaking regarding the implantation of 
potentially lifesaving but expensive device therapies.

2. Three-Dimensional Echocardiography
Importantly, the biplane method has the inherent limitation 
of using the geometric assumption that the LV is shaped like 
an ellipse. Another problem relates to potential foreshort
ening of the apex and therefore underestimation of cavity 
volumes. These limitations have been overcome by three
dimensional echocardiography that captures the entire 
volume of the LV during image acquisition.41,42 Advances 
in computer and transducer technologies now allow real
time threedimensional imaging of the heart without the 
need for intensive offline postprocessing maneuvers. 
Threedimensional echocardiographic images may be 
acquired in real time by the acquisition of multiple pyrami
dal datasets per second in a single cardiac cycle. Alternatively,  

LVEDV LVESV

A4C

A2C

FIG. 11.7 Biplane method of disks for quantification of ejection fraction. LVEDV, Left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; A4C, 
apical four-chamber; A2C, apical two-chamber.
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ECGgated multiple acquisitions of smaller volumes of data 
may be acquired that are then stitched together to create a 
full volume dataset (Video 11.8). The latter technique pro
vides higher temporal resolution, but is prone to imaging 
artifacts created by movement or irregular cardiac rhythm. 
Threedimensional images may be displayed as volume ren
dered, surface rendered, wire framed, or twodimensional 
tomographic slices (Fig. 11.8).

Threedimensional echocardiography is recommended 
for the evaluation of LV volumes and mass, anatomic pre
sentation of the heart valves, and during transesophageal 
echocardiography–guided interventional procedures. LV 
volumes and EF measurements derived by threedimen
sional echocardiography are more accurate and repro
ducible, and compare more favorably with CMRderived 
measurements as the reference standard, compared to two
dimensional echocardiography41 (eFig. 11.7). The use of 
ultrasound contrast agents in threedimensional evaluation 
has not been shown to enhance the feasibility or accuracy 
of the technique, but may improve interreader variability.40 
Genderspecific normal values for LV volumes and EF using 
twodimensional echocardiography and threedimensional 
echocardiography were published in 2015.21

The feasibility of threedimensional echocardiography is 
improving, but is limited by the need for high image qual
ity and good operator experience. Further enhancements 
in temporal and spatial resolution, and in data manipula
tion, will be needed in the future to improve the utility of 
the technique.

Myocardial Mechanics
Because of its dynamic nature, echocardiography may be 
used to evaluate myocardial mechanics. Table 11.2 describes 
the main parameters of myocardial mechanics measured by 
echocardiography.43 The LV myocardial architecture is such 
that the midmyocardium consists of transverse fibers, the 
subendocardial layers have a righthanded helical arrange
ment, and the subepicardial layers have an opposite helical 
arrangement (eFig. 11.8). This structure broadly determines 
the components of myocardial deformation such that the 
subendocardial region contributes mainly to the longitudi
nal function of the LV, whereas the midwall and subepicar
dium contribute predominantly to rotational motion.

1. Myocardial Velocities
Tissue Doppler imaging (TDI) allows the measurement of 
highamplitude, lowfrequency Doppler signals arising from 
the myocardium and mitral annulus. A pulsed wave Doppler 
sample volume is placed within an area of the myocardium 
or the annulus, and the systolic and diastolic velocities at 
that point are then displayed (Fig. 11.9). Virtually any area of 
the myocardium can be interrogated in this manner allow
ing the quantitative assessment of regional systolic function 
by measuring the S wave peak velocity. Myocardial veloci
ties in the longitudinal direction can be derived from apical 
views and in the radial direction from shortaxis views. The 
technique may show changes in regional function that are 
not revealed by global LVEF measurements. However, veloc
ity measurements are affected by translational movement 

A B

D

C

FIG. 11.8 Three-dimensional echocardiographic images presented in four broad categories: (A) volume rendered, (B) surface rendered, (C) wire framed, and 
(D) two-dimensional tomographic slices. (From Mor-Avi V, Sugeng L, Lang RM. Real time 3-dimensional echocardiography: an integral component of the echocardiographic 
examination in adult patients? Circulation 119:314-329, 2009.)
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e-FIG. 11.8 Myocardial fiber orientation showing a right-handed helical arrangement of the subendocardial layers, transverse fibers of the mid-myocardium, and a 
left-handed helical arrangement of the subepicardial layers. (From Nakatani S. Left ventricular rotation and twist: why should we learn? J Cardiovasc Ultrasound. 2011 Mar;19(1):1-6.)
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and tethering, making it difficult to discriminate akinetic 
segments that are pulled, from actively contracting seg
ments. In addition, velocities are not uniformly distributed 
across the myocardium, decreasing from base to apex, mak
ing it difficult to establish reference values.

2. Myocardial Strain
Myocardial deformation imaging may overcome some of 
the limitations of velocity measurements. Strain measure
ments and strain rate measurements represent the magni
tude and rate, respectively, of myocardial deformation, which 
is an energyrequiring process in both systole and diastole. 
Reductions in strain and strain rate are seen early in the 
development of many pathophysiologic states, including 
myocardial ischemia.

Colorcoded TDI data allow simultaneous measurements 
of myocardial velocities from the entire myocardium. These 
data can be extrapolated to obtain displacement, strain, and 
strain rate measurements. Tissue Doppler data are readily 
available and allow online measurements of velocities and 
time intervals with high temporal resolution. However, the 
technique is limited by angle dependency, and strain and 
strain rate measurements with TDI require training and expe
rience for proper interpretation and recognition of artifacts.

Twodimensional speckletracking echocardiography is 
a new method for assessing myocardial deformation that 
may overcome some of the limitations of TDI. The technique 
allows myocardial motion to be analyzed through frame
byframe tracking of natural acoustic markers (referred to 
as speckles) that are generated from interactions between 
ultrasound and myocardium within a defined region of 
interest. By analyzing and tracking the motion of speckles 
from standard apical and shortaxis views, deformation may 

TABLE 11.2 Measurable Indices of Myocardial 
Mechanics

PARAMETER DEFINITION

Displacement Distance moved by a cardiac structure between two 
consecutive frames.

Velocity Displacement per unit time indicating the rate at which a 
cardiac structure changes location in a given direction.

Strain Measure of myocardial deformation that describes the 
percentage change in length of a myocardial segment. 
Positive and negative values indicate lengthening or 
shortening, respectively.

Global strain Average strain of all LV myocardial segments.

Strain rate Rate of change in strain.

Rotation Myocardial rotation around the long axis of the left 
ventricle.

Twist Normally the base and apex rotate in opposite directions 
and the absolute difference in rotation is referred to as 
the net LV twist angle.

Torsion Base-to-apex gradient normalized to the length of the 
left ventricle along the long axis.

LV, Left ventricular.

S’

E’
A’

FIG. 11.9 Normal pattern of tissue Doppler–derived myocardial systolic (S’ wave), early diastolic (E’ wave), and late diastolic (A’ wave) velocities from the 
medial aspect of the mitral annulus.
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be quantified along the longitudinal, radial, and circumfer
ential axes independently from angulation. Moreover, the 
technique does not require high frame rate images and can 
be performed by dedicated software on normal twodimen
sional pictures. The most commonly used strainbased mea
surement of LV systolic function is global longitudinal strain 
(GLS). Peak GLS describes the relative length change of the 
LV myocardium between enddiastole and endsystole such 
that GLS (%) = (MLs − MLd)/MLd, where ML is myocardial 
length at endsystole (MLs) and enddiastole (MLd). Because 
MLs is smaller than MLd, peak GLS is a negative number.

The data are analyzed offline by manual definition of 
the region of interest and automated tracking of the myo
cardium. Strain and strain rate values can be obtained for 
a single myocardial segment or provide a global measure 
as the average of all segments of the LV (Fig. 11.10). The 
same segments may also be evaluated along the radial and 
circumferential axes. Reductions in myocardial strain have 
been shown to occur before any discernible change in EF in 
a variety of cardiac conditions. Measurements of longitudi
nal strain are more robust and reproducible than circumfer
ential strain and radial strain. Normal ranges for GLS defined 

from a recent metaanalysis support the use of a normal cut
off exceeding –19%.44 GLS measurements offer incremental 
predictive value in unselected patients undergoing echocar
diography for the assessment of LV function.45,46

As the subendocardial layer mainly contributes to longi
tudinal function and is the most vulnerable to an ischemic 
insult, a reduced longitudinal strain may be noted in affected 
myocardial segments and areas of infarction. Reduced lon
gitudinal strain in patients with normal EF and increased 
atherosclerotic risk has been related to increasing severity 
of coronary artery disease.47 Longitudinal strain data have 
also been shown to provide incremental diagnostic and 
prognostic information in those undergoing dobutamine 
stress echocardiography. In patients with MI, GLS values 
seem to correlate with infarct size and EF and predict LV 
remodeling and cardiac events.48 Reduced radial and cir
cumferential strain have also been shown to differentiate 
viable from nonviable myocardium.49,50

Despite potentially useful applications,51 strain mea
surements are not yet incorporated into clinical practice. 
Speckletracking echocardiography relies on good image 
quality and the assumption that a given speckle can be 

Longitudinal motion

Circumferential motion

Radial motion

A B

C D

Longitudinal strain

Radial strainCircumferential strain

FIG. 11.10 Two-dimensional speckle tracking strain of the left ventricular myocardium. (A) Arrows denote the direction of movements. Myocardial fiber shorten-
ing in longitudinal (B) and circumferential directions (C) during systole represents negative strain, whereas thickening and lengthening in the radial direction (D) represents 
positive strain. Arrows in B–D represent mean strain values in these directions. AVC, Aortic valve closure. (From Ozkan A, Kapadia S, Tuzcu M, Marwick TH. Nat Rev Cardiol. 
2011;8:494–501).
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tracked from one frame to the next, which may not be 
the case when excessive cardiac motion occurs. Three
dimensional speckletracking echocardiography offers 
the advantages of overcoming foreshortening, the ability 
to measure a greater number of myocardial segments, and 
reduced examination time. However, threedimensional 
techniques are highly dependent on image quality, use 
lower frame rates, and require rigorous validation. Most 
importantly, there are as yet unresolved differences in 
intervendor strain measurements that limit the widespread 
applicability of the technique.

Left Ventricular Diastolic Function
Virtually all forms of cardiac conditions including CAD are 
associated with abnormal diastolic function. Diastolic dys
function is a significant contributor to the development of 

congestive heart failure. Diastole starts at aortic valve clo
sure and includes LV pressure fall during isovolumic relax
ation, rapid early passive LV filling immediately after mitral 
valve opening, diastasis, and late active filling during atrial 
contraction.

Echocardiography plays a central role in the assessment 
of LV diastolic function, and Doppler techniques evaluating 
mitral inflow, pulmonary venous flow, and tissue Doppler mitral 
annular velocities can be integrated to grade the severity of 
diastolic dysfunction52 (Fig. 11.11). Moreover, Dopplerderived 
diastolic parameters can provide an estimate of left atrial pres
sure that may be useful in LV dysfunction due to CAD. This 
information in conjunction with left atrial (LA) volume and 
PA pressure forms an overall impression of the backward pres
sure due to LV systolic and diastolic dysfunction. Notably, the 
accuracy and validity of Doppler markers of diastolic function 
are greatest in the presence of systolic dysfunction.
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Doppler Assessment of Diastolic Function
1. Mitral Inflow Velocities
Mitral inflow velocities are obtained in the apical fourcham
ber view with the pulsed wave Doppler sample volume 
positioned at the tips of the mitral valve. The main measure
ments of mitral inflow include the peak early filling veloc
ity (E wave velocity), late diastolic filling velocity (A wave 
velocity), the E/A ratio, and deceleration time of early filling.

In a young, healthy individual the E/A ratio is greater than 
1.0, but with advancing age, the natural increase in LV stiffness 
results in delayed relaxation with a progressive decrease in E 
wave velocity and an increase in A wave velocity such that 
there is E/A reversal with a ratio of less than 1.0. Pathologic 
changes in the myocardium lead to a hierarchy of changes in 
the mitral inflow pattern, from impaired relaxation to pseudo
normal filling and, finally, restrictive filling (see Fig. 11.11). 
These patterns are dependent on intravascular volume and 
LV systolic function. The pseudonormal filling pattern may be 
hard to differentiate from normal LV filling. This mitral inflow 
pattern is caused by a mildtomoderate increase in LA pres
sure in the setting of delayed myocardial relaxation. Because 
the Valsalva maneuver decreases preload during the strain 
phase, pseudonormal mitral inflow changes to a pattern of 
E/A reversal confirming impaired relaxation. A persistent 
restrictive filling pattern in the setting of LV systolic dysfunc
tion following MI is associated with a poor prognosis.53

2. Pulmonary Venous Flow
Acquisition of pulmonary venous flow is performed in the 
apical fourchamber view with the pulsed wave Doppler sam
ple volume placed in the right pulmonary vein. Normal pul
monary vein flow consists of a forward systolic and diastolic 
phase as well as a reversed atrial phase. Under normal cir
cumstances, the systolic flow velocity exceeds the diastolic 
velocity and this is followed by a short, lowvelocity reversed 
flow due to atrial contraction for those in sinus rhythm. With 
impaired LV systolic function and raised LA pressure, the 
pulmonary venous flow in systole is blunted and diastolic 
flow is increased because of greater emptying of the pulmo
nary veins into the LA following opening of the mitral valve. 
However, an increase in LA pressure leads to incomplete 
emptying and an increase in the reversed pulmonary A wave 
velocity and duration. If the pulmonary A wave duration 
exceeds the transmitral A wave duration, the LV enddiastolic 
pressure is usually elevated (see Fig. 11.11).

3. Tissue Doppler Mitral Annular Velocities
The acquisition of tissue Doppler mitral annular velocities is 
performed with the pulsed wave sample volume placed in the 
region of the septal and lateral insertion sites of the mitral leaf
lets. The early (e’) and late (a’) myocardial diastolic velocities 
are used as markers of global LV diastolic function in a man
ner similar to the transmitral inflow velocities. In normal con
ditions, e’ is greater than a’, but with diastolic dysfunction there 
is a reversal of this pattern. Importantly, unlike mitral inflow 
velocities, annular velocities are not load dependent and so 
the e’ velocity remains depressed in the pseudonormal and 
restrictive transmitral filling patterns (see Fig. 11.11). In addi
tion, the ratio of the transmitral E velocity and tissue Doppler 
annular e’ velocity (E/e’) has been shown to directly correlate 
with the pulmonary capillary wedge pressure. An elevated E/e’ 
ratio is associated with an adverse outcome in both ischemic 
and nonischemic LV dysfunction. In the presence of regional 
LV systolic dysfunction as in CAD, use of the average of the 

septal and lateral e’ velocities is recommended. An E/e’ratio of 
less than 8 is usually associated with normal LV filling pressure, 
whereas a ratio greater than 15 is associated with increased 
filling pressures. When the value is in the intermediate range, 
other echocardiographic indices should be integrated to gain 
an overall impression. Importantly, the E/e’ ratio is not a reli
able index of filling pressures in normal subjects, those with 
mitral valve disease, or those with constrictive pericarditis.

Left Atrial Volume
Whereas the previously mentioned parameters of diastolic 
function reflect LV filling pressures at the time of measure
ment, LA volume reflects the hemodynamic burden of ele
vated LV filling pressures over time. Left atrial volume should 
be measured in a similar fashion to LV volume, using the 
biplane method.21 A left atrial volume index of less than 34 
mL/m2 is considered normal, as measurements above this 
cutoff level, in the absence of atrial fibrillation and signifi
cant valve disease, independently predict death, heart fail
ure, atrial fibrillation, and ischemic stroke.52

Pulmonary Artery Pressure
In the absence of chronic pulmonary disease, a raised PA 
pressure in patients with LV dysfunction due to CAD usu
ally implies increased LA and backward pressure causing 
secondary pulmonary hypertension. The peak velocity of 
the tricuspid regurgitation jet by continuous wave Doppler 
together with right atrial pressure (inferred by interrogation 
of the inferior vena cava) is used to derive PA systolic pres
sure. In addition, the enddiastolic velocity of the pulmonary 
regurgitation jet can be applied to derive PA diastolic pres
sure.1 The latter correlates well with invasively measured 
pulmonary capillary wedge pressure.

Left Ventricular Dysfunction
In addition to the evaluation of LV function by echocardiog
raphy, information on cavity size, myocardial morphology, 
valvular involvement, and the regional or global nature of 
impaired LV systolic function may point to the etiology of 
the underlying disease process. Pathologic changes due to 
CAD result in regional rather than global abnormalities of 
LV systolic function that occur in welldefined territories 
(Video 11.9). Regional WMAs at rest may also occur in con
ditions such as myocarditis, Takotsubo cardiomyopathy, and 
sarcoidosis, but usually in patterns distinct from a specific 
coronary artery distribution. Septal abnormalities may arise 
from LBBB, from ventricular pacing, or following cardiac sur
gery and should therefore be interpreted in context. In some 
instances, it may be difficult to accurately separate ischemic 
from nonischemic causes of LV dysfunction, in which case 
direct assessment of the coronary arteries may be necessary. 
It should also be borne in mind that in rare circumstances 
a primary cardiomyopathy may coexist with CAD. The most 
common pattern under these circumstances is the pres
ence of CAD that is milder than would be expected from 
the degree of LV dysfunction and dilatation.

1. Adverse Remodeling
In the presence of transmural infarction and depending on 
the size of infarction, the LV may undergo a series of changes 
in morphology and geometry known as remodeling (eFig. 
11.9). Echocardiographically, there will be regional WMAs 
commonly associated with myocardial thinning and scar 
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formation, highly suggestive of previous infarction in a typi
cal coronary artery distribution and most commonly involv
ing the septum and apex. Adverse LV remodeling leads to 
cavity dilatation and altered geometry with increased sphe
ricity. There are usually varying degrees of mitral regurgita
tion either due to infarction involving the papillary muscle 
or as a result of the cavity dilatation leading to outward 
displacement of the papillary muscle, tethering of the 
mitral valve leaflets, and impaired coaptation. The LA may 
be dilated due to a combination of diastolic dysfunction, 
raised LV filling pressures, and mitral regurgitation. The PA 
pressures may be secondarily elevated and right ventricular 
function may be impaired, particularly if involved in previ
ous inferior infarction.

2. Myocardial Viability
Myocardial walls that are akinetic at rest may either rep
resent subendocardial or transmural infarction or dem
onstrate areas of myocardial viability due to stunning or 
hibernation. It is important to identify hibernating myocar
dium, as revascularization may lead to improved contrac
tile function, reverse remodeling, and improved clinical 
outcome. Dobutamine stress echocardiography is the most 
widely used method for assessing myocardial viability. The 
varying patterns of contractile response to dobutamine of 
the akinetic myocardial region help to differentiate between 
infarcted, stunned, and hibernating myocardium. A lowdose 
dobutamine protocol is employed starting at a dose of 5 μg/
kg per min, increasing at 5 minute intervals to 10 μg/kg per 
min and if necessary to 15 μg/kg per min, before resum
ing the standard protocol to the maximal dose of 40 μg/kg 
per min (see Fig. 11.2). At low doses, an inotropic effect is 
evoked with only a small increase in heart rate. In areas of 
myocardial viability, contractile proteins are recruited and 
wall thickening is observed on echocardiography. When 
dobutamine is then gradually increased to higher doses, the 
increase in myocardial oxygen consumption may provoke 
ischemia in the chronic, low blood flow state of hibernat
ing myocardium, leading to severe hypokinesia or akinesia 
(Video 11.10). This biphasic response is a powerful predic
tor of recovery of LV function following revascularization. 
In stunned myocardium, higher doses of dobutamine lead 
to further improvement in contractile function in the pre
viously akinetic area and therefore do not demonstrate a 
biphasic response. Truly infarcted myocardium fails to show 
any improvement in contractile function at low doses of 
dobutamine and remains akinetic throughout the test.

The detection of myocardial viability due to hibernating 
myocardium is based on the recovery of regional LV func
tion following coronary revascularization.54 The sensitivities 
and specificities of dobutamine stress echocardiography 
for detecting hibernating myocardium are approximately 
80% to 85%. Retrospective data from a number of studies 
suggest that in patients with CAD and resting LV dysfunc
tion the demonstration of myocardial viability in at least 
five myocardial segments is associated with better out
comes with coronary revascularization rather than medi
cal therapy, whereas those without significant myocardial 
viability do not seem to derive any prognostic benefit from 
revascularization (eFig. 11.10). However, limited prospective 
data have not shown any clinical benefit of using viability 
testing to guide revascularization,55,56 but the studies were 
relatively small and limited by methodological concerns.54 
Current guidelines endorse viability testing, stating that 

myocardial revascularization in patients with LV systolic 
dysfunction should be considered in the presence of viable 
myocardium.57

3. Left Ventricular Dyssynchrony
Progression of LV systolic dysfunction due to CAD may be 
accompanied by widening of the QRS duration, most com
monly with an LBBB pattern. The prolonged interventricular 
and intraventricular conduction may cause dyssynchro
nous contraction within the LV leading to worsening sys
tolic function. Modification of the electromechanical delay 
with cardiac resynchronization therapy (CRT) significantly 
improves morbidity and mortality.58 CRT is mainly recom
mended in those with EF of less than 35% associated with 
a QRS duration of greater than or equal to 150 ms and New 
York Heart Association class II or III symptoms refractory to 
medical therapy. CRT may also be considered in subgroups 
with QRS duration of 120 to 149 ms, or in less symptomatic 
patients.

However, approximately onethird of patients fail to derive 
benefit from CRT using ECG criteria alone. Consequently, a 
number of echocardiographic parameters of mechanical 
dyssynchrony have been studied to predict the response 
to CRT59 (eTable 11.1). When assessed individually, these 
parameters have failed to demonstrate significant predic
tive value; it is likely that the mechanisms underlying dys
synchrony are more complex and varied than can be 
encompassed by a single measurement. Moreover, in LV dys
function due to CAD, response to CRT is affected by other 
factors including location and extent of myocardial scar, 
LV lead position, right ventricular function, extent of cavity 
dilatation, and mitral regurgitation. At present, echocardio
graphic criteria for mechanical dyssynchrony are not inte
gral to guidelines for CRT implantation.

Despite these limitations, a detailed echocardiographic 
assessment of multiple dyssynchrony parameters and myo
cardial viability may help to identify individual patients suit
able for CRT.60 In addition, strain imaging techniques and 
threedimensional echocardiography may delineate the 
LV segments with the most delayed contraction in order 
to target LV lead placement in those particular regions if 
feasible. Using threedimensional echocardiography, LV vol
umes can be divided into segments, and time to minimum 
volume in each segment can then be plotted. For speckle
tracking strain imaging, a similar principle can be applied 
by quantifying the time to peak systolic strain in individual 
LV segments.

Predischarge echocardiography following CRT implan
tation may be useful, as those with improved mechanical 
synchrony and contractile function are likely to benefit in 
the long term. A significant reduction in interventricular 
mechanical delay, normalized septal contraction pattern, 
reduction in mitral regurgitation, and improved LV syn
chronization by twodimensional strain imaging or three
dimensional echocardiography have been associated with 
improved outcomes.61–63 Echocardiography should also be 
performed at 3 or 6 months after implantation as improved 
LV function and reverse remodeling changes remain good 
prognostic signs.64

4. Mitral Regurgitation
Chronic CAD with LV dysfunction is usually accompanied 
by varying degrees of secondary mitral regurgitation (MR), 
most commonly due to progressive regional and global LV 
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e-FIG. 11.10 Meta-analysis of death rates for patients with and without myocardial viability treated by revascularization or medical therapy. The findings sug-
gest that patients with myocardial viability fair better with revascularization than medical therapy. (From Allman K, et al. Myocardial viability testing and impact of rescularization 
on prognosis in patients with coronary artery disease and left ventricular dysfunction. J Am Coll Cardiol. 2002;39(7):1151–1158.)

e-TABLE 11.1 Echocardiographic Markers of Mechanical Dyssynchrony

ECHO PARAMETER DESCRIPTION THRESHOLD

SPWMD Septal-posterior wall motion delay by M-mode in parasternal short-axis view ≥ 130 ms

LVPEP Left ventricular (LV) preejection period defined as the time from the beginning of the QRS interval to LV ejection by 
pulsed wave Doppler

≥ 140 ms

IVMD Interventricular mechanical delay defined as the difference between LV and right ventricular (RV) preejection periods ≥ 40 ms

Ts-(lateral-septal) Time delay between peak systolic velocity at basal septal and basal lateral segments by pulsed wave tissue Doppler 
imaging

≥ 60 ms

Ts-SD Standard deviation (SD) of time from QRS to peak systolic velocity for 12 LV segments ≥ 32 ms

PVD Maximum difference in time to peak systolic velocity using pulsed wave tissue Doppler imaging derived from six 
basal segments

≥ 110 ms
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remodeling rather than ongoing reversible ischemia. The 
chronic changes following inferolateral infarction or extensive 
anterior infarction lead to local LV remodeling contributing to 
varying degrees of apical, posterior, and lateral displacement 
of the posterior papillary muscle increased chordal tension 
and pulling of the valve leaflets leading to incomplete closure 
of the mitral valve in systole. At closure, the mitral valve has a 
tented appearance between the annular plane and displaced 
leaflets. In addition, the mitral annulus may become dilated 
in the remodeling process, further disrupting normal mitral 
valve closure leading to worsening MR.

Echocardiography is extremely valuable in characterizing 
the etiology, pathophysiology, and severity of the MR associ
ated with CAD.65 A number of quantitative parameters may 
be used to evaluate the severity of MR. The measurement 
of regurgitant jet area is no longer recommended because 
of numerous confounding factors and poor reproducibility. 
Vena contracta width is more reliable and robust, but guide
lines favor the proximal isovelocity surface area (PISA) 
method as the most practical, allowing the measurement 
of effective regurgitant orifice area (EROA) and regurgitant 
volume (Fig. 11.12). However, there are many limitations 
to this approach. Firstly, the EROA changes during systole, 
tending to be higher in early and late systole and lower in 
midsystole. Secondly, the shape of the PISA profile may be 

hemielliptic rather than truly hemispherical, and thirdly, the 
presence of multiple jets may lead to an underestimation 
of MR severity. Unlike organic MR in which severe MR is 
defined as an EROA of greater than 0.4 cm2 and a regurgi
tant volume of greater than 60 mL, significant functional MR 
due to CAD is defined as an EROA of greater than 0.2 cm2 
and a regurgitant volume of greater than 30 mL because of 
an associated worse outcome and lower regurgitant volume 
in the presence of underlying impaired LV systolic function.

The severity of MR may vary with changes in loading 
conditions related to BP, level of hydration, physical activity, 
and appropriate medical therapy. The application of exer
cise echocardiography has shown that approximately 30% of 
patients develop significant MR and pulmonary hypertension 
with exercise, more often related to geometric and mechani
cal changes rather than to active reversible ischemia (Video 
11.11). Serial measurements should include EROA, regurgitant 
volume, PA pressure, LV volumes, and EF. These can be com
bined with an assessment of regional wall motion to detect 
associated reversible ischemia. Exerciseinduced worsening 
of MR severity by EROA of greater than 0.13 cm2 of the resting 
EROA has been shown to indicate an increased risk of major 
adverse cardiac events.66 Whether the MR is predominantly a 
marker of the LV remodeling and dysfunction or whether it 
independently contributes to the worse outcome is not clear.

VTIreg

PISA radius 
VC 

BA

C D 

Va

MR jet          3   Vmax

2   Va

1 PISA radius (r)

ERO = 2πr2 × Va/Vmax
Vol = ERO × VTIreg

FIG. 11.12 Quantification of mitral regurgitation. (A) Magnified view of the mitral valve in the parasternal long-axis view showing measurement of vena contracta 
(VC) with color flow imaging. (B) Measurement of PISA radius in the apical four-chamber view. (C) Continuous wave spectral Doppler pattern of mitral regurgitation enabling 
measurement of peak velocity and velocity-time integral of the mitral regurgitation jet. (D) Calculation of effective regurgitant orifice area (ERO) and regurgitant volume (Vol), 
whereby r = PISA radius, Va = aliasing velocity, Vmax = peak velocity of mitral regurgitant jet, and VTIreg = velocity time integral of mitral regurgitation. MR, Mitral regurgitation; 
PISA, proximal isovelocity surface area.
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Notably, there is no clear evidence to show that CRT, tar
geted percutaneous coronary revascularization, or surgical 
correction of the MR improves survival. Many percutane
ous techniques for the treatment of MR are being inves
tigated. In order to assess suitability of these techniques, 
several echobased measurements such as leaflet length, 
tenting area, coaptation distance, and leaflet angles are 
needed. Transesophageal threedimensional echocardiog
raphy may also be helpful in the measurement of tenting 
volume, better delineation of annular geometry and func
tion,41 and periprocedural guidance of mitral valve inter
ventions.67 At present, the management of ischemic MR 
should be tailored to the individual using an integrated 
approach that combines clinical information with the 
results of cardiac imaging data in which echocardiography 
plays an important role.

STRUCTURAL COMPLICATIONS DUE TO 
CORONARY ARTERY DISEASE

Left Ventricular Aneurysm
LV aneurysm formation is a complication of transmural 
MI that leads to a welldelineated outward bulging of the 
affected LV wall due to myocardial thinning and scar for
mation. Echocardiography can readily detect LV aneurysm 
formation (Fig. 11.13). The affected wall is either akinetic 
or dyskinetic, bulging outward in systole and sometimes 
associated with overlying laminar thrombus formation.  
The aneurysm has a wide neck communicating with the 
rest of the LV cavity. Aneurysms more commonly compli
cate anterior rather than inferior infarction, often involving 
the apex. Fortunately, with the advent of emergency reper
fusion strategies for the treatment of acute coronary syn
dromes, the incidence of LV aneurysms has been reduced 
to approximately 10% to 15% following MI over the last few 
decades. Mechanically, the aneurysm does not contribute 
to LV ejection, but rather acts as a dead space for accom
modating more blood in the LV cavity during systole and  
thereby compromising stroke volume. Surgical treatment 
of the LV aneurysm may be indicated in the setting of 
intractable heart failure or refractory ventricular arrhyth
mias. The aneurysm may be either resected and replaced 
with a Dacron graft or excluded by creating a partition 
between the normally functioning LV cavity walls and the 
aneurysm. Echocardiography may be helpful in determin
ing the suitability for surgery and the approach used. In 
order for surgery to be feasible, the basal portions of the 
LV need to be normally functioning so that overall cardiac 
performance is preserved after surgery. Moreover, if the 
septum is involved in the aneurysmal dilatation, resection 
becomes less feasible and exclusion surgery may be the 
preferred choice.

Pseudoaneurysm
LV pseudoaneurysm occurs as a result of a contained rupture 
of the LV wall. Hemorrhage occurs into the pericardial space, 
which then becomes locally compressive preventing further 
leakage into the pericardium. The overlying thrombus then 
becomes organized within the pericardium creating a wall 
over the ruptured myocardium. In view of the limited struc
tural integrity, pseudoaneurysms are prone to rupture, particu
larly within the first 3 months when the thrombus is relatively  

soft. However, incidental chronic pseudoaneurysms have 
been detected in part because of increasing use of imaging 
techniques and more effective postinfarction medical therapy. 
Other complications of pseudoaneurysms include thrombo
embolism and arrhythmias. Pseudoaneurysms tend to have a 
smaller opening than do true aneurysms. Echocardiography 
may identify the narrow opening with spontaneous contrast 
and swirling of blood within the cavity of the pseudoaneu
rysm, further delineated by the use of ultrasound contrast68 
(Fig. 11.14). However, the true size of the pseudoaneurysm—
which incorporates the outer layer of pericardium, the inner 
layer of hematoma, and the cavity of the aneurysm—may be 
underestimated, as the thickness of the layer of hematoma 
cannot be determined. The size of the cavity may be mod
est compared to the full extent of the pericardial mass seen 
on CT or CMR imaging. In addition, pseudoaneurysm of the 
basal inferior wall may be difficult to distinguish from a true 
aneurysm, as the opening of the aneurysm may be wider 
than expected in this location.

Thrombus Formation
LV thrombus formation is a wellrecognized complication 
of MI, tending to occur more commonly after large anterior 
infarction and overlying the akinetic apex. Accurate detec
tion of LV thrombus is of vital importance as anticoagulant 
therapy can be given to minimize the risk of embolic events 
leading to stroke or major organ loss. The likelihood of 
embolization is highest within the first 2 weeks of thrombus 

LV 

LA 

FIG. 11.13 Large aneurysm of the left ventricular apex (arrows). LA, left 
atrium; LV, left ventricle.
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formation, gradually reducing thereafter due to presumed 
organization and endothelialization of the thrombus.

Echocardiographically, thrombus is identified as a dis
crete echo dense mass with clear margins that are distinct 
from the endocardium and distinguishable from papillary 
muscles, chordae, trabeculations, and technical artifacts. 
Thrombus also tends to form over regional WMAs. Several 
characteristics of the thrombus should be noted, including 
size, shape, mobility, consistency, location, and presence of 
spontaneous echo contrast. Thrombus may be laminar in 
shape or protuberant and pedunculated. Laminar thrombus 
refers to a flattened or matted appearance of thrombus that 
is nonmobile and tends to imply a more chronic nature and 
lower potential for embolization. Pedunculated and mobile 
thrombi confer a greater likelihood of embolization. Fresh 
thrombi may have a softer appearance with an echolucent 
core giving them a more cystic appearance. The clinical set
ting and the appearance of associated regional WMA should 
distinguish them from cysts or tumors.

On occasion, there may be uncertainty as to whether 
thrombus is present over the apex, due to difficult echo win
dows or nearfield artifacts. Under these circumstances, the 
use of ultrasound contrast agents is indicated to determine 
whether there is a true filling defect at the apex consistent 
with thrombus (Video 11.12). Use of contrast agents may 
yield a 90% reduction in the number of echoes interpreted as 
nondiagnostic for LV thrombus. Another scenario in which 
contrast agents may be helpful is when it is difficult on ana
tomic grounds to distinguish thrombus from surrounding 
myocardium and other cardiac masses such as neoplasms. 
Thrombus is intrinsically characterized by its avascular tis
sue properties, whereas neoplasm is reliant upon a vascular 
supply. Consequently, the use of myocardial contrast echo
cardiography may help to characterize the vascularity of 
a cardiac mass, thereby helping to differentiate between a 
possible tumor and thrombus69,70 (Video 11.13).

SUMMARY

Echocardiography has become the firstline imaging modal
ity for the assessment of cardiac structure and function in a 
variety of cardiac conditions. Advances in ultrasound tech
nology now permit an accurate assessment of LV function 
by the introduction of ultrasound contrast agents and three
dimensional imaging. Ultrasound contrast agents may also 

be used to better delineate structural complications related 
to CAD. Speckletracking echocardiography allows a more 
detailed assessment of myocardial mechanics, beyond EF. 
Stress echocardiography has become a widely established 
technique for the detection of myocardial ischemia in 
patients with known or suspected cardiac chest pain, and 
for the assessment of myocardial viability in established 
chronic CAD and LV dysfunction. Consequently, the tech
nique plays a central role in the broad range of pathophysi
ologic changes related to chronic CAD.
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FUNDAMENTALS OF RADIONUCLIDE 
IMAGING

Radionuclide imaging techniques are widely used in the eval-
uation of patients with known or suspected coronary artery 
disease (CAD). The basic principle underlying this approach 
is the use of radiolabeled agents or radiopharmaceuticals that 
are injected intravenously and enter viable cells (e.g., myo-
cytes, autonomic neurons) or bind to cell receptors or other 
targets. These techniques use radiolabeled drugs or radiophar-
maceuticals, which are injected intravenously and trapped in 
myocardial tissue or other cell types. This radioactivity within 
the heart decays by emitting gamma rays. The interaction 
between these gamma rays and the detectors in specialized 
scanners—single-photon emission computed tomography 
(SPECT) and positron emission tomography (PET)—creates 
a scintillation event or light output, which can be captured 
by digital recording equipment to form an image of the heart. 
Like computed tomography (CT) and magnetic resonance 
imaging (MRI), radionuclide images also generate tomo-
graphic (three-dimensional) views of the heart. Contemporary 
PET and SPECT scanners are frequently combined with a CT 
scanner (so-called hybrid PET/CT and SPECT/CT). CT is used 
primarily to guide patient positioning in the field of view and 
for correcting inhomogeneities in radiotracer distribution 
due to attenuation by soft tissues (so-called attenuation cor-
rection). However, the CT scanner is frequently used to obtain 
diagnostic data, including coronary artery calcium score and, 
occasionally, CT coronary angiography.

Protocols for Myocardial Perfusion and 
Viability Imaging
Imaging protocols are tailored to the individual patient based 
on clinical questions, patient’s risk, ability to exercise, and 

body mass index, among other factors. Electrocardiogram 
(ECG)-triggered gated rest and stress images are acquired 
after the intravenous injection of the radiopharmaceutical 
and used to define the extent and severity of myocardial 
ischemia and scar, as well as regional and global cardiac 
function and remodeling.

Selecting a Stress Protocol
The choice of exercise versus pharmacologic stress has well-
defined guidelines depending upon the patient’s condition, 
clinical question, and safety considerations.1 Exercise stress 
is always preferred over pharmacologic stress in patients 
who can exercise adequately due to the wealth of additional 
information that is provided—exercise capacity, hemody-
namic response (maximal heart rate, heart rate recovery 
and reserve, peak blood pressure), stress-induced symptoms, 
exercise-induced arrhythmias, and ST-segment response. 
This approach permits coupling of clinical response and 
stress myocardial perfusion findings.

In patients unable to exercise adequately, pharmaco-
logic stress with vasodilators (adenosine, dipyridamole, or 
regadenoson) or direct chronotropic/inotropic stimulation 
with dobutamine is used (Table 12.1). Pharmacologic stress 
is also preferred in patients with left bundle branch block 
(LBBB) or paced ventricular rhythm, as it reduces the fre-
quency of false-positive tests related to mechanical dyssyn-
chrony. Among the pharmacologic stress options, vasodilator 
stress is preferred primarily because it produces the greatest 
flow heterogeneity, thereby facilitating detection of regional 
perfusion defects. In patients with contraindications to vaso-
dilator stress (e.g., asthma, AV block, etc.), dobutamine is a 
safe alternative. Finally, vasodilator stress is commonly used 
as an adjunct to exercise in patients unable to achieve a 
maximal exercise stress test.
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Imaging Protocols
A number of different protocols have been developed, vali-
dated, and tested for accuracy. Imaging protocols must be 
tailored to individual patients based on the clinical ques-
tion, radiotracer used, and time constraints. For SPECT myo-
cardial perfusion imaging (MPI) (Table 12.2), technetium 
99m-labeled (99mTc-labeled) tracers are the most com-
monly used imaging agents because they are associated 
with the best image quality and the lowest radiation dose to 
the patient. After intravenous injection, myocardial uptake 
of 99mTc-labeled tracers is rapid (1–2 minutes). After uptake, 
these tracers become trapped intracellularly in mitochon-
dria and show minimal change over time. Although used 
commonly in the past for perfusion imaging, 201thallium pro-
tocols are now rarely used because they are associated with 
a higher radiation dose to the patient.

PET MPI is an alternative to SPECT and is associated with 
improved diagnostic accuracy and lower radiation dose to 
patients due to the fact that radiotracers are typically short-
lived (Table 12.3). The ultra-short physical half-life of some 
PET radiopharmaceuticals in clinical use (e.g., 82rubidium) 
is the primary reason that PET imaging is generally com-
bined with pharmacologic stress, as opposed to exercise, 

as pharmacologic stress allows for faster imaging of these 
rapidly decaying radiopharmaceuticals. However, exer-
cise is possible for relatively longer-lived radiotracers (e.g., 
13N-ammonia). For myocardial perfusion imaging, 82rubidium 
does not require an onsite medical cyclotron (it is available 
from a 82strontium/82rubidium generator) and, thus, is the 
most commonly used radiopharmaceutical. 13N-ammonia 
has better flow characteristics (higher myocardial extraction) 
and imaging properties than 82rubidium but it does require 
access to a medical cyclotron in close proximity to the PET 
scanner. In comparison to SPECT, PET has improved spatial 
and contrast resolution and it provides absolute measures 
of myocardial perfusion (in mL/min per g of tissue), thereby 
providing a quantitative measure of regional and global coro-
nary flow reserve that is unique.2 Quantitative measures of 
myocardial blood flow and flow reserve help improve diag-
nostic accuracy and risk stratification.2

For the evaluation of myocardial viability in patients with 
severe left ventricular (LV) dysfunction, myocardial perfu-
sion imaging (with SPECT or PET) is usually combined with 
metabolic imaging (i.e., 18F-fluorodeoxyglucose [FDG] PET). 
In hospital settings lacking access to PET scanning, 201thal-
lium SPECT imaging is a useful alternative.1

TABLE 12.1 Pharmacologic Stress Agents in Nuclear Cardiology

DIPYRIDAMOLE ADENOSINE REGADENOSON DOBUTAMINE

Effect on coronary blood flow × 3–4 × 3–5 × 2–3 × 2

Dose 0.56 mg/kg 140 u/kg per min 0.4 mg Initial 3 minutes infusion 
of 5–10 μg/kg per min, 
incremental increases (2–3- 
minute intervals) to 20, 30, 
and 40 μg/kg per min. 
Atropine can be used to 
increase heart rate if target 
not achieved

Duration of action/half-life 30–45 minutes < 10–15 seconds Three phases:
1. Initial phase (maximal 

physiologic effect) 2–4 minutes
2. Intermediate phase (loss of 

pharmacologic effect) ∼30 
minutes

3. Final phase (decline in plasma 
concentration) ∼2 hours

∼2 minutes

Duration of infusion 4 minutes 4–6-minute infusion ∼10 second Depends on hemodynamic 
response

Maximal hyperemia 3–4 minutes after infusion 84 seconds (average) 1–4 minutes after injection Peak infusion

Timing of radionuclide 
injection

3–5 minutes after infusion At 3 minutes for a 6-minute 
infusion, at 2 minutes for 
a 4-minute infusion

∼40 seconds after bolus injection Goal of ≥ 85% age-predicted 
maximum heart rate

Reversal of effect Aminophylline; used 
commonly

Aminophylline; used rarely Aminophylline; used occasionally β-blocker (preferably esmolol), 
used uncommonly

TABLE 12.2 Properties of Available SPECT Radiopharmaceuticals

201THALLIUM
99MTECHNETIUM
SESTAMIBI

99MTECHNETIUM
TETROFOSMIN

Source Cyclotron Generator Generator

Physical half-life 73 hours 6 hours 6 hours

Clinical application MPI and viability MPI MPI

Redistribution Yes No No

Whole-body effective dose ∼27 mSv per rest/stress study ∼10 mSv per rest/stress study ∼9 mSv per rest/stress study

Length of complete study (rest/stress imaging) ∼4 hours ∼2–3 hours ∼2–3 hours
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COMPREHENSIVE EVALUATION OF 
CORONARY ARTERY DISEASE

Detection of Coronary Artery Stenosis
The basic principle of radionuclide MPI for detecting CAD is 
based on the ability of a radiotracer to identify a  transient 
regional perfusion deficit in a myocardial region sub-
tended by a coronary artery with a flow-limiting stenosis. 

A reversible myocardial perfusion defect is  indicative of 
 ischemia (Fig. 12.1A), whereas a fixed perfusion defect 
 generally reflects scarred myocardium from prior infarction  
(Fig. 12.1B). Generally, myocardial perfusion defects during 
stress develop downstream from epicardial stenosis with 
50% to 70% luminal narrowing or greater and become pro-
gressively more severe with increasing degree of stenosis. It 
is noteworthy that coronary stenosis of intermediate sever-
ity (e.g., 50–90%) is associated with significant variability in 

TABLE 12.3 Properties of Commonly Used PET Radiopharmaceuticals
13N-AMMONIA 82RUBIDIUM 18F-FLUORODEOXYGLUCOSE 15O-WATER*

Source Cyclotron Generator Cyclotron Cyclotron

Physical half-life 9.96 minutes 76 seconds 110 minutes 2.1 minutes

Clinical application MPI MPI Myocardial viability MPI

Exercise stress Yes No NA No

Myocardial blood flow 
measurement (mL/min per g)

Yes Yes NA Yes

Whole-body effective dose ∼2.96 mSv per rest/stress 
study

∼3.72 mSv per rest/stress 
study

∼7 mSv per study ∼2.75 mSv per rest/stress 
study

Length of complete study  
(rest/stress imaging)

∼70 minutes ∼25 minutes ∼2 hours ∼25 minutes

*15O-water is not FDA approved for clinical use and is only used in research studies.

A

B

Short axis 

Horizontal long axis Vertical long axis 

Short axis 

Horizontal long axis Vertical long axis 

FIG. 12.1 Examples of reversible (A) and fixed (B) defects. In (A), moderate- to severe-intensity reversible defects involving the basal and mid-anterior and lateral walls extend-
ing to the distal and apical ventricle are present. In (B), there is a severe-intensity fixed defect involving the anteroseptal and anterior wall at the basal, mid, and distal LV extending 
to the apex with no clinically meaningful reversibility.
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the resulting maximal coronary blood flow, which in turns 
affects the presence and/or severity of regional perfusion 
defects. For any degree of intermediate luminal  stenosis, 
the observed physiologic variability is  multifactorial3 
and includes (1) geometric factors of  coronary lesions 
not accounted for by a simple measure of  minimal 
 luminal  diameter or  percent stenosis, including shape, 
 eccentricity, and length, as well as entrance and exit 
angles, all of which are known to  modulate  coronary 
 resistance; (2)  development of  collateral blood flow; and 
(3) the  presence of diffuse  coronary  atherosclerosis and 
 microvascular  dysfunction ( combination of endothelial 
and smooth  muscle cell  dysfunction in resistive vessels, and 
 microvascular  rarefaction), all consistent findings in autopsy 
and  intravascular  ultrasound studies of patients with CAD. 
All these factors account for the frequent  disagreements 
between angiographically defined CAD and its associated 
physiologic severity.

Quantification of Myocardial Ischemia
Regional myocardial perfusion is usually assessed by semi-
quantitative visual analysis of the rest and stress images.4 The 
segmental scores are then summed into global scores that 
reflect the total burden of ischemia and scar in the left ventri-
cle (Fig. 12.2). Objective quantitative image  analysis is a helpful 
tool for a more accurate and reproducible estimation of total 

defect size and severity and is generally used in combination 
with the semi-quantitative visual  analysis. The  semi-quantitative 
(visual) and quantitative scores of  ischemia and scar are  linearly 
related to the risk of adverse cardiovascular (CV) events and 
are useful in guiding patient management,  especially the need 
for revascularization, and for assessing response to medical 
therapy. The presence of  transient LV dilatation during stress 
imaging (so-called  transient ischemic dilatation or TID) is an 
ancillary marker of risk that reflects extensive subendocardial 
ischemia and often accompanies radionuclide MPI studies 
with extensive and severe perfusion abnormalities (Fig. 12.3A). 
It is often an important finding, particularly when it occurs 
in patients with no or only mild perfusion abnormalities, 
 suggesting the  presence of more extensive balanced subendo-
cardial ischemia. The presence of this abnormality has often 
been shown to be a harbinger of increased risk.5–7 Similarly, 
the presence of transient pulmonary radiotracer retention 
and right ventricular uptake during stress along with a drop 
in left ventricular ejection fraction (LVEF) post-stress (a sign 
of post-ischemic stunning) are also markers of multivessel LV 
ischemia (Figs.12.3B and C; Video 12.1).

Quantification of Myocardial Blood Flow 
and Coronary Flow Reserve
Myocardial blood flow (in mL/min per g of myocardium) and 
coronary flow reserve (CFR; defined as the ratio between peak 
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FIG. 12.2 Segmental scoring system used for interpretation and reporting of MPI. The perfusion images on the upper left reveal a severe-intensity reversible defect involving 
the basal, mid-, and distal anteroseptal region extending to the apex. The polar plot bullseye images on the upper right capture this defect as well. LAD, Left anterior descending 
artery; LCX, left circumflex artery; LV, left ventricle; RCA, right coronary artery.
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GStrCTAC Frame: 1
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Mid-HLA Mid-VLAB

FIG. 12.3 Example of myocardial perfusion imaging (MPI) high-risk features (multivessel defects, transient ischemic dilatation [TID], pulmonary uptake, drop in left ventricular 
ejection fraction [LVEF] post stress). (A) Images reveal a moderate- to severe-intensity defect involving the mid to distal lateral and inferior walls extending to the apex and distal 
septum. Additionally, the projection images (below) reveal lung uptake of tracer on the stress views (left) not present on the rest view (right). (B) The decrease in LVEF is shown 
between the images on the upper and lower portions of the figure associated with these abnormalities. See corresponding Video 12.1.
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stress and rest myocardial blood flow) are important physi-
ologic parameters that can be measured by routine post-pro-
cessing of myocardial perfusion PET images.2 These absolute 
measurements of tissue perfusion are accurate and reproduc-
ible. Pathophysiologically, CFR estimates provide a measure of 
the integrated effects of epicardial coronary stenoses, diffuse 
atherosclerosis and vessel remodeling, and microvascular 
dysfunction on myocardial perfusion, and, as such, the value 
obtained is a more sensitive measure of myocardial ischemia. 
In the setting of increased oxygen demand, a reduced CFR 
can upset the supply–demand relationship and lead to myo-
cardial ischemia, subclinical LV dysfunction (diastolic and 
systolic), symptoms, and death. As discussed hereafter, these 
measurements of CFR have important diagnostic8–12 and 
prognostic13–19 implications in the evaluation and manage-
ment17 of patients with known or suspected CAD (Fig. 12.4).

Assessment of Myocardial Viability
Myocardial perfusion and metabolic imaging are commonly 
used to evaluate the patient with ischemic LV dysfunction, 
especially when the question of revascularization is being 
considered. Radionuclide imaging provides important 
quantitative information, including (1) myocardial infarct 
size; (2) extent of stunning and hibernating myocardium; 
(3) magnitude of inducible myocardial ischemia; and (4) 
LV function and volumes (see Fig. 12.3 and Fig. 12.5).

Both 201thallium and, especially, 99mTc agents provide 
accurate and reproducible measurements of regional and 
global myocardial infarct size. The use of metabolic imag-
ing with PET has been extensively validated and is com-
monly used for assessing myocardial viability. 18FDG is used 
to assess regional myocardial glucose utilization (an index 
of tissue viability) and is compared with perfusion images 
to define metabolic abnormalities associated with infarc-
tion and hibernation.20,21 Reduced perfusion and increased 
FDG uptake at rest (so-called perfusion–FDG mismatch) 
identifies areas of viable but hibernating myocardium, 
whereas regions showing both reduced perfusion and FDG 
uptake at rest (so-called perfusion–FDG match) are consis-
tent with myocardial scar (Fig. 12.6). These metabolic pat-
terns have important implications for selecting patients for 
revascularization.

Myocardial Neuronal Function
The use of imaging probes designed to evaluate presynaptic 
and postsynaptic targets of the cardiac autonomic nervous 
system allows quantification of autonomic function and 
offers insights into the pathophysiology of a variety of cardio-
vascular disorders, including CAD. For example, data suggest 
that quantitative imaging of the cardiac sympathetic nervous 
system may help identify patients with ischemic heart failure 
at risk for sudden cardiac death.22,23 In experimental mod-
els of myocardial infarction (MI), the presence of functional 
sympathetic denervation within areas of viable myocardium 
identifies sites at higher risk of ventricular tachycardia induc-
ibility.24 There are emerging clinical trial data suggesting that 
this approach may provide a useful method for identification 
of patients at highest risk for sudden cardiac death.22,23

Quantification of Left Ventricular Function 
and Volumes
The acquisition of ECG-gated myocardial perfusion images 
allows quantification of regional and global systolic function 
and LV volumes. ECG-gated images are typically collected at 
rest and post-stress (SPECT) or rest and during stress (PET). 
Rest LVEF measurements are helpful to define the patient’s 
risk after MI. A drop in LVEF post- or during stress testing 
can be helpful to identify high-risk patients with multivessel 
CAD25 (see Fig. 12.3B).

PATIENT-CENTERED APPLICATIONS OF 
RADIONUCLIDE IMAGING IN CORONARY 
ARTERY DISEASE

To understand the efficacy and application of radionuclide 
MPI, it is important to first have a construct capturing its con-
ceptual underpinnings. The use of noninvasive testing can 
be defined in the context of what is the underlying question 
to be addressed by the test. In general, this can be either 
defining whether obstructive CAD is present (anatomy-
based endpoint) or what is the patient’s downstream risk 
of adverse events (risk-based endpoint). The selection of 
patients for testing, the metrics and potential endpoints for 
assessing efficacy, and the post-test treatment strategies are 
determined by which of these are chosen.

RCA

LAD
LCX

Diag

C

FIG. 12.3, cont’d (C) The catheterization correlate of the images (lesions in the distal left anterior descending artery (LAD), a diagonal artery (Diag), the left circumflex 
(LCX), and the right coronary artery (RCA) (arrows).
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LAD 1.21 1.19 0.99 

LCX 1.16 0.82 0.71 

RCA 1.30 1.73 1.33 

Global LV 1.22 1.22 1.00 

Quantitative myocardial blood flow and CFR 

Coronary
blood flow
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Pressure difference

Micro-
circulatory
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LCX 99%
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FIG. 12.4 Example of single vessel defect on PET MPI with diffuse abnormal coronary flow reserve (CFR) and left main (LM) disease. Perfusion images (upper right) reveal a 
severe-intensity reversible defect involving the lateral wall at the basal, mid, and distal LV. The CFR data (Table) reveal limitations of flow reserve both in the left circumflex (LCX) 
and left anterior descending artery (LAD) territories, the latter not evident on the PET MPI images. Inset below: Concept of coronary flow reserve. MBF, Myocardial blood flow. 
(Adapted from Naya et al.11)

Appropriateness of MPI for Diagnosis of 
Angiographic CAD
Historically, the selection of patients for testing has been 
informed by determination of the patient’s pretest likelihood 
of CAD. This estimate can be based on a variety of nomo-
grams and models. For purposes of simplicity, rather than 
considering the entirety of the demographic, clinical, and 
historical information available, the estimates of pretest likeli-
hood of CAD are based on a simplification of the Diamond 
and Forrester approach incorporating three data elements: 
patient age, sex, and symptoms. On the basis of these three ele-
ments, patients are classified as having low (< 10%), interme-
diate (10–90%), and high (> 90%) pretest likelihood of CAD. 
More accurate estimates of pretest likelihood based on more 
robust approaches would probably enhance the value of this 
assessment, and a number of other validated algorithms are 
available, albeit derived and validated in older studies.26

Given this estimate, a Bayesian approach, as first put forward 
by Diamond, is commonly used to identify the potential gain 
in diagnostic information from testing. This process considers 
the patient’s pretest likelihood of CAD, the diagnostic accu-
racy of the test (defined by sensitivity and specificity), and the 
result of testing to yield a post-test likelihood of CAD. Although 
the greatest certainty with respect to the post-test likelihood 
of CAD occurs at the extremes of the spectrum (e.g., a nega-
tive test in a low pretest likelihood of CAD or a positive test 
in a high pretest likelihood of CAD patient), the greatest gain 

in information (magnitude of difference between pretest and 
post-test likelihood of CAD) occurs in the setting of intermedi-
ate pretest likelihood of CAD. For example, a patient with a pre-
test likelihood of 50% (intermediate) undergoing a test with a 
sensitivity and specificity of 90% will have a post-test likelihood 
of 90% (high) after an abnormal test result but a likelihood of 
10% (low) after a normal test result. Thus, patients with a low 
pretest likelihood of CAD should not undergo radionuclide 
MPI testing because a positive test will increase their likeli-
hood to intermediate and is more likely to be a false-positive 
than a true-positive result. Similarly, there is an unclear gain in 
diagnostic information from testing a high pretest likelihood 
of CAD patient. However, radionuclide MPI in high likelihood 
patients is sometimes performed to provide risk stratification 
and/or identification of the culprit vessel to guide revascular-
ization. Hence, for the identification of anatomic endpoints, 
radionuclide MPI should be limited to those patients at inter-
mediate pretest likelihood of CAD (based on demographic, 
clinical, historical, and exercise tolerance testing [ETT] data).

There has been a shift to appropriate use criteria (AUC) 
to define optimal patient selection for noninvasive testing. 
The recommendations from the 2013 multimodality AUC for 
the detection and risk assessment of stable ischemic heart 
disease indicate that in symptomatic patients with interme-
diate or high pretest likelihood of CAD, irrespective of resting 
ECG and ability to exercise, it is appropriate to use radionu-
clide MPI (Fig. 12.7). Additionally, radionuclide MPI is also 
appropriate in symptomatic patients with uninterpretable 
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Horizontal long axis Vertical long axis 

Perfusion 

Metabolism 

Perfusion 
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FIG. 12.5 Example of quantification of myocardial viability and scar in ischemic cardiomyopathy using PET MPI. A severe intensity perfusion defect involving the length of the sep-
tum to the apex is present on the rest images, with a small, basal inferolateral defect. The 18F-fluorodeoxyglucose [FDG] (metabolism) images reveal uptake in the septal, but not the 
inferolateral, region, suggestive of hibernating myocardium in the former. LAD, Left anterior descending artery; LCX, left circumflex artery; LV, left ventricle; RCA, right coronary artery.

PET match PET mismatch

RB-82

F-18 FDG

FIG. 12.6 Patterns of positron emission tomography (PET) viability; examples of PET myocardial perfusion imaging (MPI) match and mismatch. On the left, severe-intensity 
defects of the mid- to distal anterior wall and apex are present on perfusion and metabolism images (match). On the right, a mild resting abnormality in this same region is present 
with uptake of tracer on the metabolism images (mismatch). FDG, 18F-fluorodeoxyglucose; RB-82, rubidium-82 chloride. (From Di Carli MF and Hachamovitch R. New technology 
for noninvasive evaluation of coronary artery disease. Circulation. 2007;115:1464-80.)
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resting ECG or who cannot exercise. Finally, in symptomatic 
patients able to exercise and with interpretable resting ECG, 
MPI is reported as rarely appropriate.26

In the asymptomatic patient, no symptoms or ischemic 
equivalent (Fig. 12.8), the AUC document considers patients 
in the context of global risk. Generally, this is defined as low 
(< 10% 10-year risk), intermediate (10–20% 10-year risk), or 
high (> 20% 10-year risk).27 The thresholds for the former two 
categories are lowered in younger patients, and CAD equiva-
lents can also define patients at high risk. In the setting of 
high risk (rest ECG interpretable or not, able to exercise or 
not) in the absence of symptoms, radionuclide MPI was only 
considered as “may be appropriate.” Patients at intermedi-
ate risk with uninterpretable rest ECG or unable to exercise 
are given a similar “may be” rating. In patients at low risk 
or patients at intermediate risk who have interpretable ECG 
and can exercise, MPI is considered “rarely appropriate.”26 
In patients with known CAD, radionuclide MPI is generally 
considered appropriate for the evaluation of new symptoms 
suspected of ischemia regardless of prior revasculariza-
tion. Radionuclide MPI is considered rarely appropriate in 
patients with stable CAD without new symptoms.

Accuracy of Radionuclide MPI for the 
Identification of Angiographic CAD
The accuracy of diagnostic testing for the identification of 
obstructive CAD is expressed in terms of sensitivity, specific-
ity, and positive and negative predictive value. The thresh-
old of abnormality on invasive angiographic results, the 
accepted gold standard, is either 50% or 70% in one or more 
coronary arteries. Left main (LM) coronary disease is usu-
ally defined on the basis of a 50% stenosis. An extensive 
literature exists defining the diagnostic accuracy of radio-
nuclide MPI. This encompasses both SPECT and PET imag-
ing, using different techniques, and for patients representing 
various subgroups.

A large meta-analysis examined the diagnostic accuracy 
of stress SPECT MPI for detecting obstructive CAD as defined 
by invasive coronary angiography.28 This analysis examined 
86 studies (10,870 patients) published between 2002 and 
2009, with pooled accuracy estimates for various SPECT MPI 
subgroups. “Traditional” SPECT MPI (63 studies; performed 
without ECG gating or correction of soft tissue attenuation) 
had a sensitivity and specificity of 87% and 70%, respectively. 
The addition of ECG gating (19 studies) and attenuation cor-
rection (12 studies) increased specificity to 78% and 81%, 
respectively. Comparisons between 99mTc and 201Tl, exercise 
versus pharmacologic stress, qualitative versus quantitative 
interpretation, 50% versus 70% thresholds, or history of prior 
MI were all nonsignificant.

Compared with SPECT MPI, meta-analyses29,30 and a  
 prospective European multicenter study (Evaluation of  
Integrated CAD Imaging in Ischemic Heart Disease—EVINCI)31  
suggest that PET MPI has higher sensitivity and overall accuracy  
for detecting obstructive angiographic  stenosis. Furthermore, 
a 2015 meta-analysis using fractional flow reserve (FFR) 
rather than invasive angiography as a gold  standard demon-
strated higher sensitivity, specificity, and  negative and positive 
 predictive value for PET over SPECT MPI.32 In this analysis, 
PET’s performance at excluding  abnormal FFR was com-
parable to cardiac MRI and CT and superior to both SPECT 
and echocardiography (Fig. 12.9). As discussed  previously, 
one additional advantage of PET over SPECT is that it allows 
routine quantification of myocardial blood flow and coro-
nary flow reserve. These quantitative measures of myocardial 
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FIG. 12.7 Appropriate use criteria for MPI in symptomatic patients.
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FIG. 12.8 Appropriate use criteria for MPI in asymptomatic patients.
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perfusion improve the sensitivity and negative predictive 
value of PET for  ruling out high-risk angiographic CAD8–12 (Fig. 
12.10). Although older  studies reported superior  accuracies 
for SPECT in men  compared to women, the use of PET or  
SPECT with newer  technology has largely eliminated this  
difference.28,33 In  general, the challenges to accurate SPECT 
MPI detection of ischemia occur with smaller hearts and the 
presence of increased tissue for photons to transverse (e.g., 
breast tissue in women, obese patients). In symptomatic 
patients without documentation of angiographic stenosis, 
PET MPI is helpful for identifying the presence and quantify-
ing the severity of diffuse microvascular disease.34

Referral Bias and the Estimation of MPI 
Accuracy
The reported accuracies of noninvasive testing modalities 
are limited by the referral biases intrinsic to the design 
of most studies in this area, including the population 
from which patients were drawn, test selection,  intersite 
 variability in referral patterns, and especially partial 
 verification bias. The latter refers to selective referral to the 
gold standard (catheterization) based on the results of the 
test being studied. Hence, very few patients with  normal 
noninvasive tests will be referred to catheterization, 
whereas many more with abnormal tests will be referred 
for coronary angiography.35 This results in relatively fewer 
true- or false-negatives and more true- or false-positives, 
yielding a slight increase in sensitivity and a marked reduc-
tion in specificity (Fig. 12.11).

Risk Stratification of CAD
Since the 1990s, risk-based approaches to testing have 
developed into the predominant perspective in the use of 
noninvasive testing. The understanding of this approach 
has evolved over time. First, there has been a particular 
focus on incrementalism in the assessment of the value 
of testing: that is, what is the test’s ability to add clinically 
meaningful information after the consideration of other 
previously available information? Hence, the determination 

of whether radionuclide MPI has prognostic value in a spe-
cific patient cohort must consider this prognostic impact 
within the context of clinical, historical, and demographic 
information, as well as the results of other previously per-
formed testing. With respect to the latter, the results of rest-
ing ECG, baseline LV size and function, and stress ETT have 
been emphasized, but the results of atherosclerosis testing 
(e.g., coronary artery calcification [CAC], CT angiography 
[CTA]) are also legitimately part of the question.36,37 The 
more expensive imaging modalities must demonstrate the 
addition of unique rather than redundant clinical data to 
justify their use.

Just as the application of testing for the diagnosis of 
obstructive CAD begins with estimates of patient pretest like-
lihood of CAD, the first step of a risk-based approach to test-
ing is the estimation of patient risk. Historically, the American 
College of Cardiology/American Heart Association (ACC/
AHA) stable angina guidelines defined risk of hard cardiac 
events (cardiac death or nonfatal MI), with specific thresh-
olds of low risk as less than 1%/year risk, intermediate risk 
as a 1% to 3%/year risk, and high risk as a greater than 3%/
year risk.38 Conceptually, these thresholds were based on 
the belief that low-risk patients would be least likely to ben-
efit from revascularization as opposed to medical therapy 
alone, whereas those patients at high risk would most likely 
benefit from both medical therapy and revascularization. 
The recent multimodality AUC for the detection and risk 
assessment of stable ischemic heart disease26 refers to alter-
nate thresholds and methodologies for specific estimates of 
risk27 in asymptomatic individuals and other approaches in 
symptomatic patients and those with known CAD.39

Clinical Risk after a Normal Radionuclide MPI
An extensive literature exists documenting the low risk of 
adverse events following a normal stress radionuclide MPI. 
In general, when examining either large patient series or 
specific cohorts at relatively low or intermediate overall risk, 
annualized event rates after a normal SPECT or PET MPI are 
very low, usually less than 1% annual risk of cardiac death 
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FIG. 12.9 Patient-level accuracy of noninvasive imaging methods for detection of fractional flow reserve (FFR)-positive CAD. AUC, Appropriate use criteria; NLR, neutrophil to 
lymphocyte ratio; PLR, platelet to lymphocyte ratio. (Data from Takx RA, Blomberg BA, El Aidi H, et al. Diagnostic accuracy of stress myocardial perfusion imaging compared to 
invasive coronary angiography with fractional flow reserve meta-analysis. Circ Cardiovasc Imaging. 2015;8.)
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and often less than 1% annual risk of the combined end-
point of cardiac death or nonfatal MI.7 In a meta-analysis of 
almost 40,000 patients, a normal or low-risk rest/stress SPECT 
MPI was associated with an annual risk of major CV events 
of 0.6%.40 Similar results have also been reported after a  
normal PET MPI.16,19,25,41–43

The low risk associated with normal SPECT MPI has been 
extended to the radiation-sparing, stress-only MPI protocols 
as well. All-cause mortality in 8034 patients followed for a 
median of 4.5 years after a normal stress-only SPECT was 
reported to be lower than in 8820 comparative patients 
undergoing stress-rest protocols.44 These findings have been 
confirmed by other authors.45–47

Whereas the risk associated with a normal MPI is gener-
ally low, this is not necessarily the case in higher-risk cohorts 
(e.g., diabetes, chronic kidney impairment, elderly); that is, 
a normal scan is not always associated with low risk (Table 
12.4).6,7,39,48–50 This may be related in part to the presence of 
associated comorbidities that increase clinical risk, and that 
this increased hazard cannot be quantified by the results of 
the radionuclide MPI study. Another possibility is that not-
withstanding the clinical utility of SPECT MPI, it is a some-
what insensitive test to uncover diffuse atherosclerosis and/
or microvascular dysfunction associated with myocardial 
ischemia and increased risk of adverse events. For example, 
quantification of global coronary flow reserve by PET—an 
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FIG. 12.10 Coronary flow reserve (CFR) measures increase the sensitivity and negative predictive value (NPV) of PET MPI. On the upper left are images from a 66-year-old 
female with high cholesterol and hypertension with atypical angina. On the perfusion images below is a small reversible defect in the diagonal artery distribution, with a normal 
global CFR (2.03). On the right, the outstanding NPV of this metric is shown. PDA, Posterior descending artery; PPV, positive predictive value; RCA, right coronary artery. (Modified 
from Naya et al. Preserved coronary flow reserve effectively excludes high-risk coronary artery disease on angiography. J Nucl Med. 2014;55:248–255.)
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FIG. 12.11 Flow diagram demonstrating the etiology of post-verification bias. Patients with normal testing undergo few referrals to catheterization, resulting in few true- or 
false-negatives. Patients with abnormal testing results are referred to catheterization far more frequently, resulting in more true- and false-positives. The net result is an increased 
sensitivity and a reduced specificity.
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TABLE 12.4 Risk after MPI by Degree of Perfusion Abnormality

STUDY MODALITY ENDPOINT SUBGROUP
EVENT RATE AFTER 
NORMAL STUDY

EVENT RATE AFTER 
MILDLY ABNORMAL 
STUDY

EVENT RATE AFTER 
MODERATE TO SEVERELY 
ABNORMAL STUDY FU (YEARS)

Hachamovitch 
et al.49

SPECT CD Age 75–84 yr 1.0%/yr
(2332)

1.7%/yr
(785)

4.9%/yr
(1201)

2.8 ± 1.7

Age ≥ 85 yr 3.3%/yr
(443)

4.0%/yr
(183)

11.1%/yr
(256)

Pharmacologic stress; age ≥ 75 yr 1.9%/yr
(1526)

2.7%/yr
(609)

7.8%/yr
(907)

Exercise stress; age ≥ 75 yr 0.7%/yr
(1249)

1.0%/yr
(359)

2.7%/yr
(550)

Normal rest ECG 0.4%/yr
(783)

0.9%/yr
(169)

1.1%/yr
(110)

Abnormal rest ECG 1.7%/yr
(1992)

2.3%/yr
(799)

6.3%/yr
(1347)

Prior CAD; age ≥ 75 yr 1.8%/yr
(682)

2.3%/yr
(491)

6.6%/yr
(1009)

No prior CAD; age ≥ 75 yr 1.2%/yr
(1115)

1.8%/yr
(477)

4.3%/yr
(448)

Kang et al.119 SPECT CD BMI < 25 0.8%/yr
(605)

2.2%/yr
(378)

4.0%/yr
(882)

3.2 ± 2.0

BMI 25–29.9 0.4%/yr
(642)

0.8%/yr
(405)

2.9%/yr
(982)

BMI ≥ 30 0.4%/yr
(272)

1.3%/yr
(180)

2.2%/yr
(374)

Sood et al.120 SPECT CD, NFMI, UA leading 
to hospitalization, or 
late revascularization

Low DTS in women 1.2%/yr
(995)

1.5%/yr
(55)

5.2%/yr
(12)

2.4 ± 1.2

Intermediate DTS in women 1.5%/yr (1012) 5.3%/yr (71) 10.8%/yr (23)

Dorbala et al.41 PET CD Consecutive series 0.2% (664) 1.3% (381) 8.3% (387) 1.7 ± 0.7

All cause death 3.5% (664) 6.1% (381) 16.5% (387)

BMI, Body mass index; CAD, coronary artery disease; CD, cardiac death; DTS, Duke treadmill score; NFMI, nonfatal myocardial infarction; PET, positron emission tomography; SPECT, single photon emission computed tomography; UA, 
unstable angina.



N
u

clear Im
ag

in
g

 an
d

 PET
159

12

integrated marker of epicardial stenosis, diffuse atheroscle-
rosis, and microvascular dysfunction—was able to identify 
truly low-risk individuals among patients with diabetes.15 
Indeed, diabetics without known CAD with abnormal CFR 
had a cardiac mortality risk similar to nondiabetics with 
known CAD, whereas those with relatively preserved CFR 
had an annual risk of less than 1% that was comparable to 
subjects without diabetes or CAD (Fig. 12.12). Similar find-
ings have been shown by adding a coronary artery calcium 
score in patients with normal MPI.36,51 Prognostic predic-
tions in the elderly population also highlight the need for 
appropriate risk thresholds in formulating a risk estimate. 
For example, although the absolute risk after a normal 
SPECT MPI in a very elderly population was far greater than 
the conventionally accepted threshold of 1%/year, the risk of 
an elderly patient with a normal MPI was still lower than that 
of a similarly aged individual in the general US population.49

It is also important to note the duration of this low risk, 
the so-called “warranty period” of a normal scan. As initially 
described by Hachamovitch et al. in a general population, 
and later confirmed in a diabetic cohort, a patient history 
of prior CAD, sex, diabetes, the type of stress used (ability 
to walk on a treadmill), and age all influence this temporal 
component of risk.6,48,52 These results suggest that patients 
at low clinical risk with little or no symptoms are at very low 
risk after a normal MPI, and this low risk persists for a num-
ber of years afterward.53,54 However, it must also be noted 
that many of these patients were probably not candidates 
for MPI due to their low risk; thus, the “warranty” of a normal 
radionuclide MPI in clinically appropriate studies is unclear. 
Nonetheless, patients with normal radionuclide MPI without 
prior CAD, without significant symptoms, or able to exercise 
will be at very low risk for a number of years after initial 
testing, suggesting that retesting will have a low yield in the 
absence of a change in symptom status.

Clinical Risk after Abnormal Radionuclide 
MPI
The risk associated with an abnormal radionuclide MPI 
study is not only greater than that after a normal MPI but 
also increases as a function of the extent and severity of  

perfusion abnormalities (Fig. 12.13; see Table 12.4).5,6,39,55 
This concept is applicable to all radiotracers and scans 
(SPECT and PET), all forms of stress testing, as well as to a wide 
variety of patient cohorts. Similarly, numerous  studies have 
shown the results of radionuclide MPI to yield  incremental 
 prognostic value over preimaging data. Thus, generally 
speaking, a mildly abnormal  radionuclide MPI (defined as 
an abnormal study with < 10% of the  myocardium abnor-
mal) is  associated with greater risk than that after a normal 
study, but the  absolute risk of  cardiac death tends to be 
low (< 1%/year), and the  short- to  intermediate-term risk is 
 predominantly that of nonfatal MI and/or CV  hospitalization. 
In the setting of  moderately and severely abnormal radio-
nuclide MPI results, the risk of cardiac death increases to 
intermediate and high  levels. As previously  outlined in the 
setting of  normal test results, it is important to consider that 
the  absolute risk  associated with any level of abnormal 
radionuclide MPI result will be  determined by the char-
acteristics of the underlying  population examined.  Thus, 
whereas a mildly abnormal radionuclide MPI is generally 
considered low risk, in a cohort of patients with higher base-
line clinical risk, the presence of increased age or need for 
pharmacologic stress is associated with a relatively high 
annual cardiac death (see Table 12.4).  The further presence 
of abnormal rest ECG, prior CAD, or other high-risk scan 
findings (e.g., TID, resting or stress-induced LV dysfunction)  
further increases patient risk.

It must also be noted that not all radionuclide MPI find-
ings carry similar prognostic implications.  For example, fixed 
defects (and the presence of often-associated LV dilatation 
and reduced LV function) have been found to be associated 
with a greater risk of cardiac death than are reversible or 
ischemic defects, whereas the latter are more closely associ-
ated with the occurrence of nonfatal MI. The constellation of 
extensive myocardial scar, LV remodeling, and reduced ejec-
tion fraction represents the highest-risk subgroup.

A 2013 observational multicenter registry has also shown 
that the concept of progressive risk stratification demon-
strated with SPECT MPI abnormalities is also applicable to 
PET studies.42,43,56 In a study of 7061 patients with known or 
suspected CAD from four sites (median follow-up 2.2 years), 
stress PET results added incremental value over preimaging 
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data for the prediction of cardiac death. Risk-adjusted analy-
ses revealed that mild, moderately, and severely abnormal 
studies were associated with a stepwise increase in clinical 
risk (see Fig. 12.13). Furthermore, PET MPI results enhanced 
net reclassification improvement.43 A subsequent study from 
this registry addressed the question of sex-related prognostic 
differences after stress PET and demonstrated that PET MPI 
yielded incremental prognostic value in both sexes, which, 
in turn, were associated with similar magnitudes of risk in 
men and women. A complementary study from this registry 
showed that a normal PET MPI was associated with an excel-
lent prognosis with very low annual cardiac death rates in nor-
mal (0.38%), overweight (0.43%), and obese (0.15%) patients. 
As shown for other cohorts, risk increased with increasing 
degree of perfusion abnormalities in PET MPI.56

The use of ECG gating techniques has become an inte-
gral part of the radionuclide MPI examination, as this allows 
assessment of global and regional LV function.  The pres-
ence of normal LVEF and wall motion has been shown to 
identify a lower-risk cohort even in the setting of perfusion 
abnormalities (Fig. 12.14).41 Conversely, the presence of LV 
dilatation, wall motion abnormalities either at rest or post-
stress, or reduced LVEF, have all been well described as 
markers of increased patient risk. Indeed, as high-risk mark-
ers, information on wall motion and LV function exceed  
perfusion data for the prediction of high-risk patients.5,7,26

The progressive increase in risk with worsening radionu-
clide MPI results generates progressive gradations in post-MPI 
patient risk, permitting relatively more detailed estimations 
of adverse outcomes. However, to achieve enhanced preci-
sion of these post-test risk estimates necessitates the incorpo-
ration of clinical, historical, and stress test information along 
with MPI results in formulating an estimate of risk. A prog-
nostic score has been developed for patients undergoing 

vasodilator stress that incorporates clinical, historical, and 
stress test results as well as perfusion data to generate more 
precise estimates of short-term mortality risk (Table 12.5).57 
In distinction to SPECT MPI, post-PET MPI prognostic assess-
ment also includes other risk markers, including a drop in 
LVEF during stress compared to rest and the presence of a 
globally reduced coronary flow reserve.16,25,41,43

As discussed previously, the other important quantita-
tive component of stress PET MPI is the ability to accurately 
quantify regional and global myocardial blood flow at rest 
and during peak stress and estimate coronary flow reserve. 
A large 2011 study examined the incremental prognostic 
value of this measure in a large cohort of 2783 patients 
who underwent stress PET MPI and were followed up for a 
median of 1.4 years (interquartile range [IQR] 0.7–3.2 years) 
for cardiac death.16 After adjusting for multiple factors, 
including rest LVEF, summed stress score, and LVEF reserve, 
CFR was prognostically important. Compared with the high-
est tertile of CFR, the lowest tertile had a hazard ratio of 5.6 
(95% confidence interval [CI], 2.5–12.4; p < 0.0001) and the 
middle tertile had a hazard ratio of 3.4 (95% CI, 1.5–7.7; p = 
0.003). These results were confirmed by a similar study in a 
smaller cohort followed for slightly more than 1 year.19 As 
discussed, the noninvasive PET measure of CFR has been 
able to improve risk classification, especially among high-
risk cohorts (e.g., diabetics, non-ST-elevation MI, in patients 
with chronic renal impairment, and in those with high cor-
onary calcium scores).58–60 Thus, the ability to assess CFR 
appears to permit a level of risk assessment beyond that 
achieved previously, with the potential to incorporate vas-
cular/endothelial status into routine patient investigations.

This ability to quantify CFR extends the potential for eval-
uation of risk to those patients in the past not considered 
to be candidates for testing. Even in patients without CAD 
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and with normal LV function, after adjusting for multiple 
confounders, impaired CFR was associated with both the 
occurrence of a positive troponin and with major down-
stream adverse events.59 Using PET-derived CFR, the prog-
nostic impact of coronary microvascular dysfunction was 
assessed in 405 men and 813 women who were identified 
as having no prior CAD, as well as no perfusion abnormali-
ties on their PET MPI studies.34 Coronary microvascular dys-
function, defined as a CFR less than 2.0 mL/g/min in these 
patients, was a frequent finding in both men and women 
(51% and 54%, respectively) (Fig. 12.15). Patients were fol-
lowed for a median of 1.3 years for the composite endpoint 
of cardiac death, nonfatal MI, late revascularization, and hos-
pitalization for heart failure. In both men and women, CFR 
added incremental prognostic value (hazard ratio of 0.80 
[95% CI 0.75–0.86] per 10% increase in CFR) and appropri-
ately reclassified patients with respect to risk, as assessed by 
significant net reclassification improvement (NRI). These 
results suggest that coronary microvascular dysfunction is a 
widespread finding and that future work is needed to iden-
tify its putative role as a therapeutic target.

MANAGEMENT OF CAD

Ideally, the results of noninvasive testing should inform 
referring physicians as to which post-MPI treatment would 

maximize health outcomes. To date, several avenues of 
clinical investigations have examined the question of 
whether the amount of inducible ischemia identified by 
radionuclide MPI can identify which patients may gain a 
relative survival benefit with revascularization versus medi-
cal therapy alone. Although studies to date have examined 
the potential to enhance patient survival, optimizing ben-
efit may encompass improved patient perceived well-being, 
functional capacity, or symptom amelioration.61

An initial observational study utilizing survival model-
ing with a propensity score to adjust for nonrandomization 
of treatment in 10,627 patients without prior CAD revealed 
that patients in whom greater than 10% to 15% of the myo-
cardium was ischemic experienced reduced incidence of 
cardiac death with revascularization compared to medi-
cal therapy alone.5,7,26,62,63 On the other hand, patients 
with little or no ischemia had improved outcomes with 
medical therapy alone, although this treatment was not 
defined prospectively and its nature was unknown. The 
absolute survival benefit (e.g., lives saved per 100 patients 
treated) associated with early revascularization increased 
as the amount of ischemia present increased, as well as 
with increasing patient risk (increasing age, presence of 
diabetes, use of pharmacologic stress). These results were 
extended in a cohort of 5366 patients without prior revas-
cularization in whom LVEF was also available.63 Although 
LVEF was a more powerful predictor of cardiac death of 
any myocardial perfusion metric, only the extent and sever-
ity of ischemia on SPECT MPI identified patients in whom 
there was a potential benefit with revascularization com-
pared to medical therapy. Indeed, in this analysis the use 
of revascularization eliminated the risk associated with 
ischemia.62,63 The finding of enhanced survival with early 
revascularization versus medical therapy identified by 
SPECT MPI results was extended to asymptomatic diabet-
ics with high-risk SPECT findings and to a large consecu-
tive series of elderly patients.49,62,63
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of LVEF with (A) no ischemia and (B) severe ischemia. For any degree of ischemia, 
survival progressively worsened with decreasing LVEF and, conversely, improved with 
decreasing ischemia for any degree of LV function. (From Dorbala S, Hachamovitch R,  
Curillova Z, et al. Incremental prognostic value of gated Rb-82 positron emission 
tomography myocardial perfusion imaging over clinical variables and rest LVEF. JACC 
Cardiovasc Imaging. 2009;2:846–154.)

TABLE 12.5 Prognostic Adenosine Score

PARAMETER MULTIPLIED BY

Age [decades] 5.19

Percent myocardium ischemic [per 10%] 4.66

Percent myocardium fixed [per 10%] 4.81

If diabetes mellitus present, value of 1 3.88

If patient treated with early revascularization, value of 1 4.51

If dyspnea was a presenting symptom, value of 1 5.47

Resting heart rate [per 10 beats] 2.88

Peak heart rate [per 10 beats] −1.42

Resting ECG score* 1.95

If patient treated with early revascularization, 
percent myocardium ischemic [per 10%]

−4.47

The adenosine prognostic score is the sum of the products of the value of the 
parameters and the multipliers. Based on this score, patients can be categorized as:
 •  Low risk (< 1% cardiac death risk per year): score < 49 (observed cardiac 

mortality 0.9%/yr).
 •  Intermediate risk (1–3% cardiac death risk per year): score 49–57 

(observed cardiac mortality 2.8%/yr).
 •  High risk (> 3% cardiac death risk per year): score > 57 (observed cardiac 

mortality 6.7%/yr).
Based on Hachamovitch et al.57

*Resting ECG score = 0.628 (if “any block” was present) + 0.724 (if left ventricular 
hypertrophy with repolarization present) + 0.832 (if premature ventricular 
contraction[s] present) + 0.331 (if nonspecific ST-T wave changes).
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The generalizability of these results to patients with 
known CAD in whom significant amounts of fixed per-
fusion abnormality (suggestive of scar) is present was 
addressed by a large observational study of 13,969 patients 
followed for 8.7 years. The results confirmed the earlier 
finding of enhanced survival with revascularization over 
medical therapy in the setting of extensive ischemia in 
the subset of patients without prior CAD (n = 8791) and 
extended these findings to patients with prior CAD but 
without prior MI (n = 1542). Conversely, no such survival 
benefit with revascularization was found in patients with 
prior MI (Fig. 12.16).62–64 However, when analyses excluded 
patients with fixed defect (scar) greater than 10% of the 
myocardium, revascularization was found to manifest a 
survival benefit in the setting of significant ischemia. Thus, 
it appears that the ability of MPI to identify revasculariza-
tion candidates may not be impacted as much by prior 
CAD as it is by the presence of significant myocardial scar. 
LV volumes probably further confound this relationship, 
but they have not yet been fully evaluated.63

Data from randomized clinical trials have also exam-
ined this question. Whereas the overall Clinical Outcomes 
Utilizing Revascularization and Aggressive Drug Evaluation 
(COURAGE) trial identified no difference in death or non-
fatal MI when patients were treated with medical therapy 
or percutaneous coronary intervention (PCI) plus medical 
therapy, the COURAGE nuclear substudy demonstrated a 
greater reduction in inducible ischemia with PCI combined 
with medical therapy compared to medical therapy alone 
in 314 patients.65 Exploratory analysis of these data revealed 
that the magnitude of residual ischemia on follow-up radio-
nuclide MPI was proportional to the risk of death, but this 
analysis was underpowered and risk-adjustment attenuated 
this finding. Similar results were described in the Bypass 
Angioplasty Revascularization Investigation 2 Diabetes 
(BARI 2D) nuclear substudy in that there were fewer perfu-
sion abnormalities in patients assigned to revascularization 

versus medical management (3% versus 9% of myocardium, 
p = 0.01).66 The results of the ongoing International Study 
of Comparative Health Effectiveness with Medical and 
Invasive Approaches (ISCHEMIA) trial examining outcomes 
with optimal medical therapy versus revascularization and 
optimal medical therapy will yield needed insight into these 
questions.

Influence of MPI Test Results on Patient 
Management
Little information is available describing how MPI results 
influence subsequent clinical decisions. Indeed, it appears 
that many physicians have presupposed assumptions 
regarding information provided by MPI that are not based 
on data.67 If physicians follow a risk-based strategy, the pri-
mary drivers of therapeutic intervention should include the 
most powerful predictors of risk factors such as LVEF, LV vol-
umes, and the degree of myocardial scar and/or ischemia. 
However, available data suggest that ischemia is the primary 
factor influencing referral patterns.

Beginning in the mid-1990s, a series of single-site stud-
ies identified a surprising pattern of post-MPI resource 
utilization as defined by early post-MPI referral rates to 
catheterization in patients without prior CAD.62–64,68–70 
Although the qualitative pattern of referrals for invasive 
angiography appeared reasonable—low referral rates 
after normal MPI, markedly increasing referral rates with 
worsening perfusion abnormalities—the absolute rates 
of referral were surprising. Even in the setting of mod-
erate to severe ischemia in patients without prior CAD, 
referral rates to catheterization did not exceed 50% to 
60%.63,64,69,70 In fact, a recent multicenter prospective 
registry of patients with suspected CAD in the United 
States demonstrated that in the setting of the greatest 
testing abnormalities (and the greatest risk for adverse 
events), the referral rates to 90-day catheterization after 
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FIG. 12.15 Proportion of coronary microvascular dysfunction occurring in the setting of normal (CFR > 2.0) versus abnormal CFR (CFR < 2.0) as assessed by PET in symptomatic 
men and women without obstructive CAD. Rates of MACE over 3 years of follow-up in men and women with normal versus abnormal CFR. An abnormal CFR identified increased 
risk of MACE regardless of sex. CAD, Coronary artery disease; CFR, coronary flow reserve; MACE, major adverse coronary events. (Modified from Murthy VL, Naya M, Taqueti VR,  
et al. Effects of sex on coronary microvascular dysfunction and cardiac outcomes. Circulation. 2014;129:2518–27.)
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radionuclide MPI or coronary CTA only ranged from 
approximately 45% to 55% (Fig. 12.17).69 Surprisingly, this 
study showed the results of testing did not influence post-
test medical management, especially among patients 
with high-risk test results (Fig. 12.18). Indeed, only one in 
five patients with severe test abnormalities was receiving 
aspirin, lipid-lowering agents, and β-blockers 90 days post 
testing. A similar pattern of post-test management was 
observed in a recent ancillary analysis of the Prospective 
Multicenter Imaging Study for Evaluation of Chest Pain 
(PROMISE) trial.71 This suggests that the evaluation of the 
relative prognostic utility of noninvasive imaging testing 
in patients with stable CAD must include a consideration 
of post-test change in management and that this may well 
serve as a quality metric for this previously unmonitored 
portion of the testing pathway.

MYOCARDIAL ISCHEMIA AND VIABILITY 
IMAGING TO GUIDE REVASCULARIZATION IN 
PATIENTS WITH ISCHEMIC LV DYSFUNCTION

Radionuclide imaging has an established role in the evalu-
ation of myocardial ischemia and viability in patients with 
ischemic heart failure. Several studies using different radio-
nuclide approaches have shown that the gain in global LVEF 
after revascularization is related to the magnitude of viable 
myocardium assessed preoperatively. These data demon-
strate that clinically meaningful changes in global LV func-
tion can be expected after revascularization only in patients 
with relatively large areas of hibernating and/or stunned 
myocardium (approximately 20% of the LV mass).

More importantly, there is consistent data from single- 
center, observational studies demonstrating that the presence 
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FIG. 12.16 Risk-adjusted hazard ratio based on Cox proportional hazards analysis associated with the use of early revascularization compared with medical therapy at specific 
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 of ischemic, viable myocardium among patients with severe 
LV dysfunction identifies patients at higher clinical risk and 
that prompt revascularization in selected patients is associ-
ated with improved LV function, symptoms, and survival as 
compared to medical therapy alone.72 The randomized PET 
and Recovery Following Revascularization (PARR-2) clini-
cal trial demonstrated that image-guided decisions regard-
ing revascularization could also help improve clinical 
outcomes following revascularization if treatment decisions 
adhere to imaging recommendations.73

Nonetheless, the main criticism of those studies is that 
they were retrospective and medical therapy did not reflect 
current guideline-directed management of heart failure nor 
was it standardized in any way.  The results of the Surgical 
Treatment for Ischemic Heart Failure (STICH) trial,74 espe-
cially its ancillary viability,75 and ischemia76 substudies have 
challenged all prior data as they failed to demonstrate a 
significant interaction between ischemia or viability infor-
mation, revascularization, and improved survival com-
pared with optimal medical therapy. This casts significant 
uncertainty as to whether noninvasive characterization of 
ischemia, viability, and scar can actually provide useful infor-
mation to guide revascularization decisions in patients with 
ischemic cardiomyopathy.  This issue is currently under-
going intense debate in the medical community.72,77 As 

we begin to incorporate the results of the STICH trial into  
practice, it is important to consider the strengths and weak-
nesses of the STICH substudies.

The STICH viability and ischemia substudies are the larg-
est reports to date relating myocardial viability and ischemia 
to clinical outcomes of patients with CAD and LV dysfunc-
tion associated with heart failure. They are also the first to 
assess these relationships prospectively among patients who 
were all eligible for coronary artery bypass graft (CABG), as 
well as optimal medical management alone. As previously 
mentioned, medical therapy in the STICH trial was standard-
ized and followed current published guidelines. However, 
these studies also have important limitations. First, viability 
data were only available in half of the enrolled patients, and 
ischemia information was available in only a third of the 
STICH trial population, which probably introduced selec-
tion bias. Patients in the STICH viability study had higher 
prevalence of prior MI, lower frequency of limiting angina 
symptoms, lower LVEF, and more advanced LV remodeling 
as compared to those who did not receive viability imag-
ing before randomization. Secondly, the definition of viabil-
ity in the STICH substudy was quite broad, resulting in 81% 
of the total study population being considered as having 
“viability” by study criteria. This number is notably higher 
than that reported in other studies such as the Carvedilol 
Hibernation Reversible Ischaemia Trial, Marker of Success 
(CHRISTMAS) trial (59%),78 which used similar imaging 
modalities as the STICH trial, and suggests that the defini-
tion may not have been sufficiently specific to distinguish 
patients with ischemic but viable myocardium from those 
with primarily nontransmural scar or primary nonischemic 
LV dysfunction. Thirdly, neither PET nor MRI was used to 
evaluate ischemia or viability. An important additional con-
sideration to understand the generalizability of the STICH 
substudies is that patients in the main trial in general, and 
those in the viability and ischemia studies in particular, had 
end-stage LV remodeling. Indeed, the mean LV end-diastolic 
volume index (to body surface area) was greater than 120 
mL/m2, and the LV end-systolic volume index approached 
100 mL/m2.75 This degree of advanced LV remodeling has 
generally been associated with poor outcomes regardless of 
the presence of ischemia or viability and treatment applied. 
In summary, the STICH trial and its imaging substudies sug-
gest that among patients with heart failure and end-stage LV 
remodeling, identification of moderate ischemia or viability 
is not associated with a significant survival advantage from 
revascularization. Whereas the benefits of optimal medi-
cal therapy in patients with ischemic cardiomyopathy are 
undeniable, we cannot and should not generalize the STICH 
findings to patients with heart failure, severe systolic dysfunc-
tion, but mild-to-moderate LV remodeling, as these patients 
were not studied in the STICH trial. Indeed, a contemporary 
observational study from the Cleveland Clinic in patients 
without advanced remodeling demonstrated that the extent 
of viability by PET had a significant interaction with revas-
cularization, such that patients with extensive myocardial 
viability showed improved survival with revascularization 
compared to medical therapy.79 As data from randomized 
clinical trials in such patients are limited, we should con-
tinue to carefully integrate clinical, anatomic, and functional 
information regarding ischemia and viability from noninva-
sive imaging and individualize these difficult management 
decisions based on the best available evidence and sound 
clinical judgment.

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0O
bs

er
ve

d 
30

-d
ay

 c
at

he
te

riz
at

io
n 

ra
te

*p<0.001

*p<0.001

*p=0.163

 Normal Mildly Moderately or severely
 non-obstructive abnormal abnormal

SPECT PET CTA

A

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

R
is

k-
ad

ju
st

ed
 r

at
e 

of
 

90
-d

ay
 c

at
he

te
riz

at
io

n 

*p<0.001

*p<0.001
*p=0.979

 Normal or Mildly Moderately or severely
 non-obstructive abnormal abnormalB

FIG. 12.17 Referral rates to catheterization after noninvasive testing in patients 
with suspected CAD from SPARC (Study of myocardial perfusion and coronary anatomy 
imaging roles in coronary artery disease). (A) Unadjusted frequency of 90-day cath-
eterization referral after SPECT, PET, and CCTA as a function of test result. Results were 
significantly different across study results and between CCTA versus SPECT or PET in the 
setting of both abnormal test results. (B) Risk-adjusted 90-day catheterization referral 
rate after SPECT, PET, and CTA as a function of study result. After risk adjustment, dif-
ferences were present across categories of test results and between CCTA versus SPECT 
or PET in the setting of normal and moderately to severely abnormal results. (From 
Hachamovitch R, Nutter B, Hlatky MA, et al. Patient management after noninvasive car-
diac imaging results from SPARC (Study of myocardial perfusion and coronary anatomy 
imaging roles in coronary artery disease). J Am Coll Cardiol. 2012;59:462–74.)



N
u

clear Im
ag

in
g

 an
d

 PET
165

12
1.0

0.8

0.6

0.4

0.2

0.0

F
re

qu
en

cy

P =0.0002
Baseline

90-day use

 Aspirin Beta-blocker LLA 0 1 2 3

0.58

0.76

0.42

0.58
0.63

0.77

0.14 0.14

0.31
0.26

0.35
0.38

0.20
0.22

Number of medications

FIG. 12.18 Baseline and 90-day use of medications in SPARC in patients with suspected CAD with moderately or severely abnormal CCTA, SPECT, or PET results. Significant 
increases in the use of β-blockers and aspirin, but not lipid-lowering agents (LLA), were seen, but even at 90 days many patients were still not on these medications. No differ-
ence in the number of these medications used at 90 days was present, with few patients on all three medications. (From Hachamovitch R, Nutter B, Hlatky MA, et al. Patient 
management after noninvasive cardiac imaging results from SPARC (Study of myocardial perfusion and coronary anatomy imaging roles in coronary artery disease). J Am Coll 
Cardiol. 2012;59:462–474.)

Estimating Post-MPI Likelihood, Risk, and 
Potential Benefit with Revascularization
The traditional approach to the assessment of patients after 
MPI focused on a post-MPI likelihood of CAD (in diagnostic 
patients) and likelihood of ischemia in patients with known 
CAD. The previously described shift toward a risk-based 
approach resulted in an attempt to estimate post-MPI risk of 
adverse events. Finally, as suggested by the studies already 
discussed, it may be possible to further extend this work 
and identify optimal treatment approaches on the basis of 
MPI results. A series of examples highlighting the potential 
inconsistencies between estimates of post-MPI likelihood, 
risk, and benefit with revascularization highlight these issues 
(Fig. 12.19A–G).

COST-EFFECTIVENESS OF RADIONUCLIDE 
IMAGING IN THE MANAGEMENT OF STABLE 
ISCHEMIC HEART DISEASE

With the increasing fiscal pressures brought to bear on 
the imaging community, the cost-effectiveness or cost 
implications of cardiac SPECT and PET are an important 
consideration. In the first multicenter study assessing the 
cost-effectiveness of radionuclide SPECT MPI, the Economics 
of Noninvasive Diagnosis (END) study examined cost and 
outcomes in 11,249 patients referred to SPECT or directly to 
cardiac catheterization.80 A SPECT first strategy was found 
to have reduced costs (a 31–50% cost reduction) with 
comparative rates of cardiac and nonfatal MI at all levels 
of pretest clinical risk. The rates of cardiac catheterization, 
revascularization, and frequency of normal coronary angio-
graphic findings were significantly reduced. These results 
suggested that compared to a direct strategy of referral to 
catheterization, initial use of cardiac SPECT was cost saving.

The Cost-Effectiveness of noninvasive Cardiac Testing 
(CECaT) trial compared the costs and outcomes of four 
noninvasive strategies (SPECT, cardiac magnetic resonance, 
stress echocardiography, and catheterization) in 898 patients 
with planned catheterization.81 Overall, rates of catheteriza-
tion were reduced by 20% to 25% by the use of noninvasive 
testing. Stress SPECT was found to be cost saving compared 
to cardiac MR and echocardiography with a greater than 
70% probability of being cost-effective in bootstrap simu-
lations. Compared to a strategy of direct catheterization, 
SPECT was more than £500 lower. This further confirmed 
the findings from END that the use of SPECT in a testing 
strategy was potentially cost saving.

The previously mentioned Study of myocardial perfusion 
and coronary anatomy imaging roles in coronary artery 
disease (SPARC) also reported economic data comparing 
cost-effectiveness of coronary computed tomography angi-
ography (CCTA), SPECT, and PET.82 Patients in the PET arm 
had the greatest downstream costs over the 2 years of follow-
up ($6647 per patient), with CCTA having intermediate costs 
($4909 per patient) and SPECT the least ($3695 per patient). 
In a decision analytic model comparing CCTA versus SPECT, 
the incremental cost-effectiveness ratio was $11,700 per life-
year saved.

Finally, the PROMISE trial, a prospective comparison 
of outcomes in strategies of CCTA versus functional test-
ing (exercise treadmill testing, stress echocardiography, 
SPECT), also compared the economic consequences 
of these strategies.83 Despite the lower testing costs and 
enhanced efficiency of catheterization use after CCTA, 
there was no significant difference in overall costs of care 
after CCTA compared to functional testing. These results 
were due to the greater use of catheterization and revascu-
larization after CCTA use compared to functional testing. 
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FIG. 12.19 (A) A 72-year-old male with hypertension and hypercholesterolemia, presenting with atypical angina, no prior CAD. Normal resting ECG. Exercise stress test (ETT) 
revealed excellent exercise tolerance without symptoms or ECG abnormalities. Stress perfusion images reveal no perfusion defects. Left ventricular ejection fraction was 65%.
 •  Pre-ETT likelihood of CAD: high.
 •  Post-ETT/pre-SPECT likelihood of CAD: intermediate.
 •  Post-SPECT likelihood of CAD: low.
 •  Post-SPECT risk of cardiac death: low.
 •  Potential benefit from revascularization: none, increased risk with revascularization.
(B) A 55-year-old female with diabetes mellitus and hypertension, presenting with atypical angina. Resting ECG showed mild ST-T wave abnormalities. ETT revealed fair exercise 
tolerance with dyspnea and nondiagnostic ST segment changes. Stress perfusion images demonstrate a medium-size, moderate-intensity reversible perfusion defect involving 
the mid- and apical anterior and apical lateral walls (9% myocardium ischemic). Left ventricular ejection fraction was 60%.
 •  Pre-ETT likelihood of CAD: intermediate.
 •  Post-ETT/pre-SPECT likelihood of CAD: intermediate.
 •  Post-SPECT likelihood of CAD: high.
 •  Post-SPECT risk of cardiac death: low.
 •  Potential benefit from revascularization: none, possibly increased risk with revascularization.
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FIG. 12.19, cont’d (C) A 72-year-old female with hypertension and hypercholesterolemia, presenting with dyspnea. Resting ECG showed left bundle branch block. A 
vasodilator stress test revealed no symptoms or ECG changes. Stress perfusion images demonstrate a medium-size perfusion defect of severe intensity throughout the inferior 
and basal inferoseptal walls, showing complete reversibility (approximately 15% myocardium ischemic). Left ventricular ejection fraction was 72%.
 •  Pre-ETT likelihood of CAD: high.
 •  Post-ETT/pre-SPECT likelihood of CAD: high.
 •  Post-SPECT likelihood of CAD: high.
 •  Post-SPECT risk of cardiac death: intermediate to high.
 •  Potential benefit from revascularization: possibly reduced risk with revascularization.
(D) A 63-year-old male with a history of diabetes mellitus, hypertension, and prior coronary artery bypass graft (CABG) presenting with typical angina. Resting ECG showed mild 
ST-T wave abnormalities. ETT revealed good exercise tolerance with stress-induced angina and ischemic ECG changes. Stress perfusion images demonstrate a large perfusion 
defect of severe intensity throughout the anterior, anterolateral, and inferolateral walls, showing near complete reversibility (approximately 25% myocardium ischemic). Left 
ventricular ejection fraction was 57% at rest and drops to 52% post-stress.
 •  Pre-ETT likelihood of ischemia: intermediate.
 •  Post-ETT/pre-PET likelihood of ischemia: high.
 •  Post-PET likelihood of ischemia: high.
 •  Post-PET risk of cardiac death: high.
 •  Potential benefit from revascularization: probably reduced risk with revascularization.
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FIG. 12.19, cont’d (E) A 51-year-old male presenting with a history of hypertension, hypercholesterolemia, and prior percutaneous coronary intervention (PCI), presenting with dys-
pnea. Resting ECG showed right bundle branch block and ST-T wave abnormalities. A vasodilator stress test revealed dyspnea and was without ECG changes. Stress perfusion images dem-
onstrate transient cavity dilatation and mildly increased radiotracer uptake during stress. There is a medium-sized perfusion defect of severe intensity throughout the inferior and inferoseptal 
walls, showing complete reversibility. In addition, there is a medium-size perfusion defect of moderate intensity involving the mid-anterior and anteroseptal walls, all the apical LV segments, 
and the LV apex, also showing near complete reversibility. Overall, there is > 30% myocardium ischemic. Left ventricular ejection fraction was 37% at rest and dropped to 26% post-stress.
 •  Pre-ETT likelihood of ischemia: high.
 •  Post-ETT/pre-SPECT likelihood of ischemia: high.
 •  Post-SPECT likelihood of ischemia: high.
 •  Post-SPECT risk of cardiac death: high.
 •  Potential benefit from revascularization: probably reduced risk with revascularization. Given the reduced LVEF, the absolute benefit associated with revascularization in this 

patient would be greater than in the patient shown in Fig. 12.19D.
(F) A 66-year-old male presenting with a history significant for prior CABG and multiple myocardial infarctions, presenting with symptoms of heart failure. Resting ECG showed 
left bundle branch block. A vasodilator stress test revealed dyspnea and without ECG changes. Stress perfusion images demonstrate severe LV dilatation on both stress and rest 
images. There is a large perfusion defect of severe intensity throughout the anterolateral, anterior, and septal walls, and the LV apex, which is fixed (> 30% scarred myocardium). 
LVEF was 22% post-stress.
 •  Pre-ETT likelihood of ischemia: intermediate.
 •  Post-ETT/pre-SPECT likelihood of ischemia: intermediate.
 •  Post-SPECT likelihood of ischemia: low.
 •  Post-SPECT risk of cardiac death: high.
 •  Potential benefit from revascularization: probably increased risk with revascularization.
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FIG. 12.19, cont’d (G) A 62-year-old female with a history of prior PCI and myocardial infarction, presenting with symptoms of heart failure and possible atypical angina. 
Resting ECG showed nonspecific intraventricular conduction delay and ST-T wave abnormalities. A vasodilator stress test revealed no symptoms or ECG changes. Images from 
a PET scan including stress-rest myocardial perfusion and metabolism (FDG) are shown. The stress perfusion images demonstrate a large perfusion defect of severe intensity 
throughout the mid-anterior and septal walls, the apical LV segments, and the LV apex, showing moderate partial reversibility. The FDG images demonstrate relatively preserved 
glucose uptake in all hypoperfused LV segments (perfusion–metabolism mismatch). Transient ischemic dilatation post stress is also present. Overall, the findings are consistent 
with a large territory of combined stress-induced ischemia and hibernating myocardium throughout the mid-LAD territory involving > 20% of the LV myocardium. LVEF was 
46% at rest and dropped to 33% at peak stress.
 •  Pre-ETT likelihood of ischemia: intermediate.
 •  Post-ETT/pre-SPECT likelihood of ischemia: intermediate.
 •  Post-SPECT likelihood of ischemia: high.
 •  Post-SPECT risk of cardiac death: high.
 •  Potential benefit from revascularization: probably reduced risk with revascularization.

These results suggest that the use of functional testing is 
not intrinsically less cost- effective than anatomic imaging 
in patients with suspected CAD.  The literature to date sug-
gests that the use of stress radionuclide MPI is a cost-effec-
tive approach to the evaluation of the patient with known 
or suspected CAD.

MANAGING RADIATION EXPOSURE FROM 
RADIONUCLIDE IMAGING

Radionuclide imaging exposes patients to ionizing radia-
tion. There is growing concern about the potential harmful 
effects of ionizing radiation associated with cardiac imag-
ing. The “effective dose” is a measure used to estimate the 
absorbed radiation dose and is expressed in millisieverts 
(mSv). It is important to understand that measuring the 
radiation effective dose associated with diagnostic imag-
ing studies is complex, imprecise, and often results in vary-
ing estimates, even among experts. The effective dose from 
a typical SPECT MPI scan ranges between approximately 
4 mSv and 11 mSv, depending on the protocol and type of 
scanner that is used, whereas that for a typical PET MPI scan 
is lower, approximately 2.5 mSv to 4 mSv. By comparison, the 
average dose for invasive coronary angiography is approxi-
mately 7 mSv, and exposure to background radiation in the 
United States amounts to approximately 3 mSv annually. In 

epidemiologic studies, increased risk of cancer has not been 
observed consistently at “low” effective doses of less than 
100 mSv delivered at low dose rates (i.e., over many years, 
as for most patients undergoing medical imaging). Because 
estimation of lifetime attributable cancer risk after low-dose 
radiation studies is difficult, measurements of activation 
of the DNA damage response pathways have emerged as 
a surrogate marker of DNA damage. Previous studies have 
found a strong correlation between the number of DNA 
double-stranded breaks and the degree of phosphorylation 
of proteins involved in the DNA damage response pathways 
after exposure of patients to high doses of radiation (> 100 
mSv) in a dose-dependent manner. However, activation of 
the DNA damage response pathways has been more vari-
able. Indeed, data from 2014 suggest most patients under-
going routine SPECT MPI do not have significant changes 
in phosphorylation of DNA damage-marker proteins, nor 
do they show significant changes in mRNA expression of 
DNA damage response genes in circulating T lymphocytes 
collected after injection of standard doses of 99mTc-labeled 
perfusion agents.84 In contrast, most, if not all, patients under-
going cardiac catheterization show increased levels of pro-
tein markers of DNA damage.84 This difference in biologic 
response may be related to the fact that patients undergoing 
radionuclide imaging receive fractionated radiation dosing 
with time intervals of 60 to 120 minutes between doses, as 
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opposed to short continued bursts of radiation over a short 
period of time (typically < 30 minutes).

The introduction of new approaches and technologies to 
radionuclide MPI since 2014 has opened opportunities for 
significant dose reduction (i.e., > 50%) without compromis-
ing diagnostic information (Table 12.6).85

From a clinical viewpoint, the small but potential radia-
tion risks from radionuclide imaging mandate an assess-
ment of the risk versus benefit ratio in the individual patient. 
In this context, one must not fail to take into account the 
risks of missing important diagnostic information by not 
performing a test (which could potentially influence near-
term management and outcomes) for a theoretical concern 
of long-term small risk of malignancy. Before ordering any 
test, especially one associated with ionizing radiation, we 
must ensure the appropriateness of the study and that the 
potential benefits outweigh the risks. The likelihood that the 
study being considered will affect clinical management of 
the patient should be addressed before testing is performed. 
It is also important that “routine” follow-up scans in asymp-
tomatic individuals be avoided.

POTENTIAL OPPORTUNITIES FOR TARGETED 
MOLECULAR IMAGING

The use of imaging to study biology and uncover biomark-
ers of human disease provides a window through which we 
can phenotype disease in vivo, thereby offering an opportu-
nity for early diagnosis of disease and assessing the poten-
tial value of novel therapies. Because the nuances of disease 
mechanisms and the subtleties of the responses to therapy 
are key to understanding and treating disease, molecu-
lar imaging is emerging as an essential tool for revealing 

pathogenic mechanisms and for developing therapeutic 
strategies. Importantly, many of these tools are slowly being 
integrated in the continuum of patient care, which offers a 
unique opportunity for clinical translation. The following is 
a brief description of potential applications of molecular 
imaging in the setting of stable ischemic heart disease.

Potential Applications of Neuronal Imaging 
in Patients with LV Dysfunction
There is experimental and clinical evidence supporting the 
concept that sympathetic activation plays an important role 
as a potential trigger of ventricular arrhythmias after MI.86 
Indeed, MI and ischemia can lead to sympathetic dener-
vation in both the infarct and peri-infarct zone.22 Viable 
but denervated myocardial regions show supersensitive 
shortening of effective refractory period in response to the 
infusion of norepinephrine and are more vulnerable to ven-
tricular arrhythmias. These observations suggest that direct 
imaging of cardiac sympathetic innervation may have an 
important clinical role in risk stratification of patients after 
MI (Fig. 12.20).

The Prediction of ARrhythmic Events with Positron 
Emission Tomography (PAREPET) study was designed to 
test the hypothesis that the extent of inhomogeneity in myo-
cardial sympathetic innervation and/or hibernating myocar-
dium increased the risk of arrhythmic death independently 
of LV function in patients with ischemic cardiomyopathy 
(LVEF ≤ 35%).22 The study included 204 patients who were 
eligible for primary prevention implantable cardiac defi-
brillator (ICDs). PET imaging was used to quantify myocar-
dial sympathetic denervation (with 11C-hydroxyephedrine 
[HED]), perfusion, and metabolism. The primary endpoint 

TABLE 12.6 Radiation Reduction Techniques for SPECT MPI Using 99mTc Radiopharmaceuticals

TECHNIQUE
WHOLE-BODY 
EFFECTIVE DOSE

RELATIVE REDUCTION IN 
EFFECTIVE DOSE

Stress-only imaging with conventional gamma camera ∼6–7 mSv ∼30%

Half-dose stress-only imaging with new reconstruction techniques/collimators and a conventional 
gamma camera

∼3–4 mSv ∼60%

Half-dose rest-stress imaging with new reconstruction techniques/collimators and a conventional 
gamma camera

4–5 mSv ∼50%

Low-dose stress-only imaging with CZT-equipped gamma cameras ∼1–3 mSv ∼80%

Low-dose rest-stress imaging with CZT-equipped gamma cameras ∼4–5 mSv ∼50%

CZT, Cadmium zinc telluride.
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FIG. 12.20 Bullseye maps of myocardial perfusion (left), FDG viability (middle), and sympathetic innervation (right) in a patient who experienced sudden cardiac arrest (SCA). 
There is a large matched perfusion–metabolic defect involving the inferior and inferolateral walls, consistent with prior myocardial infarction. The 11C-hydroxyephedrine (HED) 
images demonstrate a larger myocardial volume of sympathetic denervation (reduced HED uptake) compared to the scarred area. This mismatch between infarct size (reduced 
FDG) and the volume of sympathetic denervation (larger HED defect) has been identified as an imaging marker for ventricular arrhythmias. ANT, anterior; INF, inferior; LAT, 
lateral; SEP, septum. (Courtesy of Dr. James A. Fallavollita, University of Buffalo, New York.)
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was sudden cardiac arrest defined as arrhythmic death 
or ICD discharge for ventricular fibrillation or ventricu-
lar tachycardia greater than 240 beats/min. Compared to 
patients in the lowest tertile of cardiac sympathetic dener-
vation assessed by HED PET, patients in the highest tertile 
showed a greater than 6-fold increase in the risk of sudden 
cardiac arrest. In multivariable analysis, the extent of PET-
defined sympathetic denervation, LV end-diastolic volume 
index, and creatinine were significantly associated with the 
risk of sudden cardiac arrest.

Similar findings were reported in the ADreView Myocardial  
Imaging for Risk Evaluation in Heart Failure (ADMIRE-HF) 
study using 123I-mIBG imaging, in a more heterogeneous 
cohort of patients with ischemic and  non-ischemic heart 
failure.23 In this study, patients with a heart-to-mediastinum 
(H/M) count ratio greater than 1.6 had a relatively lower 
risk of death or ventricular arrhythmias. In a 2015 ancillary 
analysis of this trial, mIBG scores were able to reclassify risk 
in a significant number of patients regardless of whether it 
was used with a continuous or binary threshold.87 Although 
mIBG-defined ICD candidates could not be identified in this 
analysis, the authors found that the number of lives saved per 
100 patients receiving ICD (absolute benefit) varied across 
values of mIBG H/M results, thus identifying a  potential 
role for this test in optimizing the cost-effectiveness of this 
intervention. The results of these clinical studies support 
the hypothesis that these techniques may be helpful in the 
identification of patients with sufficiently low risk of sudden 
cardiac death to guide subsequent therapy.

Atherosclerosis Imaging
Atherosclerosis is another area of great interest in the use of 
targeted molecular imaging biomarkers, especially in drug 
trials. Although anatomic (invasive and noninvasive) and 
functional imaging have traditionally been used in athero-
sclerosis trials, targeted imaging techniques have emerged 
as powerful markers of molecular and cellular processes 
directly involved in the pathobiology of this disease. Clinical 
imaging of plaque constituents is challenging because the 
plaque volume of interest in coronary and carotid arteries is 
small and the imaging signal is blurred by motion. However, 
imaging modalities with high sensitivity (PET) and high res-
olution (MRI) have demonstrated the greatest success for 
clinical translation, especially by using hybrid PET/CT and, 
potentially, PET/MRI.88

PET/CT is a highly sensitive and promising noninvasive 
approach for atherosclerosis imaging in humans.89 The 
rationale behind the use of the glucose analog 18F-FDG 
is that active inflammatory cells within human atheroma, 
especially monocyte/macrophages, show increased met-
abolic activity and avidity for glucose. Increased FDG 
uptake in human atherosclerotic plaques localizes pri-
marily within macrophages90 and correlates with mac-
rophage density88,91,92 and high-risk anatomic features of 
atherosclerotic plaque.91,93,94 The FDG signal appears to 
be particularly enhanced in the setting of hypoxia95 and 
increased plaque microvascularization.88,96 In addition, 
the quantitative FDG PET signal correlates with clinical 
indices of cardiovascular risk97 and circulating inflamma-
tory biomarkers.98–101 The quantitative vascular FDG PET 
signal has been widely used as a surrogate endpoint to 
test the effects of antiinflammatory drugs in clinical tri-
als.102–109 FDG PET is actively being used as a surrogate 

endpoint in many ongoing trials of atherosclerosis. More 
recently, other novel targeted imaging agents have been 
used with PET to characterize inflammation110–115 and 
other aspects of plaque biology, including neoangiogen-
esis116 and microcalcifications,117 as well as complica-
tions from atherosclerosis118 in experimental animals and 
humans.

SUMMARY

Radionuclide myocardial perfusion imaging, a long-prac-
ticed technique examining LV myocardial perfusion or via-
bility, as well as LV function, has been extensively validated 
with respect to its diagnostic, prognostic, and cost-effective-
ness characteristics. More recently, data have suggested that 
it may also have a role in predicting which patients may 
benefit from specific therapeutic approaches after testing. 
More widespread utilization of PET MPI with its enhanced 
performance characteristics will likely further augment the 
value of this modality. Its ability to accurately define CFR 
improves the accuracy of testing and may extend its poten-
tial applications. Ongoing developments in neuronal, molec-
ular, and atherosclerosis imaging promise future avenues for 
this modality.
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INTRODUCTION

There are multiple aspects of imaging in the context of coro-
nary artery disease. On the one hand, imaging is used to iden-
tify the presence of coronary artery stenoses, through two 
possible approaches. One approach is to visualize ischemia 
as the consequence of hemodynamically relevant coronary 
artery lesions. In clinical practice, this is most frequently done 
by stress echocardiography, stress cardiac magnetic reso-
nance, or nuclear medicine techniques (functional imaging). 
The alternative approach is to directly visualize the coronary 
arteries and identify atherosclerotic lesions. Given the small 
dimensions and fast motion of the coronary vessels, this is 
technically challenging and requires a combination of high 
spatial resolution, high temporal resolution, and the ability 
to capture the entire complex course of the coronary artery 
tree. On the other hand, next to the mere identification of 
coronary artery disease, imaging fulfills other needs regard-
ing management of patients, such as the assessment of left 
ventricular function or myocardial injury and viability.

Computed tomography (CT) and cardiac magnetic reso-
nance (CMR) play an increasingly important role in the eval-
uation of patients with known or suspected coronary artery 
disease. The main application of CT in the context of chronic 
coronary artery disease is coronary CT angiography, that is, 
direct visualization of the coronary artery lumen to rule in 
or rule out coronary artery stenoses. Bypass grafts and stents 
can also be assessed but are significantly more challenging 
to evaluate than native coronary vessels. To some extent, CT 
can be used to characterize nonobstructive coronary athero-
sclerotic plaque. This may have applications in the context of 
risk stratification, but it is not yet a method with firmly estab-
lished clinical applications. Other areas in which CT is used 
include the support of coronary interventions (in particular 
for chronic total coronary artery occlusions) and the identifi-
cation of ischemia through myocardial perfusion imaging or 
simulation of the fractional flow reserve (FFR).

CMR is not used for visualization of the coronary arteries to 
the same extent as CT; rather, it is focused on imaging the myo-
cardium. Late gadolinium enhancement imaging is a reliable, 
high-resolution technique to visualize and quantify myocardial 
scar and differentiate it from viable myocardial tissue, whereas 
stress CMR, typically after adenosine or dobutamine infusion, is 
an accurate method to identify myocardial ischemia.

Both methods complement each other regarding the 
assessment of patients with known or suspected chronic 

coronary artery disease. They have widespread clinical appli-
cation and are firmly established in professional guidelines. 
Nevertheless, technical challenges exist that may impair 
image quality or lead to misinterpretation. Meticulous care 
in patient preparation and image acquisition, as well as suf-
ficient expertise in interpretation, is therefore essential to 
maximize benefit to the patient.

CARDIAC COMPUTED TOMOGRAPHY

Imaging Protocols
Cardiac computed tomography is most frequently used to visu-
alize the coronary artery lumen. The method is referred to as 
coronary CT angiography or coronary CTA. To achieve sufficient 
spatial and temporal resolution, high-end CT equipment and 
adequate imaging protocols must be used. Currently, 64-slice CT 
is considered the state of the art for coronary artery imaging.1 
Newer technology, such as dual source CT or volume scanners 
that have wide detectors with 256 or 320 detector rows, pro-
vides further improved and more robust image quality.

Typical datasets for coronary artery visualization by CT 
consist of approximately 200–300 transaxial slices with a 
thickness of 0.5 mm to 0.75 mm (Fig. 13.1). Data interpreta-
tion is based on interactive manipulation of these datasets 
using an image processing workstation, enhanced by post-
processing tools such as maximum intensity projections and 
multiplanar reconstructions. Three-dimensional renderings, 
although impressive for visualization of the heart and cor-
onary arteries, are not accurate for stenosis detection and 
play no role in data interpretation. Whereas many worksta-
tions provide prerendered reconstructions that are intended 
to show the coronary arteries over their entire course, read-
ers should not rely on such automated post-processing tools 
alone. In fact, official recommendations mandate that the 
reader manipulate the original data and not rely on preren-
dered reconstructions of any kind.2

There are some conditions for patients to be suitable 
for coronary CT angiography (Box 13.1). Importantly, they 
include the ability to understand and follow breathhold 
commands, because even slight respiratory motion during 
data acquisition will cause substantial artifact. A regular 
and, preferably, low heart rate substantially improves image 
quality and reliability (optimally below 60 beats/min, even 
though this is not as strictly required for dual-source CT).1 
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To achieve a low heart rate, patients usually receive premed-
ication with short-acting β-blockers, and nitrates are given 
to achieve coronary dilatation. For vascular enhancement 
during the scan, contrast agent is injected intravenously. 
Depending on scanner type and acquisition protocol, 
approximately 40 mL to 100 mL of iodinated contrast agent 
is used. Data acquisition can follow various principles,1 and 
the mode of data acquisition has profound implications 

regarding radiation exposure. Retrospectively electrocardio-
gram (ECG)-gated acquisition in helical mode (also called 
spiral mode) provides for high and robust image quality 
and maximum flexibility to choose the cardiac phase dur-
ing which images are reconstructed, including the ability to 
reconstruct functional datsasets throughout the entire car-
diac cycle in order to assess wall motion (which, however, is 
not frequently necessary or clinically desired). Prospectively 

SVC

PA

Ao

LA

RA

RV

LV

IVC

A B C

D

G

E F

FIG. 13.1 Normal CTA. Images of normal coronary anatomy as observed in coronary CT angiography (CTA). (A) Transaxial slice, level of the left main coronary artery (arrow). 
(B) Transaxial slice. Level of the mid left anterior descending coronary artery (LAD) (large arrow). The small arrow indicates a cross-section of the proximal left circumflex coronary 
artery. The arrowhead indicates the origin of a large diagonal branch. Note the small septal branch originating from the LAD at the same site. (C) Transaxial slice, level of the 
proximal right coronary artery (large arrow). The small arrow indicates the left circumflex coronary artery; the arrowheads indicate the LAD and diagonal branch. (D) Transaxial 
slice, distal right coronary artery (arrow). (E) Oblique maximum intensity projection (maximum intensity projection [MIP], 8-mm slice thickness) that demonstrates the left main 
coronary artery, as well as the proximal and mid left anterior descending coronary artery and a large diagonal branch. (F) Curved multiplanar reconstruction (MPR) of the right 
coronary artery. (G) Three-dimensional surface-weighted volume rendering technique (VRT) reconstruction. Ao, Aorta; IVC, inferior vena cava; LA, left atrium; LV, left ventricle; 
PA, pulmonary artery; RA, right atrium; RV, right ventricle; SVC, superior vena cava.
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ECG-triggered axial acquisition is associated with sub-
stantially lower radiation exposure. Image quality is high, 
especially in patients with stable and low heart rates. Less 
flexibility to reconstruct data at different time instants in 
the cardiac cycle, as well as greater susceptibility to artifacts 
caused by arrhythmia, can be downsides of this acquisition 
mode but rarely affect individuals if they are well prepared. 
Overall, prospectively ECG-triggered axial acquisition is the 
preferred image acquisition mode in many experienced 
centers. Finally, prospectively ECG-triggered high-pitch helical 
or spiral acquisition, often referred to as flash acquisition, 
is an imaging mode that combines aspects of the former 
two techniques but can only be used on single source or 
dual-source CT systems with very wide detectors and only 
in patients with low and truly regular heart rates. It allows 
coverage of the volume of the heart within a very short time 
and maximizes efficacy of radiation use, so that it is associ-
ated with very low radiation exposure (Fig. 13.2).

The radiation exposure of coronary CTA (and cardiac CT 
in general) varies widely. When CT of the heart was first devel-
oped, use of radiation was not efficient and effective doses 
up to 25 mSv were not uncommon for standard acquisition 
protocols. With the use of improved data acquisition proto-
cols, complemented by image reconstruction techniques 
that compensate for image noise, radiation exposure in the 
context of coronary CT angiography has been substantially 
reduced and typical values for effective radiation dose of con-
temporary CT protocols range between 1 and 5 mSv. In very 
strictly selected patient cohorts, it has even been reported that 
doses below 0.5 mSv and even below 0.1 mSv are possible,3,4 
but image quality at this extreme end of the spectrum is not 
robust enough for routine clinical practice. Without going to 
the extreme and by using measures that are widely available, 
do not require special training, and are straightforward to 
implement, Chinnaiyan et al. reported a mean effective dose 
of 6.4 mSv across 15 centers routinely performing coronary 
CTA.5 In a 2014 multicenter trial, the average effective dose for 
coronary CT angiography was 3.2 mSv.6

Accuracy of Coronary CT Angiography
Coronary CT angiography has high accuracy for the detec-
tion of coronary artery stenoses (Figs. 13.3 and 13.4). Three 
multicenter trials assessed the accuracy of coronary CT 
angiography for the identification of coronary artery steno-
sis in comparison with invasive coronary angiography. Two 
trials performed in patients with suspected coronary artery 
disease using 64-slice CT have demonstrated sensitivities of 
95% to 99% and specificities of 64% to 83%, as well as negative 

predictive values of 97% to 99% for the identification of indi-
viduals with at least one coronary artery stenosis.7,8 The pos-
itive predictive values were 64% and 86% in these two trials, 
which is due to a tendency to overestimate stenosis degree 
in coronary CTA, as well as the fact that image artifacts often 
result in false-positive interpretations. In a third multicenter 
study of 291 patients with 56% prevalence of coronary artery 
stenoses, as well as 20% of patients with previous myocardial 
infarction and 10% with prior  revascularization, specificity 
was high (90%) and the resulting positive predictive value 
was 91%.9 However, this came at the cost of decreased sensi-
tivity (85%) and negative predictive value (83%).

A 2016 meta-analysis summarized 30 clinical trials that 
evaluated the accuracy of coronary CTA performed with sys-
tems composed of 64 slices or greater in comparison with 
invasive angiography. A total of 3722 patients were included. 
The authors determined that, on average, 6.6% of studies 
were unevaluable. They also reported a pooled sensitivity of 
95.6% and a specificity of 81.5% for systems with at least 64 
detector rows.10 Of particular importance, the negative like-
lihood ratio was 0.022, rendering coronary artery stenoses 
extremely unlikely if coronary CTA is normal.

Accuracy values are not uniform across all patients. High 
heart rates, obesity, and extensive calcification negatively 
influence accuracy. Degraded images will lead to false-
positive rather than false-negative findings. Specificity and 
positive predictive value will therefore be most affected. 
Along with patient factors that influence image quality, 
the accuracy of coronary CTA depends on pretest likeli-
hood of disease.11 In an analysis of 254 patients referred to 
invasive angiography and also studied by CT, it was demon-
strated that coronary CTA performs best in patients with a 
low to intermediate clinical likelihood of coronary artery 
stenoses (negative predictive value: 100% in both groups), 
while accuracy is substantially lower in high-risk patients 
(Table 13.1).11

Overall, the ability of coronary CTA to reliably rule out 
the presence of coronary artery stenoses and the fact that it 
performs best in situations of low to intermediate likelihood 
of disease indicate that coronary CTA is a clinically useful 
tool in symptomatic patients who do not have a high pre-
test likelihood of coronary artery disease but require further 
work-up to rule out significant coronary stenoses. A nega-
tive coronary CTA scan, if of high quality, will obviate the 
need for further testing. Indeed, several observational trials 
and registry reports with up to 35,000 patients clearly dem-
onstrated that symptomatic patients, when coronary CTA is 
negative, have an extremely favorable clinical outcome even 
without further additional testing.12–16

Randomized Clinical Outcome Trials 
Evaluating Coronary CTA
Two pivotal randomized clinical trials emphasize the fact that 
coronary CTA is a clinically useful tool that may be used for 
management decisions in patients with suspected chronic 
coronary artery disease.17,18 In the multicenter Prospective 
Multicenter Imaging Study for Evaluation of Chest Pain 
(PROMISE) trial, published in 2015,17 10,003 patients with 
suspected coronary artery disease were randomized to 
either ischemia testing or coronary CTA as the initial test. 
After 2 years, outcome in terms of major cardiovascular 
adverse events or complications associated with testing was 
equal between the two groups. The rate of invasive coronary 

 –  Ability to follow breathhold commands and perform a 
breathhold of approximately 10 seconds

 –  Regular heart rate (sinus rhythm) < 65 beats/min, optimally 
< 60 beats/min

 –  Lack of severe obesity
 –  Ability to establish a sufficiently large peripheral venous 

access (cubital vein preferred)
 –  Absence of contraindications to radiation exposure and 

iodinated contrast media

BOX 13.1 Patient Characteristics for Optimal 
Image Quality in Cardiac CT and Coronary CT 
Angiography
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Retrospectively ECG-gated helical/spiral acquisition

Prospectively ECG-triggered axial acquisition

High-pitch spiral acquisition

Radiation exposure

Data used for image construction

FIG. 13.2 Modes of data acquisition in cardiac CT. Currently, there are three data acquisition modes for coronary CT angiography. (Top) Retrospectively ECG-gated helical 
or spiral acquisition encompasses continuous rotation of the x-ray tube, combined with slow and continuous table motion. Wide x-ray detectors provide oversampling to an 
extent that every anatomic level is covered during each time point of a cardiac cycle. Hence, the continuously recorded ECG signal can be used to retrospectively select the time 
instant during the cardiac cycle (gating), during which the cross-sectional images are to be reconstructed. (Middle) Prospectively ECG-triggered axial acquisition refers to a data 
acquisition mode in which the table remains stationary during data acquisition. x-ray exposure is prospectively triggered by the ECG to fit into the desired segment of the cardiac 
cycle. Additional levels are acquired in subsequent cardiac cycles until the entire anatomy of the heart is covered. (Bottom) High-pitch spiral acquisition is a hybrid of the two 
previously mentioned techniques. Radiation exposure is prospectively triggered by the ECG, but data acquisition is combined with very rapid table motion so that each level of 
the heart is covered at a slightly different time instant of the cardiac cycle. Because the temporal offset between consecutive levels is very small, and overall acquisition time can 
be limited to less than 200 ms with very wide detectors and dual-source systems, resulting image quality is high.
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FIG. 13.3 Stenosis in coronary CTA. Visualization of a stenosis of the right coronary artery in coronary CTA (A, B) and invasive angiography (C). (A) Cross-section of the right 
coronary artery (arrow) in three consecutive levels. A stenosis of the mid right coronary artery is present. (B) Maximum intensity projection (MIP) in a plane that corresponds to the 
spatial orientation of the right coronary artery. The stenosis is detectable in the mid segment (arrow). (C) Invasive coronary angiogram (arrow = stenosis). CTA, CT angiography.

A B C

FIG. 13.4 Stenosis in coronary CTA. Visualization of a stenosis of the left anterior coronary artery in coronary CTA. (A) Oblique maximum-intensity projection showing a 
complex bifurcation stenosis of the mid left anterior descending coronary artery (Medina 1/1/1, arrow). Note the stenoses in the course of the diagonal branch. (B and C) Cor-
responding invasive coronary angiograms (arrow = stenosis). CTA, CT angiography.

TABLE 13.1 Diagnostic Performance of 64-slice CT Depending on the Clinical Pretest Likelihood of Coronary 
Artery Disease in 254 Patients

PRETEST
PROBABILITY* n SENSITIVITY SPECIFICITY POSITIVE PRED. VALUE NEGATIVE PRED. VALUE

High 105 98% 74% 93% 89%

Intermediate 83 100% 84% 80% 100%

Low 66 100% 93% 75% 100%

*Estimated with the Duke Clinical Risk Score.
Meijboom WB, van Mieghem CA, Mollet NR, et al. 64-slice computed tomography coronary angiography in patients with high, intermediate, or low pretest probability of 
significant coronary artery disease. J Am Coll Cardiol. 2007;50:1469–1475.
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angiograms (12.2% vs 8.1%) and the rate of revasculariza-
tions (6.2% vs 3.2%, p < 0.001) were significantly higher if 
coronary CTA was used as the initial test. On the other hand, 
catheterization showing no obstructive lesions occurred sig-
nificantly less frequently if coronary CTA had been used as 
the initial test (3.4% vs 4.3% of the population, p < 0.02). In 
summary, the trial demonstrated that there is no clinical risk 
to using coronary CTA as an anatomic test, as opposed to 
functional imaging, as a first diagnostic method in patients 
with suspected coronary artery disease.

The Scottish Computed Tomography of the Heart (SCOT-
HEART) multicenter trial randomized 4146 patients with stable 
chest pain to receiving only functional testing or functional 
testing plus coronary CTA in the setting of suspected coronary 
artery disease. The additional information from coronary CTA 
to standard care changed planned management (15% vs 1%, p 
< 0.001) and treatment (23% vs 5%, p < 0.001) but did not affect 
6-week symptom status (p = 0.22) or the frequency of initial 
admissions (p = 0.21) or subsequent hospital admissions for 
chest pain (11.9% vs 12.7%, p = 0.40) as compared to standard 
care alone. However, after 1.7 years of follow-up, the trial dem-
onstrated that there was a trend toward lower event rates of 
fatal and nonfatal myocardial infarction by 38% (p = 0.05) if 
ischemia testing was complemented by coronary CTA.18

These two pivotal randomized imaging clinical outcome 
trials (PROMISE and SCOT-HEART) and several smaller tri-
als19,20 demonstrated coronary CTA to have a proven role 
in management of patients with suspected chronic coro-
nary artery disease. An overview of the PROMISE and SCOT-
HEART trials is presented in Table 13.2.

Imaging of Patients With Bypass  
Grafts and Stent
The follow-up of patients after previous revasculariza-
tion is a frequent question in clinical cardiology. It needs 
to be taken into account that coronary CTA has relevant 

limitations in patients with previous coronary revascular-
ization. Assessment of coronary artery stents (Fig. 13.5) is 
often unreliable because the dense metal of the stents can 
cause artifacts that render the stent lumen unevaluable or 
create false-positive findings of stenosis. The ability to assess 
stents concerning in-stent restenosis depends on many fac-
tors. They include stent type and diameter, as well as the 
overall image quality. The analysis of large stents (eg, stents 
implanted in the left main coronary artery) may be possible 
by CT in most cases. In general, however, there is uncertainty 
about the accuracy of coronary CTA to detect and rule out 
in-stent stenosis. A meta-analysis reported that 20% of stents 
were unevaluable by CT, and sensitivity for stenosis detec-
tion was only 82% in evaluable stents.21 With the exception 
of large stents (≥ 3.0-mm diameter) in locations very ame-
nable to CT imaging (eg, left main coronary artery), and if 
invasive coronary angiography is to be avoided, imaging of 
patients with previously implanted stents by coronary CTA 
should therefore not be routinely considered. Bioresorbable 
vascular scaffolds, on the other hand, are typically made of 
material that does not have the high attenuation of metal 
in CT imaging. No systematic evaluations have been per-
formed, but imaging of the coronary lumen should not 
be impaired by these devices. CT may therefore be a use-
ful method for the follow-up after percutaneous coronary 
intervention (PCI) performed with bioresorbable scaffolds 
(Fig. 13.6).22

Regarding the follow-up after bypass surgery, the accuracy 
of coronary CTA for the detection of bypass graft stenosis 
and occlusion is very high (Fig. 13.7).23,24 However, assess-
ing the native coronary arteries in patients after bypass sur-
gery is typically difficult. The native vessels frequently have 
a small diameter and substantial calcification (Fig. 13.8). 
Consequently, accuracy for detecting and ruling out steno-
ses in nongrafted and run-off vessels is relatively low, false-
positive findings are frequent, and unevaluable segments 
impair the clinical utility of the test.

TABLE 13.2 Overview of the Design and the Main Findings of the Multicenter Randomized Trials PROMISE 
and the SCOT-HEART

PROMISE SCOT-HEART

Patients n = 10,003 patients n = 4146 patients

Inclusion
criteria

 –  Suspicion for significant CAD
 –  New/worsening chest pain syndrome or equivalent symptoms
 –  Planned noninvasive testing
 –  Men/women age ≥ 45/50 years

 –  Attendance at a chest pain unit
 –  Age: > 18 years, but ≤ 75 years

Methods Functional stress testing* versus coronary CTA Usual care (ECG stress testing) versus usual care plus 
coronary CTA

Study endpoints Death, nonfatal MI
Hospitalization for unstable angina,
Major procedural complications†

Certainty of diagnosis
Angina due to CAD

Management  –  Increased rate of ICA and increased rate of revascularizations  
when coronary CTA was initially applied

 –  Less frequently ICA showing no obstructive lesions when  
coronary CTA was initially applied

Increased preventive prescription

Outcome No difference  –  No difference for overall event rates
 –  Trend for reduced cardiac death and MI in the 

coronary CTA group after 20 months

*Exercise treadmill, nuclear stress, or stress echocardiography.
†Major procedural complications: anaphylaxis, stroke, major bleeding, renal failure.
CAD, Coronary artery disease; CTA, computed tomography angiography; ICA, invasive coronary angiography; MI, myocardial infarction.
Data from Douglas PS, Hoffmann U, Patel MR, et al. Outcomes of anatomical versus functional testing for coronary artery disease. Engl J Med. 2015;372(14):1291–1230; 
SCOT-HEART Investigators. CT coronary angiography in patients with suspected angina due to coronary heart disease (SCOT-HEART): an open-label, parallel-group, multicentre 
trial. Lancet. 2015;385(9985):2383–2391.



180

III

C
li

n
iC

a
l 

Ev
a

lu
a

ti
o

n

Coronary CTA and Ischemia
Coronary CTA, like invasive coronary angiography, is a 
purely morphologic imaging modality and cannot dem-
onstrate the functional relevance of stenoses (ie, resulting 
ischemia). In fact, the correlation of CT results with the pres-
ence of ischemia is poor.25 Not surprisingly, coronary CTA is 

a better predictor of angiographic findings than of findings 
on nuclear perfusion imaging.25 A negative coronary CTA 
result is a reliable predictor to rule out the presence of coro-
nary artery stenoses and the need for revascularization, and 
CT may therefore be used as a gatekeeper to avoid invasive 
coronary angiograms.26 Nevertheless, presence of a stenosis 

A B C

FIG. 13.5 Imaging of stents in coronary CTA. (A) In-stent stenosis of a drug-eluting stent placed in the ostium of the left anterior descending coronary artery (arrow). (B) 
Enlarged image of the stent. (C) Corresponding invasive coronary angiogram (arrow = ostial in-stent stenosis). CTA, CT angiography.

A B

C D

FIG. 13.6 Imaging of bioresorbable vascular scaffolds in coronary CTA. The material of the bioresorbable scaffold itself shows no attenuation in CT and is therefore not 
depicted. Two platinum markers at either end of the scaffold indicate the position of the device. (A) Coronary CT angiography, curved multiplanar reconstruction. The arrows 
indicate the platinum pellets at the distal and proximal end of a bioresorbable vascular scaffold placed in the very proximal left anterior descending coronary artery. The scaffold 
material itself is not visible. Two calcifications are seen in the course of the scaffold. (B) Invasive coronary angiogram (arrow = scaffold position). No restenosis is present. (C) 
Different patient. Curved multiplanar reconstruction of a patient with a bioresorbable vascular scaffold placed in a right coronary artery. The large arrows point at the platinum 
markers that indicate the proximal and distal margins of the scaffold. The small arrow indicates a focal in-scaffold stenosis. A conventional metal stent is placed in the ostium of 
the right coronary artery. (D) Invasive coronary angiogram. The arrow points at the focal in-scaffold stenosis. CTA, CT angiography.
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on coronary CTA does not mean that a hemodynamically 
relevant stenosis is present and revascularization should 
unconditionally be performed. Ischemia testing, whether 
noninvasive or as an FFR measurement in the context of 
invasive angiography, will typically be required before revas-
cularization of a stenosis first detected in coronary CTA.

Several methods are under evaluation to improve the 
ability of coronary CTA to predict ischemia. To this effect, 
specific analysis methods, such as the transluminal attenu-
ation gradient or CT-based determination of the fractional 
flow reserve (FFR-CT),27,28 are used. In particular, the latter 
receives widespread interest. Based on the anatomic CT 
dataset, computational fluid dynamics is applied to model 
the flow and resistance pattern under adenosine stress and 

to obtain the FFR value for all segments of the coronary 
artery tree (Fig. 13.9). Initial publications show that FFR-CT 
is feasible as long as image quality is sufficient and that 
FFR-CT values correlate rather closely to invasively mea-
sured reference values.28 A large prospective cohort study 
(Prospective LongitudinAl Trial of FFR-CT: Outcome and 
Resource Impacts [PLATFORM]) including a total of 584 
patients suggests that coronary CTA with FFR-CT may be 
an effective gatekeeper to invasive coronary angiography. 
In patients planned for invasive angiography as a work-up 
for chest pain, adding coronary CTA with FFR-CT before the 
planned angiogram resulted in a significantly lower rate of 
invasive coronary angiograms without obstructive coronary 
artery disease (direct angiography: 73.3% vs FFR-CT first: 
12.4%, p < 0.0001).29 Patients were followed for 90 days, and 
the CT-based strategy was demonstrated to be safe, with low 
clinical event rates in both groups.

A B C

FIG. 13.7 Bypass graft in coronary CTA. (A) Curved multiplanar reconstruction of a vein graft to the left circumflex territory. The arrow indicates the site of the coronary 
anastomosis. (B) Three-dimensional reconstruction of the bypass graft. (C) Invasive coronary angiogram of the bypass graft (arrow = site of coronary anastomosis). CTA, CT 
angiography.

FIG. 13.8 Severe native coronary artery calcification in coronary CTA of a 
bypass patient. Transaxial cross-sectional contrast-enhanced CT image of a post-
bypass surgery patient. There is severe calcification of the proximal and mid left ante-
rior descending coronary artery. This severe calcification is frequently seen in patients 
after bypass surgery and limits the ability of coronary CTA to evaluate native coronary 
vessels in post-bypass patients. CTA, CT angiography.

0.96

0.90

0.76

FIG. 13.9 FFR-CT. Determination of CT-based fractional flow reserve (FFR-CT) by 
fluid dynamic modeling. FFR values are derived from coronary anatomy as depicted 
by CT, using standard values for microvascular resistance. Local FFR values are 
color-coded.
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Imaging of Coronary Atherosclerotic Plaque
Coronary Calcification
Using cardiac CT, calcium deposits in the coronary arter-
ies can be detected and quantified in low-radiation, non-
enhanced image acquisition protocols (Fig. 13.10). Tissue 
within the vessel wall with a CT number of 130 Hounsfield 
units (HU) or more is defined as calcified, and the amount of 
calcium is typically classified using the so-called “Agatston 
score,” which takes into account the area and the peak 
density of calcified lesions. In the general population, the 
coronary calcium score increases with age and, on aver-
age, is higher in men than in women.30 For the Agatston 
score, age- and gender-specific percentiles exist for various 
populations.30–32

Coronary calcifications are always due to coronary ath-
erosclerotic plaque, with the possible exception of medial 
coronary artery calcification seen in patients in renal fail-
ure. The amount of calcium roughly correlates to the overall 
plaque volume.33 Because coronary artery disease events 
are typically caused by plaque rupture and erosion, the 
amount of coronary calcium is associated with individual 
coronary artery disease risk. Coronary calcium allows for 
improved risk stratification in primary prevention and is 
more robust than other markers of risk, such as C-reactive 
protein or intima-media thickness.34 In asymptomatic indi-
viduals, the absence of coronary calcium is associated with 
very low (< 1% per year) risk of major cardiovascular events 
over the next 3 to 5 years, whereas an up to 11-fold relative 
risk increase of major cardiac events has been reported in 
asymptomatic subjects with extensive coronary calcification. 
Prospective large-scale studies, including the Multiethnic 
Study of Atherosclerosis (MESA)35 and the Heinz Nixdorf 
Recall Study,36 have convincingly demonstrated that coro-
nary calcium measurement by CT has incremental prognos-
tic information beyond assessment of traditional risk factors. 

The presence of coronary calcium will reclassify individuals 
who seem to be at low or intermediate risk based on tradi-
tional risk factors to a high-risk category, and that this may 
mandate more intense risk factor modification.

The correlation between calcium and stenosis is poor. 
Atherosclerotic lesions, and even stenosis, may be pres-
ent even in the absence of calcium, especially in younger 
patients with recent onset of symptoms.37 The lack of cal-
cium therefore does not reliably eliminate the possibility 
of coronary artery stenoses, particularly in young individu-
als and those with suspected acute coronary syndromes. 
Nevertheless, even substantial amounts of coronary calcium 
are not necessarily associated with the presence of hemody-
namically relevant luminal narrowing. Frequently, very high 
calcium scores can be found in the absence of coronary 
stenoses. Therefore, the detection of coronary calcium, even 
in large amounts, should not prompt invasive coronary angi-
ography in otherwise asymptomatic individuals.

In summary, the predictive value of coronary calcium 
concerning the occurrence of future cardiovascular disease 
events in asymptomatic individuals is widely accepted. A 
potential clinical role of coronary calcium for further risk 
stratification exists for individuals who are at intermediate 
risk as assessed by traditional risk factors. In patients at high 
or very low risk, coronary calcium imaging will usually not 
be indicated, because the result is unlikely to influence 
treatment decisions.38,39 Unselected screening or patient 
self-referral is not recommended.38,39

Atherosclerotic Plaque in Coronary CTA
Next to the identification of stenoses, coronary CTA allows 
us to visualize—and, to a certain extent, to quantify and char-
acterize—nonobstructive coronary atherosclerotic plaque  
(Fig. 13.11). For risk stratification purposes, the analy-
sis not only of calcified but also of noncalcified plaque 
components is a promising tool for refined assessment of 
individual event risk. In comparison to intravascular ultra-
sound (IVUS), accuracy for detecting noncalcified plaque 
has been reported to be approximately 80% to 90%, albeit 
in selected patients within small studies. Several trials and 
large registries have been able to demonstrate prognostic 
value of atherosclerotic lesions detected by coronary CT 
angiography both in symptomatic and asymptomatic indi-
viduals. In a landmark publication, Min et al.40 demonstrated 
increased overall mortality in patients with atherosclerotic 
lesions in more than five coronary artery segments. Ostrom 
et al.41 demonstrated increased mortality during long-term 
follow-up in patients with nonobstructive lesions in all three 
coronary arteries, or in patients who had obstructive lesions. 
An analysis of a clinical registry comprising more than 
23,000 patients confirmed the prognostic value of coronary 
CTA, where the presence of coronary stenoses, but also the 
presence of nonobstructive plaque, was associated with an 
increased risk of mortality.42 However, the hazard ratio (HR) 
for nonobstructive plaque was relatively low (HR = 1.6; 95% 
confidence interval [CI] 1.2–2.2). Also, another analysis of 
the same registry was unable to demonstrate, for this mostly 
symptomatic patient group, an incremental prognostic value 
of contrast-enhanced coronary CTA over coronary calcium 
measurements.43

For further characterization of plaque, assessment of 
features that are associated with plaque vulnerability has 
been suggested. The two most important features are posi-
tive remodeling and low CT attenuation (< 30 HU) within 

FIG. 13.10 Coronary calcium. Non–contrast-enhanced CT image (3-mm slice 
thickness) showing a localized calcification in the proximal left anterior descending 
coronary artery (arrow). The Agatston score of this calcified plaque is 179.
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coronary atherosclerotic plaque (Fig. 13.12). It has been 
shown that these characteristics are associated with the 
occurrence of future acute coronary syndromes44 (Table 
13.3). It is very interesting to note that features associated 
with vulnerability of coronary atherosclerotic plaque are 
also predictors of the hemodynamic relevance of a given 

lesion. In several trials that compared coronary CTA to 
invasively measured FFR, plaque characteristics such as 
aggregate plaque volume, positive remodeling, and low CT 
attenuation were incremental to stenosis degree in predict-
ing whether a lesion was associated with a pathologic FFR 
result (≤ 0.80)45,46 (Fig. 13.13).

A B

FIG. 13.11 Plaque in coronary CTA. (A) Curved multiplanar reconstruction of the left main and proximal left anterior descending coronary artery showing areas of com-
pletely noncalcified plaque (small arrows), as well as a large partially calcified plaque (large arrow). Furthermore, there are two small entirely calcified plaques. (B) Cross-sectional 
view of the partially calcified plaque (calcification [small arrow]; coronary lumen [large arrow]). CTA, CT angiography.

A B

C D

FIG. 13.12 Vulnerable plaque in coronary CTA. (A) Longitudinal reconstruction of the left main and proximal left anterior descending coronary artery. A partly calcified 
plaque has low CT attenuation and positive remodeling, signs of plaque vulnerability in coronary CTA (arrow). (B) Cross-sectional view of the plaque (arrow). (C) Corresponding 
invasive angiogram showing a mild luminal stenosis at the site of the plaque (arrow). (D) Seven years later, the patient experienced ST-elevation myocardial infarction of the 
anterior wall as a consequence of plaque rupture (arrow). CTA, CT angiography.
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Clinical consequences of plaque imaging by coronary 
CTA are unclear (Fig. 13.14), and plaque analysis has not 
been incorporated into guidelines and recommendations 
for risk modification. Interestingly, Chow et al.47 were able to 
show in a large registry (10,418 individuals without obstruc-
tive coronary stenoses, followed for 4 years) that the use of 
statin medication in primary prevention was only associated 
with lower event rates if plaque was present in coronary CTA. 
In the absence of detectable plaque, event rates between 
individuals with and without statin therapy were not different.

CT Myocardial Perfusion Imaging
After intravenous injection of contrast agent, CT imaging per-
mits visualization of myocardial enhancement. Myocardial 

perfusion defects at rest have been shown to be associated 
with myocardial infarction in patients with acute chest pain 
(Fig. 13.15).48 In patients with suspected chronic coronary 
disease, rest and stress contrast-enhanced images of the 
myocardium can be acquired before and after adenosine 
injection. It has not yet been clarified whether rest-stress 
protocols (rest acquisition first, followed by stress perfu-
sion imaging) or stress-rest protocols (in opposite order) 
provide better results. Neither has it been clarified whether 
static protocols that acquire images only at one time point 
or dynamic protocols with repeated image acquisition to 
establish time–density curves and potentially calculate 
myocardial blood flow are the optimal approach.49 The 
average estimated effective radiation dose for static pro-
tocols is 5.9 mSv, whereas the average dose for dynamic 

TABLE 13.3 Results of a Prospective Study That Followed 1059 Patients Who Had Undergone Coronary CTA 
for an Average Duration of 27 Months

FINDING AT BASELINE TOTAL NUMBER OF PATIENTS ACS DURING FOLLOW-UP NO ACS DURING FOLLOW-UP

Plaques with positive remodeling 
AND CT attenuation < 30 HU

45 10 (22%) 35 (78%)

Plaques with positive remodeling OR 
CT attenuation < 30 HU

27 1 (4%) 26 (96%)

Plaques with Neither positive 
remodeling NOR CT attenuation 
< 30 HU

822 4 (0.5%) 816 (99%)

No plaque 167 0 (0%) 167 (100%)

The rate of acute coronary syndromes (ACS) during follow-up was substantially higher in patients with plaques that demonstrated positive remodeling and low CT attenuation 
(< 30 HU) as compared to patients with plaque of another type or without plaque.
Data from Motoyama S, Sarai M, Harigaya H, et al. Computed tomographic angiography characteristics of atherosclerotic plaques subsequently resulting in acute coronary 
syndrome. J Am Coll Cardiol. 2009;54:49–57.
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FIG. 13.13 Plaque vulnerability and FFR. Both the hemodynamic effect and the presence of “vulnerable” characteristics are associated with the prognostic relevance of 
a given coronary lesion. CT-based studies demonstrate that there is a relationship between both aspects: parameters associated with plaque vulnerability (referred to as adverse 
plaque characteristics) are predictive regarding the presence of hemodynamic relevance (FFR < 0.80) beyond the degree of stenosis. This was shown in several studies.45 APCs, 
Atherosclerotic plaque characteristics; APV, aggregate plaque volume; AS, lumen area stenosis; FFR, fractional flow reserve; ROC, receiver operating characteristic. (Graph from 
Park HB, Heo R, ó Hartaigh B, et al. Atherosclerotic plaque characteristics by CT angiography identify coronary lesions that cause ischemia: a direct comparison to fractional flow 
reserve. JACC Cardiovasc Imaging. 2015;8(1):1–1.)
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protocols is 9.2 mSv.49 So far, the method is not used widely 
in clinical practice, even though, according to published 
studies, diagnostic accuracy is high. In a meta-analysis of 22 
articles with 1507 subjects, Pelgrim et al.50 reported a mean 
per-patient sensitivity of 89% and specificity of 88% for CT 
myocardial perfusion compared to single-photon emis-
sion computed tomography (SPECT), whereas in a smaller 
meta-analysis that summarized 316 patients with compari-
sons between CT perfusion and invasive FFR the sensitivity 
of CT was 88% and the specificity was 80%51 (Table 13.4). 
Obviously, CT myocardial perfusion imaging would rarely 
be a stand-alone test. Typically, its combination with CT 
assessment of coronary morphology would enhance the 
diagnostic value. In a multicenter approach, the combined 
use of CT angiography and CT perfusion in 381 patients 
(Coronary Artery Evaluation Using 320-Row Multidetector 
CT Angiography [CORE320] study) yielded a sensitivity of 

80% and specificity of 74% against the combined reference 
standard of a stenosis greater than 50% in invasive angiogra-
phy with a perfusion defect in SPECT.6

In summary, the field of CT myocardial perfusion imaging 
is still evolving. Results of initial accuracy trials are encour-
aging, but the optimal methodology has not yet been identi-
fied. There is room for further improvement of acquisition 
and image processing through, for example, dual energy 
imaging, monochromatic imaging, iterative reconstruction, 
or specific algorithms to remove artifacts.49 CT myocardial 
perfusion imaging will, on the other hand, never exhibit the 
same elegant ease that makes coronary CTA so compel-
lingly attractive. Hence, the future clinical role of CT myocar-
dial perfusion imaging is currently unclear.

MAGNETIC RESONANCE IMAGING

Magnetic resonance imaging (MRI)—in the context of heart 
disease often referred to as cardiovascular magnetic reso-
nance or cardiac magnetic resonance (CMR)—has the capa-
bility to assess, with high accuracy, various aspects of cardiac 
morphology and function. As far as coronary artery disease is 
concerned, they include left ventricular global and regional 
function and characterization of myocardial tissue (thickness, 
fibrosis, and edema) and viability, as well as myocardial perfu-
sion and, with some limitations, visualization of the coronary 
artery lumen and coronary atherosclerotic plaque.

Whereas, previously, the limited availability of suitable 
MR systems, long examination times, and small bore sizes 
prevented a more widespread application of MRI in the 
context of coronary artery disease, new technical develop-
ments have made MRI much more accessible and widely 
used. Mainly, they include imaging techniques that provide 
for shorter examination times, such as parallel imaging tech-
niques, k–t undersampling strategies, and compressed sens-
ing, so that the examination time for a comprehensive MR 
examination is less than 45 minutes.52

Sequences and Image Acquisition  
in Cardiac MRI
For MRI, a high-strength constant external magnetic field 
is applied (typically 0.5–3.0 tesla). This aligns the spins of 

A B C

FIG. 13.14 Plaque rupture in coronary CT angiography, invasive coronary angiography, and optical coherence tomography. (A) Plaque rupture (“ulcerated 
plaque”) with contrast density within noncalcified plaque (arrow) of the proximal right coronary artery. (B) Invasive coronary angiography showing a mild stenosis in the proximal 
right coronary artery. Some gray density at the site of the stenosis indicates contrast agent that has penetrated into the plaque as a sign of plaque rupture (arrow). (C) Optical 
coherence tomography showing the ruptured fibrous cap (small arrow) and washed-out cavity within the plaque (large arrow).

FIG. 13.15 Myocardial perfusion defect in contrast-enhanced cardiac CT. 
Shown here (arrows) in a patient with NSTEMI (non-ST-elevation myocardial infarction).
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protons (nuclei of hydrogen atoms, for example within 
water) within the patient’s body with the direction of the 
external magnetic field. Radiofrequency pulses are then 
emitted that deflect the spins from their aligned direction, 
and as they gradually realign after the end of the exter-
nal radiofrequency pulse, the protons emit radiofrequency 
signals themselves. These signals are detected by anten-
nae and form the basis for creating magnetic resonance 
images. The magnitude of the radiofrequency signals that 
the protons emit depends on the density of protons (eg, 
the water content of tissue), the movement of protons (eg, 
blood flow), and two so-called “relaxation times” (T1 and 
T2). T1 is the time constant that describes the return of 
longitudinal magnetization to baseline (after the external 
radio frequency [RF] pulse has deflected proton spin), 
and T2 describes the return of transverse magnetization to 
baseline. T1 and T2 are independent from each other and 
depend on the type of tissue the proton is embedded in. 
Water, for example, has long T1 and T2 times, whereas fat 
has short T1 and T2 times. T1-weighted images are images 
that exploit the difference of T1 relaxation times of vari-
ous tissues. For instance, in T1-weighted images, fat is bright, 
water is dark, and myocardium is gray. On the other hand, 
in T2-weighted images, blood is bright whereas fat is dark 
(Fig. 13.16).

Both T1- and T2-weighted images (and also so-called 
“proton-density weighted images”) can be acquired using 
spin-echo techniques or gradient-echo techniques. Spin-
echo techniques are slower to acquire but provide very 
good contrast and are robust regarding the occurrence of 
artifacts, whereas gradient-echo techniques are more rapid 
to acquire, but have higher susceptibility to artifacts. Parallel 

imaging is a technique that requires specific coils to detect 
emitted RF signals and enables us to increase sampling 
speed: it can therefore either be used to shorten scan dura-
tion or to increase image resolution.

A further important aspect of CMR is the suppression of 
motion. To this effect, ECG gating is used to eliminate car-
diac motion. In order to suppress respiratory motion, image 
acquisition can be performed in repeated breathholds 
(requiring good patient cooperation) or with navigator tech-
niques that monitor respiratory movement of, for example, 
the diaphragm. Finally, real-time MRI is possible to some 
extent and can be used when other techniques to suppress 
motion fail.

For some aspects of CMR, intravenous contrast agent 
is required. For example, this concerns late enhancement 
and myocardial perfusion, whereas cardiac morphology 
and function can be assessed without contrast agent 
injection. The most commonly used contrast agents are 
chelates of the metal gadolinium (eg, gadolinium (Gd)-
DTPA), where the chelation is required to avoid toxic 
effects of gadolinium itself. The contrast agents are elimi-
nated renally in an unchanged form. Side effects are rare, 
but some concern exists when renal function is impaired. 
Because of observed associations with nephrogenic sys-
temic fibrosis,53 it is typically recommended to avoid 
Gd-based contrast agents when the glomerular filtration 
rate (GFR) is less than 30 mL/min per 1.73m2. First-pass 
imaging of the contrast-enhanced myocardium, usually 
at rest and with vasodilator stress, is used to determine 
myocardial perfusion. Late gadolinium enhancement 
(or delayed enhancement) images are acquired at least 
10 minutes after contrast injection and display areas of 

TABLE 13.4 Accuracy of Myocardial Perfusion Techniques for the Identification of Hemodynamically Relevant 
Coronary Artery Disease, Validated Against the Gold Standard of Invasive FFR (meta-analysis)

METHOD SENSITIVITY SPECIFICITY
POSITIVE 
LIKELIHOOD RATIO

NEGATIVE 
LIKELIHOOD RATIO

DIAGNOSTIC ODDS 
RATIO

SPECT 61% 84% 3.76 0.47 8.17

MRI 87% 91% 8.26 0.16 66.86

CT* 78% 86% 5.74 0.22 28.90

PET 83% 89% 7.43 0.15 48.53

*CT myocardial perfusion.
Data was derived from a total of 37 studies, with 2048 patients and 4721 vessels compared to invasive FFR.65

A B

FIG. 13.16 Dark-blood and bright-blood images in CMR. Four-chamber view of the heart using dark-blood (A) and bright-blood (B) sequences. CMR, Cardiac magnetic 
resonance.
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increased extracellular space where Gd is trapped and 
not washed out. In this way, ischemic myocardial scars 
retain Gd and appear bright in the resulting images. 
However, other areas of scar and increased fibrosis 
equally appear bright, and the differentiation between 
ischemic scar (myocardial infarction) and nonischemic 
causes of scar and fibrosis (eg, myocarditis, hypertrophic 
cardiomyopathy) has to be made based on the morphol-
ogy and localization of the scar.

A typical CMR examination in the context of coronary 
artery disease will first assess cardiac morphology and func-
tion. Axial, two-, and four-chamber views, as well as stacks 
of short-axis images, are used for morphology assessment 
(Fig. 13.17). Stacks of 10 to 12 contiguous short-axis images, 
acquired at approximately 20 to 30 phases of the cardiac 
cycle and displayed in continuous loops, are used to visu-
ally and quantitatively assess left ventricular global and 
regional function. This basic assessment is then followed by 
further acquisition sequences that are tailored to the spe-
cific clinical question. Specifically, in patients with known or 
suspected chronic coronary artery disease, they will often 
include myocardial perfusion at rest and stress, as well as 
delayed enhancement images to identify ischemic scar. To 
identify the localization of detected pathology, and to assign 
areas of impaired function, perfusion, or scar to specific 
coronary arteries, the 17-segment model proposed by the 
American Society of Echocardiography is typically used54 
(Fig. 13.18).

Ischemia Detection
In clinical practice, the two basic methods to identify isch-
emia in CMR are (1) MR perfusion imaging during hyper-
emia using vasodilators (typically adenosine) and (2) 
dobutamine stress MR to identify stress-induced wall motion 
abnormalities. Both methods have high diagnostic accuracy 
and proven prognostic value (event rates in the order of 1% 
per year if the examination is normal).55,56 In clinical prac-
tice, adenosine stress CMR is used approximately four times 
more frequently than dobutamine stress CMR.57

Dobutamine Stress CMR Imaging
In dobutamine stress CMR, ischemic myocardial segments 
are identified by assessing local left ventricular wall motion 
in four standard cine MRI sequences (two-chamber, three-
chamber, four-chamber, and short-axis view) at rest and 
under stepwise increasing doses of dobutamine from 10 to 
40 μg/kg per min (plus up to 2 mg atropine if required). The 
medication protocol of dobutamine stress CMR is equal to 
that of stress echocardiography.58 However, because delin-
eation of endocardial borders in CMR is better than in 
echocardiography, diagnostic accuracy is higher if echocar-
diographic image quality is suboptimal.59 In head-to-head 
comparisons between dobutamine stress and adenosine 
perfusion CMR, accuracy was equal.60 However, side effects 
are not infrequent and require close monitoring of the 
patients, as well as the infrastructure, to handle arrhythmic 
events. The reported event rate is 1.6% for atrial fibrillation, 

A B

C D

FIG. 13.17 CMR images in various standard anatomic planes. (A) Two-chamber long-axis view; (B) three-chamber view; (C) four-chamber view; and (D) short-axis views 
at the basal, mid-ventricular, and apical level. CMR, Cardiac magnetic resonance.
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0.4% for nonsustained ventricular tachycardia (VT), and 
0.1% for sustained VT.61 Contraindications for dobutamine 
stress MRI include acute coronary syndromes, severe aor-
tic stenosis, hypertrophic obstructive cardiomyopathy, and 
glaucoma. Interestingly, it has been shown that the addition 
of myocardial stress perfusion imaging can increase the 
sensitivity of a dobutamine stress CMR, particularly in the 
presence of left ventricular hypertrophy and/or resting seg-
mental wall motion abnormalities.62

Vasodilator Stress CMR
The more frequently used myocardial perfusion test in CMR 
is vasodilator stress myocardial perfusion with intravenous 
injection of gadolinium-based contrast agent. Because 
gadolinium is a positive contrast agent that appears bright 
in T1-weighted images, normally perfused myocardial seg-
ments appear bright in T1-weighted image sequences 
performed at rest or under pharmacologically induced 
hyperemia. Coronary arteries with significant stenoses 
 cannot adequately respond to vasodilating stimuli, so the 

influx of contrast in the dependent segments is delayed and 
ischemic territories appear darker than the normally per-
fused segments of the myocardium (Figs. 13.19 and 13.20).

Most frequently, adenosine is used to induce hyperemia 
(140–210 μg/kg per min for 3 minutes). The typical contrast 
dose is 0.05–0.1 mmol/kg body weight administered as a 
bolus. Adenosine has an extremely short half-life of 12 to 
20 seconds. Side effects include bronchospasm and atrio-
ventricular (AV) block but are transient in nature given the 
very short half-life of adenosine. Nevertheless, conduction 
disturbances and severe chronic obstructive pulmonary 
disease (COPD)/asthma are considered contraindications. 
Regadenoson may be an alternative in patients who cannot 
receive adenosine.63

For imaging of myocardial perfusion, T1-weighted 
sequences with a minimal spatial resolution of 2 mm to 3 
mm should be used. In most cases, three short-axis slices 
are acquired (basal, mid-ventricular, and apical). Typical 
perfusion sequences are performed in breathhold, because 
the first pass of injected contrast agent lasts approximately 
10 seconds. Although quantitative approaches are avail-
able, images are typically interpreted visually. Comparison 
between rest and stress can be useful to avoid false-posi-
tive findings (or between stress perfusion CMR and late 
enhancement, see following).

The diagnostic accuracy of adenosine stress myocar-
dial perfusion CMR imaging is high. Validated against the 
presence of coronary artery stenosis in invasive angiog-
raphy, sensitivity in the multicenter Clinical Evaluation of 
Magnetic Resonance Imaging in Coronary Heart Disease 
(CE-MARC) trial was 87% and specificity was 83%.64 A bet-
ter reference standard is invasively measured FFR (which 
serves as the gold standard for ischemia detection). A 2015 
meta-analysis that summarized the diagnostic accuracy of 
various techniques as compared to the gold standard inva-
sive FFR summarized, for stress perfusion CMR imaging, 15 
studies and 1830 vessels. Sensitivity (as compared to FFR ≤ 
0.80) of CMR perfusion was 87%, specificity was 91%, for a 
diagnostic odds ratio of 67, making it the noninvasive test 
that best discriminates between the presence and absence 
of ischemia (see Table 13.4).65 Given the high diagnostic 
performance of CMR stress perfusion, it would be appropri-
ate to use it more frequently for ischemia detection, both in 
patients with suspected and known coronary artery disease.

Myocardial Viability and Scar
The identification of viable myocardium that is dysfunc-
tional but may recover function after revascularization is of 
crucial importance in the work-up of patients with chronic 
coronary artery disease. According to a meta-analysis, 
revascularization of viable segments reduces mortality by 
78%,66 whereas revascularization of nonviable segments 
does not change mortality. Mechanisms that can lead to 
impaired contractility of viable myocardium are stunning 
and hibernation. Stunning refers to myocardium that dis-
plays prolonged dysfunction after ischemia, or chronic 
dysfunction due to repetitive ischemia and that can regain 
function after perfusion is normalized. Hibernation refers to 
myocardium that exhibits chronic dysfunction due to per-
sistently reduced coronary flow and that has the potential 
to regain function after revascularization. Late gadolinium 
enhancement imaging can discriminate these two dysfunc-
tional but viable states with the potential for recovery from 
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4   basal inferior RCA
5   basal inferolateral LCX or RCA
6   basal anterolateral LCX or LAC
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FIG. 13.18 Myocardial segments and coronary territories in CMR. CMR, Car-
diac magnetic resonance; LAC, left anterior cardinal vein; LAD, left anterior descend-
ing artery; LCX, left circumflex artery; RCA, right coronary artery.
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irreversibly damaged myocardium in chronic infarction. In 
vital myocardium, there is little extracellular space and the 
extravascular gadolinium contrast agents do not accumu-
late because intact membranes keep them from penetrat-
ing into the viable cells. In acute infarction, on the other 
hand, gadolinium-based contrast agents penetrate into the 
enlarged extracellular space and are retained to display 

hyperenhancement in T1-weighted images. In chronic scar 
tissue, gadolinium-based contrast agents also accumulate 
(through mechanisms not completely understood). It is 
assumed that the increased extracellular space plays a rel-
evant role.67

For late gadolinium enhancement imaging, T1-weighted 
sequences, preferably with high resolution between 1.5 × 1.5 

A B

C D

FIG. 13.19 Large myocardial perfusion defect in adenosine stress CMR. (A) Short-axis view, basal level: no perfusion defect. (B) Short-axis view, mid-ventricular level: 
stress-induced hypoenhancement in the mid-inferoseptal, mid-anteroseptal, and mid-anterior segment (arrows). (C) Short-axis view, apical level: hypoenhancement in the apical 
inferior, apical septal, and apical anterior segment (arrows). (D) Corresponding invasive coronary angiogram with a subtotal mid-LAD stenosis and stenosis of a septal branch 
(arrows). CMR, Cardiac magnetic resonance.

A B

FIG. 13.20 Small myocardial perfusion defect in adenosine stress CMR. (A) Short-axis view, apical level: stress-induced hypoenhancement in the apical inferior segment 
(arrow). (B) Corresponding invasive coronary angiogram showing a high-grade proximal stenosis of an intermediate-size right coronary artery (arrow). CMR, Cardiac magnetic 
resonance.
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mm and 1.0 × 1.0 mm, are used. They are run in standard 
two-chamber, three-chamber, four-chamber, and short-axis 
orientations.

The extent of transmurality determines the likelihood 
of a myocardial segment to regain improved contractility 
after revascularization (Figs. 13.21 and 13.22). Importantly, 
it is not a “yes/no” issue, but rather a question of probabil-
ity. This was first demonstrated by Kim et al.68 in a land-
mark paper published in 2000, examining 41 patients with 
806 dysfunctional segments. The likelihood of dysfunc-
tional segments (hypokinesia, akinesia, or dyskinesia) to 
improve contractility after revascularization ranged from 
80%, if there was complete absence of late enhancement, 
to 2%, if late enhancement was transmural (see Fig. 13.21). 
Importantly, in segments without transmural late gadolin-
ium enhancement that were completely akinetic or dys-
kinetic at baseline, revascularization resulted in improved 
contractility in 100% of cases (12 of 12).68 A meta-analysis 
confirmed these findings, demonstrating that late gadolin-
ium enhancement had a sensitivity of 95% and specificity 
of 51% to predict recovery of function after revasculariza-
tion, using a cut-off of 50% transmurality for viability.69 This 
threshold is typically used in clinical practice, labeling 
myocardial segments with less than 50% transmurality of 
late enhancement as “viable” and those with more than 
50% late enhancement as “nonviable.” Potentially, adding 
low-dose dobutamine may increase the diagnostic accu-
racy of cardiac MRI for viability assessment, but this is rarely 
done in clinical practice. In a substudy of the multicenter, 
nonblinded, randomized Surgical Treatment for Ischemic 
Heart Failure (STICH) trial that enrolled a total of 1212 
patients, 601 patients underwent assessment of myocardial 
viability using either SPECT or dobutamine stress echocar-
diography.70 This study failed to show that the assessment 
of myocardial viability would identify patients with a sur-
vival benefit after coronary artery bypass grafting. However, 
several limitations make the study results difficult to gener-
alize: (1) viability testing was not randomized; (2) signifi-
cant differences in baseline characteristics of the patient 
groups were present; (3) there was a relatively small group 
of patients without viability; and (4) a binary classifica-
tion of viability was used with controversial thresholds for 
extent and uptake.

On the other hand, the presence of late gadolinium 
enhancement identified by CMR has prognostic relevance in 
patients with coronary artery disease and impaired left ven-
tricular function.71 Interestingly, even the incidental identifi-
cation of small ischemic scars in asymptomatic individuals, 
for example, with diabetes, has substantial prognostic rel-
evance.72 In a study of 107 diabetic individuals who were free 
of symptoms and known coronary artery disease, delayed 
enhancement consistent with ischemic myocardial scar was 
observed in 30 patients. Their odds ratios for major adverse 
cardiac events (MACE) and death were 3.7 and 3.6, respec-
tively, as compared to individuals without scar. Currently, 
however, there are no recommendations for screening of 
asymptomatic individuals with delayed enhancement CMR.

A B

FIG. 13.21 Transmurality of scar in CMR (transmural vs nontransmural < 50%). (A) Transmural late enhancement of the lateral wall (arrows: anterolateral and infero-
lateral segment). (B) Late enhancement of the inferolateral wall, with transmurality in small areas and nontransmurality (< 50%) in the majority of the infarct territory (arrows: 
inferior and inferolateral segment). CMR, Cardiac magnetic resonance.
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FIG. 13.22 Relationship between transmurality of scar and likelihood 
for functional improvement. (Kim RJ, Wu E, Rafael A, et al. The use of contrast-
enhanced magnetic resonance imaging to identify reversible myocardial dysfunction. 
N Engl J Med. 2000;343:1445–1453.)
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Magnetic Resonance Angiography
Magnetic resonance imaging is able to visualize the coro-
nary artery lumen and to identify coronary atherosclerotic 
plaque.73 However, the limited spatial resolution of MR and 
the very small dimensions of the coronary vessels, along 
with the rapid motion, make MR coronary angiography 
extremely challenging. In a meta-analysis, the sensitivity for 
stenosis detection was 89%, with a specificity of 78%; 3-tesla 
equipment, whole-heart examinations, and contrast injec-
tion improved diagnostic accuracy.74 However, coronary 
imaging by CMR is too difficult and unstable to play a rele-
vant clinical role and, for the foreseeable future, CT imaging 
will remain superior to MR regarding the direct visualization 
of the coronary arteries. Only for visualization of coronary 
anomalies is the use of coronary MRI angiography consid-
ered fully appropriate.73

CT AND MRI: GUIDELINES

With the technical improvements over the past years and 
the vast amount of clinical data that have accumulated and 
confirm the clinical, diagnostic, and prognostic value of 
cardiac CT and cardiac MR, the two diagnostic techniques 
have been incorporated into numerous clinical practice 
guidelines issued by professional societies. Understandably, 
guideline writers are reluctant to include new techniques 
and applications, given the often overly positive study results 
of early technology validation.

For suspected stable coronary artery disease, the 
American College of Cardiology/American Heart 
Association assign, in their 2012 guidelines, a class IIa rec-
ommendation (“should be considered”) to stress perfusion 
CMR imaging if patients have an intermediate to high pre-
test likelihood of coronary artery disease and are unable 
to exercise (or if they are able to exercise but have an unin-
terpretable ECG).75 A class IIa recommendation is issued 
to coronary CTA if patients are unable to exercise and have 
a low to intermediate pretest likelihood of disease. A class 
IIb recommendation (“may be considered”) is given to 
coronary CTA in patients who can exercise and have an 
intermediate pretest likelihood of disease. Coronary CTA is 
also endorsed with a class IIa recommendation if patients 
have an intermediate pretest likelihood of disease and an 
inconclusive exercise test, ongoing symptoms in spite of a 
normal exercise test, or are unable to undergo stress testing 
by myocardial perfusion imaging or stress echocardiogra-
phy. Furthermore, stress CMR carries a class I recommenda-
tion (along with other perfusion tests) to determine the 
hemodynamic relevance and need for revascularization of 
stenoses that are already known.

Guidelines on stable coronary artery disease issued 
by the European Society of Cardiology (ESC) in 2013 dif-
ferentiate between stress ECG and imaging-based stress 
tests, but do not differentiate between the various avail-
able imaging-based ischemia tests.76 They assign a class 
I recommendation to stress imaging (rather than stress 
ECG) tests if pretest likelihood in suspected coronary 
artery disease is greater than 50% or if there is impaired 
left ventricular function. They also assign a class IIa rec-
ommendation to stress imaging tests in symptomatic 
patients with prior revascularization and to assessing the 
functional severity of intermediate lesions on invasive 
coronary angiography.76

Interestingly, the ESC acknowledges a potential role of 
stress imaging (class IIb recommendation)—for example, 
myocardial stress perfusion CMR imaging—in asymptom-
atic, high-risk individuals, stating that “In asymptomatic 
adults with diabetes or asymptomatic adults with a strong 
family history of CAD or when previous risk assessment test-
ing suggests high risk of CAD, such as a coronary artery cal-
cium score of 400 or greater stress imaging tests (myocardial 
perfusion imaging [MPI], stress echocardiography, perfusion 
CMR) may be considered for advanced cardiovascular risk 
assessment.”

For coronary CTA, the ESC acknowledges a role (class 
IIa recommendation) in patients with suspected coronary 
artery disease, a pretest likelihood between 15% and 50%, 
and suitable patient characteristics for high-quality CT with 
low radiation dose.

It is likely that future guidelines will strengthen the rec-
ommendations supporting coronary CTA in symptomatic 
patients, based on the results from PROMISE and SCOT-
HEART that demonstrated comparable or even improved 
outcomes for a CTA-based approach as compared with a 
functional testing approach.

CONCLUSIONS

Both cardiac CT (mainly in the form of coronary CTA) and 
cardiac MR play an increasingly important role in the man-
agement of patients with suspected or known coronary 
artery disease. Coronary CTA has its major application in 
ruling out stenoses in patients with a relatively low pretest 
likelihood of disease. CMR, on the other hand, has a role 
that extends to the more advanced stages of disease and 
includes ischemia detection in patients with known inter-
mediate coronary artery stenoses or returning symptoms 
after revascularization, and the assessment of viability in the 
context of complex revascularization decisions in patients 
with regional wall motion abnormalities. Both technologies 
require expertise in image acquisition and interpretation, 
and image quality is not constant across all patient subsets. 
Therefore, their utilization depends on regional and patient-
specific circumstances.

Technology progresses both in CT and MRI, and new 
applications are constantly being developed and evalu-
ated. It can be expected that the role of both techniques in 
patients with chronic coronary artery disease will continue 
to expand in the future.
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When noninvasive testing for coronary artery disease (CAD) 
is inconclusive or suggests significant pathology, invasive 
testing is necessary. X-ray coronary angiography provides an 
overview of the coronary circulation and in particular helps 
to identify obstructive epicardial CAD. However, the coronary 
angiogram is often misleading. Significant-appearing CAD 
may not be responsible for myocardial ischemia and symp-
toms, whereas occult diffuse epicardial disease not apparent 
on the angiogram can be. Moreover, the coronary angiogram 
focuses on fixed obstructive epicardial disease, but it does 
not provide information regarding endothelial dysfunction 
or vasospasm, nor does it identify coronary microvascular 
dysfunction. A number of adjunctive techniques including 
both coronary wire-based measures and catheter-based sys-
tems allow for further interrogation of the coronary circula-
tion at the time of coronary angiography. This chapter will 
focus on the main methods for assessing coronary physiol-
ogy, namely coronary flow reserve, fractional flow reserve, 
and the index of microcirculatory resistance, as well as the 
two main methods for invasively imaging the epicardial cor-
onary anatomy, namely intravascular ultrasound and optical 
coherence tomography.

CORONARY ANGIOGRAPHY

Coronary angiography is defined as the visualization of the 
coronary arteries after injection of contrast media. Typically, 
the angiographic diagnosis of CAD is made subjectively by 
the cardiologist who performed the procedure. In general, 
a visual estimation of the severity of a coronary narrow-
ing is reported, for which a 50% stenosis is considered as 
obstructive coronary disease and greater than 70% steno-
sis as significant coronary disease. Classification systems 
aimed at standardizing the interpretation of an angiogram 
have been created that incorporate lesion characteristics 
such as degree of calcification, length, eccentricity, tortuos-
ity, and location at a bifurcation. These techniques, however, 
are inherently limited by interobserver variability.1

Quantitative coronary angiography is a computer-
assisted method of measuring lesion length and steno-
sis severity. By using an object of known size, such as the 
catheter, to calibrate the system, quantitative coronary 
angiography ideally is less subjective and more accurate 
than other methods. Unfortunately, it too is prone to error 
and subjectivity due to operator technique. Despite these 
issues, the presence and severity of coronary disease as 
assessed by coronary angiography are predictors of long-
term adverse outcome.

A number of limitations to angiography hamper its abil-
ity to accurately diagnose coronary disease, especially in 
the setting of moderate narrowing or diffuse disease. First, 
because the angiogram is a two-dimensional representation 
of a three-dimensional object, an eccentric narrowing can 
be missed if the correct angle is not used to image the ves-
sel.2 Second, because a diseased area of a coronary artery 
is generally compared with an adjacent “normal” area, 
patients with diffuse disease without any focal component 
can be incorrectly classified as having normal coronary 
arteries. Finally, the angiogram highlights the lumen of the 
coronary artery but provides no information about the wall 
of the vessel. Positive remodeling of the artery at the site of 
atherosclerotic plaque development can result in preserva-
tion of the lumen and a near normal angiogram, which hide 
the atherosclerosis from the angiographer. Because of these 
limitations a number of adjunctive techniques have been 
developed to improve the invasive diagnosis of ischemic 
heart disease.

CORONARY FLOW RESERVE

Coronary flow reserve (CFR) is defined as the ratio of the 
maximal or hyperemic flow down a coronary vessel to the 
resting flow.3 It can be measured invasively with a Doppler-
tipped coronary guidewire that determines coronary veloc-
ity at rest and during hyperemia, typically induced with 
intracoronary or intravenous adenosine.4 Because velocity 
is proportional to flow, the coronary flow velocity reserve is 
a reflection of the CFR. If in addition to the velocity the area 
of the coronary vessel is known, the absolute CFR can be 
calculated. CFR also can be measured invasively by using 
a wire-based thermodilution technique.5 On one of the 
commercially available coronary pressure wires (St. Jude 
Medical, MIN), the pressure sensor also can act as a therm-
istor. With the commercially available software, the shaft of 
the wire acts as a proximal thermistor. Room temperature 
saline can be injected into the coronary artery and this sys-
tem will calculate the transit time, which is inversely pro-
portional to coronary flow. After three injections at rest, the 
resting mean transit time is calculated. Hyperemia is then 
induced with intravenous adenosine, and three injections 
are performed to determine the hyperemic mean transit 
time. CFR is measured in this situation by dividing the resting 
mean transit time by the hyperemic mean transit time. The 
thermodilution-derived CFR has been validated in animal 
and human models and has been compared in an animal 
model to a reference standard of absolute flow.5–7 It appears 
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to correlate more closely to the standard than does Doppler-
derived CFR.

A normal CFR is considered to be greater than 2.0 and 
in most patients should be somewhere between 3 and 5. 
Initially, invasive CFR was performed to interrogate the func-
tional significance of an intermediate coronary stenosis 
with studies showing a correlation between CFR and nonin-
vasive tests for ischemia.8 However, a number of limitations 
of invasively measured CFR impaired its broad clinical util-
ity. First, it can be difficult to measure with a Doppler wire 
because of the challenge in obtaining a suitable Doppler 
signal. Second, because CFR relies on resting flow for its cal-
culation, the repeatability of measurements is less than opti-
mal. Any hemodynamic perturbation such as a change in 
heart rate, blood pressure, or left ventricular contractility will 
significantly change the CFR value as a result of the change 
in resting flow.9 The lack of a clear cut-off between a nor-
mal and abnormal CFR makes it difficult to use for clinical 
decisions. Because there is a range of normal CFR values 
between approximately 2.5 and 6, in one patient a value of 
3.0 might be normal whereas in another patient normal CFR 
may be 5.0 and therefore a recorded value of 3.0 could be 
quite abnormal. Finally, by definition CFR is a measure of 
the entire coronary circulation. It interrogates the epicardial 
vessel as well as the coronary microvasculature (Fig. 14.1). 
Therefore, a low CFR value may be a result of significant 
epicardial CAD, microvascular dysfunction, or both.10 For all 
of these reasons, invasively measured CFR has largely been 
abandoned as a method for interrogating intermediate cor-
onary lesions. However, in patients with normal appearing 
epicardial coronary vessels, invasively measured CFR can 
be used to assess microvascular function. However, because 
of the previously mentioned limitations and the availability 
of other methods for assessing the microvasculature inde-
pendently of the epicardial system (for example, the index 
of microcirculatory resistance, which will be discussed 
later), invasively measured CFR is not performed routinely 
on a clinical basis.

FRACTIONAL FLOW RESERVE

Because of the issues surrounding CFR mentioned earlier, in 
the early 1990s Pijls, De Bruyne, et al. introduced fractional 
flow reserve (FFR) as a method for assessing the functional 
significance of epicardial CAD.11,12 FFR is defined as the 
maximum myocardial blood flow in the presence of an epi-
cardial stenosis compared with the maximum flow in the 
hypothetical absence of the stenosis. During maximal hyper-
emia microvascular resistance is minimized and assumed 
to be similar in the presence and absence of an epicardial 
stenosis. Therefore, flow becomes proportional to pressure, 
and the definition for FFR can be stated as the distal pres-
sure in the presence of a stenosis compared with the dis-
tal pressure in the theoretical absence of the stenosis. In a 
normal epicardial vessel, distal coronary pressure is simi-
lar to proximal coronary pressure. Therefore, in a diseased 
epicardial vessel, what the distal coronary pressure would 
be in the absence of the disease can be approximated by 
measuring the proximal coronary pressure. This concept 
allows for measurement of FFR invasively by using a coro-
nary pressure wire to measure mean distal pressure during 
maximal hyperemia and dividing that by the mean proximal 
coronary or aortic pressure measured simultaneously with 
the guiding catheter (Fig. 14.2).

FFR has a number of unique attributes that makes it 
more attractive than CFR for assessing epicardial CAD (Box 
14.1).13 First, it has a normal value of 1.0 in every patient and 
every vessel. Second, it has a well-defined cut-off value of 
0.75, with a “gray” zone extending to 0.80. If the FFR value 
is above 0.80, then it can be assumed that the epicardial 
vessel being interrogated is not responsible for significant 
ischemia. FFR values below 0.75 indicate that epicardial 
vessel disease is responsible for ischemia, whereas values 

Fractional flow reserve Index of microcirculatory resistance

Coronary flow reserve

FIG. 14.1 Diagram depicting the coronary circulation. Fractional flow reserve 
is a specific of the epicardial coronary artery resistance, index of microcirculatory resis-
tance interrogates the microvascular resistance independent of the epicardial system, 
and coronary flow reserve assesses the entire coronary circulation, both the epicardial 
artery and the microcirculation. (Reproduced with permission from Yong AS, Fearon 
WF. Coronary microvascular dysfunction after ST-segment-elevation myocardial 
infarction: local or global phenomenon? Circ Cardiovasc Interv. 2013;6:201–203.)

 ∆ Pressure 

FFR =  
Myocardial Flow (Stenosis)
Myocardial Flow (Normal)

ResistanceMyocardial Flow = 

Pd

Pa
FFR = 

FFR =  
(Pd–Pv) / Resistance

(Pa–Pv) / Resistance
at maximal hyperemia  

Pd–Pv

Pa–Pv
FFR = 

Derivation of Fractional Flow Reserve 

FIG. 14.2 Derivation of fractional flow reserve (FFR). Pa indicates proximal 
coronary or aortic pressure; Pd indicates distal coronary pressure; Pv indicates venous 
pressure. (Reproduced with permission from Fearon WF. Percutaneous coronary 
intervention should be guided by fractional flow reserve measurement. Circulation. 
2014;129:1860–1870.)

 1.  Normal value of 1.0 in every patient and every vessel
 2.  Well-defined ischemic cut-off value
 3.  Independent of hemodynamic perturbations
 4.  Extremely reproducible
 5.  Relatively easy to measure
 6.  Specific for the epicardial vessel
 7.  Independent of the microvasculature

BOX 14.1 Unique Attributes of Fractional Flow 
Reserve



196

III

C
li

n
iC

a
l 

Ev
a

lu
a

ti
o

n

in the gray zone require clinical judgment. It is important 
to remember that FFR is not a dichotomous variable, but a 
continuous one. In the same vessel, the lower the FFR value, 
the greater the degree of myocardial ischemia present, and 
the greater the benefit of revascularization compared with 
medical therapy.14

A third attribute of FFR is that, because it is measured 
during maximal hyperemia, it is independent of changes 
in resting flow and other hemodynamic perturbations.7 
For this reason, FFR has excellent reproducibility. Fourth, 
FFR is relatively easy to measure, at least in comparison to 
Doppler-derived CFR. Finally, FFR is a specific measure of the 
contribution of the epicardial CAD to myocardial ischemia. 
It is independent of microvascular dysfunction. This is an 
important advantage during invasive assessment because it 
provides information regarding the expected improvement 
in myocardial flow should a stent be placed across an epi-
cardial stenosis. For example, in a vessel that subtends previ-
ously infarcted myocardium, the maximum flow down the 
vessel will be less than expected, leading to a lower gradient 
and a higher FFR across a given upstream epicardial steno-
sis.15 However, this does not mean that the FFR is inaccurate, 
it simply means that the epicardial stenosis does not have a 
significant effect on myocardial flow and is not responsible 
for myocardial ischemia.

Data Supporting the Clinical Utility of FFR 
Measurement
FFR was first validated in a landmark study by Pijls, De 
Bruyne, et al. in which FFR was compared with three differ-
ent noninvasive stress tests for the assessment of ischemia 
in patients with intermediate coronary narrowings.16 If any 
one of the stress tests was positive for ischemia, the patient 
was defined as having ischemia. By using composite infor-
mation from all three stress tests, the authors were able to 
increase the accuracy of the noninvasive diagnosis of isch-
emia. Using a cut-off point of 0.75, they found that 100% of 
the 21 patients with an FFR below 0.75 had ischemia and 
88% of the 24 patients with an FFR of 0.75 or greater did not 
have ischemia. Importantly, revascularization was not per-
formed in these 24 patients and at an average of 14-month 
follow-up there were no cardiac events in this group. The 
overall accuracy of FFR for identifying ischemia-producing 
lesions in patients with single-vessel intermediate disease 
was 93%.

The clinical utility of FFR has been documented in three 
large randomized trials and multiple registries and obser-
vational studies. The first important randomized study 
validating FFR was the deferral of percutaneous coronary 
intervention (DEFER) trial.17 In this study, 325 patients with 
chest pain and moderate coronary lesions who were sched-
uled for percutaneous coronary intervention (PCI) had FFR 
measured. If the FFR was less than 0.75, the patient was 
thought to have a functionally significant coronary stenosis 
and underwent PCI. If the FFR was greater than or equal to 
0.75, the patient was randomized to performance of PCI any-
way or to deferral of PCI with medical treatment. At 2-year 
follow-up, the major adverse cardiac event rate was 11% in 
the 91 patients randomized to deferral of PCI compared 
with 17% (p = 0.27) in the 90 patients randomized to per-
formance of PCI. This initial report was important because 
it was the first large-scale study to demonstrate the safety of 
deferring PCI for lesions that appeared to be associated with 

significant epicardial obstruction but that were not func-
tionally significant based on FFR.

Subsequently, this same group of patients was followed 
up to 5 years, at which point in time the cardiac death and 
myocardial infarction rate was 3.3% in the deferral group 
versus 7.9% in the performance group (p = 0.21), further doc-
umenting safety of medical treatment of coronary lesions 
that are not hemodynamically significant.18 Most recently, 
the 15-year follow-up of this cohort was published.19 At 15 
years, the mortality rate was no different between the two 
groups, but the myocardial infarction rate was significantly 
lower in the deferral group compared with the performance 
group (2.2% vs 10%, p = 0.03). During follow-up this benefit 
came without any significant difference in revascularization 
between the two groups (44% vs 34%, respectively, p = 0.25). 
This report reinforced the safety of medically managing CAD 
that is not functionally significant based on FFR (Table 14.1).

The next important multicenter, randomized study, the 
Fractional Flow Reserve Versus Angiography for Multivessel 
Evaluation (FAME) trial, established the role of FFR in guid-
ing PCI in patients with multivessel CAD.20 FAME included 
1005 stable and unstable patients (not including those with 
acute ST elevation myocardial infarction [STEMI]) who 
had 50% or greater stenoses in at least two of the major 
epicardial arteries and were thought to require PCI based 
on the angiographic appearance and the clinical scenario. 
After the identification of which lesions required PCI, the 
patients were randomized to either angiography-guided PCI, 
in which case PCI was performed in the usual fashion, or 
to FFR-guided PCI, in which case first FFR was measured 
across each lesion and then only if the FFR was less than 
or equal to 0.80 was PCI performed. The primary endpoint 
was the 1-year rate of death, myocardial infarction, or repeat 
revascularization.

Significantly fewer drug-eluting stents were placed in the 
group randomized to FFR-guidance than in those receiving 
usual care (1.9 vs 2.7 stents per patient, p < 0.001) despite 
a similar number of lesions identified in both groups. 
Importantly, the procedure time was similar between both 
groups; although measurement of FFR adds some time, 
avoiding unnecessary stents saves time. Most importantly, 

TABLE 14.1 Outcomes after Deferring Percutaneous 
Coronary Intervention Based on Fractional Flow 
Reserve

ADVERSE EVENT DEFERRAL (n = 91) PCI (n = 90)

2-Year Follow-Up

Death (%) 4.4 2.2

MI (%) 0 3.3

Revascularization (%) 5.6 7.8

5-Year Follow-Up

Death (%) 6.6 5.7

MI (%) 0 5.6

Revascularization (%) 10.0 15.9

15-Year Follow-Up

Death (%) 33.0 31.1

MI (%) 2.2 10.0a

Revascularization (%) 36.3 27.8

ap = 0.04; other comparisons are nonsignificant.
MI, Myocardial infarction; PCI, percutaneous coronary intervention.
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outcomes were improved in the FFR-guided group at 1 year 
with a significantly lower rate of the primary endpoint (13% 
vs 18%, p = 0.02). In addition, the rate of death or myocardial 
infarction was also significantly reduced in the FFR-guided 
patients (7% vs 11%, p = 0.04). Both 2-year and 5-year follow-
up confirmed the durability of these results.21,22 Additionally, 
a cost-effectiveness study found that FFR-guided PCI was 
unique in that it not only improved outcomes but also saved 
resources (Fig. 14.3).23

The FAME trial was important because it highlighted 
the benefit of a new concept, functional revascularization, 
which involves performing PCI on only those lesions respon-
sible for myocardial ischemia, as directed by an abnormal 
FFR, and treating medically those lesions that are not func-
tionally significant, despite their angiographic appearance. 
In this manner the benefits of PCI are maximized while its 
risks are minimized.

An angiographic substudy of the FAME trial further 
emphasized the discordance between the coronary angio-
gram and the functional significance of lesions based on 
FFR.24 Of the lesions that were graded between 50% and 70% 
by the operator, 35% had an ischemic FFR, whereas for those 
between 70% and 90%, 20% were not significant based on 
FFR. This discrepancy is especially relevant in patients with 
three-vessel CAD for whom coronary artery bypass graft sur-
gery is being considered. Guidelines suggest calculating the 
SYNTAX score and favor bypass surgery if the SYNTAX score 
is in the intermediate or highest tertile. However, the SYNTAX 

score is inherently limited by the fact that it is based on the 
angiographic appearance of the CAD and does not take into 
account the functional significance. To address this limita-
tion, a so-called Functional SYNTAX Score has been pro-
posed and evaluated in the cohort assigned to FFR-guided 
PCI in the FAME trial.25

The Functional SYNTAX Score takes into account only 
those lesions that are significant based on FFR. It was shown 
to be a better discriminator of the risk for death and myo-
cardial infarction as compared with the SYNTAX score (Fig. 
14.4). This concept is being tested prospectively in the FAME 
3 trial, comparing FFR-guided PCI with current generation 
drug-eluting stents to coronary artery bypass graft surgery in 
a multicenter, randomized trial.26

The FAME 2 trial is the most recent large, multicenter ran-
domized FFR study. This study compared FFR-guided PCI 
plus optimal medical therapy with optimal medical therapy 
alone in patients with stable angina who had at least one 
major epicardial vessel with a proximal or mid stenosis of 
greater than 50%.27 The primary endpoint was the rate of 
death, myocardial infarction, or hospitalization with urgent 
revascularization at 2 years. The difference between FAME 
2 and prior studies comparing PCI with medical therapy in 
stable patients is that FFR was performed across all lesions, 
and only if the FFR was less than or equal to 0.80 was the 
patient randomized either to PCI with current generation 
drug-eluting stents plus optimal medical therapy or to opti-
mal medical therapy alone. In this manner, it was ensured 
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FIG. 14.3 Bootstrap simulation of incremental costs and effects from the FAME 1 trial. Fractional flow reserve (FFR)-guided percutaneous coronary intervention (PCI) 
not only improved outcomes but also saved resources. ICER indicates incremental cost-effectiveness ration and QALY indicates quality-adjusted life-years. (With permission from 
Fearon WF, Bornschein B, Tonino PAL, et al. Economic evaluation of fractional flow reserve-guided percutaneous coronary intervention in patients with multivessel disease. 
Circulation. 2010;122:2545–2550.)
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that patients with significant myocardial ischemia were 
included in the randomized portion of the study. Those 
patients with angiographic disease that was not significant 
based on FFR were also treated with optimal medical ther-
apy and were followed in a registry.

The goal of FAME 2 was to evaluate the benefit of PCI 
in patients with stable CAD and abnormal FFR or, alterna-
tively, the potential hazard of medical therapy alone for 
patients with lesions responsible for myocardial ischemia. 
After inclusion of 1220 patients (randomization of 888), 
enrollment was discontinued on the advice of the data 
safety monitoring board because of a highly significant dif-
ference in the primary endpoint between the two groups 
and because of concern regarding future adverse events 
in the medically treated patients. At a mean follow-up of 
roughly 7 months, the primary endpoint occurred in 4.3% 
of the PCI group and 12.7% of the medical therapy group  

(p < 0.001). This difference was due primarily to a difference 
in hospitalization with the need for urgent revasculariza-
tion. A second report of the complete 2-year follow-up in all 
patients continued to show a significantly lower rate of the 
primary endpoint in the PCI group (8.1% vs 19.5%, p < 0.001), 
again driven primarily by a higher rate of urgent revascular-
ization in the medically treated patients.28 Of interest was 
a landmark analysis looking at the death and myocardial 
infarction rate more than 7 days after randomization. In 
this manner, periprocedural myocardial infarctions occur-
ring in the PCI group were ignored. The rate of death and 
myocardial infarction after 7 days was significantly higher in 
the medically treated patients compared with the PCI arm 
(8.0% vs 4.6%, p = 0.04) (Fig. 14.5). Equally important are the 
results from the registry component of the study, which dem-
onstrated that outcomes were excellent in those patients 
without ischemia in whom all lesions had an FFR greater 
than 0.80 and were managed medically. The rate of the pri-
mary endpoint in these patients was similar to that in the 
PCI patients and significantly lower than in the patients with 
abnormal FFR values who received medical therapy alone 
(Table 14.2).

Other important aspects of treating patients with stable 
coronary disease based on FFR-guided PCI are quality of life 
and cost-effectiveness. The FAME 2 trial demonstrated a sig-
nificant improvement in angina and quality of life in the PCI 
patients and an attractive cost-effectiveness ratio of $36,000 
per quality-adjusted life-years.29 Thus the FAME 2 trial rein-
forced the advantage of identifying CAD responsible for 
ischemia based on FFR measurement and performing PCI 
to relieve ischemia, while safely managing CAD not respon-
sible for ischemia with medications alone.

Some have criticized the FAME 2 trial because it included 
urgent revascularization in the primary endpoint. Urgent 
revascularization is not traditionally considered a hard end-
point, like death or myocardial infarction. They argue that an 
initial approach with medical management is reasonable. 
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However, those who support the results of the FAME 2 trial 
believe that the improved angina relief and quality of life at 
an acceptable cost-effectiveness ratio make FFR-guided PCI 
the preferred approach for stable angina patients.

The findings from the FAME 2 trial and the other random-
ized studies have been reinforced by a number of obser-
vational studies, registries, and meta-analyses. For example, 
FFR measurement has been shown to be a valuable method 
for interrogating intermediate left main CAD,30 jailed sideb-
ranches31 (a branching vessel with a main vessel stent cover-
ing its ostium), diffuse CAD,32 residual disease in previously 
infarcted vessels,33 and nonculprit vessels in patients with 
acute coronary syndromes.34 However, in the culprit vessel 
of patients presenting with STEMI, FFR measurement is not 
recommended because of the transient microvascular dys-
function that can occur in this setting, which may result in 
a higher FFR acutely and a lower FFR days to weeks later, 
once the microvascular stunning has resolved. Specifically, 
an important observational study and a meta-analysis both 
highlighted the concept that FFR is not a dichotomous vari-
able but represents a continuum of risk.12 The lower the 
FFR, the greater the risk for major adverse cardiac events 
with medical therapy and the greater the benefit of revascu-
larization, whereas when the FFR is above 0.80 the risks of 
revascularization are not outweighed by any benefit and, in 
general, medical therapy is recommended.

INTRAVASCULAR IMAGING

Ultrasound
In some situations, the anatomic characteristics of CAD are 
more important than the physiologic effects. In these sce-
narios, intravascular imaging with either intravascular ultra-
sound (IVUS) or optical coherence tomography (OCT) can 
be useful. Intravascular ultrasound is performed by passing 
an approximately 3-French monorail catheter, which houses 
the miniaturized ultrasound probe, over a coronary guide-
wire in the coronary artery. The ultrasound transducer can 
then be pulled back manually or automatically and the ves-
sel can be imaged. IVUS has an axial resolution of approxi-
mately 100 μm and imaging depth of 4–10 mm. Multiple 
studies have demonstrated its superior resolution compared 
with coronary angiography.35

The primary indications for IVUS can be divided into 
diagnostic purposes and optimization of PCI. From the diag-
nostic standpoint FFR has supplanted IVUS as the preferred 
method for determining whether or not an intermediate 

lesion is responsible for ischemia. This is because routine 
IVUS interrogation provides information about lesion sever-
ity and length of the lesion but does not provide information 
regarding effect of the stenosis on coronary flow. A steno-
sis in the proximal left anterior descending coronary artery 
(LAD) typically will be of greater functional significance 
than an identical stenosis in an obtuse marginal branch of 
the circumflex. This is because the amount of myocardium 
subtended by the LAD is much greater and therefore the 
greater maximum flow across the stenosis will result in a 
lower FFR. However, the IVUS image will be identical. Many 
do still advocate using IVUS for interrogating intermediate 
left main coronary disease, especially if one will be perform-
ing PCI, as IVUS optimization may improve outcomes in 
this setting.36 The guidelines provide a class IIa indication 
for using IVUS in the assessment of intermediate left main 
disease.37

The other main role for IVUS is in planning and optimiz-
ing PCI. IVUS allows determination of lesion composition, 
especially the degree and depth of calcification, which can 
affect the operator’s approach to lesion preparation prior to 
stenting. It can also be helpful for determining lesion length 
and the involvement of a coronary bifurcation. After stent-
ing has been performed, IVUS allows assessment of stent 
expansion, stent apposition, and evidence for edge dissec-
tion or residual uncovered disease. Multiple randomized 
studies have compared IVUS-guided stenting with angiogra-
phy-guided stenting in the bare-metal stent era with variable 
results.38,39 Many observational studies and meta-analyses 
have suggested that IVUS guidance improves outcomes after 
PCI.40,41 One large randomized study has compared IVUS-
guided PCI to angiography-guided PCI in 1400 patients with 
long coronary lesions (≥28 mm).42 The primary endpoint 
was the composite of cardiac death, target lesion–related 
myocardial infarction, or ischemia-driven target lesion revas-
cularization at 1 year; this occurred significantly less often in 
the 700 IVUS-guided PCI patients than in the 700 angiogra-
phy-guided PCI patients (2.9% vs 5.8%, p = 0.007). This differ-
ence was explained by the 2.5% difference in target lesion 
revascularization. It is not clear that this benefit alone will be 
enough to increase IVUS utilization during PCI.

A final rationale for performing IVUS is to investigate angi-
ographic findings of unclear significance such as spontane-
ous dissection, thrombus, and vulnerable/ruptured plaque. 
The use of IVUS for identification of vulnerable plaque (cor-
onary lesions more likely to progress and cause a cardiac 
event) has been especially disappointing,43 likely because 
multiple factors beyond lesion morphology determine 
which lesions will ultimately be responsible for myocardial 
infarction. Moreover, because of its enhanced resolution, 
OCT has supplanted IVUS for some of these indications.

Optical Coherence Tomography
OCT is analogous to IVUS in that it is a catheter-based 
method for imaging within the coronary vessel, but it uses 
light instead of ultrasound. OCT has a number of advan-
tages over IVUS and a few disadvantages. On the one hand, 
because OCT uses light, the entire coronary vessel can be 
imaged in a few seconds as compared with a few minutes 
with IVUS. The axial resolution of OCT is on the order of 
10–15 μm, as compared with 100–150 μm with IVUS. This 
allows OCT to provide detailed vascular information regard-
ing, for example, fibroatheroma cap thickness (a marker 

TABLE 14.2 Adverse Events at 2 Years in the FAME 2 
Trial

ADVERSE EVENT
PCI (n = 
447)

MEDICAL 
THERAPY 
(n = 441)

REGISTRY 
(n = 166)

Primary endpoint (%) 8.1 19.5* 9.0

Death (%) 1.3 1.8 1.2

MI (%) 5.8 6.8 5.4

Death or MI (%) 6.5 8.2 6.0

Urgent revascularization (%) 4.0 16.3** 5.4

*p < 0.001 compared with PCI and p = 0.002 compared with the Registry.
**p < 0.001 compared with PCI and p = 0.001 compared with the Registry.
MI, Myocardial infarction; PCI, percutaneous coronary intervention.
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FIG. 14.6 Still frames from optical coherence tomographic images. Demonstration of (A) Fibroatheroma (green arrow), (B) fibrocalcific lesion, (C) thin-capped fibroath-
eroma (red arrow), (D) thrombus (white arrow). *Guidewire artifact. (Adapted from Tearney GJ, Regar E, Akasaka T, et al. Consensus standards for acquisition, measurement, 
and reporting of intravascular optical coherence tomography studies: a report from the International Working Group for Intravascular Optical Coherence Tomography Standard-
ization and Validation. J Am Coll Cardiol. 2012;59:1058–1072.)

of plaque instability), coronary dissection, stent malappo-
sition, and endothelialization of stent struts (Fig. 14.6). On 
the other hand, because OCT uses light, which cannot pen-
etrate blood, in order to obtain optimal images the blood 
is typically replaced with contrast injection. If multiple OCT 
imaging pullbacks are performed, contrast media use can 
be a limitation, especially in patients with kidney disease. 
Another potential disadvantage of OCT is the fact that its 
imaging depth into the vessel wall ranges from only 1 to 3 
μm. Therefore, it is not possible to quantify plaque burden 
or assess vessel remodeling with OCT, as can be done with 
IVUS (Box 14.2).

 1.  OCT is light based, whereas IVUS is ultrasound based.
 2.  OCT imaging can be performed more quickly than IVUS 

imaging.
 3.  OCT imaging requires replacement of blood, generally 

with contrast media injection.
 4.  OCT has greater axial resolution than IVUS, allowing more 

detailed vascular information.
 5.  IVUS has greater imaging depth than IVUS, allowing assess-

ment of plaque burden and vessel remodeling.

BOX 14.2 Important Differences Between 
Intravascular Ultrasound (IVUS) and Optical 
Coherence Tomography (OCT)
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Large-scale randomized outcomes trials comparing OCT 
with angiography-guided or IVUS-guided PCI have not been 
performed to date. In an observational study, OCT-guided PCI 
was compared in 335 patients with angiography-guided PCI 
in another 335 matched patients and was associated with 
significantly lower rates of cardiac death or myocardial 
infarction at 1 year (6.6% vs 13.0%, p = 0.006).44 These data 
should be interpreted with caution given the observational 
study design, which introduces selection biases and con-
founding. For widespread routine use of OCT or IVUS to be 
recommended, large-scale randomized studies demonstrat-
ing clinical benefit will be necessary.

INDEX OF MICROCIRCULATORY RESISTANCE

As mentioned previously, one of the limitations of measuring 
CFR in the cardiac catheterization laboratory is that it interro-
gates the entire coronary circulation, both the epicardial vessel 
and the microvasculature. FFR is an index specific for the epi-
cardial vessel. The index of microcirculatory resistance (IMR) 
is a relatively newer index that specifically interrogates the cor-
onary microcirculation, independent of epicardial stenosis.45 
It is defined as the change in pressure across the microvascu-
lature (distal coronary artery pressure minus coronary venous 
pressure) divided by flow during maximal hyperemia, and it is 
a reflection of the minimum achievable microvascular resis-
tance. It can be calculated using a coronary pressure/therm-
istor–tipped wire and measuring the distal coronary pressure 
and mean transit time of room temperature saline during max-
imal hyperemia (Fig. 14.7). IMR was first validated in an animal 
model and subsequently tested extensively in humans.46 A 
normal value for IMR has been found to be less than 25.47–49

The advantages of IMR include that it is relatively easy to 
measure and can be performed simultaneously while mea-
suring FFR without any extra equipment; it has been shown 
to have a low inter- and intraobserver variability; it is inde-
pendent of hemodynamic variability; it is specific for the 
microvasculature; and it is predictive of outcomes.

The prognostic role of IMR has been studied in stable 
patients undergoing PCI, in which case elevated levels of 
IMR measured before PCI can predict periprocedural myo-
cardial infarction.50 However, IMR has been most extensively 
evaluated in patients undergoing primary PCI for STEMI. In 
this situation an elevated IMR immediately after primary PCI 
correlates with the size of the myocardial infarction and pre-
dicts recovery of left ventricular function.51 In a large series 
of patients with STEMI, IMR was an independent predictor of 
long-term mortality.52 In stable patients without obstructive 
CAD but with chest pain, IMR is elevated in roughly 20% of 
patients, a finding suggesting microvascular dysfunction as 
a cause for the chest pain.53 The prognostic value of IMR in 
this setting has not been reported.

EVALUATION OF CHEST PAIN AND NO 
OBSTRUCTIVE CORONARY ARTERY DISEASE

Because as many as 20% of patients presenting to the cath-
eterization laboratory are found to have no obstructive 
epicardial CAD (NOCAD), there has been growing interest 
in the invasive evaluation of these patients. In many cases, 
these patients undergo multiple noninvasive tests with vari-
able results and often multiple coronary angiograms and 
are told everything is normal and/or their symptoms are 
psychosomatic. It is now possible to perform safely and rea-
sonably quickly a more thorough evaluation in the catheter-
ization laboratory.

A patient with chest pain in whom NOCAD is suspected 
and who is scheduled for an invasive angiogram should 
stop any vasoactive medications for 48 hours before the pro-
cedure. After a baseline coronary angiogram is performed, 
endothelial function can be assessed by administering 
intracoronary acetylcholine. This can be performed through 
an infusion catheter in the proximal vessel with a gradual 
increase in the dose, or more commonly, by an intracoronary 
bolus given over 30 seconds, starting at 20–50 μg and increas-
ing to as high as 200 μg. An angiogram is performed after 
each dose and can be subjectively evaluated for changes 
in vessel size. A final angiogram is performed after admin-
istering 100–200 μg of intracoronary nitroglycerin to assess 
endothelial-independent vasodilatation. Off-line quantita-
tive coronary angiography allows more accurate compari-
son of changes in vessel dimensions and of the presence of 
endothelial dysfunction, typically defined as a greater than 
20% decrease in vessel diameter after acetylcholine admin-
istration. A coronary pressure/thermistor-tipped wire is then 
advanced down the vessel of interest and simultaneous 
FFR and IMR can be measured to assess the epicardial and 
microvascular compartments independently. Finally, IVUS 
is performed to evaluate further for diffuse epicardial CAD 
and for myocardial bridging (Fig. 14.8).

This series of tests was performed in 139 patients without 
complication, and 77% of patients had at least one abnor-
mality (occult epicardial disease, endothelial dysfunction, 
microvascular dysfunction, or myocardial bridging).50 
Importantly, almost one-quarter of patients did not have any 
detectable epicardial or microvascular coronary cause for 
their chest pain and therefore could be reassured and hope-
fully avoid further unnecessary coronary testing and treat-
ment (Fig. 14.9). For those patients who do have an occult 
abnormality, guideline-directed therapy can be instituted 
and individualized based on the abnormality found. In the 
case of microvascular dysfunction, the most effective ther-
apy remains unclear and further studies are warranted (see 
Chapters 5 and 25).

CONCLUSION

Cardiologists now have a number of invasive techniques 
beyond x-ray coronary angiography to obtain more detailed 
information regarding a patient’s coronary circulation. FFR 
allows the specific assessment of the functional significance 
of epicardial CAD to guide decisions regarding the need for 
revascularization, whereas IMR independently interrogates 
the microvasculature. IVUS and OCT provide anatomic infor-
mation that can help to optimize PCI. In patients with chest 
pain and no obstructive CAD, these methods allow more 
accurate diagnosis of the etiology of the patient’s symptoms.

Resistance = ∆ Pressure / Flow 

Pressure = Pd – Pv Flow = 1 / Tmn

IMR = Pd – Pv / (1 / Tmn) 

IMR = Pd x Tmn measured during maximal hyperemia

FIG. 14.7 Derivation of the index of microcirculatory resistance (IMR). Pd 
indicates distal coronary pressure; Pv indicates coronary venous pressure; Tmn indicates 
mean transit time.



202

III

C
li

n
iC

a
l 

Ev
a

lu
a

ti
o

n

References
 1.  Kini AS: Coronary angiography, lesion classification and severity assessment, Cardiol Clin 24: 

153–162, 2006.
 2.  Topol EJ, Nissen SE: Our preoccupation with coronary luminology. The dissociation between 

clinical and angiographic findings in ischemic heart disease, Circulation 92:2333–2342, 1995.
 3.  Kern MJ, Lerman A, Bech JW, et al.: Physiological assessment of coronary artery disease in the 

cardiac catheterization laboratory: a scientific statement from the American Heart Association 
Committee on Diagnostic and Interventional Cardiac Catheterization, Council on Clinical 
Cardiology, Circulation 114:1321–1341, 2006.

 4.  Doucette JW, Corl PD, Payne HM, et al.: Validation of a Doppler guide wire for intravascular mea-
surement of coronary artery flow velocity, Circulation 85:1899–1911, 1992.

 5.  De Bruyne B, Pijls NH, Smith L, et al.: Coronary thermodilution to assess flow reserve: experimen-
tal validation, Circulation 104:2003–2006, 2001.

 6.  Pijls NH, De Bruyne B, Smith L, et al.: Coronary thermodilution to assess flow reserve: validation 
in humans, Circulation 105:2482–2486, 2002.

 7.  Fearon WF, Farouque HM, Balsam LB, et al.: Comparison of coronary thermodilution and Doppler 
velocity for assessing coronary flow reserve, Circulation 108:2198–2200, 2003.

 8.  Joye JD, Schulman DS, Lasorda D, et al.: Intracoronary Doppler guide wire versus stress single-
photon emission computed tomographic thallium-201 imaging in assessment of intermediate 
coronary stenoses, J Am Coll Cardiol 24:940–947, 1994.

 9.  De Bruyne B, Bartunek J, Sys SU, et al.: Simultaneous coronary pressure and flow velocity mea-
surements in humans. Feasibility, reproducibility, and hemodynamic dependence of coronary 
flow velocity reserve, hyperemic flow versus pressure slope index, and fractional flow reserve, 
Circulation 94:1842–1849, 1996.

 10.  Fearon WF: Invasive coronary physiology for assessing intermediate lesions, Circ Cardiovasc 
Interv 8:e001942, 2015.

 11.  Pijls NHJ, van Son JAM, Kirkeeide RL, et al.: Experimental basis of determining maximum coro-
nary, myocardial and collateral blood flow by pressure measurements for assessing functional 
stenosis severity before and after percutaneous transluminal coronary angioplasty, Circulation 
86:1354–1367, 1993.

 12.  De Bruyne B, Baudhuin T, Melin JA, et al.: Coronary flow reserve calculated from pressure measure-
ments in humans. Validation with positron emission tomography, Circulation 89:1013–1022, 1994.

 13.  Fearon WF: Percutaneous coronary intervention should be guided by fractional flow reserve 
measurement, Circulation 129:1860–1870, 2014.

 14.  Johnson NP, Tóth GG, Lai D, et al.: Prognostic value of fractional flow reserve: linking physiologic 
severity to clinical outcomes, J Am Coll Cardiol 64:1641–1654, 2014.

 15.  De Bruyne B, Pijls NH, Bartunek J, et al.: Fractional flow reserve in patients with prior myocardial 
infarction, Circulation 104:157–162, 2001.

 16.  Pijls NH, De Bruyne B, Peels K, et al.: Measurement of fractional flow reserve to assess the func-
tional severity of coronary-artery stenoses, N Engl J Med 334:1703–1708, 1996.

 17.  Bech GJ, De Bruyne B, Pijls NH, et al.: Fractional flow reserve to determine the appropriateness of 
angioplasty in moderate coronary stenosis: a randomized trial, Circulation 103:2928–2934, 2001.

 18.  Pijls NH, van Schaardenburgh P, Manoharan G, et al.: Percutaneous coronary intervention of 
functionally nonsignificant stenosis: 5-year follow-up of the DEFER Study, J Am Coll Cardiol 
49:2105–2111, 2007.

 19.  Zimmermann FM, Ferrara A, Johnson NP, et al.: Deferral vs. performance of percutaneous coro-
nary intervention of functionally non-significant coronary stenosis: 15-year follow-up of the 
DEFER trial, Eur Heart J 36:3182–3188, 2015.

 20.  Tonino PAL, De Bruyne B, Pijls NHJ, et al.: Fractional flow reserve versus angiography for guiding 
percutaneous coronary intervention in patients with multivessel coronary artery disease, N Engl 
J Med 360:213–224, 2009.

A

C

B

D

FIG. 14.8 (A) Baseline coronary angiogram and subsequent angiogram after intracoronary acetylcholine demonstrating diffuse endothelial dysfunction with vasoconstriction. 
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sion from Lee BK, Lim HS, Fearon WF, et al. Invasive evaluation of patients with angina in the absence of obstructive coronary artery disease. Circulation. 2015;131:1054–1060.)
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FIG. 14.9 Potential causes for chest pain in patients with no obstructive 
coronary artery disease. FFR, Fractional flow reserve. (With permission from Lee BK, 
Lim HS, Fearon WF, et al. Invasive evaluation of patients with angina in the absence of 
obstructive coronary artery disease. Circulation. 2015;131:1054–1060.)
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THE CHALLENGE OF NONINVASIVE TEST 
SELECTION FOR STABLE CHEST PAIN

The prevalence of angina is high in the general population 
and increases with age in both sexes, from approximately 
3% to 4% in patients aged 40–59 years to 10% to 11% in those 
older than 80 years old.1 New-onset stable chest pain among 
patients without known coronary artery disease (CAD) is a 
common clinical problem that results in approximately 4 mil-
lion outpatient stress tests annually in the United States.2 An 
initial evaluation always includes a full history and physical 
examination as well as basic ancillary studies, which should 
be sufficient for the physician to generate a hypothesis regard-
ing the etiology of the chest pain (including cardiac vs. noncar-
diac). As described in more detail later, this initial evaluation 
should determine the patient’s risk factors for atherosclerotic 
coronary disease and classify symptoms as typical, atypical, or 
noncardiac chest pain, which, in combination with age, can 
be used to quantify the pretest probability of underlying coro-
nary disease. Important ancillary studies include fasting lip-
ids, a resting 12-lead electrocardiogram, and possibly a chest 
x-ray. In addition to implementing any needed risk factor 

modification, empiric treatment with aspirin, β-blockers, and/
or nitroglycerin may be considered in a patient who has an 
intermediate-to-high likelihood of obstructive coronary artery 
disease while awaiting an outpatient diagnostic test. Decisions 
then need to be made regarding testing, i.e.:
 1.  who to test (and who should not be tested)
 2.  if testing is chosen, which initial test to perform, including 

the type of noninvasive test or an invasive strategy.

Goals of Testing for the Diagnosis of CAD
While test selection for the diagnosis of CAD has the 
immediate goal of trying to determine if obstructive CAD 
accounts for the patient’s symptoms, there are many other 
potential and salient goals that are both patient specific and 
system specific (Fig. 15.1). Related short-term patient-centric 
goals include determining the presence, severity, and extent 
of CAD, lifestyle and medical treatment optimization, risk 
stratification, and referral for invasive angiography or pos-
sible revascularization, if necessary. The overall long-term 
goal is to improve clinical outcomes for both individual 
patients and the overall population. Additional longer-term 
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patient-centric goals include safety, such as reducing radia-
tion exposure to prevent adverse sequelae, while goals for 
the healthcare system include maximizing efficiency and 
minimizing cost.

However, selection of patients for testing and selecting 
initial tests for the diagnosis of CAD are not always straight-
forward. Major US and European guidelines differ fairly sub-
stantially in their basic approaches to determining both the 
pretest probability of CAD in symptomatic patients and how 
to proceed with test selection. This may be related to a varia-
tion in features at presentation and regional preferences for 
diagnostic strategies and may be influenced by differences 
in healthcare systems, access to testing technologies, and 
risk tolerance.2–4 Importantly, limited information on health-
related outcomes exists in this stable as-yet-undiagnosed 
population, and there is little consensus about which test is 
preferable or even when one is required.5–7 The discrepan-
cies between guidelines differ significantly from other areas 
in cardiology (i.e., therapy for acute coronary syndromes 
or chronic heart failure), in which general consensus exists 
largely based on the availability of randomized clinical trial 
data. To date, current guidelines for imaging stable chest pain 
of suspected cardiac etiology have not yet incorporated the 
results of recent, large, randomized trials comparing func-
tional versus anatomic testing strategies.8,9

Complicating the uncertainty are several potential 
adverse downstream consequences associated with non-
invasive tests. These include patient-centered outcomes of 
false-positive testing such as discomfort during cardiac cath-
eterization, procedural complications,10 and the effects of 
radiation,11 as well as the impact of changes in medical ther-
apy after test result findings12–14 and cost.4 Recent reports of 
high rates of finding nonobstructive CAD on angiography15 
may speak to the quality of clinical assessment, including 
the crucial step of patient selection for noninvasive test-
ing.16 The majority of studies on outpatients with a clinical 
syndrome of possible ischemia show that, in contrast to 

past data, at present up to 90% of such tests are normal and 
approximately 99% of those patients will not experience an 
untoward clinical event.17–20 The risks of false-negative test-
ing include those of a missed diagnosis and failure to treat 
CAD or risk factors properly. The high incidence of normal 
noninvasive testing and weak correlations between nonin-
vasive testing results and the presence of obstructive CAD 
provide further impetus to improve patient selection for 
noninvasive testing. These issues have important implica-
tions for healthcare utilization as well as for the individual 
patient.

In addition, the fundamental concepts about how we 
define “significant” CAD have been recently evolving, 
contributing to the uncertainty of how to best evaluate 
specific patient populations with chest pain. Recent evi-
dence has found that the association between angio-
graphically defined coronary stenosis and ischemia is 
variable, as many patients have no ischemia despite the 
presence of significant stenosis and others may have isch-
emia with no severe stenosis.21 Furthermore, the extent to 
which routine revascularization to treat ischemia reduces 
death or myocardial infarction (MI), or improves qual-
ity of life in patients with stable ischemic heart disease, 
remains one of the most fundamental uncertainties in 
cardiology today.22

Therefore, decisions regarding noninvasive test use and 
selection remain common but challenging for many cli-
nicians and a controversial topic for practice guidelines. 
This chapter reviews important patient characteristics that 
influence noninvasive test selection for the diagnosis of 
CAD, including an emphasis on comparing major guideline 
recommendations and evaluating very recent data, includ-
ing promising technologies. We review contemporary con-
siderations in cardiovascular imaging, such as how best to 
evaluate special populations, and appropriate use, including 
the consequences of noninvasive testing that are sometimes 
overlooked, such as radiation and cost. Finally, we present a 
step-by-step practical proposal for a unified approach, incor-
porating the latest trial evidence, to optimize test selection 
for both functional and anatomic strategies.

OVERVIEW: PATIENT SELECTION FOR 
NONINVASIVE TESTING

The current discussion applies specifically to stable, symp-
tomatic patients with suspected ischemic heart disease on 
the basis of a thorough history, physical examination, and 
laboratory data. First, angina is both a continuum and a col-
lection of disparate symptoms, ranging from atypical pain 
or angina equivalent to typical angina to low-risk unstable 
angina; delineating these categories can be difficult but the 
implications for testing and prognosis are significant. While 
new-onset angina is generally regarded as unstable angina, 
if the chest pain first occurs with heavy exertion—such as 
prolonged or fast running (Canadian Cardiovascular Society 
I)—the patient with new-onset angina may instead fall 
under the definition of stable, rather than unstable, angina.23 
Further confusing the issue is the fact that research is often 
conducted on the basis of location of care (e.g., office, rapid 
access chest pain center, or emergency department) rather 
than solely on symptom type, such that differences in health-
care systems or access to care may obscure differences in 
clinical presentation. Second, the physical examination, 
while often normal, should help to exclude other causes 
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FIG. 15.1 Immediate (beige), short-term (green), and long-term (blue) goals of 
noninvasive cardiac testing for the diagnosis of obstructive coronary artery disease 
among patients with chest pain.
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of chest pain (e.g., chest wall tenderness or pericarditis), 
including life-threatening causes (e.g., aortic stenosis, aor-
tic dissection, or pulmonary embolism). The resting 12-lead 
electrocardiogram (ECG) is also usually normal or has only 
minor abnormalities, and patients undergoing assessment 
should have negative or minimally abnormal cardiac bio-
markers, if measured. Thus, in addition to patient-specific 
considerations such as suitability for revascularization, the 
next critical step for consideration of noninvasive testing is 
determination of the pretest probability of obstructive CAD.

Clinical Classification of Chest Pain and the 
Pretest Probability of Obstructive CAD
Classically, chest pain symptoms are categorized as typi-
cal, atypical, or noncardiac chest, which in combination 
with age can be used to quantify the pretest probability 
of underlying coronary disease (Table 15.1).24 This must 
be distinguished from other tools such as the Framingham 
Risk Score25 or newer atherosclerotic cardiovascular dis-
ease (ASCVD) score,26 which are helpful in evaluating 
overall risk burden and prognosis using baseline clinical 
characteristics, but are not designed to evaluate the likeli-
hood of obstructive CAD in the presence of symptoms. 
While the Coronary CT Angiography Evaluation for Clinical  
Outcomes: An International Multicenter (CONFIRM) registry 
risk score27 provides incremental prognostic information 
from plaque burden and stenosis found on coronary com-
puted tomographic angiography (CCTA), it was derived in a 
mixed population of patients (asymptomatic and symptom-
atic) and requires noninvasive testing by definition, and thus 
does not aid in the decision to test or in test selection itself.

The Diamond and Forrester algorithms represent the gold 
standard for prediction of obstructive CAD in symptomatic 
patients. However, calculation of pretest probability using 
this score differs depending on which guideline is followed, 
as each country or region has adopted a different modifi-
cation. In the United States, current guidelines recommend 
use of a Diamond and Forrester likelihood score combined 
with data from the Coronary Artery Surgery Study risk score 
(Table 15.2).6 The UK National Institute for Health and Care 
Excellence (NICE) guidelines advocate calculating CAD 
likelihood using another modified Diamond and Forrester 
clinical prediction rule by Pryor et al.5,28 This score incorpo-
rates the additional high-risk features of diabetes, smoking, 
hyperlipidemia, and resting ECG changes. More recently, a 
clinical prediction rule by Genders et al., which aimed to 
validate, update, and extend the Diamond and Forrester 
model to a more contemporary population and especially 

women, had the effect of reclassifying 16% of men and 64% 
of females. This revised risk score has been incorporated 
into the European Society of Cardiology (ESC) guidelines 
(see Table 15.2).29 For example, the pretest probability of 
obstructive CAD in a 55-year-old female with typical angina 
differs depending on whether the score used is based on 
the American College of Cardiology (ACC)/American Heart 
Association (AHA) guidelines (73%), ESC guidelines (47%), 
or NICE guidelines (38–92%). A discussion of the impact of 
diagnostic testing in specific subgroups is discussed subse-
quently (see “Noninvasive Diagnostic Testing Considerations 
for Special Populations”).

Pretest Probabilities and the Degree of 
Obstructive CAD
While all of these adapted Diamond and Forrester scores 
are easily implemented at the bedside, mounting evidence 
demonstrates that they largely overestimate the degree of 
obstructive CAD. Estimates based on a contemporary CCTA 
registry,30 as well as recent clinical trials,8,9 have found that 
the prevalence of obstructive epicardial CAD in patients 
with typical or atypical angina is much lower than that pre-
dicted by Diamond and Forrester in 1979, or any subsequent 
modification.24 There are also increasing questions about 
the need to predict other coronary abnormalities besides 
severe stenoses. Several studies have found that high rates 
of nonobstructive CAD are routinely identified during elec-
tive coronary angiography, with a significant variation in 
the rate of nonobstructive CAD between centers.15,16,31–33 
Plaque burden and location each carries incremental 
prognostic value above traditional obstructive stenosis.27 
Therefore, while we continue to rely on likelihood scores 
to predict pretest probability of CAD based mainly on age 
and symptoms alone, improved strategies for likelihood 
of CAD, risk stratification, and subsequent test selection 
are warranted and have been proposed or are in develop-
ment (see “Noninvasive Imaging Integrating Functional and 
Anatomical Strategies”). Validation in other populations 
may encourage future adoption.

Quantifying “Intermediate” Pretest 
Probability of CAD
Determination of pretest probability also impacts the per-
formance of the available diagnostic methods (the likeli-
hood that this patient has obstructive disease if the test is 
positive, or does not have disease if the test is negative).7 
Diagnostic testing is most valuable when the pretest prob-
ability of ischemic heart disease (IHD) is intermediate, since 
the application of a test result using Bayesian analysis drives 
the posttest probability sufficiently lower (negative test) or 
higher (positive test) to inform future decision-making—
usually whether or not the patient should proceed to car-
diac catheterization.34

Nevertheless, there remains no universal definition of 
intermediate pretest probability. The definition of 10% to 
90%, first advocated in 1980,35 has been applied in several 
studies and is the current definition used in the ACC/AHA 
guidelines for stable IHD (Table 15.3).36,37 Low and high 
pretest probabilities are thus less than 10% and greater than 
90%, respectively. This risk stratification scheme is also used 
by the most recent ACC/AHA Appropriate Use Criteria Task 
Force.38 In contrast, the current ESC guidelines using the 

TABLE 15.1 Traditional Clinical Classification of 
Chest Pain

Typical angina 
(definite)

Meets all three of the following characteristics:
 1.  Substernal chest discomfort of characteristic quality 

and duration
 2.  Provoked by exertion or emotional stress
 3.  Relieved by rest and/or nitrates within minutes

Atypical angina 
(probable)

Meets two of these characteristics

Nonanginal 
chest pain

Lacks or meets only one or none of the characteristics

From Diamond GA, Forrester JS, Hirsch M, et al. Application of conditional 
probability analysis to the clinical diagnosis of coronary artery disease. J Clin Invest. 
1980;65:1210–1221.
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TABLE 15.2 Calculation of Patient Pretest Probabilities of CAD Used to Determine Eligibility for Noninvasive Test Selection in the 2012 ACC/AHA, 
2013 ESC, and 2010 UK NICE Guidelines in Males and Females156

MALES
NONANGINAL CHEST PAIN ATYPICAL ANGINA TYPICAL ANGINA

Guideline ACC/AHAA ESCB NiceC ACC/AHA ESC Nice ACC/AHA ESC Nice

Age
30–39 4 18 3–35 34 29 8–59 76 59 30–88

40–49 13 25 9–47 51 38 21–70 87 69 51–92

50–59 20 34 23–59 65 49 45–79 93 77 80–95

60–69 27 44 49–69 72 59 71–86 94 84 93–97

70–79 54 69 89

> 80 65 78 93

FEMALES
NONANGINAL CHEST PAIN ATYPICAL ANGINA TYPICAL ANGINA

Guideline ACC/AHA ESC Nice ACC/AHA ESC Nice ACC/AHA ESC Nice

Age
30–39 2 5 1–19 12 10 2–39 26 28 10–78

40–49 3 8 2–22 22 14 5–43 55 37 20–79

50–59 7 12 4–25 31 20 10–47 73 47 38–92

60–69 14 17 9–29 51 28 20–51 86 58 56–84

70–79 24 37 68

> 80 32 47 76

ACC, American College of Cardiology; AHA, American Heart Association; CAD, coronary artery disease; ESC, European Society of Cardiology; NICE, National Institute for Health and Care Excellence.
aACC/AHA uses combined Diamond and Forrester and Coronary Artery Surgery Study risk score. Each value represents the percent with obstructive CAD on catheterization. Modified from Fihn SD, Gardin JM, Abrams J, et al. 2012 
ACCF/AHA/ACP/AATS/PCNA/SCAI/STS guideline for the diagnosis and management of patients with stable ischemic heart disease: a report of the American College of Cardiology Foundation/American Heart Association Task Force on 
Practice Guidelines, and the American College of Physicians, American Association for Thoracic Surgery, Preventive Cardiovascular Nurses Association, Society for Cardiovascular Angiography and Interventions, and Society of Thoracic 
Surgeons. J Am Coll Cardiol. 2012;60:e44–e164.
bESC uses updated Diamond and Forrester prediction score. Modified from Genders TS, Steyerberg EW, Alkadhi H, et al. A clinical prediction rule for the diagnosis of coronary artery disease: validation, updating, and extension. Eur 
Heart J. 2011;32:1316–1330.
cNICE uses modified Diamond and Forrester prediction score. Modified from Pryor DB, Shaw L, McCants CB, et al. Value of the history and physical in identifying patients at increased risk for coronary artery disease. Ann Intern Med. 
1993;118:81–90. A range is provided for each estimate from “Low” to “High” risk depending on the presence of the additional factors of diabetes, smoking, and hyperlipidemia (total cholesterol > 6.4 mmol/L).
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Genders et al.–modified Diamond and Forrester clinical 
prediction rule stratifies patients into four groups: less than 
15%, 15–65%, 66–85%, and greater than 85%. In comparison 
to the US guidelines, the intermediate group is defined by a 
pretest probability of 15% to 85% by combining the two mid-
risk groups. Based on these four groups, the ESC guidelines 
recommend specific test strategies (see later). Finally, the UK 
NICE guidelines differ compared to both the ACC/AHA and 
ESC guidelines, identifying an intermediate pretest probabil-
ity as 30% to 60%.5

Is There a Role for Watchful Waiting in 
Patients with Stable Chest Pain?
Due to low event rates in stable chest pain populations under-
going imaging or ECG testing,8,9,39 and the similar outcomes 
with medical treatment and coronary revascularization in 
trials such as Clinical Outcomes Utilizing Revascularization 
and Aggressive Drug Evaluation (COURAGE),40,41 some 
have recommended that a strategy of deferred testing may 
be preferable to performing any test at all. In this scenario, a 
patient with a sufficiently low pretest probability of obstruc-
tive CAD as the cause of their stable chest pain would not 
undergo any initial noninvasive cardiac testing, would be 
monitored clinically, and would be treated according to pri-
mary prevention strategies. This is on a background of the 
explosive growth in cardiac imaging in the United States, 
which has become central to discussions surrounding the 
high cost of healthcare, including a rapid escalation of costs 
for testing (twice that of other physician services).4 However, 
there is as yet no direct clinical trial evidence to support 
a deferred testing strategy. This is in contrast to the robust 
evidence now available that supports a testing strategy with 

either functional testing or CCTA as being safe and effec-
tive (see “A New Standard for Pragmatic, Imaging Trials: 
PROMISE and SCOT-HEART”).8,9

Another important aspect in the decision regarding 
whether to defer testing is first considering whether the 
patient would benefit from revascularization. If the patient 
has significant comorbidities or their quality of life is not 
expected to benefit from revascularization, then optimizing 
medical therapy may be a more reasonable approach than 
testing.

GENERAL APPROACH TO CHOOSING A 
NONINVASIVE TEST

Following identification of a symptomatic patient with no 
prior history of CAD and an intermediate pretest probabil-
ity of CAD, the clinician is generally advised to consider a 
functional or, more rarely, an anatomic strategy. The NICE 
guidelines are an exception to this rule; they recommend 
an anatomic strategy for lower pretest probabilities (<30%).5

Approach to Choosing a Functional Test
For functional testing, the choice of stress must first be 
considered (exercise vs. pharmacologic) and, if exercise is 
employed, consideration must also be given to whether or 
not additional imaging should be performed. Several stress 
imaging modalities currently exist, each with their advan-
tages and disadvantages (Table 15.4). These include radio-
nuclide stress myocardial perfusion imaging (MPI) using 
single photon emission computed tomography (SPECT) or 
positron emission tomography (PET), stress echocardiogra-
phy, and stress cardiac magnetic resonance (CMR). SPECT, 

TABLE 15.3 Selected Sensitivities and Specificities of Noninvasive Tests for the Detection of CAD as Reported 
in the ACC/AHA 2012 and ESC 2013 Guidelines

SENSITIVITY SPECIFICITY
ACC/AHA 2012 ESC 2013 ACC/AHA 2012 ESC 2013

Exercise ECG 0.68 0.45–0.50 0.77 0.85–0.90

ECHO
Exercise or pharm
Exercise
Pharm

0.76 0.88

0.80–0.85 0.80–0.88

0.79–0.83 0.82–0.86

SPECT
Exercise or pharm
Exercise
Pharm

0.88 0.77

0.73–0.92 0.63–0.87

0.90–0.91 0.75–0.84

PET
Exercise or pharm
Pharm PET

0.91 0.82

0.81–0.97 0.74–0.91

CMR

Dobutamine 0.79–0.88 0.82–0.86

Vasodilator 0.67–0.94 0.61–0.85

CCTA 0.95–0.99 0.64–0.93

ACC, American College of Cardiology; AHA, American Heart Association; CCTA, coronary computed tomographic angiography; CMR, cardiac magnetic resonance; ECG, 
electrocardiogram; ECHO, echocardiography; ESC, European Society of Cardiology; NICE, National Institute for Health and Care Excellence; PET, positron emission tomography; 
SPECT, single photon emission computed tomography.
ACC/AHA 2012 estimates were modified from Garber AM, Solomon NA. Cost-effectiveness of alternative test strategies for the diagnosis of coronary artery disease. Ann 
Intern Med. 1999;130:719–728.
ESC 2013 estimates were collated from multiple studies and modified from Montalescot G, Sechtem U, Achenbach S, et al. 2013 ESC guidelines on the management of stable 
coronary artery disease. Eur Heart J. 2013;34:2949–3003.
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PET, and echocardiography may be coupled to either exer-
cise or pharmacologic stress, whereas stress CMR is only per-
formed with pharmacologic stress.

In the absence of contraindications,33,34 symptom-
limited exercise with an exercise treadmill test (ETT) or 
bicycle ergometer is the preferred stress-testing modality 
(over pharmacologic stress) since it provides informa-
tion concerning reproducibility of symptoms, cardiovas-
cular function, exercise capacity, ECG changes, and the 
hemodynamic response during usual forms of activity. 
Exercise capacity alone is a powerful predictor of mortal-
ity. Furthermore, a score such as the Duke Treadmill Score 
when applied to data generated by the ETT can improve 
diagnostic certainty in addition to its prognostic implica-
tions.42 However, a patient may be unable to exercise due 
to one or more noncardiac reasons. These include obesity, 
orthopedic limitations, balance issues, pulmonary limita-
tions, frailty, or limb dysfunction as a result of paraplegia 
from a prior cerebrovascular event. A detailed discussion 
on the various forms of exercise modalities (treadmill, or 
upright or supine bicycle) and protocols (Bruce, Modified 
Bruce, Naughton) is presented elsewhere (see Chapter 
10).43 If absolute contraindications exist, then pharmaco-
logic stress should be used; if relative contraindications 
exist, pharmacologic stress should be considered.

In addition to considering exercise capacity, several con-
ditions interfere with the ability to make an ECG diagnosis 
of ischemia (e.g., left bundle branch block, right ventricular 

pacing, resting ST depression > 1 mm) and may result in an 
uninterpretable exercise ECG. When such conditions are pres-
ent, imaging should be used regardless of the stress modality.44

If the patient is unable to exercise to sufficient work-
load, then pharmacologic stress is required. The decision 
regarding which imaging modality to use will depend on 
patient factors including suitability of the stress agents for 
that purpose as well as patient tolerance; ischemic end-
points may vary accordingly.45 If MPI is used, vasodilators 
are the preferred pharmacologic stress agents, and perfu-
sion is assessed. If echocardiography is performed, inotropic 
agents are the most commonly used (although this can vary 
by country), and wall motion is assessed. For CMR, either 
inotropes or vasodilators can be used with corresponding 
endpoints. However, as for exercise testing, contraindica-
tions to vasodilator stress agents (adenosine, dipyridamole, 
and the selective A2A receptor agonists, including regadeno-
son, binodenoson, and apadenoson)46–49 or inotropic agents 
(typically dobutamine)50 should be taken into account in 
selecting the test modality.

If the patient is not a candidate for exercise or pharma-
cologic stress testing, an anatomic strategy with coronary 
artery calcium (CAC) scoring or CCTA should be considered. 
Moreover, based on recently published trial data, an anatomic-
first strategy may be a reasonable alternative in selected 
patients (see “A New Standard for Pragmatic Imaging Trials: 
PROMISE and SCOT-HEART”) as discussed later.

Diagnostic Accuracy of Functional Testing 
Strategies
There are distinct strengths and weaknesses associated with 
each imaging modality (see Table 15.4), and test selection 
ultimately depends on many factors, including local availabil-
ity, local expertise, existence and relevance of prior imaging 
data, cost, the patient’s body habitus (e.g., morbid obesity), 
radiation exposure, and the need for concomitant assessment 
of hemodynamic function or valvular disease. Diagnostic 
performance should be considered when multiple options 
exist, ideally based on local laboratory performance rather 
than the literature. Since such detailed data are often not  
available, a cost-effectiveness meta-analysis by Garber and 
Solomon may be used. This analysis includes information 
on diagnostic accuracy of individual tests and is cited by 
the ACC/AHA guidelines as evidence for differing diagnos-
tic accuracy between modalities (see Table 15.3).51 PET is 
the most sensitive noninvasive functional test, and exercise 
ECG is the least sensitive. SPECT is nearly as sensitive as and 
somewhat less specific than PET (specificity, 0.77 [range in 
individual studies: 0.53–0.96] for SPECT and 0.82 [0.73–0.88] 
for PET). Echocardiography is more specific than PET (0.88 
[0.80–0.95] compared with 0.82 [0.73–0.88]) but less sen-
sitive (0.76 [0.40–1.00] compared with 0.91 [0.69–1.00]). 
The Clinical Evaluation of Magnetic Resonance Imaging in 
Coronary Heart Disease (CE-MARC) study directly and pro-
spectively compared CMR to SPECT.52 Compared to SPECT, 
CMR had greater sensitivity (0.87 [95% CI 0.82–0.90] com-
pared with 0.67 [0.60–0.72]) and similar specificity (0.83 
[0.80–0.87 for CMR]; 0.83 [0.79–0.86 for SPECT]). CE-MARC2 
is a three-arm trial that is ongoing and will provide valuable 
insights by comparing outcomes following CMR-guided care, 
positron emission tomography–computed tomography (PET-
CT)-guided care (according to ACC/AHA appropriate-use 
criteria), and NICE guideline-based management.53

TABLE 15.4 Advantages and Disadvantages of Stress 
Imaging Techniques and CCTA

TECHNIQUE ADVANTAGES DISADVANTAGES

Echocardiography
 •  wide access
 •  portability
 •  no radiation
 •  low cost

 •  echo contrast needed in 
patients with poor ultrasound 
windows

 •  dependent on operator skills

SPECT
 •  wide access
 •  extensive data

 •  radiation

PET
 •  flow 

quantitation
 •  radiation
 •  limited access
 •  high cost

CMR
 •  high soft tissue 

contrast
 •  precise imaging 

of myocardial 
scar

 •  no ionizing 
radiation

 •  limited access in cardiology
 •  contra-indications
 •  functional analysis limited in 

arrhythmias
 •  limited 3D quantification of 

ischemia
 •  high cost

CCTA
 •  high NPV in 

patients with 
lower pretest 
probability

 •  limited availability
 •  radiation
 •  assessment limited with 

extensive coronary calcium
 •  image quality limited with 

arrhythmias or higher heart 
rates that cannot be lowered

 •  low NPV in higher pretest 
probability

3D, Three-dimensional; CMR, cardiac magnetic resonance; CCTA, coronary 
computed tomographic angiography; NPV, negative predictive value; PET, positron 
emission tomography; SPECT, single photon emission computed tomography.
From Montalescot G, Sechtem U, Achenbach S, et al. 2013 ESC guidelines on the 
management of stable coronary artery disease. Eur Heart J. 2013;34:2949–3003.
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The ESC guidelines use multiple primary studies to sum-
marize test performance.7 A major difference between the 
reference data used by each guideline is the lower sensitiv-
ity of the exercise ECG reported in the ESC guidelines—only 
50% (despite an excellent specificity of 90%). The marked 
differences in these values are at least partially, if not fully, 
explained by the ESC’s use of data obtained from studies 
avoiding verification bias;54 ACC/AHA guidelines do not 
restrict data to studies avoiding verification bias. Because 
this lower sensitivity means that the number of incorrect test 
results will become higher than the number of correct test 
results in populations with a pretest probability of greater 
than 65%,55 the ESC does not recommend employing the 
exercise stress test without imaging in such higher-risk popu-
lations for diagnostic purposes. In general, it may be more 
appropriate to employ more specific testing for patients with 
a low-intermediate pretest probability of CAD and reserve 
more sensitive testing for those with high-intermediate pre-
test probabilities. Therefore the precision of pretest probabil-
ity estimates to impact the choice the optimal noninvasive 
test is important even within the intermediate ranges.

Guideline Recommendations for Choosing a 
Functional Test
ACC/AHA 2012 Guideline
Among patients who can exercise, there are strong recommen-
dations for nonimaging ETT for patients with an intermediate 
pretest probability of CAD, and exercise stress with nuclear 
MPI or echocardiography for those with an intermediate-to-
high pretest probability of CAD who have an uninterpretable 
ECG (Class I).6 The remaining Class I recommendation is for 
pharmacologic stress with nuclear MPI or echocardiogra-
phy for patients who are unable to exercise. The guideline 
recommends against the use of pharmacologic stress with 
nuclear MPI, echocardiography, or CMR for patients who 
can exercise with interpretable ECGs, or amongst patients 
who can exercise with an interpretable ECG and who have 
only a low pretest probability of IHD (< 10%; Class III). The 
other testing strategies fall within the IIa or IIb classes of 

recommendations. While no specific recommendations are 
provided for patients with a pretest probability greater than 
90%, it is reasonable to consider cardiac catheterization as 
the initial test, which is supported by the ACC/AHA 2012 diag-
nostic angiography appropriate use criteria.56

ACC Multimodality Appropriate Use Criteria 2014
The ACC Appropriate Use Criteria (AUC) document devel-
opment process uses an independent technical panel to 
rate each testing modality as either appropriate, may be 
appropriate, or rarely appropriate for given symptomatic 
target populations.38 The following appropriate functional 
testing situations are summarized here and in further detail 
in Table 15.5:
 •  Exercise ECG

 •  Patients who are able to exercise with a low-to-inter-
mediate pretest probability of CAD and an interpret-
able ECG

 •  Stress radionuclide imaging or stress echocardiography
 •  All patient groups are appropriate, with the exception 

of those with a low pretest probability of CAD who are 
able to exercise and have an interpretable ECG, for 
whom stress echocardiography may be appropriate 
but stress MPI is rarely appropriate

 •  Stress CMR
 •  Patients with an intermediate pretest probability of 

CAD who are unable to exercise or have an uninter-
pretable ECG

 •  Patients with a high pretest probability of CAD, irre-
spective of their ability to exercise or whether their 
ECG is interpretable

Notably, in this most recent AUC guidance document, rat-
ings for stress CMR were more often in accord with the rat-
ings for stress radionuclide imaging (RNI), stress echo, and 
exercise treadmill testing. This may reflect the simultaneous 
rating of modalities, the growing body of evidence support-
ing the utility and accuracy of stress CMR,38 and its increas-
ing use in the community.

Despite guidance that exercise treadmill testing with-
out imaging may be routinely used in many patients, the 

TABLE 15.5 Summary of Multimodality Appropriate Use Criteria for the Detection of Ischemic Heart Disease in 
Symptomatic Patients

TARGET POPULATION EXERCISE ECG STRESS RNI STRESS ECHO STRESS CMR CAC CCTA

Low pretest probability of CAD
ECG interpretable AND able to exercise

A R M R R R

Low pretest probability of CAD
ECG uninterpretable OR unable to exercise

A A M R M

Intermediate pretest probability of CAD
ECG interpretable AND able to exercise

A A A M R M

Intermediate pretest probability of CAD
ECG uninterpretable OR unable to exercise

A A A R A

High pretest probability of CAD
ECG interpretable AND able to exercise

M A A A R M

High pretest probability of CAD
ECG uninterpretable OR unable to exercise

A A A R M

Appropriate Use Key: A, appropriate; M, may be appropriate; R, rarely appropriate.
CAC, Coronary artery calcium; CAD, coronary artery disease; CCTA, coronary computed tomographic angiography; CMR, cardiac magnetic resonance; ECG, electrocardiogram; 
ECHO, echocardiography; RNI, radionuclide imaging.
Modified from Wolk MJ, Bailey SR, Doherty JU, et al. ACCF/AHA/ASE/ASNC/HFSA/HRS/SCAI/SCCT/SCMR/STS 2013 multimodality appropriate use criteria for the detection 
and risk assessment of stable ischemic heart disease: a report of the American College of Cardiology Foundation Appropriate Use Criteria Task Force, American Heart 
Association, American Society of Echocardiography, American Society of Nuclear Cardiology, Heart Failure Society of America, Heart Rhythm Society, Society for Cardiovascular 
Angiography and Interventions, Society of Cardiovascular Computed Tomography, Society for Cardiovascular Magnetic Resonance, and Society of Thoracic Surgeons. J Am 
Coll Cardiol. 2014;63:380–406.
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practice of stress imaging still dominates the US testing land-
scape for both symptomatic and asymptomatic patients. 
Among intermediate-risk patients with chest pain assigned 
to the functional arm of the Prospective Multicenter Imaging 
Study for Evaluation of Chest Pain (PROMISE) trial, only 
10.2% of patients received exercise testing without imaging 
as a prespecified test.9 Furthermore, in 2012, the Choosing 
Wisely campaign (http://www.choosingwisely.org) brought 
together nine leading medical organizations (including 
the ACC and the American Society of Nuclear Cardiology 
[ASNC]) to each pick five tests which they viewed as over-
used.57 The cardiac tests felt to be most overused by both 
the ACC and ASNC for the testing of CAD were all imaging-
based modalities in patients with few symptoms: stress imag-
ing in patients without symptoms or high-risk markers for 
diabetes, regular stress cardiac imaging in asymptomatic 
patients during routine follow-up after treatment, and stress 
cardiac imaging during preoperative assessment. Therefore, 
the practice of US providers does not appear to reflect cur-
rent US guideline recommendations.

ESC 2013 Guideline
In patients able to exercise and who have an evaluable ECG, 
exercise treadmill testing is recommended as the initial test 
for establishing a diagnosis of CAD in patients with symptoms 
of angina and intermediate pretest probability of CAD of 15% 
to 65% (Class I).7 Furthermore, stress imaging (echocardiogra-
phy, CMR, SPECT, or PET) is strongly recommended as the ini-
tial option if local expertise and availability permit (Class I). 
Exercise ECG without imaging in patients with an ST depres-
sion greater than or equal to 0.1 mV on resting ECG or taking 
digitalis is not recommended for diagnostic purposes (Class 
III). An imaging stress test is recommended as the initial test 
for diagnosing CAD with a high-intermediate pretest prob-
ability between 66% and 85% or if the left ventricular ejection 
fraction is less than 50% in patients without typical angina 
(Class I). While there are no specific recommendations for 
pharmacologic stress, exercise is recommended over phar-
macologic testing whenever possible (Class I). A pretest prob-
ability of greater than 85% establishes a presumptive diagnosis 
of CAD, at which point risk stratification should be performed. 
In patients with severe symptoms or a clinical constellation 
suggesting high-risk coronary anatomy, clinicians are advised 
to initiate guideline-directed medical therapy and consider 
invasive catheterization as the initial test. In patients who 
have mild symptoms, noninvasive testing for risk stratification 
should be considered only if there is agreement to proceed to 
revascularization in the event of high-risk test findings.

UK 2010 NICE Guideline
For patients with chest pain and an estimated pretest prob-
ability of 30% to 60% the clinician is advised to offer non-
invasive functional imaging for myocardial ischemia as 
the first-line test.5 In contrast to the other guidelines, NICE 
incorporates an anatomic strategy as the front-line test for 
patients with a low-intermediate pretest probability. If the 
pretest probability is 10% to 29%, a “rule out” CAD strat-
egy was felt to be best achieved with initial CAC scoring 
(and then CCTA if the CAC score is 1–400) and is justified 
based on cost-effectiveness and low radiation doses.58–61 
Alternatively, patients with a high CAC score may be investi-
gated by functional assessment, depending on the score and 
patient factors (see next section), or invasive angiography. If 
the estimated pretest probability is 61% to 90%, the clinician 

should offer invasive coronary angiography as the first-line 
diagnostic investigation. Notably, exercise testing without 
imaging is never recommended in the investigative path-
way for patients with no prior history of established CAD, 
representing a significant change to current practice and in 
contrast with other major guidelines.61 This is based on the 
evidence of poorer diagnostic accuracy of exercise testing 
compared to the other tests and supported by a cost-effec-
tiveness model derived specifically for these guidelines.58

Approach to Choosing an Anatomic Test 
Using CAC or CCTA
Until recently, the use of an anatomic strategy using CAC 
or CCTA has not generally been considered first-line in the 
diagnosis of CAD in intermediate pretest probability patients 
with stable chest pain (apart from the NICE guidelines for 
low-intermediate pretest probability patients, discussed pre-
viously), and receives weak, if any, recommendations in cur-
rent ACC/AHA and ESC guidelines as well as the AUC (see 
later section). However, two recent randomized controlled 
trials (PROMISE and Scottish Computed Tomography of 
the Heart [SCOT-HEART]) directly comparing anatomic 
and functional testing in the setting of low-risk chest pain 
provide potential support for its inclusion as a reasonable 
choice in selected patients (see later discussion).

Patient Selection for CAC
While CAC imaging has been mostly used for risk stratifica-
tion in asymptomatic individuals, some studies have evalu-
ated the use of CAC in the diagnostic work-up of patients 
with suspected CAD (by excluding CAD). Data from a high-
risk symptomatic population suggest a non-negligible rate 
of obstructive CAD (i.e., 20% of patients with a high pretest 
probability of CAD) in the absence of detectable calcium.62 
In contrast, data from lower-risk cohorts have demonstrated 
that among patients with a negative calcium scan, severe 
CAD requiring percutaneous coronary intervention (PCI) or 
coronary artery bypass grafting (CABG) occurs in less than 
or equal to 1% of patients.63,64 The Computed Tomography 
vs. Exercise Testing in Suspected Coronary Artery Disease 
(CRESCENT) randomized controlled trial assessed the effec-
tiveness and safety of a tiered cardiac CT protocol, consisting 
of a calcium scan and selective performance of CCTA if CAC 
was present. It found that this tiered approach offered an 
effective and safe alternative to functional testing while low-
ering diagnostic expenses and radiation exposure.65 Patients 
in the CRESCENT trial had a pretest probability of approxi-
mately 45% per Diamond–Forrester criteria. Therefore, incor-
poration of CAC into stepwise CCTA imaging protocols may 
be beneficial in symptomatic patients, provided they have 
a low-to-intermediate pretest probability of CAD, although 
further studies are required for confirmation. One caveat is 
that this could lead to a higher false-negative rate in younger 
patients, who may have CAD without detectable CAC, since 
atherosclerotic calcification increases with age.66,67 This 
may also be seen in women and ethnic minorities.68–70

Patient Selection for CCTA
As with functional testing, the clinician must first consider 
whether the patient is a good candidate for CCTA. According 
to a report from the 2014 Society of Cardiovascular Com-
puted Tomography Guidelines Committee,71 only patients  
with adequate breath-holding capabilities, without severe 
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obesity (body mass index [BMI] >39 kg/m2), with sinus 
rhythm and with a heart rate less than or equal to 60 beats per 
minute (BPM), and with normal or near-normal renal func-
tion should be considered for CCTA. If necessary, the patient 
should be able to tolerate use of short-acting β-blockers 
or other heart rate–lowering medication to achieve target 
heart rates. State-of-the-art multidetector scanners reduce 
radiation exposure and may obviate the need for adjunc-
tive medications in many patients, as they allow accurate 
imaging with higher heart rates. Absolute contraindications 
must also be ruled out and include definite acute coronary 
syndromes, glomerular filtration rate (GFR) of less than 30 
mL/min per 1.73m2 unless on chronic dialysis, previous ana-
phylaxis after iodinated contrast administration, previous 
episode of contrast allergy after adequate steroid/antihista-
mine preparation, inability to cooperate (including inabil-
ity to raise arms), or pregnancy or uncertain pregnancy 
status in premenopausal women.71 Finally, one constraint is 
that CCTA accuracy may be limited with a high CAC score 
(Agatston score > 400 U), which can only be determined 
once the image acquisition has started.

Diagnostic Accuracy of CCTA
Multicenter studies evaluating the diagnostic accuracy of 
64-slice multidetector CCTA for detection of significant (at 
least 50% stenosis) CAD on quantitative invasive coronary 
angiography have found sensitivities of between 85% and 
99% and specificities between 64% and 90%,72–74 although 
newer equipment and scan protocols may improve the diag-
nostic accuracy.75 The Assessment by Coronary Computed 
Tomographic Angiography of Individuals Undergoing 
Invasive Coronary Angiography (ACCURACY) trial found that 
specificity was reduced significantly in the presence of coro-
nary artery calcium.72 In contrast, negative predictive values 
for CCTA have generally been high (95–100%).72,73,76 This has 
garnered significant interest in using CCTA in scenarios to 
“rule out” coronary artery stenosis, or patients with lower 
pretest probability. Three randomized controlled trials have 
found a CCTA strategy to provide superior efficiency in the 
emergency department for low- to intermediate-risk chest 
pain to “rule out” acute coronary syndromes while provid-
ing excellent event-free survival similar to usual care, with no 
increase in costs or radiation exposure77–79 (see Chapter 13).

Guideline Recommendations for Choosing 
an Anatomic Test with CAC and CCTA
ACC/AHA 2012 Guideline
There are currently no strong (Class I) recommendations for 
CAC or CCTA as the initial test.6 CCTA may be considered for 
patients who cannot exercise or for those patients who have 
a prior normal functional test but ongoing symptoms, have 
an inconclusive functional test, or are unable to undergo 
stress MPI or echocardiography (all Class IIa).

ACC Multimodality Appropriate Use Criteria 2014
As in the preceding section, the document rated each testing 
modality as either appropriate, may be appropriate, or rarely 
appropriate for given symptomatic target populations.38 The 
following anatomic testing situations are summarized here 
and in further detail in Table 15.4:
 •  CAC

 •  Rarely appropriate for a symptomatic population of 
patients with chest pain

 •  CCTA
 •  Appropriate only for symptomatic patients with an 

intermediate pretest probability of CAD and an unin-
terpretable ECG or unable to exercise

ESC 2013 Guideline
Similar to the ACC/AHA 2012 guideline, there are no strong 
recommendations (Class I) for CAC or CCTA as the initial 
test.7 It is a Class IIa recommendation that CCTA should be 
considered as an alternative to stress imaging techniques 
for ruling out CAD in patients with a low-intermediate 
pretest probability (15–65%) who have an inconclusive 
exercise ECG or stress imaging test or who have contrain-
dications to stress testing. This recommendation includes 
patients who can exercise, but excludes the highest range 
of pretest probability to improve accuracy by selecting 
patients less likely to have significant coronary calcium, 
which decreases diagnostic accuracy (discussed previ-
ously). Class III recommendations include using CCTA for 
patients with prior coronary revascularization (not appli-
cable to this population) or as a “screening” test in asymp-
tomatic individuals.

UK 2010 NICE Guideline
In contrast to the ESC guidelines, NICE recommends CAC 
scoring as the first-line test in patients with an estimated 
pretest probability of CAD of 10% to 29%.5 Further manage-
ment depends on the calcium score: if 0, consider other 
causes of chest pain; if 1–400, offer 64-slice (or greater) 
CCTA or imaging stress testing; and if higher than 400, offer 
invasive coronary angiography. If this is not clinically appro-
priate or acceptable to the person and/or revasculariza-
tion is not being considered, offer noninvasive functional 
imaging.

Major differences between guideline recommendations 
for the diagnosis of CAD in patients with stable chest pain 
have several notable differences and are summarized in 
Table 15.6.

A NEW STANDARD FOR PRAGMATIC 
IMAGING TRIALS: PROMISE AND SCOT-HEART

The first two large randomized trials to directly compare 
noninvasive anatomic and functional imaging modalities 
in the setting of stable chest pain were published in early 
2015. A comparison of the characteristics of each trial is 
shown in Table 15.7, and the overall trial results are com-
pared in Fig. 15.2. The PROMISE trial randomly assigned 
10,003 sympto matic stable outpatients requiring evalua-
tion for suspected CAD to either CCTA or functional stress 
testing (ETT, nuclear stress testing, or stress echocardiogra-
phy, at the discretion of the clinician caring for the patient) 
with a median follow-up of 25 months.9 The composite 
primary endpoint (death, MI, hospitalization for unstable 
angina, or major cardiovascular procedural complication) 
occurred at similar rates in the CCTA and functional test-
ing groups (3.3% and 3.0%, respectively; adjusted hazard 
ratio, 1.04), which was lower than previously established 
historical rates (Fig. 15.3). More patients in the CCTA group 
underwent cardiac catheterization within 90 days after 
randomization (12.2% vs. 8.1%), but the frequency of cath-
eterization showing no obstructive CAD (a prespecified 
secondary endpoint) was lower in the CCTA group (27.9% 
vs. 52.5%).
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The SCOT-HEART trial randomized 4146 patients with sta-
ble chest pain to CCTA in addition to usual care (which gen-
erally included stress testing) or to usual care alone.8 The 
trial’s primary endpoint, certainty of the attribution of symp-
toms to CAD, showed an increase in the CCTA group (relative 
risk 1.79, 95% CI 1.62–1.96), as did the secondary endpoint 
of certainty of diagnosis of coronary artery disease (2.56, 
95% CI 2.33–2.79). There was also a nonsignificant reduc-
tion in some long-term clinical outcomes, including the rate 
of death or MI in the CCTA group at 1.7 years, although event 
rates were low in both arms (Fig. 15.4). While the trials were 
of different design, event rates were comparable, and there 
was a consistent finding that obstructive coronary disease 
was more frequently detected using an anatomic strategy 
of CCTA. Moreover, these top-line results provide support for 
consideration of an anatomic strategy as a viable option for 
initial noninvasive test selection. This notion is further sup-
ported by other smaller, but contemporary studies favoring 
a role for CCTA over functional imaging to improve both 
diagnostic accuracy80 and patient outcomes.81,82 This may  
be particularly important in the future, as patient selection 

for CCTA may become less restricted (i.e., due to arrhythmias, 
or high CAC) as a result of newer technologies and software 
algorithms.83 Finally, it is anticipated that a number of sec-
ondary analyses will be performed in both PROMISE and  
SCOT-HEART, providing important additional details such as 
test performance, cost efficiency, and differences between 
special populations.

Clinical Implications from PROMISE and 
SCOT-HEART
PROMISE and SCOT-HEART extend findings from prior 
observational studies that contemporary patients with 
stable chest pain are at lower risk for subsequent clinical 
events than previously believed, despite a calculated inter-
mediate pretest probability of obstructive disease according 
to traditional scoring systems. They also confirm findings of 
high rates of nonobstructive CAD on invasive angiography 
in prior observational studies, which may speak to the dif-
ficulty of clinical assessment, including the crucial step 
of patient selection for invasive testing.16 The studies also 

TABLE 15.6 Selected Guideline Recommendations for the Use of Noninvasive Testing for the Diagnosis of 
Ischemic Heart Disease

AHA/ACC (2012) ESC (2013) NICE (2010)

Patient Selection

Risk score to calculate pretest probability Combined Diamond Forrester - CASS Genders et al. (2011) Pryor et al. (1993)

Intermediate pretest probability 10–90% 15–85% 10–60%

Functional Test Selection

Exercise treadmill test alone if pretest probability 
15–65%*

Class I Class I Not recommended

Stress imaging if local expertise and availability Class IIa Class I First line if pretest probability 30–60%

Stress imaging if pretest probability 66–85%** Class IIa Class I Invasive angiography if pretest 
probability 60–90%

Stress imaging if nonevaluable ECG Class I Class I Not specified

Anatomic (CTA) Test Selection

“Rule out” if pretest probability 15–65% Not specified Class IIa CAC scoring first line if pretest 
probability 10–29%; proceed to 
other testing depending on score

Nonconclusive functional test or contraindications Class IIa Class IIa Not specified

ACC, American College of Cardiology; AHA, American Heart Association; CAC, coronary artery calcium; CASS, Coronary Artery Surgery Study; CTA, computed tomographic 
angiography; ESC, European Society of Cardiology; NICE, National Institute for Health and Care Excellence.
*Able to exercise with an evaluable ECG.
**ACC/AHA quantify risk as “intermediate to high.”
Modified from Fordyce CB, Douglas PS. Optimal non-invasive imaging test selection for the diagnosis of ischaemic heart disease. Heart. 2016;102(7):555–564.

TABLE 15.7 SCOT-HEART and PROMISE: Trial Characteristics

SCOT-HEART PROMISE

Country United Kingdom United States and Canada

Comparators CCTA + standard of care vs. standard of care CCTA vs. functional stress test

Trial design Open-label Open-label

Recruiting centers 12 193

Length of follow-up 20 months 25 months

Sample size 4146 10,003

Primary endpoint Certainty of diagnosis of angina due to coronary 
heart disease

Death, nonfatal MI, hospitalization for unstable angina, major procedural 
complications (anaphylaxis, stroke, major bleeding, and renal failure)

Follow-up National Health Record systems Mail and telephone

CCTA, Coronary computed tomographic angiography; MI, myocardial infarction.
Modified from Fordyce CB, Newby DE, Douglas PS. Diagnostic strategies for the evaluation of chest pain: clinical implications from SCOT-HEART and PROMISE. J Am Coll 
Cardiol. 2016;67(7):843–852.
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Patients with stable chest pain and suspected coronary artery disease (CAD)

SCOT-HEART trial
(Scottish COmputed Tomography of the HEART)

PROMISE trial
(PROspective Multicenter Imaging Study for Evaluation of chest pain)

Diagnostic tool: Diagnostic tool:

Results:

Conclusions: Conclusions:

Results: Results: Results:

Usual care
(electrocardiography
[ECG] stress testing)

Low risk
of clinical events

ECG stress testing plus CCTA in series is a reasonable strategy Clinicians should consider both testing strategies concurrently

Low risk
of clinical events

Low risk
of clinical events

Excellent
outcomes for patients

Excellent
outcomes for patients

Low risk
of clinical events

Increased certainty
of CAD diagnosis

Usual care
plus coronary computed

tomographic angiography
(CCTA)

Vs. Vs.

Functional
stress testing (exercise

treadmill, nuclear stress, or
stress echocardiography)

CCTA

Diagnostic tool: Diagnostic tool:

FIG. 15.2 Comparison of diagnostic tools, main results, and conclusions from the SCOT-HEART and PROMISE trials. (Modified with permission from Fordyce CB, 
Newby DE, Douglas PS. Diagnostic strategies for the evaluation of chest pain: clinical implications from SCOT-HEART and PROMISE. J Am Coll Cardiol. 2016:843–852.)
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FIG. 15.3 PROMISE trial composite primary endpoint. The graph shows the unadjusted Kaplan–Meier estimates of the primary composite endpoint (death from any 
cause, nonfatal myocardial infarction, hospitalization for unstable angina, or major procedural complication). The adjusted hazard ratio for a computed tomographic angiogra-
phy (CTA) strategy, as compared with a usual-care strategy of functional testing, was 1.04 (95% CI, 0.83–1.29), with adjustment for age, sex, risk equivalent of coronary artery 
disease (history of diabetes, peripheral arterial disease, or cerebrovascular disease), and the prespecification of the intended functional test if the patient were to be randomly 
assigned to the functional-testing group. The inset shows the same data on an enlarged y axis. (Reproduced with permission from Douglas PS, Hoffmann U, Patel MR, et al. 
Outcomes of anatomical versus functional testing for coronary artery disease. N Engl J Med. 2015;372:1291–1300.)
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corroborate several reports showing that the results of up to 
90% of noninvasive tests performed in patients with stable 
chest pain of suspected ischemic etiology are normal or 
signify nonobstructive CAD disease and that many of these 
patients will not experience an untoward clinical event.17–20 
However, only an anatomic approach can identify nonob-
structive disease, which is associated with event rates similar 
to obstructive single-vessel disease.84 Both trials demonstrate 
that both anatomic and functional strategies resulted in few 
safety endpoints related to testing in either arm or down-
stream events such as cardiac catheterization, and relatively 
low levels of radiation exposure. However, despite this high 
degree of safety, testing should be judiciously performed, 

given recent calls for reducing inappropriate cardiac testing 
to prevent unnecessary risk to patients.2,38,56

PROMISE and SCOT-HEART also demonstrate that stress 
testing will continue to play an important and highly appro-
priate front-line role in our assessment of stable, sympto-
matic patients for risk stratification and diagnosis. However, 
it should be acknowledged that despite widespread adapta-
tion into practice, stress testing had not previously under-
gone the same rigorous assessment for determining the 
impact of a diagnostic test on downstream clinical endpoints 
that both stress testing and CCTA have now undergone with 
these two trials. For PROMISE, there was a head-to-head com-
parison of stress versus anatomic testing in which CCTA did 
not improve outcomes compared to functional testing. Both 
strategies resulted in acceptable if not excellent outcomes 
for patients. For SCOT-HEART, stress testing and CCTA were 
performed sequentially and were therefore integrated as 
part of a care pathway. Some have since advocated routinely 
using exercise stress testing and CCTA in a serial manner to 
evaluate patients with stable chest pain.85 This trial’s findings 
suggest that stress testing alone will provide a somewhat dif-
ferent diagnostic formulation than using both tests. Overall, 
event rates were low and, while not directly addressed by 
either trial, the incremental benefit of performing any testing 
in the lowest risk patients may reasonably be questioned. 
For example, if CCTA is used indiscriminately, SCOT-HEART 
would suggest that approximately 100 CCTAs would need to 
be performed to prevent one MI.

Finally, the totality of the evidence generated from 
PROMISE and SCOT-HEART demonstrates that CCTA is a 
reasonable first-choice alternative in the routine assess-
ment of patients with stable chest pain. When stress imaging 
and CCTA are compared head-to-head, the PROMISE trial 
demonstrated similar clinical outcomes compared to usual 
care but better selection of patients for invasive coronary 
angiography. Compared to standard of care, SCOT-HEART 
demonstrated that using exercise ECG and CCTA in series 
clarified the diagnosis of angina due to coronary heart dis-
ease and altered patient management (selection of invasive 
coronary angiography and preventative therapies). Both 
trials demonstrated that CCTA can be performed safely at 
acceptable or low radiation doses (see later). Although 
not statistically significant, trends for reductions in clini-
cal events may be plausibly related to changes in medical 
and revascularization therapies, although further analysis is 
required. It should also be remembered that, for the patient, 
discontinuation of unnecessary investigations and treat-
ments is greatly valued even if there is limited impact on 
clinical outcomes.

IMPORTANT DOWNSTREAM SEQUELAE OF 
NONINVASIVE TESTING

Radiation
As a result of increases in procedure volumes, total magni-
tude of radiation dose received by some patients as a con-
sequence of cardiac testing, and the association of radiation 
exposure with malignancy, radiation is a topic of immense 
interest.11,86 Differences in radiation exposure between 
imaging modalities (Table 15.8) may be an important 
secondary consideration when deciding upon test selec-
tion.87 Notably, radiation doses for CCTA continue to be 
reduced, particularly with newer technologies, including a 
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FIG. 15.4 SCOT-HEART trial long-term clinical outcomes. Kaplan–Meier curves 
for coronary heart disease (CHD) death and myocardial infarction (MI) (A), CHD death, 
MI, and stroke (B), and coronary revascularization (C) in patients assigned to coronary 
computed tomographic angiography (blue) and standard care (red). CCTA, Coronary 
computed tomographic angiography. (Modified with permission from Newby D, Wil-
liams M, Hunter A, et al. CT coronary angiography in patients with suspected angina 
due to coronary heart disease (SCOT-HEART): an open-label, parallel-group, multicen-
tre trial. Lancet. 2015;385:2383–2391.)
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320–Detector Row CT scanner enabling submillisievert radi-
ation exposures,88 as well as the implementation of novel 
software algorithms such as iterative reconstruction.89 In a 
setting of chest pain in the emergency department, the use 
of CCTA did not increase radiation exposure and was found 
to provide superior efficiency to “rule out” acute coronary 
syndromes while providing excellent event-free survival, 
compared to usual care.77–79 Mean cumulative radiation 
exposure in the PROMISE trial, amongst those patients ran-
domized in an intended nuclear test strata, was lower in 
the CCTA group compared to that in the functional testing 
group (12.0 vs. 14.1 mSv).9 This included all downstream 
radiation within 90 days, including that associated with car-
diac catheterization, and is particularly intriguing given that 
a greater proportion of CCTA patients received cardiac cath-
eterization. Radiation doses were even lower in the CCTA 
arms of SCOT-HEART (4.1 mSv, using mainly 320 Detector 
Row CT scanners), as well as in the recent PLATFORM trial 
(5.2 mSv, using ≥ 64 Detector Row CT scanners). Similarly, 
newer nuclear scanner technology, image-reconstruction 
software, and strategies employing low-dose and ultra-low-
dose radiotracers are also expected to yield lower radiation 
doses in the future,90 including targeting doses of 9 mSv or 
less in 50% of patients referred for SPECT or PET MPI stud-
ies.91 The comparative effectiveness of newer scanners and 
scan protocols on reducing both CCTA and nuclear radia-
tion exposure is unknown at this time. Importantly, both the 
Society of Computer Cardiovascular Tomography and the 
ASNC are undertaking national quality control initiatives to 

routinely minimize exposure while preserving diagnostic 
image quality.91,92

A Growing Awareness of the Importance of 
Nonobstructive CAD
The potential benefit of modifying medical therapy and life-
style to reduce clinical events among patients with recently 
diagnosed nonobstructive CAD on imaging is a compelling 
concept, but is as yet unproven by prospective intervention 
trials. As discussed previously, only an anatomic approach 
can identify nonobstructive CAD.84 An analysis from the 
CONFIRM registry found that baseline statin use was associ-
ated with reduced mortality, but only among patients with 
CCTA-identified nonobstructive CAD and not those with 
normal coronary arteries.93 Recent studies have found 
increased rates of medical therapy intensification once 
CCTA results showed nonobstructive CAD,12–14 but not con-
sistently for functional testing.94,95 In the SCOT-HEART trial, 
27% of participants randomized to CCTA had a change in 
pharmacologic therapy, including the implementation of 
therapies associated with improved outcomes, as compared 
with 5% in the usual care arm.8,85 Similarly, in the PROMISE 
trial, a CCTA strategy was associated with a higher propor-
tion of patients initiating therapies following testing com-
pared to a functional strategy, including aspirin (11.6% vs. 
7.6%), statin (12.7% vs. 6.2%), and β-blockers (8.2% vs. 5.4%) 
(p < 0.0001 for each).96 Taken together, mounting evidence 
suggests that the identification of nonobstructive CAD on 

TABLE 15.8 Representative Values and Ranges of Effective Dose Estimates Reported for Selected Cardiac 
Imaging Studies

EXAMINATION
REPRESENTATIVE EFFECTIVE 
DOSE VALUE (mSv)

RANGE OF REPORTED 
DOSE VALUES (mSv)

ADMINISTERED 
ACTIVITY (MBq)

Chest x-ray PA and lateral 0.1 0.05–0.24 NA

CT chest 7 4–18 NA

CT abdominal 8 4–25 NA

CT pelvis 6 3–10 NA

Coronary calcium CT* 3 1–12 NA

Coronary CT angiogram 16 5–32 NA

64-Slice CCTA‡

Without tube current modulation 15 12–18 NA

With tube current modulation21 9 8–18 NA

Dual-source CCTA‡

With tube current modulation 13 6–17 NA

Prospectively triggered CCTA‡ 22 3 2–4 NA

Diagnostic invasive coronary angiogram 7 2–16 NA

Percutaneous coronary intervention or radiofrequency ablation 15 7–57 NA

Myocardial perfusion study

Sestamibi (1-day) stress/rest 9 — 1100

Thallium stress/rest 41 — 185

F-18 FDG 14 — 740

Rubidium-82 5 — 1480

CT, Computed tomography; CCTA, coronary computed tomographic angiography; FDG, fluorodeoxyglucose; mSv, millisieverts; MBq, megabecquerels; NA, not applicable; PA, 
posteroanterior.
*Data combine prospectively triggered and retrospectively gated protocols. The Writing Group estimates the representative effective dose estimate to be approximately 1 mSv 
for prospectively triggered coronary calcium CT scans and 3 mSv for retrospectively gated scans.
‡64-Slice multidetector-row CT and dual-source CT studies published since 2005 only; data include a survey of the literature by the Writing Group.
Modified from Gerber TC, Carr JJ, Arai AE, et al. Ionizing radiation in cardiac imaging: a science advisory from the American Heart Association Committee on Cardiac Imaging 
of the Council on Clinical Cardiology and Committee on Cardiovascular Imaging and Intervention of the Council on Cardiovascular Radiology and Intervention. Circulation. 
2009;119:1056–1065.
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CCTA leads to greater intensification of therapy, with the 
potential to improve outcomes. However, future analyses are 
required to determine whether this hypothesis holds true.

Appropriate Use and Cost-Effectiveness of 
the Various Imaging Modalities
Concerns regarding overuse of both noninvasive and inva-
sive diagnostic testing are long-standing, based on growth in 
use. In addition, the vast majority of noninvasive stress tests 
on outpatients with a clinical syndrome of possible ischemia 
show that, increasingly, the results of up to 90% of such tests 
are normal, and approximately 99% of those patients will not 
experience an untoward clinical event.17–20 Furthermore, 
typically half of the patients referred for coronary angiog-
raphy are found not to have obstructive CAD.15,30,97-99 The 
overuse of cardiac testing has significant healthcare system 
and cost implications.

In order to provide guidance for cardiac testing and pro-
cedures, and reduce both over- and under-use testing, the 
Appropriate Use Criteria Task Force was developed for both 
multimodality imaging38 and coronary angiography.56 The 
AUC stipulate that clinical benefits should always be consid-
ered first, and costs should be considered relative to these 
benefits in order to better convey net value. Because event 
and complication rates are so low, cost-effectiveness of the 
various imaging modalities become a more relevant con-
cern. However, this varies according to payer and site of ser-
vice, making true estimates challenging.38 This is especially 
true as healthcare reimbursement in the United States tran-
sitions to shared risk and quality-based models. Quality of 
care and access should also be paramount when consider-
ing appropriate use of the various imaging modalities.100 A 
recent finding that rates of appropriate test ordering varied 
between provider types (cardiologists vs. primary care phy-
sicians) speaks not only to the complexity of the issue, but 
suggests that provider-specific interventions may be help-
ful in mitigating unnecessary testing in the future.101 The 
AUC for the various testing modalities for specific patient 
populations was discussed previously (see “Guideline 
Recommendations for Choosing a Functional / Anatomic 
Test with CCTA”).

The AUC appear to have had a modest impact on at 
least some practice patterns. A recent systematic review 
involving 103,567 tests from 2000 to 2012 found that rates 
of reported appropriate use in imaging show improvements 
for transthoracic echocardiography and computed tomo-
graphic angiography but not for stress MPO or either stress 
or transesophageal echocardiography.102 Similarly, despite 
the fact that inappropriate MPI studies were less likely to 
yield abnormal results or demonstrate myocardial ischemia, 
a second systematic review with over 23,443 patients found 
that rates of inappropriate MPI have not decreased over 
time.103 Finally, a systematic review of studies evaluating 
quality improvement initiatives aimed at reducing inappro-
priate cardiac imaging found that interventions using physi-
cian audit and feedback are associated with lower rates of 
inappropriate cardiac testing.104

As the gaps between the costs of various modalities 
have narrowed, most contemporary analyses have sug-
gested that CCTA is comparable to functional testing from a 
cost-effectiveness standpoint. A recent study using both US 
and European data found CCTA to be as cost-effective as 
MPI and CMR.105 The final PROMISE cost analyses showed 

similar true costs (vs. reimbursement) in the anatomic and 
functional arms.106 Furthermore, when compared to func-
tional testing alone, a decision analysis found that a two-step 
diagnostic strategy of CCTA followed by SPECT for interme-
diate lesions is likely to be less costly and more effective 
than functional testing alone for the diagnosis of sympto-
matic patients at low risk of an acute coronary syndrome.107 
In contrast, Medicare beneficiaries who underwent CCTA in 
a nonacute setting were more likely to undergo subsequent 
invasive cardiac procedures and have higher CAD-related 
spending than patients who underwent stress testing.108 
However, the generalizability of this study may be limited, 
since it was based on administrative data, included only tra-
ditional fee-for-service Medicare beneficiaries, and had no 
information on the diagnostic performance of the various 
noninvasive tests or the appropriateness of the invasive car-
diac procedures performed. A possible role for use of newer 
genomic approaches such as the Corus CAD gene expres-
sion score in selecting patients for testing is as yet unknown; 
such a strategy may be more cost-efficient as well as effec-
tive.109,110 Taken together, the evidence to date suggests that 
cost-effectiveness alone does not favor any imaging test over 
another for routine practice.

NONINVASIVE DIAGNOSTIC TESTING 
CONSIDERATIONS FOR SPECIAL 
POPULATIONS

Sex
Until recently, there has been a dearth of evidence sup-
porting specific noninvasive diagnostic testing strategies 
in important subgroups such as those categorized by sex, 
race, and age. It is clear that prevalence of coronary disease 
is a function of sex, as is prevalence of angina.111 Experts 
have long advocated that diagnostic imaging tests are 
generally not optimized for—and hence are less accurate 
for—females.68–70 The reasons for this are multifactorial, but 
females are thought to present with more atypical symptoms 
and at an older age.112 Moreover, the diagnostic accuracy of 
exercise treadmill testing is lower in women, with pooled 
sensitivities and specificities of 61% and 70%, respectively, 
compared with corresponding values of 68% and 77% in 
men.113 The decreased specificity of ST-segment depression 
in women is thought to be partially due to poorer exercise 
capacity, a digoxin-like estrogen effect, lower ECG voltage, 
and an increased prevalence of baseline ST-T changes.113 
Differences in diagnostic accuracy using various imaging 
modalities have also been observed between males and 
females, but these have been based on relatively small and 
underpowered studies, none of which studied CCTA.114–116 
Fortunately, over 50% of patients enrolled in the PROMISE 
trial were female,9 while 44% of patients in the SCOT-HEART 
trial were female,8 so the contemporary clinical trial data 
very much apply to both sexes, and we can anticipate sev-
eral important secondary analyses to help refine the opti-
mal testing strategy for each sex.

Race
The relative performances of diagnostic testing in racial 
minorities are not well understood, but disparities in care 
delivery likely exist. A study of Medicare beneficiaries found 
that, compared to patients who did not receive testing, 



218

III

C
li

n
iC

a
l 

Ev
a

lu
a

ti
o

n

patients receiving noninvasive testing were younger, less 
likely to be female or black, but more likely to live in high-
income, highly educated, and urban areas.117 A recent analy-
sis found no evidence of a lower likelihood of black patients 
receiving a cardiac stress test, but there was some evidence 
of disparity between Hispanic patients and other groups.2

Age
Advancing age and associated comorbidities have the poten-
tial to impact both functional and anatomic test performance 
characteristics. Older patients may experience several chal-
lenges with exercise treadmill testing, including decreased 
exercise tolerance, higher incidence of comorbidities, and 
mobility issues. A recent meta-analysis of 17 studies in 13,304 
patients aged 65 years or older undergoing either MPI, stress 
echocardiography, or exercise treadmill testing found effec-
tive risk stratification by the two imaging techniques but not 
by exercise treadmill testing alone.118 A separate study found 
that dobutamine stress echocardiography was predictive of 
cardiac events among all age groups and of death in patients 
60 years of age or above.119 However, among patients below 
60 years of age, stress-induced echocardiographic abnor-
malities were not independently associated with mortality. 
Furthermore, while increasing age is also associated with 
a higher burden of coronary artery calcium (CAC),66 com-
pared to younger patients, the ability of CAC to provide long-
term risk stratification may be lower, due principally to an 
increased all-cause mortality rate in patients with lower CAC 
scores in the older age group.97 However, a CAC score of 0 
confers a 15-year warranty period against mortality in indi-
viduals at low to intermediate risk that is unaffected by age.120 
Additionally, age may impact the presentation of potential 
ischemic symptoms with various comorbidities including 
congestive heart failure, contributing to symptoms.

EMERGING CONCEPTS: BEYOND THE SILOED 
CHOICE OF A FUNCTIONAL OR ANATOMIC 
STRATEGY

Presence of Ischemia with no Significant 
Stenosis and No Ischemia in the Presence of 
Significant Stenosis
Mounting evidence demonstrates that the association 
between coronary stenosis and ischemia is variable, as 
patients can have no ischemia in the presence of significant 
stenosis (NIPSS) and presence of ischemia with no severe 
stenosis (PINNS).21 The nuclear substudy of the COURAGE 
trial found that 40% of patients who had stenotic lesions 
with over 70% stenosis had either no myocardial ischemia or 
only a mild degree of myocardial ischemia.121 Even among 
severe lesions with 71% to 90% stenosis by visual assessment 
in the FAME (Fractional Flow Reserve Versus Angiography 
in Multivessel Evaluation) trial, 20% were found not to be 
functionally significant, with a fractional flow reserve (FFR) 
greater than 0.8.98 In contrast, 35% of lesions with 50% to 
70% stenosis in the FAME trial demonstrated an FFR of less 
than 0.8.98 Other studies have found that plaque features 
found on CCTA (i.e., positive remodeling or low attenuation 
plaque) better predicted ischemia compared to severity of 
stenosis by visual assessment alone.99,122,123 This has led 
to the addition of the concepts of NIPSS and PINSS, which 
extends from the conventional formulations of significant 

stenosis plus ischemia and no stenosis without ischemia. In 
part, these seeming incongruities may be explained by non-
obstructive atherosclerosis leading to endothelial dysfunc-
tion through local inflammation and oxidative stress, resulting 
in a decrease in bioavailability of nitric oxide and inhibition 
of vasodilatation.21 Regardless of mechanism, the recognition 
of a not-infrequent disconnect between anatomic and func-
tional significance is an important consideration in test selec-
tion and interpretation of noninvasive imaging data.

Noninvasive Imaging Integrating Functional 
and Anatomic Strategies
As a result of these merging concepts, imaging modalities 
that combine both anatomic and functional strategies are 
highly appealing. Fractional flow reserve computed tomog-
raphy (FFR CT) is a noninvasive means of estimating coro-
nary ischemia using principles of fluid dynamics to create 
three-dimensional mathematic modeling of coronary flow, 
pressure, and resistance under varying hemodynamic con-
ditions. It is intended to provide similar information to inva-
sive FFR performed via traditional coronary angiography, 
which is considered the gold standard to measure sever-
ity of ischemia. Analysis is performed centrally following 
secure data upload from the site to HeartFlow as previously 
described.124–126 Briefly, simulation of three-dimensional 
coronary blood flow (under conditions modeling intrave-
nous adenosine) is performed using proprietary software, 
with quantitative image quality analysis, image segmenta-
tion, and physiologic modeling using computational fluid 
dynamics. Data are then provided to the clinical site con-
sisting of the lowest FFR CT numeric value in each coro-
nary distribution, and color-scale representations of the 
coronary tree showing FFR CT values in all vessels greater 
than 1.8 mm in diameter. A concise review by Min et al. 
includes a detailed description of the applied computa-
tional fluid dynamics used to calculate “three-vessel” FFR 
from conventionally acquired coronary CCTA images with 
no need for additional imaging or vasodilators (Fig. 15.5).127 
Use of FFR to guide revascularization in randomized trials 
(vs. anatomic-guided revascularization only) has resulted 
in improved event-free survival128,129 and reduced costs.130 
Diagnostic performance of the addition of FFR CT to ana-
tomic CCTA has been validated in three prospective mul-
ticenter studies assessing FFR CT performance against the 
reference standard of invasive FFR for the identification of 
lesion-specific ischemia.122,124,131

To determine the “real world” impact of integrating FFR 
CT into practice, the Prospective Longitudinal Trial of FFR CT: 
Outcome and Resource Impacts (PLATFORM) trial was per-
formed. In this study of 584 patients, the rate of coronary angi-
ography showing no stenosis greater than or equal to 50% in 
a vessel larger than 2 mm by quantitative coronary angiog-
raphy at 90 days was 12% in the FFR CT guided arm, versus 
73% with usual care (p < 0.0001), among those patients who 
had this test performed before a planned invasive catheter-
ization.132 Indeed, 61% of patients had their scheduled inva-
sive coronary angiography canceled as a result in the FFR CT 
guided arm. Secondary endpoints of major adverse cardiac 
events occurred in only two patients, and mean cumulative 
radiation exposure was similar in the FFR CT guided planned 
invasive arm (9.9 + 8.7 mSv) versus usual care arm (9.4 + 4.9 
mSv; p = 0.20). In a prespecified substudy, FFR CT was associ-
ated with less resource use and lower costs within 90 days 
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Right coronary
MBF 37.7%

Left coronary
MBF 62.3%

FFRCT = 0.79

FFRCT = 0.56

FFRCT = 0.7

Left marginal artery
MBF 64%

Diagonal artery
MBF 8%

Ant. descending
MBF 28%

Location-specific fractional flow reserve
Calculated at every point
of the coronary arteries

Calculation of left ventricular mass
Enables determination of total

myocardial blood flow

Coronary segmentation and generation
of tetrahedral mesh elements

Allows for computational fluid dynamics
Calculation of blood pressure

and flow from CT scans

Coronary form-function laws
Enables determination of relative

myocardial blood flow (MBF) in each artery

FIG. 15.5 Important components for calculation of fractional flow reserve from fractional flow reserve computed tomography (FFR CT). This figure demonstrates 
several of the important components of FFR CT. Patient-specific geometry from computed tomography allows for accurate segmentation of coronary artery geometry. Each of 
these coronary artery segments undergoes mesh segmentation, and the governing equations of fluid dynamics are solved for each of these meshes to calculate FFR CT within the 
entire vascular bed. Coupling arterial form with myocardial mass enables calculation of relative myocardial blood flow. MBF, Myocardial blood flow. (Reproduced with permission 
from Min JK, Taylor CA, Achenbach S, et al. Noninvasive fractional flow reserve derived from coronary CT angiography: clinical data and scientific principles. JACC Cardiovasc 
Imaging. 2015;8:1209–1222.)

than evaluation with invasive coronary angiography, as well as 
being associated with greater improvement in quality of life 
than evaluation with usual noninvasive testing.133

Imaging Strategies to Improve the Yield of 
Obstructive CAD on Subsequent Coronary 
Angiography
Importantly, PLATFORM builds on SCOT-HEART’s finding 
of increased diagnostic certainty with CCTA by finding that 
FFR CT resulted in the cancelation of planned invasive coro-
nary angiography in 61% of patients, without adverse conse-
quences, and resulted in a dramatically higher rate of finding 
obstructive CAD on coronary angiography. To put this in per-
spective, the yield of obstructive CAD (≥50% stenosis) at elec-
tive cardiac catheterization was higher in the FFR CT arm of 
PLATFORM (76%), compared to the CCTA arm in PROMISE 
(72%) or the usual care arms in PLATFORM (43%) or PROMISE 
(48%), as well as prior large observational analyses from US 
registries (38–52%) (Fig. 15.6).9,15,32,132,134 This suggests that 
FFR CT may be a meaningful diagnostic strategy to guide care, 
improve efficiency, and reduce costs in those with planned 
invasive catheterization, with substantial practical and clinical 
implications. Ongoing trials comparing the diagnostic perfor-
mance of FFR CT versus stress imaging methods will further 
inform its most appropriate use in clinical practice.127

While FFR CT appears to be the most promising modal-
ity combining functional and anatomic imaging, other 

strategies are being developed. Other modifications of CT 
technology including CT perfusion are of particular interest. 
Although prospective evidence supporting this modality is 
limited to date, it may also be a promising future strategy 
to combine anatomic and functional imaging in patients 
with stable chest pain.135 Hybrid SPECT/CCTA imaging 
results in improved specificity and positive predictive value 
to detect hemodynamically significant coronary lesions in 
patients with chest pain.136 However, there is some concern 
that radiation doses may be prohibitive. Other hybrid imag-
ing modalities remain an area of increasing interest and 
research.137 Finally, while data for CMR perfusion detection 
of ischemia are excellent (see earlier), data are not sufficient 
to support clinical CMR for the routine anatomic identifica-
tion of CAD.138 However, there may be a role for CMR in the 
assessment of congenital coronary anomalies and coronary 
artery aneurysms.

FUTURE HORIZONS FOR NONINVASIVE 
IMAGING AND CAD

Plaque Morphology and Burden
As discussed in the previous section, an emerging concept 
is the notion that the relationship between stenosis and isc-
hemia, and potentially that of symptom burden, is variable 
(PINNS and NIPPS).21 In a recent secondary analysis from 
the Determination of Fractional Flow Reserve by Anatomic 
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Computed Tomographic Angiography (DEFACTO) study, both 
plaque volume and plaque characteristics (positive remod-
eling, low attenuation plaque, and spotty calcification) by 
CCTA improved identification of coronary lesions that cause 
isc hemia.99 Positive remodeling was associated with all  
ischemia-causing lesions regardless of degree of stenosis, 
whereas plaque volume and low attenuation plaque were 
only associated with ischemia-causing lesions with narrow-
ing of greater than or equal to 50%. This follows other studies 
that found that plaque characteristics better predicted isch-
emia compared to severity of stenosis by visual assessment 
alone.122,123 Although untested, these lesion-specific features 
could putatively help to guide therapy. Such recent studies are 
additive to our understanding of the prognostic value of both 
the distribution and degree of plaque as assessed via CCTA 
(i.e., number of diseased vessels, including whether obstruc-
tive or nonobstructive), which is now well established.139–141 
Quantitative analysis of plaque burden predicts future events 
among patients with stable CAD and may improve risk 
stratification in patients undergoing CCTA.142 Other novel 
approaches gain incremental prognostic information through 
the combined use of plaque burden and biomarkers.143

Blood-Based Biomarkers and Gene Scores
Only a few biomarkers drawn from peripheral blood have 
been validated for diagnosing obstructive CAD in the non-
acute setting in patients without known CAD. Some biomark-
ers, such as high sensitivity C-reactive protein, have been 
associated with risk for future cardiovascular events.144,145 
Similarly, troponin T and I levels carry incremental prognos-
tic value in both patients with stable CAD and apparently 
healthy subjects in the general population.146–148 While bio-
markers currently have no established role in the assessment 
of symptoms that suggest CAD in stable patients, several 
potential strategies are in development and could aid clini-
cians with test selection, e.g., high-sensitivity troponin (hs-
troponin). A Rule Out Myocardial Infarction/Ischemia using 

Computer Assisted Tomography II (ROMICAT II) trial sub-
analysis found that hs-troponin I at the time of emergency 
department presentation, followed by early advanced CCTA, 
improved risk stratification and diagnostic accuracy for 
acute coronary syndromes compared to conventional tropo-
nin and traditional CCTA assessment. In contrast, the Better 
Evaluation of Acute Chest Pain with Computed Tomography 
Angiography (BEACON) trial assessed whether a diagnos-
tic strategy supplemented by early CCTA improved clinical 
effectiveness compared with contemporary standard of care 
that included high-sensitivity troponin in patients present-
ing to the emergency department with chest pain.149 CCTA 
did not identify more patients with significant CAD requir-
ing coronary revascularization, shorten hospital stay, or allow 
for more direct discharge from the emergency department. 
Furthermore, in a more stable population of CAD, an analysis 
from the Bypass Angioplasty Revascularization Investigation 
in Type 2 Diabetes (BARI 2D) trial, hs-troponin T predicted 
adverse cardiovascular events, but did not seem to identify 
a subgroup of patients who benefited from random assign-
ment to prompt coronary revascularization.150 Although not 
specifically evaluated, this suggests that this biomarker would 
not be additive to information found in noninvasive testing.

While a number of genetic, genomic, and metabolic mark-
ers have been associated with the presence of CAD and/or 
future events, few have been developed to be used as a diag-
nostic test in symptomatic patients.151 However, the CardioDx 
gene expression score modestly improved the prediction 
of obstructive CAD using a sex- and age-specific algorithm 
derived from 23 gene transcripts as compared with the tradi-
tional Diamond and Forrester method among patients receiv-
ing coronary angiography,152 and was subsequently found 
to outperform clinical factors and nuclear stress imaging in 
symptomatic patients referred for noninvasive imaging.110 
It is also associated with plaque burden and stenosis by 
CCTA.153 Future outcomes studies will be required to deter-
mine if this score incremental predicts adverse outcomes as 
well as obstructive CAD in a symptomatic population.

 NCDR NCDR US VA PROMISE PLATFORM PROMISE  PLATFORM
 2004–8 2009–11 2007–10 usual usual CCTA FFRCT
    2010–13 2013–14

100

80

60

40

20
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42 43

52

72
76

FIG. 15.6 Proportion of patients with obstructive coronary artery disease found on elective cardiac catheterization following noninvasive testing for suspected 
cardiac chest pain across multiple studies.15,32,132,134,157 Obstructive coronary disease was defined as having at least one stenosis of greater than 50% of an epicardial coro-
nary artery measuring at least 2 mm in diameter. Dates represent the timeframe during which patient data were accrued. CCTA, Coronary computed tomographic angiography; 
FFRCT, fractional flow reserve computed tomography; NCDR, National Cardiovascular Data Registry; PLATFORM, Prospective Longitudinal Trial of FFR CT: Outcome and Resource 
Impacts; PROMISE, Prospective Multicenter Imaging Study for Evaluation of Chest Pain trial; US VA, United States Veterans Affairs. (Modified with permission from Fordyce CB, 
Newby DE, Douglas PS. Diagnostic strategies for the evaluation of chest pain: clinical implications from SCOT-HEART and PROMISE. J Am Coll Cardiol. 2016;67(7):843–852.)
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Future Trials Involving Noninvasive Imaging 
and Clinical Outcomes as Endpoints
The International Study of Comparative Health Effectiveness 
with Medical and Invasive Approaches (ISCHEMIA) trial 
(NCT01471522) will determine whether an initial invasive 

strategy of cardiac catheterization and revascularization 
(with PCI or CABG) plus optimal medical therapy (OMT) 
will reduce the primary composite endpoint of cardiovas-
cular death or nonfatal MI in stable ischemic heart disease 
(SIHD) patients with moderate or severe ischemia com-
pared with an initial conservative strategy of OMT alone, 
and cardiac catheterization if OMT fails. The trial design is 
shown in Fig. 15.7. The trial involves over 30 countries and 
300 sites, with an expected enrollment of 8000 patients and 
a 3-year follow-up. Patients will have either absent or medi-
cally controlled symptoms. Blinded CCTA will be performed 
before randomization in participants with normal renal 
function to exclude those with significant left main disease 
or no obstructive CAD. With enrollment expected to finish in 
2017, ISCHEMIA is expected to address the following limita-
tions of prior studies:22

 •  enrolling patients before catheterization, so that anatomi-
cally high-risk patients are not excluded

 •  enrolling a higher-risk group with at least moderate 
ischemia

 •  minimizing crossovers
 •  using contemporary drug eluting stents and physiologi-

cally guided decision-making (FFR) to achieve complete 
ischemic (rather than anatomic) revascularization

 •  being adequately powered to demonstrate whether rou-
tine revascularization reduces cardiovascular death or 
nonfatal MI in patients with SIHD and at least moderate 
ischemia
While ISCHEMIA uses noninvasive test information to 

select a population of patients with high-risk functional 
imaging features but whose symptoms are otherwise well 
controlled (or asymptomatic), other smaller trials enroll-
ing patients with stable chest pain are currently underway. 
They mainly compare the effectiveness of various imaging 
strategies, but with the key common goal (like PROMISE and 
SCOT-HEART) of evaluating clinical outcomes and not only 
test performance (Table 15.9).

Patients with stable ischemic heart disease (SIHD) and moderate or severe ischemia

Refer patients with eGFR <30 or on dialysis to ISCHEMIA-CKD trial

Randomize patients into ISCHEMIA trial approaches

Optimal medical therapy (OMT)
with cardiac catheterization (Cath)

reserved for failure of OMT

After average 3-year follow-up, compare rates of cardiovascular death
and myocardial infarction. Also compare quality of life (secondary endpoint)

(Based on the present level of evidence, a justifiable case
can be made for either initial approach)

OMT
+

Cath
+

Optimal revascularization

CONSERVATIVE INVASIVE

+

Blinded coronary CT angiogram* to exclude patients
with significant left main disease and no obstructive coronary artery disease

*in patients with estimated glomerular filtration rate ≥60 mL/min

FIG. 15.7 ISCHEMIA trial design. Patients are excluded with an estimated glo-
merular filtration rate less than 60 mL/min or if the coronary computer tomographic 
angiography shows significant left main disease (≥ 50% stenosis) or no obstructive 
disease. Cath, Catheterization; CCTA, coronary computed tomographic angiography; 
CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; OMT, opti-
mal medical therapy; SIHD, stable ischemic heart disease. (Modified with permission 
from Stone GW, Hochman JS, Williams DO, et al. Medical therapy with versus with-
out revascularization in stable patients with moderate and severe ischemia: the case 
for community equipoise. J Am Coll Cardiol. 2016;67:81–99.)

TABLE 15.9 Ongoing Selected Prospective Noninvasive Imaging Outcomes Studies for the Evaluation of Stable 
Chest Pain Patients

TRIAL N COUNTRY STUDY POPULATION
RANDOMIZATION  
ARMS

PRIMARY 
OUTCOME 
ENDPOINT(S)

STUDY 
COMPLETION*

Gurunathan et al.
(NCT02346565)

450 United Kingdom Female; ≥ 30 years; no 
known CAD

Exercise stress testing vs.  
stress echo

CV death or nonfatal 
MI (at 2 years)

June 2018

CRESCENT2
(NCT02291484)

250 Netherlands ≥18 years; >10% pretest 
probability of CAD

Comprehensive cardiac CT 
(CAC, CCTA, CT perfusion) 
vs. standard care

Rate of negative 
invasive 
angiograms (at 6 
months)

December 2015

DISCHARGE
(NCT02400229)

3546 Europe ≥30 years; 10–60% pretest 
probability of CAD referred 
for angiography

CCTA vs. coronary 
angiography

CV death, nonfatal 
MI, and nonfatal 
stroke (at 1 year)

September 2019

MR-INFORM159

(NCT01236807)
918 United Kingdom ≥18 years; ≥ two cardiac risk 

factors or positive exercise 
treadmill test

MR perfusion vs. coronary 
angiography with FFR

All-cause death, 
MI and repeat 
revascularization 
(at 1 year)

June 2016

CAC, Coronary artery calcium; CAD, coronary artery disease; CCTA, coronary computed tomographic angiography; CT, computed tomography; CV, cardiovascular; FFR, 
fractional flow reserve; MI, myocardial infraction; MR, magnetic resonance.
*http://ClinicalTrials.gov. Included only open trials evaluating patients with stable chest pain with a clinical outcome as the primary endpoint. Excluded trials with unknown 
status or ACS, including those studies requiring a positive cardiac biomarker for study inclusion, and those including admitted patients or those in the emergency department. 
Search terms were chest pain AND stress test, imaging, CT, nuclear, echo, or cardiac magnetic resonance imaging. CRESCENT2, Comprehensive Cardiac CT Versus Exercise 
Testing in Suspected Coronary Artery Disease (2); DISCHARGE, Diagnostic Imaging Strategies for Patients with Stable Chest Pain and Intermediate Risk of Coronary Artery 
Disease; MR-INFORM, MR Perfusion Imaging to Guide Management of Patients with Stable Coronary Artery Disease

http://ClinicalTrials.gov
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A PROPOSED APPROACH FOR SELECTING 
THE OPTIMAL NONINVASIVE TEST FOR CAD 
DIAGNOSIS

The approach to selection of noninvasive testing for the diag-
nosis of suspected CAD in patients with stable chest pain 
must take into account the goals of testing in tandem with 
patient and test characteristics, cost, as well as local avail-
ability, and expertise. For example, access to CMR is greater 
in some parts of Europe154 compared to the rest the world, 
including the United States. However, as data from pragmatic 
clinical trials emerge, other salient features should also be 
considered. These include imaging of other possible abnor-
malities or causes for chest pain that could be captured with 
a given imaging modality, as well as radiation exposure. The 

PROMISE and SCOT-HEART trials demonstrate that an initial 
anatomic strategy with CCTA could be considered a reason-
able alternative to functional testing. While FFR CT remains 
promising, additional randomized trials are warranted to 
properly position this new technology into practice.127 This 
proposed contemporary approach, integrating the latest 
clinical trial data, is outlined in Fig. 15.8.

After deciding whether the patient is a potential revascu-
larization candidate, the next step is to assess whether the 
patient is at very high or low risk of CAD, which might direct 
care to a watchful waiting or direct to catheterization strate-
gies. The clinician should then consider both anatomic and 
functional testing strategies simultaneously. The first step is 
to exclude tests that are not suitable for a given patient by 
asking a series of simple questions relevant to each strategy. 

Intermediate
PTP of CAD?

Revasc
candidate?

Consider
CCTA only

No contraindications to
pharmacologic stress testing?

Can patient exercise?
No contraindications to exercise

stress testing?
Resting ECG interpretable?

Consider both
strategies concurrently

No

No

NoNoNo

No

No

No

Yes

Yes

Yes Yes

Yes

Yes

Yes

No

YesYes

Yes

Yes

Consider not testing
(low PTP) or direct to

cath (high PTP)

Medical therapy only

Consider
functional only

Consider
CCTA

Good candidate for CCTA?*
No contraindications for CCTA?

Consider
pharmacologic

stress

Consider
exercise stress

CCTA

Radiation-sensitive
population?

Low-
intermediate

PTP?

High-
intermediate

PTP?

ETT only
(able to exercise)

Stress ECHO
Stress CMR

Suspected valvular,
pericardial, or congenital

abnormality?

Either functional or
anatomic testing is

reasonable**

Need for thoracic imaging?
Suspected coronary anomaly?
Finding of CAD would intensify

medical therapy?

FIG. 15.8 Proposed integrated approach to initial noninvasive test selection using both functional and anatomic approaches for the diagnosis of ischemic 
heart disease in stable chest pain patients. *See text. **Consider exercise treadmill test or coronary computed tomographic angiography for low-intermediate pretest prob-
ability; consider stress echocardiography, myocardial perfusion imaging, or cardiac magnetic resonance for high-intermediate pretest probability. CAD, Coronary artery disease; 
CCTA, coronary computed tomographic angiography; CMR, cardiac magnetic resonance; ECHO, echocardiograph; ECG, electrocardiogram; ETT, exercise treadmill test; PTP, 
pretest probability. (Modified with permission from Fordyce CB, Douglas PS. Optimal non-invasive imaging test selection for the diagnosis of ischaemic heart disease. Heart. 
2016;102(7):555–564.)
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The second step is to ask whether additional considerations 
exist that would warrant use of a given test over another. 
Such important imaging-specific considerations include:
 •  Consider CCTA

 •  if needed for additional thoracic CT imaging, e.g., a tri-
ple or double rule out in suspected pulmonary embo-
lism (D-dimer positive) and aortic dissection or if an 
intra-thoracic pathology is suspected, such as pericar-
dial disease71

 •  if there is a suspected coronary anomaly155

 •  if diagnosis of nonobstructive or obstructive CAD 
alone would result in a change in medical therapy12–14

 •  Consider stress echocardiography or CMR
 •  if evaluation of radiation-sensitive population is requi-

red, e.g., female and younger age or previous radiation 
exposure history71

 •  if suspected valvular, pericardial, or congenital abnor-
mality is concomitantly suspected

 •  Consider ETT
 •  if evaluation of radiation-sensitive population is requi-

red, e.g., female and younger age or previous radiation 
exposure history71

 •  to mitigate cost
Other considerations include preference for ETT and 

CCTA in patients with low-intermediate pretest probabil-
ity versus preference for use of other imaging modalities 
for high-intermediate pretest probability. If the patient is 
somehow not eligible for any form of invasive testing, the 
diagnosis of CAD could then be obtained through invasive 
coronary angiography.

SUMMARY

The prevalence of angina is high in the general population 
and increases with age. Little consensus exists about which 
initial test is preferable when one is required for diagnosis; 
there are significant differences between the current US and 
European guidelines. However, the recent PROMISE and 
SCOT-HEART trials incorporating the use of CCTA have dem-
onstrated that an anatomic strategy is a reasonable alterna-
tive initial approach in intermediate-risk patients with stable 
chest pain for the diagnosis of IHD. Other features must also be 
considered when employing noninvasive testing, including 
radiation, impact of testing on subsequent medical therapy, 
and cost-effectiveness. FFR CT and hybrid imaging represent 
promising new techniques with the potential to revolution-
ize noninvasive cardiac testing. Further understanding of the 
true relationships between coronary ischemia and stenosis, 
the ability to better characterize and utilize the diagnostic 
power of potentially important coronary plaque features, 
and novel biomarkers may help to refine the diagnostic 
yield of noninvasive imaging. Taken together, contemporary 
approaches should consider both functional and anatomic 
strategies, while taking into account important patient fac-
tors, in an integrated decision-making model.
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By its definition, chronic stable coronary artery disease 
(CAD) refers predominantly to patients who have a prior 
history of or current demonstrable obstructive atheroscle-
rotic disease of the epicardial coronary arteries and who 
are either asymptomatic, or have stable symptoms, with 
no evidence of recent symptomatic, hemodynamic, or 
electrical decompensation. Because the process of athero-
sclerosis usually evolves over several decades, the natural 
history of CAD typically involves long periods during which 
patients are asymptomatic, minimally symptomatic, or have 
stable symptoms that can be effectively managed; however, 
these periods of clinical stability can rapidly transition to 
acute coronary syndromes (ACSs), resulting in serious, and 
sometimes fatal, adverse cardiac events. The major goals 
of treating patients with chronic stable CAD are, therefore, 
2-fold. One is to prolong life and prevent or reduce major 
adverse cardiovascular events. The second, and equally 
important, goal is to control symptoms of CAD—primarily 
angina—with the purpose of improving symptoms, func-
tional status, and quality of life, as well as reducing hospital-
izations. These goals are achieved, in part, by administering 
evidence-based medical therapies that have been proven 
to provide prognostic benefit, improve symptoms of angina, 
or achieve both goals; and by identifying (through appro-
priate testing) a subgroup of patients that may derive a 
prognostic benefit from coronary revascularization. This 
section will summarize the key therapeutic approaches to 
achieving these goals and direct the reader to additional 
details for each of the treatment strategies in other chapters.

IMPROVING SURVIVAL AND PREVENTION  
OF MAJOR ADVERSE CARDIAC EVENTS

Lifestyle Interventions
Numerous prior studies have documented the positive 
impact of dietary interventions and physical activity on 

surrogate markers of cardiovascular risk (such as blood 
pressure, lipids, blood glucose, and weight), and meta-anal-
yses suggest that an intensive lifestyle intervention program 
may have a modest beneficial effect on cardiovascular mor-
tality and prevention of myocardial infarction (MI). Multiple 
beneficial effects of cardiac rehabilitation programs have 
also been demonstrated in several prior studies, and they 
are endorsed by professional guidelines in patients who 
have sustained an ACS or have had a revascularization pro-
cedure. See Chapter 18 for more on this topic.

Medical Therapy
Few treatment approaches have been definitively shown 
to reduce mortality and prevent Major Adverse Cardiac 
Events (MACE) in patients with chronic stable CAD. Although 
β-blockers are a mainstay of therapy in chronic stable CAD, little 
evidence exists that their prolonged use results in improved 
survival or lower MACE rate. A meta-analysis of older clinical tri-
als1 demonstrated an overall 23% relative risk reduction in mor-
tality in patients following acute MI; however, this meta-analysis 
primarily included studies performed before the modern era 
of coronary revascularization/reperfusion and medical ther-
apy and did not examine truly long-term treatment (median 
duration of follow-up was 1.4 years). Data from the REduction 
of Atherothrombosis for Continued Health (REACH) registry, 
which included over 20,000 propensity-matched patients that 
were and were not treated with β-blockers,2 demonstrated 
no statistically significant difference in the rates of MACE 
between patients with established CAD and no prior MI during 
a median follow up of nearly 4 years.2 Among patients with pre-
vious history of MI, the outcomes were numerically favorable 
in patients with versus without β-blocker use, but this difference 
was not statistically significant. Other large observational stud-
ies also suggest a modest benefit in patients with a recent MI, 
but not in those without prior acute MI.3 As a result, current 
guidelines for chronic stable CAD management give a strong 
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recommendation for the use of β-blockers in patients with 
prior MI or history of heart failure, but not in other patients with 
chronic stable CAD.4

Other medical therapies used for treating symptoms of 
CAD, such as calcium-channel blockers, nitrates, and ranola-
zine, have not been shown to have an effect on survival or 
MACE events. In randomized clinical trials, neither nifedipine 
nor amlodipine was shown to reduce the rates of cardiovascu-
lar death or MI.5–7 In the Metabolic Efficiency with Ranolazine 
for Less Ischemia in Non−ST-Elevation Acute Coronary 
Syndromes (MERLIN-TIMI36) trial, which was performed 
in patients stabilized after an ACS event, ranolazine did not 
significantly reduce the primary endpoint of cardiovascular 
death, MI, or recurrent ischemia compared with placebo.8 No 
cardiovascular outcomes trials have ever been performed 
with long- or short-acting nitrates in this patient population.

Antiplatelet therapy has been proven to improve out-
comes in patients with established CAD and is endorsed 
by practice guidelines. The Antithrombotic Trialists’ 
Collaboration meta-analysis of over 135,000 patients, which 
included those with prior vascular events but also patients 
with previous coronary revascularization procedures and/
or stable angina, demonstrated a significant reduction in 
MACE (nonfatal MI, nonfatal stroke, or vascular death) with 
antiplatelet therapy, primarily aspirin There was no differ-
ence in efficacy or safety between low-dose (75 to 150 mg 
daily) and higher-dose aspirin. The use of thienopyridines, 
such as clopidogrel, instead of aspirin may provide an addi-
tional modest benefit,9 but is not recommended unless 
patients are unable to tolerate aspirin. The use of dual 
antiplatelet therapy (aspirin plus P2Y12 receptor blocker) 
in patients with chronic stable CAD (and without another 
indication, such as recent coronary stent implantation) is 
more controversial; an in-depth discussion of antiplatelet 
therapy, as well as anticoagulants, is provided in Chapter 21.

Lowering of low-density lipoprotein cholesterol (LDL-C) 
with statin therapy is a mainstay of chronic stable CAD man-
agement. Numerous clinical trials and multiple meta-analyses 
have demonstrated the benefits of LDL-C lowering—specifi-
cally with statins—on cardiovascular outcomes. Specifically, 
both in trials of statins versus placebo, and in trials of more 
intensive versus less intensive statin regimens, a consistent 
benefit of intensive statin therapy is observed in patients 
with established CAD, including reductions in cardiovascular 
and all-cause mortality, and MI,10 and, therefore, clinical 
guidelines strongly endorse high-intensity statin treatment 
for all eligible patients with established CAD.11 For patients 
with established CAD that require additional LDL lowering 
despite maximally tolerated statin therapy, several options for 
nonstatin LDL-C lowering exist; however, only ezetimibe has 
been shown to provide additional, modest clinical benefit in 
combination with a statin.12 Of note, the modest benefit with 
ezetimibe was observed in patients in whom treatment was 
initiated following an ACS event and was predominantly seen 
in the subgroup of patients with type 2 diabetes;13 whether 
these data can be extrapolated to patients with chronic stable 
CAD without prior ACS is unclear. Therapies aimed at raising 
high-density lipoprotein (HDL) and/or lowering triglycerides 
have so far failed to provide additional clinical benefit in 
recent clinical trials. The effects of LDL cholesterol lowering 
therapies in patients with established CAD are discussed in 
detail elsewhere (Chapter 30).

In the broad population of patients with stable CAD, angio-
tensin-converting enzyme inhibitor (ACE-I), angiotensin 

receptor blocker (ARB), and mineralocorticoid recep-
tor antagonists have not been consistently demonstrated 
to improve outcomes above and beyond blood pressure 
lowering; however, these agents have important benefits 
(including reduction in total mortality, MI, stroke, and heart 
failure) in several key subgroups of patients, such as those 
after acute MI with reduced left ventricular ejection frac-
tion (LVEF), symptomatic heart failure, and high-risk dia-
betes, and may also improve renal outcomes in patients 
with chronic kidney disease (CKD) (particularly diabetic 
nephropathy).14 Medical therapy is discussed in more 
detail in Chapter 20.

Coronary Revascularization
A benefit of coronary revascularization (Chapter 23) on 
death and MI has been difficult to demonstrate in patients 
with stable CAD, except in select patient populations (high-
grade left main disease, multivessel disease with reduced 
LVEF and/or large ischemic burden, etc.) in whom coro-
nary artery bypass graft (CABG) surgery is indicated. 
Percutaneous coronary intervention (PCI), even with the 
latest generation drug-eluting stents, has not been shown to 
improve the natural history of stable CAD. This contrasts with 
evidence in patients with ACS, where routine use of PCI low-
ers the risk of recurrent ischemic events.

An important goal of management is to identify the 
minority of patients with stable ischemic heart disease 
(IHD) who have clear indications for coronary revascular-
ization. Multiple noninvasive testing options are available 
for risk stratification, including standard stress electrocar-
diography (Chapter 10), echocardiography and stress echo-
cardiography (Chapter 11), nuclear and positron emission 
tomography (PET) imaging (Chapter 12) and cardiac com-
puted tomography (CT), and magnetic resonance imaging 
(MRI) (Chapter 13). Selection among the different testing 
options should be based on individual patient factors, local 
expertise, and cost considerations. (Chapter 15). When high-
risk findings are found on noninvasive testing, coronary 
angiography is generally indicated. Incorporation of func-
tional assessment of the impact of coronary stenoses using 
hemodynamic assessments such as fractional flow reserve 
(Chapter 14) improves decision-making regarding coronary 
revascularization, allowing deferral of revascularization for 
lesions with minimal hemodynamic significance.

IMPROVING SYMPTOMS AND QUALITY  
OF LIFE

Importance of Angina as Outcome in 
Patients with Chronic Stable CAD
Whereas prolonging survival and reducing the risk of recur-
rent adverse cardiac events are important, many of the treat-
ments used for chronic CAD are used for the explicit purpose 
of reducing angina and improving quality of life. Despite 
improvements in interventional techniques and medications 
to reduce the burden of atherosclerosis, angina continues to 
be a substantial issue for many patients with chronic CAD. 
Understanding the burden and impact of angina on our 
patients and working to reduce that burden remain impor-
tant goals of treatment of chronic CAD. Among patients with 
CAD, those with more frequent angina and more physical 
limitations due to angina are more likely to be hospitalized 
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for an ACS and are more likely to die, as compared with those 
with minimal angina,15 even after adjusting for demographic 
and clinical factors. Among 5558 patients with CAD, nearly 
20% of those who reported severe functional limitations due 
to angina died by 2 years versus less than 5% of those who 
reported minimal limitations from angina (Fig. 16.1).

Importantly, treatment of angina in patients with 
chronic CAD, either with medications or revascularization, 
has not been shown to improve prognosis except in rare 
circumstances (e.g., large ischemic burden, disease in the 
proximal left anterior descending coronary artery). As 
such, the association of burden of angina with increased 
risk of mortality is likely more of a marker of a higher risk 
patient, as opposed to a mediator of poor outcomes that 
can be modulated. However, there are other benefits of 
aggressively treating angina, namely in improving quality 
of life and reducing healthcare utilization. Angina is not 
only associated with substantial impairment in disease-
specific and generic quality of life, but relief of angina 
after revascularization has been shown to be the primary 
determinant of improvement in quality of life.16

Beyond its impact on quality of life, angina is also related 
to healthcare utilization. In a study of 5460 patients after a 
hospitalization for an ACS, residual angina was associated 
with a graded risk for both cardiovascular hospitalizations 
and increased resource utilization (Fig. 16.2).17

Patients with angina had incremental costs of approxi-
mately $125 (monthly angina) to $500 (daily angina) per 
month of follow-up over the monthly costs of those without 
residual angina, which were primarily driven by hospitaliza-
tions for recurrent acute coronary events or coronary revas-
cularization. Whereas treatment of angina has not specifically 
been shown to reduce healthcare utilization, in an era of 
increasing capitation and reimbursement based on qual-
ity of care, interventions that effectively reduce the burden 
of angina, including disease management programs, could 
potentially reduce both morbidity and healthcare costs.

Measuring Angina Burden
A unique feature of angina is that there is no biologic or 
imaging assay that can quantify it. In research studies, semi-
quantitative methods of treadmill testing with time to chest 
pain or ST-segment depression have been used as a means of 

quantifying the patient’s burden of angina and response to 
antianginal medications. However, these methods, although 
reasonably assessing ischemia, are artificial in their assess-
ment of angina, as they do not represent patients’ daily lives 
nor are they practical to serially assess in clinical practice. 
Instead, the physician/patient interaction is the primary 
means by which physicians assess patients’ responses to 
therapy and the need for further testing or treatment. As 
such, the evaluation of angina is subject to all the limitations 
inherent in history taking, including physical and psychoso-
cial barriers to the proper conveyance of information, pre-
existing biases on the part of both physicians and patients, 
and the inherent inter-rater variability across physicians. 
Studies have shown that both cardiologists and primary 
care doctors often underestimate the burden of angina of 
their patients when they rely on free-form interviews.18,19 In 
a multicenter, cross-sectional sample of patients with coro-
nary artery disease, 42% of patients who reported chest pain 
in the prior month had their angina underrecognized by the 
treating physician. Few patient factors were associated with 
underrecognition; instead, it was explained by variation in 
the quality of physician assessment, with some physicians 
being quite good at angina recognition while others were 
poor (range of underrecognition rates of 0–86%). These data 
underscore that a more systematic approach is needed for 
assessing angina in patients with CAD.

Many physicians rely on Canadian Cardiovascular 
Society (CCS) grading of angina, which asks the physician 
to grade the level of activity that brings on chest pain, rang-
ing from a score of 0 to 4 (Table 16.1).
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FIG. 16.1 Kaplan-Meier survival curves according to category of patient-reported 
physical limitations due to angina. (From Spertus JA, Jones P, McDonell M, Fan V,  
Fihn SD. Health status predicts long-term outcome in outpatients with coronary dis-
ease. Circulation. 2002;106:43–49.)

5000

4000

3000

2000

1000

0

H
os

pi
ta

liz
at

io
n 

co
st

s 
($

)

0 2 4 6 8
Duration of follow-up (months)

Daily
Weekly
Monthly
None

FIG. 16.2 Cumulative healthcare costs according to patient-reported angina at 4 
months after hospitalization for acute coronary syndrome. (From Arnold SV, Morrow 
DA, Lei Y, et al. Economic impact of angina after an acute coronary syndrome: insights 
from the MERLIN-TIMI 36 trial. Circ Cardiovasc Qual Outcomes. 2009;2:344–353.)

TABLE 16.1 Canadian Cardiovascular Society 
Grading of Angina

Class 0 Asymptomatic

Class I Angina during strenuous or prolonged physical activity only

Class II Angina with moderate physical activity, such as walking or 
climbing stairs briskly

Class III Angina with ordinary physical activity, such as walking on 
level ground at normal pace

Class IV Angina at rest or with minimal activity, such as dressing or 
showering
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This grading scale is used in the Appropriateness Criteria 
for coronary revascularization and is easy to calculate, as 
it arises simply from the information gathered in the physi-
cian/patient interview. However, similar to New York Heart 
Association functional class in heart failure, it does not pro-
vide any standardized assessment directly from the patient 
and, therefore, is susceptible to biases and errors. For 
example, in a clinical trial of patients undergoing revascu-
larization, physicians tended to overestimate the burden of 
angina of their patients using CCS class when compared to 
a patient-reported measure prior to revascularization and 
underestimate residual angina after revascularization.20

Assessing symptoms directly from patients with a vali-
dated instrument, such as the Seattle Angina Questionnaire 
(SAQ),21 provides more reliable and reproducible results 
than physician-derived scales. The SAQ has been used to 
document angina burden and disease-specific quality of 
life in patients with CAD in numerous clinical trials and reg-
istries and has been shown to correlate closely with daily 
angina and sublingual nitroglycerin diaries.22 Despite its 
established validity, its widespread use in research studies, 
and its promotion for clinical use by major societies, the 
routine clinical use of the SAQ (along with other similar 
health status measures for conditions such as heart fail-
ure and peripheral artery disease) has been hindered by 
logistic barriers. A shorter, seven-item version of the SAQ 
has been developed, which was designed to simplify this 
transition from being a research instrument to an effective 
clinical tool. The SAQ-7 is a reliable and valid measure of 
the burden of angina from the patient’s perspective and 
changes in scores over time (≥ 10 points on the SAQ angina 
frequency domain score or ≥ 5 points on the SAQ sum-
mary score) can support clinicians in their management 
of patients with CAD (e.g., up-titration of antianginal medi-
cations, referral for revascularization). However, moving 
patient-reported outcomes, such as the SAQ, into routine 
clinical care requires creative implementation strategies, 
including novel mechanisms to collect, score, and inter-
pret these data, work that is on-going.

Medical Therapy to Treat Angina
Pharmacologic treatment is the mainstay of treatment of 
angina (Chapter 20) and has been shown to reduce the fre-
quency of angina, reduce the functional limitations due to 
angina, and improve quality of life. Medications to treat angina 
are generally grouped into those that decrease myocardial 

demand (e.g., β-blockers, calcium-channel blockers, ranola-
zine) and those that improve myocardial oxygen supply (e.g., 
calcium-channel blockers, long-acting nitrates) (Table 16.2).
β-Blockers are the recommended first-line therapy for 

treatment of chronic exertional angina and work by reduc-
ing heart rate, contractility, and left ventricular wall stress, 
which results in decreased myocardial oxygen demand. 
β-Blockers improve exercise capacity, reduce exercise-
induced ischemia, and decrease the frequency of angina 
and the requirement for sublingual nitroglycerin. Ideally, 
β-blockers can be titrated up to a resting heart rate in the 50 
to 60 beats/min range, recognizing that bradycardia is often 
the limiting step in up-titration of these medications.

Calcium-channel blockers are also effective antiangi-
nal medications, doing so through both increasing oxygen 
supply (via coronary vasodilatation) and reducing oxy-
gen demand (via reduction in wall stress from peripheral 
vasodilation and reduction in myocardial contractility). 
Both long-acting nondihydropyridines (e.g., diltiazem or 
verapamil) and second generation dihydropyridines (e.g., 
amlodipine or felodipine) are typically safe and effective 
antianginal medications and are the first-line medications 
for vasospastic angina. Whereas short-acting dihydropyri-
dines also reduce angina, there is evidence of increased 
mortality with these agents when used after an MI, and so 
their general use is discouraged. The addition of nondihydro-
pyridines to maximally tolerated β-blockers is often limited 
by bradycardia and so dihydropyridines may be preferred. 
In a meta-analysis in patients with stable CAD, patients with 
stable CAD treated with a calcium-channel blocker had 0.11 
fewer episodes of angina a week as compared with those 
treated with a β-blocker.23 In addition, there was no differ-
ence in morbidity or mortality between the two treatment 
groups, indicating that both β-blockers and calcium-channel 
blockers are effective and safe antianginal medications.

Short-acting nitrates are recommended for immediate 
relief of acute episodes of angina. Nitroglycerin causes coro-
nary vasodilation, augments collateral flow, and reduces 
preload, thereby reducing myocardial wall tension and myo-
cardial oxygen demand. However, this benefit of reduced 
wall tension is countered by an increase in sympathetic 
activity that results in increased heart rate and myocar-
dial contractility. Long-acting nitrates have been shown to 
improve time to angina and ischemia with exercise in short-
term studies. Prolonged benefit of long-acting nitrates is 
limited due to tolerance and can also result in increases in 
oxidative stress and endothelial dysfunction.

TABLE 16.2 Effects of Antianginal Medications on Myocardium

OXYGEN DEMAND OXYGEN SUPPLY

HEART RATE

ARTERIAL 
PRESSURE/
AFTERLOAD

VENOUS RETURN/
PRELOAD

MYOCARDIAL 
CONTRACTILITY

OVERALL 
EFFECT

CORONARY 
FLOW

OVERALL 
EFFECT

β-Blockers ↓↓ ↓ -- ↓↓ ↓↓ -- --

Calcium-channel 
blockers

Dihydropyridine ↑/-- ↓↓ -- ↓ ↓ ↑↑ ↑↑

Nondihydropyridine ↓↓ ↓ -- ↓↓ ↓↓ ↑↑ ↑↑

Long-acting nitrates -- ↓ ↓↓ -- ↓ ↑ ↑

Ranolazine -- -- -- -- ↓↓* -- --

↓, Decrease; ↑, increase; --, no change.
*Reduces ischemia/demand at the cellular level.
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Ranolazine is a selective inhibitor of the late sodium 

current (late INa) and reduces ischemia at the cellular 
level; it is therefore unique among the antianginal medica-
tions available as it has no hemodynamic effects. Because 
of this, it is particularly useful for patients in whom titration 
of β-blockers or calcium antagonists is limited by low heart 
rate or blood pressure. It reduces chronic angina both as 
a monotherapy and in combination with other commonly 
prescribed antianginal medications. Similar to other medi-
cations for stable angina, it has not been shown to impact 
mortality. Due to its mechanism of action, ranolazine can 
be particularly effective in patients with concomitant 
diabetes—it is both a more effective antianginal medica-
tion in the setting of hyperglycemia and can also improve 
blood glucose control.24 It is currently recommended as 
add-on therapy or as a first-line medication for angina 
when β-blockers cannot be used.

The choice of antianginal medications for individual 
patients, both as classes of medications and particular 
medications within classes, often depends on hemody-
namics, comorbidities, and side effects. It is also impor-
tant to note that combinations of two different classes of 
medications generally provide superior angina relief and 
better tolerability. Typically, this is a β-blocker combined 
with a long-acting dihydropyridine, nitrate, or ranolazine, 
although ranolazine has also been tested in combination 
with calcium-channel blockers. Despite the prevalence 
of revascularization (the role of which is discussed sepa-
rately), angina remains a substantial burden in the lives of 
many patients with chronic CAD. As such, the appropriate 
medical management of angina continues to be important 
to study and understand, as this has potential to greatly 
improve patients’ quality of life, as well as reduce health-
care utilization.

Exercise
Beyond the available pharmacologic therapies, exercise 
(Chapter 18) has the potential to increase exercise tolerance 
and reduce symptoms of ischemia. Low-impact aerobic 
exercises such as walking or cycling, which involve large, 
lower-body muscles groups, are generally safe and well-
tolerated in patients with stable angina. Exercise reduces 
endothelial dysfunction and systemic inflammation, which 
can improve microvascular function and progression of 
atherosclerosis. In addition, exercise can be markedly effec-
tive in the management of cardiovascular risk factors, such 
as hypertension, diabetes, and obesity. Patients should be 
instructed to avoid extreme weather conditions, to work up 
to regular exercise, and to stop exercising if angina occurs. 
Patients who develop angina during exercise should have a 
goal heart rate 10 bpm lower than the heart rate that results 
in angina.

Coronary Revascularization
Although the role of coronary revascularization (Chapter 
23) in improving mortality in stable CAD is limited to sub-
groups of patients with coronary anatomy suitable for CABG 
(see previous discussion), both PCI and CABG are highly 
effective strategies for relief of angina. The best evidence 
comparing medical therapy with medical therapy plus 
PCI in patients with stable angina comes from the Clinical 
Outcomes Utilizing Revascularization and Aggressive Drug 

Evaluation (COURAGE) trial. In this trial, which (impor-
tantly) allowed for cross-over from medical therapy to PCI, 
showed that PCI improved angina more quickly than medi-
cal therapy. At 1 year after randomization, 52% of patients 
randomized to PCI had a clinically significant improvement 
in angina frequency (assessed with the SAQ) versus 46% of 
patients randomized to medical therapy, which translates to 
a number needed to treat of 17. As a result, revasculariza-
tion for stable angina (in the absence of select cases where 
revascularization may have improved survival) is generally 
recommended after an initial trial of medical therapy with 
at least two antianginal medications.

Treating Refractory Angina
Enhanced external counterpulsation is the most com-
monly used mechanical therapy for stable angina and has 
evidence from multiple registries demonstrating benefit 
in angina reduction. The mechanism of action is largely 
unknown, and importantly, it has not been (and probably 
cannot be) tested in a blinded manner, suggesting that the 
results of these studies potentially may be due to a placebo 
effect. Other mechanical therapies, such as spinal cord stim-
ulation, transmyocardial laser revascularization, ethylene-
diamine tetra-acetic acid (EDTA) chelation, and coronary 
sinus reducers, also have limited favorable data to support 
their use in reducing angina but have not yet gained much 
popularity in use. Despite the prevalence of revasculariza-
tion, angina remains a substantial burden in the lives of 
many patients with chronic CAD. As such, the appropriate 
noninterventional management of angina continues to be 
important to study and understand, as this has the potential 
to greatly improve patients’ quality of life, as well as reduce 
healthcare utilization. For more on treating refractory angina, 
see Chapter 27.

SPECIAL POPULATIONS

Women
Women are more likely to present with symptomatic CAD at 
an older age than are men and more typically present with 
stable angina, as opposed to ACS. The traditional teach-
ing is that women present with atypical symptoms, such 
as dyspnea and fatigue, and not typical exertional chest 
pain or tightness. Whereas it is true that atypical angina is 
more often reported in women than in men, the majority 
of women still present with typical symptoms.25 In addition, 
women are more likely to have microvascular disease, as 
opposed to obstructive CAD that is amenable to revascular-
ization. There have not been any substantial differences in 
response to medical therapy for angina between men and 
women, either in general (e.g., COURAGE trial) or in spe-
cific trials of antianginal medications. However, women are 
more likely than men to have complications26 and worse 
long-term outcomes after revascularization.27,28

Elderly
Older adults often present with more diffuse CAD than 
younger patients, which can be difficult to treat with revas-
cularization. As such, medical therapy of CAD has a more 
prominent role in older adults. Older patients generally have 
higher event rates (morbidity and mortality), and therefore, 
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medications that reduce cardiovascular risk (e.g., statins) 
have larger absolute risk reductions in these patients. 
However, they also tend to be more susceptible to adverse 
events with both revascularization (e.g., more periproce-
dural complications) and medications (e.g., bleeding with 
dual antiplatelet therapy). In addition, due to the relatively 
larger number of medications that they often take, older 
adults are at greater risk of medication interactions and 
polypharmacy. Older patients are more prone to side effects 
of medications, such as orthostasis and myalgias. As such, 
care must be taken to try to consolidate medications (e.g., 
choose one medication instead of two), simplify medication 
regimens (e.g., choose once daily medications), and select 
medications with lower risk of side effects. Older patients 
are more likely than younger patients to curtail their activi-
ties to avoid angina, and thus they may not complain as 
much about chest pain. In addition, for the same degree of 
angina, older patients report better quality of life, indicating 
that they have differing expectations about their symptoms 
and functional status than do younger patients. As such, a 
careful history about activity level and avoidance of activi-
ties is needed to avoid undertreatment of angina, as medical 
management can still substantially improve older patients’ 
symptoms and quality of life.

Diabetes
Patients with diabetes (Chapter 24) represent a substan-
tial and growing proportion of those with established CAD. 
Among those presenting with ACS, less than 30% of patients 
have normal glucose metabolism, with the rest having either 
known or newly diagnosed diabetes, or prediabetes;29 these 
findings are similar in patients with stable CAD. Because of 
the high prevalence of glucose abnormalities, screening for 
diabetes with glycated hemoglobin (HbA1c) assay is rec-
ommended in patients with CAD.30

There are several important considerations in the man-
agement of this high-risk group for several reasons: first, 
the presence of diabetes may impact the management 
of CAD itself (risk stratification strategies, medical man-
agement and revascularization options); and second, 
treatment choices for the management of diabetes may 
impact cardiovascular events.

Patients with diabetes mellitus (DM) do have more 
extensive and severe CAD31 than their nondiabetic coun-
terparts, and, therefore, revascularization strategies are of 
importance in this patient group. Despite more extensive 
and severe CAD, prior clinical trials have demonstrated no 
impact on mortality or MACE with either percutaneous or 
surgical revascularization versus optimal medical therapy in 
patients with DM and stable CAD.32 Therefore, the decisions 
regarding appropriate patient selection for revasculariza-
tion should be guided by similar considerations in patients 
with and without DM (i.e., left main disease, multivessel dis-
ease, large ischemic burden, reduced LVEF, etc.). However, if 
revascularization is being pursued, the presence of DM may 
significantly impact the choice of revascularization strategy. 
Specifically, large clinical trials have definitively demon-
strated superiority of CABG over PCI (even with drug-eluting 
stents [DES]) in patients with type 2 diabetes and multives-
sel stable CAD, both in terms of clinical outcomes (includ-
ing survival) and cost-effectiveness.33,34

Whereas patients with DM have more extensive coronary 
disease, the data on whether they experience more angina 

are conflicting. Although a few older studies suggested that 
patients with DM are more likely to have asymptomatic (or 
“silent”) ischemia, with diabetic autonomic neuropathy 
posited as one potential explanation,35,36 data from more 
up-to-date clinical trials and large observational registries 
indicate that there is little difference in the degree of silent 
ischemia between diabetic and nondiabetic patients with 
CAD37–39 and that the burden of angina may actually be 
greater in patients with diabetes.40 Therefore, more aggres-
sive screening for asymptomatic CAD in patients with DM 
(vs no diabetes) with advanced imaging techniques is not 
currently recommended and has not been shown to mean-
ingfully impact outcomes in clinical trials.41 Furthermore, 
aggressive management of angina is at least as impor-
tant in this patient group. To this end, there are additional 
considerations in terms of the choice of antianginal 
medications in patients with diabetes. As one example, 
vasodilating β-blockers, such as carvedilol, may be prefer-
able in patients with DM, as they have similar antianginal 
properties as nonvasodilating β-blockers but a more favor-
able effect on glycemia.42

Finally, the choice of glucose-lowering medications may 
have an important impact on cardiovascular events in patients 
with type 2 diabetes and stable CAD. The general strategy of 
aggressive HbA1C lowering has generally produced modest 
(if any) benefit for cardiovascular events, which emerged after 
more than 10 years of follow-up, and no demonstrable reduc-
tion in cardiovascular or all-cause mortality.43–45 However, in 
large randomized clinical trials from 2015 and 2016, several 
type 2 diabetes compounds have been shown to substan-
tially reduce cardiovascular complications, including in some 
cases cardiovascular and total mortality.46–48 Importantly, these 
effects were observed within a relatively short time period (3–4 
years), and were almost certainly mediated by mechanisms 
other than glucose-lowering. These findings have not yet been 
incorporated into most practice guidelines, and the data from 
future trials are needed to determine whether these benefits 
represent class effects. Nevertheless, because cardiovascular 
disease is the leading cause of death and disability in patients 
with type 2 diabetes, it is reasonable to prioritize type 2 diabe-
tes treatments that have been proven to reduce cardiovascular 
and all-cause mortality, and prevent cardiovascular complica-
tions of type 2 diabetes within a short time frame, irrespective 
of their “efficacy” as it relates to glucose lowering.

CONCLUSIONS: DEVELOPING AN 
INDIVIDUALIZED PLAN OF CARE

By its definition, the stable nature of chronic stable CAD indi-
cates absence of recent deterioration and therefore affords 
time for collecting appropriate clinical data for thoughtful 
consideration, meaningful discussion of treatment options 
with patients, and shared decision-making. As previously 
noted, the dual goals of management are to prolong life/pre-
vent major cardiovascular events and to improve symptoms, 
functional status, and quality of life. Guideline-directed opti-
mal medical therapy is the foundation for achieving both 
of these goals. Careful risk stratification, using appropriate 
noninvasive modalities and/or coronary angiography, can 
help identify subgroups of patients that may benefit from 
percutaneous or surgical coronary revascularization for 
prognostic reasons. In addition, careful and accurate assess-
ment of angina frequency and severity, and an individual-
ized approach to symptom management that incorporates, 



G
o

als o
f Th

erap
y

233

16
among other important factors, patient-reported angina bur-
den and treatment preferences, is most likely to produce the 
optimal outcomes in patients with chronic stable CAD.
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INTRODUCTION

This chapter is focused on tools for risk assessment in 
patients with stable coronary heart disease. In general, 
patients with stable ischemic heart disease have a good 
prognosis. However, these data summarize the population 
average, and the clinician is able to significantly refine the 
estimate of risk for the individual using methods described 
in this chapter. The central goal of risk assessment is to guide 
therapeutic decision-making and, in some cases, additional 
diagnostic evaluation. These diagnostic and prognostic 
assessments, although overlapping, are not identical. The 
prognostic assessment is valuable because the risk of recur-
rent events is strongly linked to the potential absolute and 
relative benefits of specific therapeutic interventions. In 
patients with stable coronary heart disease, an estimate of 
risk is similarly pivotal in management such as in identifying 
candidates for coronary angiography and revascularization. 
In this chapter we will review individual prognostic markers 
that are associated with adverse outcomes in stable coro-
nary artery disease (CAD). We will also review multivariable 
models that incorporate multiple markers to quantitatively 
estimate risk and examine current approaches to match 
therapies to individual risk of an adverse outcome.

PROGNOSIS OVERALL AND IN SUBGROUPS

The assessment of cardiovascular disease risk and the pre-
vention of recurrent events in patients with established CAD 
represent an opportunity for major public health gain.1 
Aligning diagnostic studies and therapeutic interventions 
with clinical risk is a cornerstone of secondary prevention. 
Previous epidemiologic studies have demonstrated that 
established CAD is a major risk factor for incident events. For 
example, data from the Framingham Study, obtained before 
the widespread use of aggressive medication and modifica-
tion of risk factors, revealed an average annual mortality 
rate of 4% in patients with stable CAD. Current therapies and 
management have improved the prognosis of the disease 
substantially, with an annual mortality rate of 1% to 3% and a 
rate of major ischemic events of 1% to 2%. In contemporary 
clinical trials, patients with stable CAD have an annual rate 
of major cardiovascular events of 1.2–2.4% per annum.2–4

However, substantial heterogeneity in overall risk exists 
amongst patients with stable CAD with baseline cardiovas-
cular risk factors, functional characteristics, and coronary 
anatomy each playing an important role. For example, in 
the international Reduction for Continued Health (REACH) 
Registry—which included asymptomatic adults with risk 
factors, patients with stable atherosclerosis, and individuals 
with prior ischemic events—large variations in cardiovas-
cular risk between subgroups of patients were observed.5 
Patients with a prior history of ischemic events at baseline 
had the highest rate of subsequent ischemic events (18.3%); 
patients with stable coronary, cerebrovascular, or peripheral 
artery disease had a lower risk (12.2%); and patients without 
established atherothrombosis but with risk factors only had 
the lowest risk (9.1%) during 4-year follow-up.5

As might be expected, conventional risk factors for the 
development of CAD6,7—hypertension,8 diabetes,9 smoking,10 
hypercholesterolemia,11 obesity,12 and family history13—each 
retain their prognostic value in the context of established CAD. 
The prognosis for patients with stable CAD is also worsened 
in patients with reduced left ventricular ejection fraction,14 
by the severity and intensity of angina pectoris, with the pres-
ence of dyspnea,15 and by the presence of three-vessel dis-
ease or left main disease.16,17 The estimation of the long-term 
risk of adverse outcomes is crucial to effectively apply mea-
sures of secondary prevention and prevent overtreatment of 
patients at low risk of an adverse outcome, or under-treatment 
of patients at high risk of an adverse outcome.

Individual prognostic markers that are associated with 
adverse outcomes in stable CAD are summarized in Box 17.1.

PROGNOSIS IN SUBGROUPS

Coronary Artery Spasm
Although the pathophysiology is incompletely understood, 
known triggers for coronary vasospasm include smoking, 
electrolyte disturbances (potassium, magnesium), cocaine 
use, cold stimulation, autoimmune diseases, hyperventila-
tion, or insulin resistance. The symptoms vary from silent 
myocardial ischemia to angina and even myocardial infarc-
tion. Long-term survival is usually good as long as patients 
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High Risk (> 3% Annual Risk for Death or Myocardial 
Infarction)

 1.  Severe resting left ventricular dysfunction (LVEF < 35%) not 
readily explained by noncoronary causes

 2.  Resting perfusion abnormalities involving ≥ 10% of the 
myocardium without previous known MI

 3.  High-risk stress findings on the ECG, including
 •  ≥ 2 mm ST-segment depression at low workload or 

persisting into recovery
 •  Exercise-induced ST-segment elevation
 •  Exercise-induced VT/VF

 4.  Severe stress-induced LV dysfunction (peak exercise LVEF < 
45% or drop in LVEF with stress ≥ 10%)

 5.  Stress-induced perfusion abnormalities encumbering ≥ 10% 
myocardium or stress segmental scores indicating multiple 
vascular territories with abnormalities

 6.  Stress-induced LV dilation
 7.  Inducible wall motion abnormality (involving more than 

two segments or two coronary beds)
 8.  Wall motion abnormality developing at low dose of dobu-

tamine (≤ 10 mg/kg per min) or at a low heart rate (< 120 
beats/min)

 9.  Multivessel obstructive CAD (≥ 70% stenosis) or left main 
stenosis (≥ 50% stenosis) on CCTA

Intermediate Risk (1–3% Annual Risk for Death or 
Myocardial Infarction)

 1.  Mild to moderate resting LV dysfunction (LVEF of 35–49%) 
not readily explained by noncoronary causes

 2.  Resting perfusion abnormalities involving 5–9.9% of the 
myocardium in patients without a history or previous evi-
dence of MI

 3.  ST-segment depression of ≥ 1 mm occurring with exertional 
symptoms

 4.  Stress-induced perfusion abnormalities encumbering 
5–9.9% of the myocardium or stress segmental scores (in 
multiple segments) indicating one vascular territory with 
abnormalities but without LV dilation

 5.  Small wall motion abnormality involving one to two seg-
ments and only one coronary bed

 6.  One-vessel CAD with ≥ 70% stenosis or moderate CAD 
stenosis (50–69% stenosis) in two or more arteries on 
CCTA

Low Risk (< 1% Annual Risk for Death or Myocardial 
Infarction)

 1.  Low-risk treadmill score (score ≥ 5) or no new ST-segment 
changes or exercise-induced chest pain symptoms when 
achieving maximal levels of exercise

 2.  Normal or small myocardial perfusion defect at rest or with 
stress encumbering < 5% of the myocardium*

 3.  Normal stress or no change in limited resting wall motion 
abnormalities during stress

 4.  No coronary stenosis > 50% on CCTA

BOX 17.1 Risk Stratification Based on 
Noninvasive Testing

*Although the published data are limited, patients with these findings will probably 
not be at low risk in the presence of either a high-risk treadmill score or severe 
resting LV dysfunction (LVEF < 35%).
CAC, Coronary artery calcium; CAD, coronary artery disease; CCTA, coronary 
computed tomography angiography; ECG, electrocardiogram; LV, left ventricular; 
LVEF, left ventricular ejection fraction; MI, myocardial infarction; VF, ventricular 
fibrillation; VT, ventricular tachycardia.
Modified from Fihn SD, et al. 2012 ACCF/AHA/ACP/AATS/PCNA/SCAI/STS 
Guideline for the diagnosis and management of patients with stable ischemic 
heart disease: a report of the American College of Cardiology Foundation/
American Heart Association Task Force on Practice Guidelines, and the  
American College of Physicians, American Association for Thoracic Surgery, 
Preventive Cardiovascular Nurses Association, Society for Cardiovascular 
Angiography and Interventions, and Society of Thoracic Surgeons. Circulation. 
2012;e354–471.

are on calcium antagonists and avoid smoking.18,19 The 
incidence of cardiac death among patients with coronary 
artery spasm is up to 10% during 3 years of follow-up.19 The 
prognosis of vasospastic angina depends on the extent of 
underlying CAD and on disease activity (frequency and 
duration of spastic episodes), the amount of myocardium 
at risk, and the presence of severe ventricular tachyarrhyth-
mias or advanced atrioventricular block during ischemia.20 
The prognosis of vasospasm may be better in Japanese 
patients than patients of European ancestry, potentially due 
to differences in baseline characteristics, ascertainment 
of individuals of less severe disease, and fewer patients of 
Japanese ancestry having multivessel coronary spasm and/
or reduced left ventricular function.20a

Women
Cardiovascular disease remains the leading cause of death 
in women and is responsible for 42% of premature deaths in 
women under the age of 75 years.21 Although coronary heart 
disease develops 5–10 years later in women than in men and 
women have historically been at lower risk for CAD, more 
recent data indicate that the prevalence of cardiac events 
in men is decreasing, whereas women are experiencing 
an increase in cardiac events, including myocardial infarc-
tion.22 Women have been underrepresented in cardiovascu-
lar clinical trials to date, representing 30% of participants in 
trials conducted since 2006, thus diminishing the quality of 
the evidence base available to guide therapy. The increasing 
recognition of heart disease in women is likely to stimulate 
key additional research in coming years.23 The considerable 
decline in mortality from CAD is mainly caused by popu-
lation-level improvements in risk factors and by improve-
ments in primary and secondary prevention.24–26

Although the risk factors for CAD in women and men 
are similar, their distribution differs over time and between 
regions. Smoking seems to be associated with a higher rela-
tive risk of CAD in women than men,27 and the prevalence 
of hypertension increases more with age in women than 
men, resulting in higher rates of stroke, hypertrophy of the 
left ventricle, and diastolic heart failure.28 Diabetes is asso-
ciated with a higher risk of CAD in women than in men.29 
Previously, circulating estrogens were believed to have a 
beneficial effect on the risk of CAD, but exogenous hormone 
administration has not led to a similar effect.30

Women and men of every age presenting with stable 
angina have increased coronary mortality relative to the 
general population, and several studies have indicated gen-
der-related bias in care of both acute and chronic CAD.31 
However, in a large international prospective population 
(CLARIFY) of outpatients with stable CAD, the rates for car-
diovascular clinical outcomes were similar between men 
and women at 1-year follow-up.32

Diabetes Mellitus (See Chapter 24)
Diabetes mellitus doubles the risk of major cardiovascu-
lar complications in patients with and in patients without 
established cardiovascular disease,5,33 such that the major-
ity of patients with diabetes die of cardiovascular diseases.34 
Patients with angina and concomitant type 2 diabetes mel-
litus often have more diffuse and extensive CAD compared 
with those without type 2 diabetes mellitus.35 Furthermore, 
patients with CAD and type 2 diabetes may also have a 
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greater burden of angina leading to a worsening prognosis.35 
If diabetes mellitus is accompanied by other coronary risk 
factors or target organ damage, the patient is considered to 
be at very high risk and maximal preventive efforts are war-
ranted.36 The control of risk factors appears to be efficacious 
in preventing future major adverse cardiovascular events in 
patients with stable CAD and diabetes mellitus.37 The clinical 
manifestations of cardiovascular disease in diabetic patients 
are similar to those in nondiabetic patients. In particular, 
angina, myocardial infarction, and heart failure are the most 
prominent clinical manifestations in patients with diabetes 
and tend to occur at an earlier age. The cardiac assessment of 
symptomatic ischemia in diabetic patients should follow the 
same indications as for patients without diabetes. The Bypass 
Angioplasty Revascularization Investigation 2 Diabetes trial 
showed that patients with CAD and diabetes had the same 
risk of cardiovascular events and mortality regardless of 
whether or not they had angina symptoms.38 Therefore, the 
management of CAD in these patients should not be predi-
cated solely on the presence or absence of angina symptoms. 
However, routine screening for cardiovascular disease in 
asymptomatic patients is not currently recommended.36 The 
greater degree of plaque burden together with comorbidity 
(e.g., renal failure) and smaller distal vessels in patients with 
diabetes influence the prognosis and may guide the choice 
of coronary revascularization strategy.39,40

Chronic Renal Failure
Chronic kidney disease is a risk factor for CAD and has 
a major impact on outcomes and therapeutic decisions 
within stable CAD. There are several risk factors in patients 
with chronic kidney disease that interact with the medical 
and diagnostic management of stable CAD and accelerate 
the development of CAD. Cardiovascular disease mortality is 
increased in patients with end-stage renal disease, therefore 
these patients should be monitored for symptoms sugges-
tive of CAD. In CAD patients, the risk of sudden cardiac death 
is increased by 11% for every 10 mL/min decline in glomer-
ular filtration rate.41 Myocardial perfusion imaging carries 
prognostic value in end-stage renal disease patients who are 
asymptomatic for CAD, although the screening for asymp-
tomatic patients is not currently in routine clinical use.42,43 
The work-up of suspected CAD in symptomatic patients with 
renal disease follows the same patterns as in patients with 
normal renal function. However, the presence of impaired 
renal function increases the pretest probability of CAD in 
patients who report chest pain, and noninvasive test results 
need to be interpreted accordingly. In addition, the use of 
iodinated contrast agent should be minimized in patients 
with preterminal renal failure and in dialysis patients with 
preserved urine production, in order to prevent contrast-
induced nephropathy. Similarly, special attention should be 
paid to the drugs that are renally cleared and may need 
dose down-adjustment or substitution.

The same treatment options should be initiated in patients 
with CAD with or without renal insufficiency. Thus, treatment 
for risk modification should be initiated.44 However, mortal-
ity rates and the risk of complications are high in this type 
of patient compared to those without impaired renal func-
tion.45 In general, coronary bypass surgery is associated 
with higher procedural mortality and a greater likelihood of 
hemodialysis in nonhemodialysis-dependent patients after 
revascularization, while available studies suggest a trend 

toward better long-term survival, as compared with percuta-
neous coronary intervention (PCI).46,47

TOOLS FOR RISK ASSESSMENT

Medical History (See Chapter 7)
The approach to the patient with stable CAD starts with 
the medical history, in which several variables can provide 
important prognostic information and serve as an effective 
gatekeeper. Additional findings of heart failure or athero-
sclerosis in noncoronary vascular beds are associated with 
a poorer prognosis. Traditional models have estimated the 
likelihood of obstructive CAD rather than the risk of clini-
cal events.48 The pattern and duration of chest pain, and the 
frequency of chest pain, in addition to traditional risk factors 
for atherosclerosis, confer prognostic information.49–51 In a 
study published in 2015, a model based on medical history–
taking alone was able to identify a majority of patients with 
low risk (1%) of future clinical events (myocardial infarc-
tion and death) during 3 years of follow-up.50

Resting Electrocardiogram (See Chapter 10)
A normal resting electrocardiogram (ECG) is common in 
patients with stable CAD and may assist the clinician in dif-
ferential diagnosis and defining the mechanisms of chest 
pain. Stable angina pectoris patients with an abnormal ECG 
are at greater risk of adverse outcomes than those with a 
normal ECG. A normal resting ECG suggests underlying 
normal left ventricular function whereas presence of a left 
bundle branch block on an ECG is associated with multives-
sel disease, impaired left ventricular function, and a poorer 
prognosis. ECG evidence of left ventricular dysfunction (left 
bundle branch block, nonspecific intraventricular conduc-
tion delays) is also a well-characterized indicator of adverse 
prognosis and increases the likelihood of future cardiac 
events almost twofold to fourfold.52

Exercise Testing (Treadmill Test) (See 
Chapter 10)
Exercise ECG is an important tool for risk stratification in 
patients with stable CAD. The exercise capacity is measured 
by maximum exercise duration, workload, and metabolic 
equivalent level. Maximum exercise capacity is one of the 
strongest prognostic markers and there are no major differ-
ences between the specific variables used to measure exer-
cise capacity. The prognostic information is incorporated in 
the Duke treadmill score, which is well validated, and patients 
with a normal treadmill test have an excellent prognosis.53 The 
Duke treadmill score classifies patients into three risk groups: 
low, moderate, and high. Mean annual mortality is 0.25% in the 
low-risk group and 5% in the high-risk group.53 Cycle ergome-
try is an alternative to treadmill testing and is widely used in 
Europe. The work intensity can be adjusted by variations in 
resistance and cycling rate and is typically calculated in watts.

Echocardiography (See Chapter 11)
Echocardiography has a range of uses in ischemic heart 
disease including diagnosis, risk stratification, and clini-
cal decision-making. Quantitative indices of global and 
regional systolic function are also valuable in describing left 
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ventricular function, determining prognosis, and evaluating 
treatment outcome. Measurement of left ventricular ejection 
fraction is useful for risk stratification and is a strong predictor 
of adverse outcomes. Reduced left ventricular ejection frac-
tion is associated with a high risk of cardiovascular death.54 
Echocardiography is also important for excluding other con-
ditions such as significant valvular heart disease, pulmonary 
hypertension, or hypertrophic cardiomyopathy. The introduc-
tion of global longitudinal strain measurement may comple-
ment the traditional measurement of ejection fraction in the 
future, as the prognostic value of global longitudinal strain 
appears to be superior to that of ejection fraction for predict-
ing major adverse cardiac events.55

The sensitivity of stress echocardiography averages 
approximately 88% (range, 76–94%), and its specificity is 
83% for detecting myocardial ischemia in patients with sta-
ble CAD and carries prognostic information.48,56 However, 
the diagnostic performance is dependent on the operator 
skills to obtain good image quality (adequate images can 
normally be obtained in more than 85% of patients, and the 
test is highly reproducible). The accuracy of stress echo-
cardiography is in line with stress myocardial radionuclide 
perfusion imaging.48 A normal result portends a good prog-
nosis, whereas an abnormal result indicates an increased 
risk of cardiac events.57

Stress Perfusion Scintigraphy and Cardiac 
Magnetic Resonance Imaging (See Chapters 
12 and 13)
Myocardial perfusion imaging using single photon emission 
computed tomography (SPECT) is a useful tool in risk stratifi-
cation of patients with stable CAD.58 On the one hand, among 
individuals with stable CAD and a normal stress imaging 
result, the annual cardiac mortality and myocardial infarction 
rate is similar to the general population.31 On the other hand, 
stress-induced reversible perfusion defects of greater than 
10% of the total myocardium are associated with a poor prog-
nosis.59,60 However, myocardial perfusion imaging has limited 
sensitivity for the detection of high-risk CAD, but a normal 
global coronary flow reserve (CFR) seems to be helpful in 
excluding the presence of high-risk CAD on angiography.61,62 
A growing body of evidence supports the prognostic ability 
of absolute flow when quantified by cardiac positron emis-
sion tomography (PET) showing that intact CFR is associated 
with a favorable prognosis during follow-up of up to 5 years.63 
Mechanistically, a reduced CFR leads to a worse prognosis 
either through a severe, focal defect and its future risk of 
plaque rupture with an acute coronary syndrome, or through 
a global flow reduction that serves as a marker for diffuse dis-
ease and overall CAD burden.63

Evidence of the prognostic value of stress cardiac mag-
netic resonance and outcome is more limited but, in gen-
eral, the same principles as for SPECT are shared. Thus, 
stress-induced reversible wall abnormalities of greater than 
10% of the left ventricle are associated with a high-risk situ-
ation (Fig. 17.1).64

Coronary Computed Tomography 
Angiography (See Chapter 13)
Noninvasive coronary computed tomography angiography 
(CTA) is very sensitive in detecting obstructive CAD, but is 
limited in its positive predictive value. Therefore, at present, 

the strength of CTA is its ability to exclude significant CAD 
with a high negative predictive value. In addition, CTA does 
not assess the functional significance of visualized lesions 
and often leads to further evaluation with either stress test-
ing or invasive angiography, or both.65 However, new technol-
ogies with CTA are now available to estimate the functional 
significance of individual coronary lesion flow (fractional 
flow reserve).66,67

Risk stratification using CTA is well established and large 
prospective international multicenter studies have dem-
onstrated that the extent and severity of CAD is associated 
with all-cause mortality and demonstrated the independent 
prognostic value of both obstructive as well as nonobstruc-
tive CAD by CTA.68 However, the clinical event rate is very 
low in the absence of any coronary plaque or with plaque, 
but without stenosis (Fig. 17.2).65,68–71

Coronary Angiography (See Chapter 14)
Coronary angiography provides important information 
both in the diagnosis of CAD and in assessing the risk of 
cardiovascular events. In the stable angina setting, coronary 
angiography provides information on the number of vessels 
involved.72 The severity is assessed by the overall number 
of lesions, lesion location, severity, and the extent of involve-
ment of branch vessels.31

The classification of disease into single-, double-, or tri-
ple-vessel or left main CAD is the most widely used and 
can be translated into prognostic information (Fig. 17.3). 
The SYNTAX (Synergy Between Percutaneous Coronary 
Intervention with Taxus and Cardiac Surgery) score extends 
this simple classification, provides a detailed risk assessment 
of the severity of epicardial CAD, and has been validated.16,17

The angiogram is not always sufficient to characterize the 
coronary atheroma, and therefore advanced invasive imag-
ing techniques, such as intravascular ultrasound and opti-
cal coherence tomography, are evolving as additional tools, 
but so far have not translated into prognostic information in 
patients with stable CAD.72,73

The functional significance of a stenosis can be measured 
by fractional flow reserve (FFR). FFR is calculated as the ratio 
of distal coronary pressure to aortic pressure measured dur-
ing maximal hyperemia. A normal value for FFR (> 0.80) indi-
cates that a stenosis is not flow limiting and the prognosis is 
therefore excellent (< 1% risk of cardiovascular event).74

Genetic Testing (See Chapter 3)
Long known to be a heritable condition, genetic analyses 
have validated more than 50 loci across the genome that 
are independently related to risk of coronary disease.75 
A genetic risk score based on a combination of 27 such 
variants was recently shown to predict risk of recurrent 
coronary events in participants from the CARE (Cholesterol 
and Recurrent Events) and PROVE-IT TIMI 22 (Pravastatin 
or Atorvastatin Evaluation and Infection Therapy–
Thrombolysis in Myocardial Infarction 22) clinical trials.76 
For example, those in the top quintile of the genetic risk 
score had a hazard ratio of 1.81 (95% confidence interval 
[CI] 1.22–2.67) for incident events. Furthermore, enhanced 
relative and absolute risk reduction was noted with statin/
higher-intensity statin therapy within this subgroup. This find-
ing has led to the hypothesis that identification of patients 
at increased genetic risk may allow for tailored therapy.
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MULTIVARIABLE RISK PREDICTION MODELS 
IN CHRONIC CORONARY ARTERY DISEASE

Informal methods of risk prediction, such as identification 
of clinical signs, symptoms, or biomarkers associated with 
adverse outcomes, have long been applied in the treatment 
of chronic CAD to identify individuals who may benefit from 
more intensive therapy.15 However, informal methods of risk 
stratification or use of single markers to predict risk have 
significant disadvantages. First, observed rates of adverse 
outcomes may vary substantially among individuals who 
have a prognostic marker associated with adverse outcomes 

due to the presence of other observed and unobserved risk 
factors. For example, both age and the presence of comor-
bidities such as diabetes and heart failure influence the 
prognosis of patients with chronic CAD.77 Second, the ability 
of clinicians to estimate the likelihood of patients’ outcomes 
using clinical signs and symptoms may be poorly related to 
patients’ observed risk of adverse outcomes.78

Global risk scores that quantitatively estimate patients’ 
absolute risk of outcomes using multiple variables can avoid 
these disadvantages. Quantitative risk scores can allow physi-
cians to predict patients’ absolute risk of adverse outcomes 
using greater information and with greater consistency than 
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FIG. 17.1 Risk-adjusted hazard of events by percent myocardium abnormal on vasodilator stress Rb-82 PET. Hazard of (A) cardiac death (6037 patients, 169 cardiac deaths) 
and (B) all-cause death (7061 patients, 570 all-cause deaths) was lowest in patients with normal PET myocardial perfusion imaging and increased gradually in patients with 
minimal, mild, moderate, and severe degrees of scan abnormality. CI, Confidence interval; HR, hazard ration; PET, positron emission tomography. (Modified from Dorbala S, Di 
Carli MF, Beanlands RS, et al. Prognostic value of stress myocardial perfusion positron emission tomography: results from a multicenter observational registry. J Am Coll Cardiol. 
2013;61:176.)
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a single sign or symptom.15 Indeed, use of multivariable risk 
prediction models to guide therapy for the primary preven-
tion of cardiovascular disease has become common and 
has been the focus of intensive research over the past two 
decades.79

The Framingham Coronary Heart Disease risk model 
has been widely applied to predict risk of coronary heart 

disease among individuals without cardiovascular disease79 
and has been recently extended to prediction of cardiovas-
cular events including stroke.80 For the 2013 American Heart 
Association/American College of Cardiology (AHA/ACC) 
guidelines on the initiation of statin therapy, the Pooled 
Cohort equations were developed to predict cardiovascu-
lar risk and identify individuals at greater than 7.5% risk 
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FIG. 17.2 Unadjusted all-cause 3-year Kaplan-Meier survival by the presence, extent, and severity of CAD by CCTA. Note the dose-response relationship of mortality to 
increasing numbers of vessels with obstructive CAD. CAD, Coronary artery disease; CCTA, coronary computed tomography angiography. (Modified from Min JK, Dunning A, Lin 
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of a hard atherosclerotic cardiovascular event (cardiovas-
cular death, myocardial infarction, or stroke) over 10 years 
for potential initiation of statin therapy.11,81 In the United 
Kingdom, the QRISK2 score has been developed to predict 
risk of a cardiovascular event and has also been incorpo-
rated into National Institute for Health and Care Excellence 
guidelines for the initiation of statin therapy.82 A 2011 sys-
tematic review on cardiovascular risk prediction identified 
more than one hundred different risk models aiming to pre-
dict incident cardiovascular disease.83

In contrast to the intensive research into risk models 
for primary prevention of cardiovascular disease, research 
into risk prediction of cardiovascular disease among indi-
viduals with chronic CAD has been limited.15 Although the 
2014 AHA/ACC48 and 2013 European Society of Cardiology 
guidelines31 on treatment of stable CAD recommend risk 
assessment of patients, neither recommend a multivariable 
risk assessment model, as the 2013 AHA/ACC guidelines for 
initiation of statin therapy do with the Pooled Cohort equa-
tions,11 likely due to the lack of an established global risk 
score. This section will review the comparatively limited 
research on multivariable risk prediction models in chronic 
CAD, including current multivariable risk models that use tra-
ditional risk factors, research into novel markers to improve 
risk prediction, and limitations of current models for risk 
prediction in chronic CAD.

Risk Prediction Using Multivariable Models
Although numerous statistical methods have been devel-
oped to characterize risk prediction models, they can be 

broadly characterized by measures of calibration and dis-
crimination.79 Calibration refers to the ability of models 
to accurately predict the risk of an event observed over a 
period of follow-up. For example, if a model estimates the 
risk of an event in a group of participants to be 7% over a 
given period of follow-up, while only 3.5% of participants are 
observed to actually have an event, the model would be con-
sidered poorly calibrated. Calibration can be assessed by 
dividing participants into subgroups (often tenths of partici-
pants) and comparing the predicted risk in each subgroup 
to the observed risk. Calibration is often quantified using the 
Hosmer-Lemeshow chi-square statistic, which, if significant 
(p < 0.05), indicates a lack of calibration. Discrimination, 
in contrast to calibration, refers to the ability of models to 
discriminate future cases from noncases. It is often quanti-
fied using the C-statistic, which refers to the probability that 
a randomly selected case has a higher predicted risk than 
a noncase. A risk model can be discriminatory, but not well 
calibrated, as Fig. 17.4 illustrates.79

In early attempts to develop multivariable risk predic-
tion models in CAD, quantitative measures of discrimina-
tion and calibration were inconsistently reported (Table 
17.1).15,31,39,77,84–88 For example, one of the first multivariable 
models to be developed for patients with CAD, published 
in 1988, was a risk score developed from a database of all 
patients undergoing cardiac catheterization at Duke.31 
Stepwise selection was used to identify significant predic-
tors of risk of death or myocardial infarction over a median 
22 months of follow-up, with ejection fraction, number of dis-
eased vessels, left main stenosis, angina score, age, and sex 
included in the final model. The dataset was divided into 
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FIG. 17.4 Examples of models which are (A) well calibrated and discriminatory and (B) discriminatory but not well calibrated. (Modified from Lloyd-Jones DM. Cardiovascular 
risk prediction: basic concepts, current status, and future directions. Circulation. 2010;121:1768–1777.)



Global Risk Assessment
241

17
TABLE 17.1 Multivariable Risk Prediction Models Using Traditional Risk Factors Developed for Predicting Events in Stable CAD

NAME OF 
MODEL 
(AUTHOR)

YEAR OF 
PUBLICATION ENDPOINT(S) POPULATION

PREDICTOR 
VARIABLES DISCRIMINATION CALIBRATION

VALIDATED IN 
AN EXTERNAL 
COHORT?

VALIDATED 
BY EXTERNAL 
RESEARCHERS?

OTHER 
LIMITATIONS

Duke (Califf et al.) 1988 Death and  
nonfatal MI

5886 participants 
with CAD

Demographic 
and clinical 
characteristics

Not assessed Visually assessed 
through KM 
curves

No No Single center, 
baseline 1971

LIPID (Marschner 
et al.)

2001 CHD death and 
nonfatal MI

8557 participants 
with stable CAD 
and a history 
of myocardial 
infarction

Demographic 
and clinical 
characteristics

Visually assessed Visually assessed No Yes, C-statistic = 
0.6125

Baseline 1990

TIBET (Daly et al.) 2003 Cardiac death, 
nonfatal MI, 
unstable angina

682 participants 
with stable 
angina

Demographic, clinical, 
and noninvasive 
test variables

Not assessed Not assessed No No Baseline before 
1995

ACTION (Clayton 
et al.)

2005 Death, MI or stroke 1063 participants 
with stable 
angina

Demographic, clinical, 
and noninvasive 
test variables

Visually assessed Visually assessed No No Baseline 1996

Olmsted County 
(Miller et al.)

2005 1.Death
2.Cardiac death
3.Cardiac death or 

nonfatal MI

3546 participants 
undergoing stress 
testing for CAD

Demographic and 
clinical variables

Not assessed Not assessed No No Baseline 1987

Euro Heart Angina 
(Daly et al.)

2006 1. Death and  
nonfatal MI

2. Cardiovascular 
event

3031 participants 
with stable 
angina

Clinical and test 
variables

C-statistic = 0.74 Not assessed No No

PEACE (Hsia et al.) 2008 Sudden cardiac 
death

8290 participants 
with stable CAD

Demographic, clinical, 
and test variables

C-statistic = 0.71 Not assessed No No

Duke SCD 
(Atwater et al.)

2009 Sudden cardiac 
death

37,258 participants 
with angiographic 
CAD

Demographic, clinical, 
and test variables

C-statistic = 0.75 Visually assessed Yes, C-statistic = 
0.64

No Baseline 1985

VILCAD (Goliasch 
et al.)

2012 Death 547 participants 
with stable CAD

Demographic, clinical, 
and test variables

C-statistic = 0.77 Not assessed Yes, C-statistic = 
0.73

No

EUROASPIRE (De 
Bacquer et al.)

2013 Cardiovascular 
death

5216 participants 
with CAD

Demographic, clinical, 
and test variables

No No No No Baseline 1995

EUROPA (Battes 
et al.)

2013 1. Cardiovascular 
death

2. Cardiovascular 
death, nonfatal 
MI, and cardiac 
arrest

Other endpoints

12,218 participants 
with stable CAD

Demographic and 
clinical variables

C-statistic = 0.70 Visually assessed No No

CALIBER 
(Rapsomaniki 
et al.)

2014 1. Death
2. CAD death or 

nonfatal MI

102,023 
participants with 
CAD

Demographic and 
clinical variables

C-statistic = 0.81 Visually assessed Yes, C-statistic = 
0.74

No

CAD, coronary artery disease; CHD, coronary heart disease; KM, Kaplan-Meier; MI, myocardial infarction.
Note: Prakash et al. risk score was excluded as it examined individuals referred for exercise testing (not known CAD). Framingham Secondary Model was excluded as it included participants after ischemic stroke. Acampa et al. risk 

score was excluded as it was restricted to post CABG.



242

IV

M
a

n
a

g
eM

en
t

a training set, used to develop the model, and validation 
set, which was used to roughly examine the calibration of 
the final model. Kaplan-Meier curves for the model in the 
training set and the validation set overlapped, suggesting 
that the model was reasonably calibrated. However, quan-
titative measures of discrimination and calibration, such as 
the C-statistic or predicted versus observed event rate, were 
not reported.

In contrast to the modest attempt to visually evaluate 
the calibration of the Duke model, measures of calibra-
tion and discrimination were not reported at all for the 
Total Ischaemic Burden European Trial (TIBET) model.31 
Published in 2003, this model was developed to predict risk 
of coronary heart disease events (cardiac death, myocardial 
infarction, or unstable angina) at 2-year follow-up from 612 
participants. Four variables were selected for inclusion in 
the model after stepwise regression: coronary artery bypass 
grafting (yes or no), left ventricular hypertrophy (yes or no), 
end-diastolic dimension, and time to 1-mm ST depression 
on exercise. Two-year probability of coronary heart disease 
ranged from a minimum of 3% to a maximum of 79%. No 
effort was made to compare predicted risks to observed 
risks (calibration) or the ability of the model to discriminate 
between cases and noncases (discrimination). The perfor-
mance of the model is thus unknown and it should not be 
used in clinical practice.

The A Coronary disease Trial Investigating Outcome with 
Nifedipine GITS (ACTION) trial model, published 2 years 
later in 2005 and available as an online calculator (http://
www.anginarisk.org/), was developed to predict risk of all-
cause death, myocardial infarction, and stroke in a cohort 
of 7311 participants with stable angina over 5 years of fol-
low-up. Forward stepwise selection was used to choose vari-
ables, with significant variables (p < 0.001) included in the 
model. The strongest predictor of risk was age, followed by 

mean ejection fraction, current smoking, and white blood 
cell count. Model calibration was assessed visually by com-
paring observed risk in tenths of participants to predicted 
risk. Risk in the bottom tenth was 4% whereas risk in the 
top tenth was 36% (Fig. 17.5). The model appeared well cali-
brated, with similar levels of observed and predicted risk 
across tenths, although quantitative methods of assessing 
calibration and discrimination were again not reported.

A 2014 publication of a risk prediction model for sta-
ble CAD from the CArdiovascular disease research using 
Linked Bespoke studies and Electronic health Records 
(CALIBER) cohort represented a methodological advance-
ment over these prior reports.77 This model used variables 
from routinely collected electronic health records in United 
Kingdom general practices to predict risk of all-cause death 
and risk of myocardial infarction/coronary death over a 
mean of 4.4 years. These variables included age, sex, depriva-
tion (socioeconomic status), CAD subtype, history of myo-
cardial infarction, traditional cardiovascular risk factors 
(smoking, hypertension, diabetes, cholesterol), cardiovas-
cular and noncardiovascular morbidities, depression, anxi-
ety, and biomarkers (heart rate, creatinine, white cell count, 
and hemoglobin). Among the 102,023 patients for whom 
the model was developed, the C-index was 0.81 (95% CI 
0.81–0.82) for all-cause mortality and 0.78 (CI 0.77–0.79) for 
nonfatal myocardial infarction or cardiovascular death, sug-
gesting excellent discrimination. The model also appeared 
well calibrated when visually assessed, although a Hosmer-
Lemeshow chi-square statistic was not reported. When the 
model was tested on a new cohort (the Appropriateness 
of Coronary Revascularization study), discrimination was 
moderate (C-statistic 0.74, CI 0.72–0.76, for all-cause mor-
tality and C-statistic 0.72, CI 0.70–0.74, for nonfatal myocar-
dial infarction/cardiovascular death) although the model 
appeared well calibrated. In addition to examining measures 
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FIG. 17.5 Distribution of ACTION risk score and risk of death, myocardial infarction, or disabling stroke at 5 years. ACTION, A Coronary disease Trial Investigating Outcome 
with Nifedipine GITS. (Adapted from Clayton TC, Lubsen J, Pocock SJ, et al. Risk score for predicting death, myocardial infarction, and stroke in patients with stable angina, based 
on a large randomised trial cohort of patients. BMJ. 2005;331(7521):869.)
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of discrimination and calibration, the authors also modeled 
the clinical impact of use of the model, assuming that high-
risk patients could be more intensively treated to reduce 
their risk of all-cause death or coronary heart disease by 
20%. They estimated that screening 1000 participants with 
their model would lead to 15 life-years relative to a model 
that used only demographic characteristics (Fig. 17.6). The 
methodological approach of the authors, including evalu-
ating the performance of the model in both a derivation 
cohort and a validation cohort, and estimating the clinical 
impact of their model, is an improvement over prior reports 
of risk prediction models in chronic CAD and should be 
adopted in future research into risk prediction in chronic 
coronary disease.

Table 17.1 summarizes reported multivariable risk predic-
tion models for use in patients with chronic CAD. The majority 
of the models predict death or cardiovascular death as the 
outcome, although two models (Duke SCD and Prevention 
of Events with Angiotensin-Converting Enzyme Inhibition 
[PEACE]) predict sudden cardiac death. Eleven of the 12 
models included demographic variables such as age and 
sex as predictors, whereas all of the models included clini-
cal variables, such as the presence of comorbidities, as pre-
dictors. Seven of the 11 models included test variables, such 
as measures of ejection fraction, as predictors.

Almost all of the models reported in Table 17.1 are not 
suitable for clinical use for two reasons. First, many of the 
models do not report measures of discrimination or calibra-
tion, preventing their performance from being compared 
to other risk prediction models or evaluated by clinicians. 
Without metrics of calibration and discrimination, it is 
unclear how the models can be expected to stratify patients’ 
risks of events. Second, the majority of the models do not 
report an attempt to validate the model in an external 
cohort. Validation of models in a new cohort is important, as 
a model will typically show overly optimistic results on the 
cohort from which the model was developed.89 To estimate 

how the models would perform in a novel setting, they must 
be applied to external cohorts.

The CALIBER,77 VILCAD,90 LIPID,15 and Duke SCD86 mod-
els are the exceptions to these limitations, as calibration and 
discrimination were assessed and these models were vali-
dated in an external cohort (see Table 17.1). It would there-
fore seem reasonable to use these models for prediction 
of risk in chronic CAD in similar populations from which 
they were derived (European populations for CALIBER and 
VILCAD, Australian populations for LIPID, and American 
populations for Duke SCD). However, only the LIPID model 
has been validated by external investigators. In addition, the 
discrimination and calibration of predictive models can 
vary substantially by geographic region,89 so without fur-
ther validation studies, use of these models in different geo-
graphic settings may not be prudent. The Duke SCD model 
was also derived in patients presenting from as early as 1987, 
making it unclear if it would be well calibrated in current 
populations.

Novel Markers to Improve Risk Prediction
Numerous risk markers have been shown to be associated 
with cardiovascular events in the primary and secondary 
prevention setting. Inflammatory markers such as C-reactive 
protein and interleukin-6, and cardiovascular function mark-
ers such as B-type natriuretic peptide and high-sensitivity 
cardiac troponin T, among other markers, have been dem-
onstrated to be associated with secondary cardiovascular 
events in CAD.91–93 However, demonstration of a significant 
association with cardiovascular events, after controlling for 
traditional risk factors, is not sufficient to demonstrate that a 
marker improves risk prediction. Traditional risk factors may 
be easier and less costly to capture, and addition of a novel 
marker may not add clinically important information to tra-
ditional risk factors, even if it is significantly associated.94 
To evaluate whether novel markers improve risk prediction, 

1. SOCIODEMOGRAPHICS
age, sex, multiple deprivation 0.000 (0.000; 0.000) 0.754 0.0 (0.0; 0.0)

2. CAD DIAGNOSIS and SEVERITY
CAD subtype, PCI/CABG, hist. MI, nitrate use 0.013 (0.011; 0.015) 0.767 2.8 (2.0; 3.7)

3. PRIMARY CVD RISK FACTORS
smoking, hypertension, diabetes, lipids 0.005 (0.004; 0.006) 0.772 1.3 (0.8; 1.9)

4. CVD COMORBIDITIES
heart failure, PAD, atrial fibrillation, stroke 0.017 (0.016; 0.018) 0.790 4.9 (3.9; 6.0)

5. NON-CVD COMORBIDITIES
chronic renal disease, COPD, cancer, liver disease 0.006 (0.005; 0.007) 0.795 1.9 (1.4; 2.4)

6. PSYCHOSOCIAL
depression, anxiety 0.001 (0.001; 0.002) 0.797 0.4 (0.1; 0.7)

7. BIOMARKERS
heart rate, creatinine, white cell count, hemoglobin 0.014 (0.011; 0.017) 0.811 3.2 (2.3; 4.1)

0 0.01 3 0 2 4 6 8

Characteristics used in risk assessment
(incrementally updated models)

Difference in the C-index

Difference in
C-index 95% CI  C-index Life-years    95% CI

Life-years gained if models used
to support management decision **

FIG. 17.6 Progressive addition of variables to model and changes in C-index as well as life-years used if models used to support management decision. CABG, Coronary artery 
bypass grafting; CAD, coronary artery disease; CI, confidence interval; COPD, chronic obstructive pulmonary disease; CVD, cardiovascular disease; MI, myocardial infarction; PAD, 
peripheral arterial disease; PCI, percutaneous coronary intervention. (Modified from Rapsomaniki E, Shah A, Perel P, et al. Prognostic models for stable coronary artery disease 
based on electronic health record cohort of 102 023 patients. Eur Heart J. 2014;35(13):844–852.)
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they must be added into models and changes in model per-
formance evaluated.

Comprehensive reviews of individual risk factors that 
have been suggested to improve risk prediction in chronic 
CAD are provided elsewhere.79,95 Among the best studied 
risk factors, however, have been markers of cardiovascular 
function, particularly B-type natriuretic peptides93 and car-
diac troponins T and I.32,96 In a systematic review of B-type 
natriuretic peptides that included seven studies conducted 
in populations with stable cardiovascular disease, inclusion 
of B-type natriuretic peptides led to modest improvements in 
discrimination, with increases in C-statistics increasing from 
0.02 to 0.1.93 In an analysis of the PEACE trial, inclusion of 
cardiac troponin T measured using a highly sensitive assay 
led to an increase in the C-statistic by approximately 0.02 
and high-sensitivity cardiac troponin I led to an increase by 
0.015 relative to a model with traditional risk factors.96 In an 
analysis of the Dallas Heart Study, inclusion of high-sensitiv-
ity cardiac troponin T led to reclassification of participants 
and improved model fit.32 Inflammatory markers, such as 
C-reactive protein, and markers of kidney function, such as 
cystatin C, have also been suggested to improve risk predic-
tion in stable coronary heart disease.15

Whereas these analyses have examined whether intro-
duction of a single variable improves risk prediction over 
a model containing traditional risk factors, a single binary 
risk factor, in isolation, requires an odds ratio of 9 or greater 
to achieve excellent discrimination.79 As a single novel risk 
marker (or, indeed, any risk factor) is unlikely to have such 
a strong association with an outcome of interest, inclusion 
of multiple novel markers, each of which is modestly asso-
ciated with the outcome of interest, may be more likely to 
substantially improve model performance in a clinically rel-
evant manner.

Over the past 5 years, several studies have attempted to 
undertake such a multimarker approach to improve risk pre-
diction and generate multivariable risk models containing 
novel markers (Table 17.2).97–101 In the BIO-VILCAD study 
of 1275 patients with stable CAD, 135 novel biochemical 
and metabolic biomarkers were added into a Cox model 
to determine the strongest predictors of all-cause mortality 
using forward and reverse selection.100 The four strongest 
novel biomarkers identified were N-terminal pro-brain natri-
uretic peptide (NT-proBNP), renin, 25-hydroxy vitamin D, and 
cystatin C. Inclusion of these four biomarkers in a traditional 
risk score of age, sex, heart rate, ejection fraction, and HbA1c 
led to a significant improvement in C-statistic from 0.73 to 
0.78. However, when considering the very high likelihood of 
overfitting (135 different variables tested) and the lack of 
validation in a new cohort, it is unclear how much of the 
improvement in discrimination can be attributed to the 
novel biomarkers relative to overfitting.

In an analysis of the AtheroGene study, Schnabel et al.97 
examined the association of 12 novel biomarkers (reflecting 
inflammation, lipid metabolism, and cardiovascular function) 
with cardiovascular death and nonfatal myocardial infarc-
tion. The strongest associations with cardiovascular death 
and nonfatal myocardial infarction in the cohort of 1781 sta-
ble angina patients, followed over a median of 3.6 years of fol-
low-up, were observed for NT-proBNP,  growth- differentiation 
factor (GDF)-15, mid-regional pro-atrial natriuretic peptide, 
cystatin C, and mid-regional pro-adrenomedullin. When these 
five biomarkers were included in a model containing tradi-
tional risk factors, the C-statistic improved from 0.656 to 0.690 

with improvements in classification of participants across 
clinically relevant risk categories. However, inclusion of the 
five biomarkers did not improve discrimination or reclassi-
fication relative to including the single strongest biomarker 
(NT-proBNP).

In a recent analysis of the Heart and Soul study,101 six 
novel biomarkers were evaluated along with traditional risk 
factors for prediction of secondary events among individu-
als with stable CAD (912 participants with 202 cardiovascular 
events). The four strongest risk factors were NT-proBNP,  high-
sensitivity cardiac troponin T, urinary albumin:creatinine 
ratio, and smoking. Traditional risk factors, including age, 
sex, and ejection fraction, did not meaningfully improve 
discrimination and calibration. This four-predictor model 
with novel biomarkers was well calibrated and discriminat-
ing, with a C-statistic of 0.73 and similar rates of predicted 
and observed events. Importantly, the authors then validated 
their model in a separate cohort (the PEACE trial). Although 
the overall C-statistic was reduced in the validation cohort, 
addition of the novel risk factors to the model with tradi-
tional risk factors improved the C-statistic from 0.57 to 0.65.

Overall, these results suggest that use of novel biomarkers, 
particularly natriuretic peptides and high sensitivity cardiac 
troponins, has the potential to improve risk prediction in 
chronic CAD. Combining multiple markers in a multimarker 
approach appears to result in larger increases in model per-
formance than use of a single marker.

Limitations of Current Models and Future 
Directions
Whereas development of models for risk prediction in 
chronic CAD has been limited relative to prediction of inci-
dent cardiovascular disease, there have been more than 10 
models developed for risk prediction in chronic CAD that 
use either traditional risk factors or novel markers (see 
Tables 17.1 and 17.2). The major limitation to the use of 
global risk prediction models in chronic CAD is therefore 
not that risk prediction models have not been developed 
but is that the performance of current models in clinical 
practice is largely unknown. As previously mentioned, mod-
els typically show overly optimistic results on samples for 
which development was performed; to rigorously evaluate 
the calibration and discrimination of models, they must be 
applied to external cohorts.89 Only one of the models pre-
sented in Tables 17.1 and 17.2 (the LIPID model) has been 
validated by external investigators in a novel cohort. This 
lack of external validation can be contrasted to the setting 
of primary prevention of cardiovascular disease, where 
numerous studies have been undertaken by external inves-
tigators validating the Framingham, QRisk2, and Pooled 
Cohort equations in novel cohorts.102,103 If multivariable risk 
prediction models are to become widely used in chronic 
CAD, and incorporated into guidelines for treatment of 
chronic CAD,48,56 multivariable risk prediction models need 
to be assessed in external cohorts. Ideally, researchers could 
compare multiple models in the same external cohort, 
examining which ones performed the best.

Much of the current research on risk prediction in chronic 
CAD has focused on novel risk factors and prognostic mark-
ers to improve risk prediction. This includes recent high 
profile analyses of the predictive value of natriuretic pep-
tides, cardiac troponins, and inflammatory markers.32,96,97 
However, without well-validated models that clinicians can 
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TABLE 17.2 Multivariable Risk Prediction Models Using Multiple Novel Markers and Traditional Risk Factors Developed for Predicting Events in 
Stable CAD

NAME OF 
MODEL 
(AUTHOR)

YEAR OF 
PUBLICATION ENDPOINT(S) POPULATION

PREDICTOR 
VARIABLES

NOVEL 
BIOMARKERS 
INCLUDED IN 
FINAL MARKER DISCRIMINATION CALIBRATION

VALIDATED 
IN A NEW 
COHORT?

VALIDATED 
BY EXTERNAL 
RESEARCHERS?

OTHER 
LIMITATIONS

AtheroGene 
(Schnabel 
et al.)

2010 Cardiovascular 
death and 
nonfatal MI

1781 
participants

Demographic, 
clinical, and 
noninvasive 
test variables

NT-proBNP, MR-
proADM, MR-
proANP, cystatin 
C, GDF-15

C-statistic = 0.69 Not assessed No No Full model not 
reported in 
publication

TNT (Mora 
et al.)

2012 Major 
cardiovascular 
events

9251 
participants 
with stable 
CAD

Demographic, 
clinical, and 
noninvasive 
test variables

Apolipoprotein A1, 
apolipoprotein 
B, blood urea 
nitrogen

C-statistic = 0.68 Not assessed No No Full model not 
reported in 
publication

PEACE 
(Sabatine 
et al.)

2012 Cardiovascular 
death or heart 
failure

3717 
participants 
with stable 
CAD

Demographic, 
clinical, and 
noninvasive 
test variables

MR-proANP,  
MR-proADM,  
CT-proET-1, 
copeptin

C-statistic = 0.81 Not assessed No No

BIO-VILCAD 
(Kleber 
et al.)

2014 Death 1275 
participants 
with stable 
CAD

Demographic, 
clinical, and 
noninvasive 
test variables

Pro-BNP, renin, 
25-hydroxy 
vitamin D, 
cyastatin C

C-statistic = 0.78 Not assessed No No

Heart and 
Soul 
(Beatty 
et al.)

2015 Cardiovascular 
death, MI, or 
stroke

912 participants 
with stable 
CAD

Demographic, 
clinical, and 
noninvasive 
test variables

NT-proBNP, Cardiac 
troponin T, 
albumin:creatinine

C-statistic = 0.73 p-value = 0.07, 
also visually 
assessed

Yes, C-statistic 
= 0.65

No

CAD, coronary artery disease; CT-proET-1, C-terminal pro-endothelin-1; GDF, growth-differentiation factor; KM, Kaplan-Meier; MI, myocardial infarction; MR-proADM, midregional pro-adrenomedullin; MR-proANP, midregional pro-
atrial natriuretic peptide; NT-proBNP, N-terminal pro-B-type natriuretic peptide.
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apply in practice and that novel models can be compared 
to, the value of such research is uncertain. Hopefully, in the 
future, risk prediction research in chronic CAD will consis-
tently include evaluation and validation of current models 
in different settings, in addition to developing new models 
and examining new risk factors.

Aligning Therapy with Risk in Stable 
Coronary Heart Disease
The alignment of therapies according to individual patient 
risk is a key component of the widely endorsed “precision 
medicine” concept. Applied optimally, this strategy enables 
those at highest risk to gain benefit while protecting lower 
risk subgroups from the costs and potential side effects of a 
given therapeutic.

However, despite the conceptual appeal, this notion has 
proven difficult to apply to clinical medicine with only a few 
examples that are in current widespread use (Table 17.3). For 
example, observational evidence describing an increased 
risk of sudden cardiac death amongst those with an is-
chemic cardiomyopathy provided the foundation for the piv-
otal Multicenter Automatic Defibrillator Implantation Trial 
II (MADIT II trial), in which implantation of an implantable 
cardioverter defibrillator led to a 31% decrease in all-cause 
mortality.104 The identification of an increased rate of in-stent 
thrombosis following drug-eluting stent implantation related 
to delayed endothelialization has led to a recommendation 
of dual antiplatelet therapy for at least 12 months.105 Finally, 
the SYNTAX (Synergy Between Percutaneous Coronary 
Intervention with TAXUS and Cardiac Surgery) trial random-
ized 1800 patients with multivessel coronary disease to revas-
cularization with either drug eluting stents or coronary artery 
bypass surgery. Post hoc analyses noted substantial decre-
ments in cardiovascular events in those with intermediate 
to high anatomic CAD complexity but similar event rates in 
those with more straightforward anatomy.106 This has led to a 
preference for coronary artery bypass grafting in those with 
complex/diffuse CAD, particularly in those with diabetes.48

The development of individualized therapy paradigms 
has proven challenging largely because it requires well-con-
ceived identification of those at highest risk and subsequent 
application of an appropriate intervention. A recent post hoc 
analysis from the Bypass Angioplasty Revascularization in 
Type 2 Diabetes trial (BARI-2D) illustrated these challenges 
by successfully demonstrating a strong relationship between 
abnormal troponin T concentrations at baseline and inci-
dent cardiovascular events (hazard ratio [HR] 1.85, 95% CI 
1.48–2.32).107 However, random assignment of these high-
risk individuals to revascularization, as compared to optimal 

medical therapy, did not lead to a reduction in cardiovascu-
lar events (HR 0.96 in both subgroups of those with normal 
and abnormal baseline troponin T). Similarly, although levels 
of LDL-cholesterol are predictive of incident cardiovascular 
events, the clinical benefit of statin therapy is largely uniform 
across a broad range of baseline LDL-C levels.108

Furthermore, cardiovascular therapeutics for ischemic 
heart disease often confers both benefits and potential side 
effects. Few efforts to date have sought to combine these 
endpoints into subpopulations that receive net clinical ben-
efit. A recent example sought to guide clinicians deciding 
whether or not to continue dual antiplatelet therapy beyond 
the 12 months currently stipulated in ACC/AHA guidelines. 
The Dual Antiplatelet Therapy (DAPT) study investigators 
used multivariate models to predict both benefit (reduction 
in recurrent myocardial infarction or stent thrombosis) and 
risk (moderate/severe bleeding).109 Although the overall 
discriminative ability for both endpoints was modest, the 
resulting score combines clinical characteristics to predict 
overall net clinical utility of drug continuation. The DAPT 
score awaits replication in similar clinical trial datasets prior 
to widespread clinical implementation.

Moving forward, the identification and combination of 
risk factors into scores that are appropriately calibrated and 
provide adequate discrimination will pave the way for con-
firmatory studies of their utility. Two conceptual frameworks 
exist to build this evidence base (Fig. 17.7). The traditional 
approach has been to conduct a trial in a broad population 
with subsequent subgroup analyses to assess for heteroge-
neity of effect (i.e., stratification of SYNTAX trial participants 
into subgroups based on anatomic complexity as previously 
discussed). This strategy increases efficiency in allowing 
investigators to test multiple subgroup hypotheses in a post 
hoc fashion. However, the multiple testing burden and power 
limitations of subgroup analyses often preclude definitive 
conclusions. An alternate approach involves the a priori def-
inition of a high-risk patient population for a clinical trial, 
as in the restriction of the MADIT-II trial to participants with 
ischemic cardiomyopathy and a depressed ejection frac-
tion. Although this allows for the most formal validation of 
the risk criteria, it requires an individual study to test each 
hypothesis and a successful intervention may lead some to 
wonder whether the findings are generalizable to the lower 
risk strata as well.

SUMMARY

Risk assessment is essential to effective medical decision-
making for prevention in CAD (Fig. 17.8). A variety of clinical 
tools, including the most basic elements of the clinical history 

TABLE 17.3 Current Examples of Therapies Tailored to Clinical Risk

DISEASE SUBTYPE HIGH RISK DEFINITION THERAPY AUTHOR AND YEAR

Sudden cardiac death Ischemic-cardiomyopathy and EF ≤ 30% Implantable cardioverter defibrillator Moss AJ et al. 2002

In-stent thrombosis Drug-eluting stent implantation
Prior MI

Dual antiplatelet therapy ≥12 months Levine GN et al. 2011

Recurrent ischemic events vs. bleeding Multivariable DAPT score Dual antiplatelet therapy continuation  
beyond 12 months

Yeh RW et al. 2015

Multivessel disease in context of diabetes High anatomic complexity (three-vessel 
disease or high SYNTAX score)

CABG preferred over PCI Fihn SD et al. 2014

CABG, coronary artery bypass grafting; DAPT, dual antiplatelet therapy; EF, ejection fraction; MI, myocardial infarction; PCI, percutaneous coronary intervention; SYNTAX, 
Synergy Between Percutaneous Coronary Intervention with Taxus and Cardiac Surgery.
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and the physical examination, provide valuable information 
on prognosis. In addition, data from the ECG, laboratory 
testing, and noninvasive and invasive imaging are comple-
mentary with respect to prognosis and can aid in inform-
ing patients and their families, directing triage, and guiding 
medical therapy. An integrated approach to risk assessment 
is optimal, and simple clinical risk scores can assist the clini-
cian in assimilating the diverse sources of data on progno-
sis. Several multivariable risk models using traditional risk 
factors with and without multibiomarker approaches, have 
been developed for prediction of cardiovascular events in 

patients with stable CAD, but unfortunately they have not 
been assessed in external cohorts.

The alignment of therapy according to individual patient 
risk is a strategy that enables those at highest risk to benefit 
while protecting lower risk subgroups from the costs and 
potential side effects of a given therapy. This notion has 
proven difficult to apply to clinical medicine and indeed in 
patients with stable ischemic heart disease. This is an area 
for future research that may advance the extent to which the 
promise of personalized medicine can be realized in our 
routine care of patients with cardiovascular disease.

Increasing risk

Conduct RCT in all
participants

Conduct RCT in
high-risk subgroup

? Validity of post
hoc subgroup

analysis

? Generalizability to
population at large

FIG. 17.7 Building the evidence base for precision medicine. RTC, Randomized controlled trial.
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FIG. 17.8 Summary.
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More than 90% of all cardiovascular disease (CVD) deaths 
are thought to be preventable through lifestyle changes. In 
the INTERHEART study, a case-control study of myocardial 
infarction (MI) in 52 countries worldwide, nine lifestyle-
related risk factors accounted for 90% of the risk in men 
and 94% of the risk in women.1 The nine risk factors were: 
(1) abnormal lipids, (2) smoking, (3) hypertension, (4) dia-
betes, (5) abdominal obesity, (6) psychosocial factors, (7) 
low consumption of fruit and vegetables, (8) alcohol con-
sumption, and (9) lack of regular physical activity. Western 
countries have seen a decline in mortality from CVD in 
recent decades with mortality dropping to less than a third 
of previous levels in some countries. Half of this impressive 
decline in coronary heart disease mortality in the last three 
to four decades is generally ascribed to effects of popula-
tion-level lifestyle changes, mainly reductions in smoking 
and cholesterol through improved diet, and the remaining 
decline is ascribed to improved treatments, including medi-
cal therapy for cardiovascular risk factors.2

Revascularization through percutaneous coronary inter-
vention (PCI) or coronary artery bypass grafting (CABG), 
whether in the acute or elective setting, addresses the need 
for improved oxygen supply to the affected area of myo-
cardium but does not address the underlying atheroscle-
rotic process. For this, secondary prevention comprising 
lifestyle adaptation and medical treatment are necessary, 
and the effects of these adaptations have a rapid onset. In 
the Organization to Assess Strategies in Acute Ischemic 
Syndromes (OASIS) 5 study, a multicenter trial of 18,809 
patients from 41 countries, patients were assessed for adher-
ence to the lifestyle factors diet, exercise and smoking one 
month after their MI and subsequently followed for a total of 
6 months for cardiovascular events. Patients who reported to 
be persistent smokers and nonadherent to diet and exercise 
recommendations had a 3.8-fold increased risk of MI, stroke, 
or death compared with never-smokers who modified their 
diet and exercise.3 Smoking cessation alone was associ-
ated with a 43% reduction in risk of recurrent MI within the 
following 5 months, and adherence to diet and exercise 

was associated with a 48% reduction. Although this was 
an observational study and effects may be overestimated, 
data illustrate that the potential effects of lifestyle changes 
in cardiac patients are considerable even in the short term.

Despite decades of recommending lifestyle changes in 
patients with CVD, uptake remains suboptimal at best. In the 
EUROASPIRE IV survey, a cross-sectional study of second-
ary prevention in 8000 patients with coronary artery disease 
in 78 centers in 24 European countries, lifestyle changes 
were not widely adopted: little or no physical activity was 
reported by 59.9%, 48.6% of those smoking at the time of 
their event were still smoking, 37.6% were obese, 42.7% did 
not reach the blood pressure target of less than 140/90 mm 
Hg, 80.5% had low-density lipoprotein cholesterol (LDL-C) 
above the 1.8 mmol/L goal, and 26.8% reported to have dia-
betes. Half the patients (50.7%) had been offered cardiac 
rehabilitation and 81.3% of these had only attended half 
the program. Somewhat better adherence was seen for the 
main cardioprotective medications, antiplatelet agents and 
statins. These had been widely prescribed and were used 
by 85% to 94% of the population. These figures are likely to 
give an optimistic view of the status of secondary preven-
tion because of selection mechanisms regarding both par-
ticipating centers and patients.4 Thus the implementation of 
lifestyle adaptations in patients with coronary heart disease 
continues to present a challenge.

In the following chapter, the lifestyle factors of smok-
ing, physical activity, and nutrition will be covered, as will 
cardiac rehabilitation issues of adherence, whereas lipids, 
weight management, and psychosocial factors (stress and 
depression) are covered in other chapters.

SMOKING

Epidemiology
Smoking is a strong risk factor for coronary heart disease and, 
due to a persistently high use of tobacco products, remains 
responsible for a large proportion of coronary heart disease 
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cases. In the INTERHEART study the population attributable 
fraction for smoking in causing MI was 35.7%.1 Smoking has 
declined in the Western world in recent decades, and this 
decline has been an important contribution to the observed 
decline in mortality from coronary heart disease. Nonetheless, 
it is estimated that active and passive smoking remains respon-
sible for more than 480,000 annual deaths in the United States, 
equivalent to one in five deaths, almost half of these from CVD.5

The decline in smoking has been greatest among light 
smokers, men, and the socioeconomically privileged, lead-
ing to increased disparities in smoking-attributable disease. 
Even in smokers with established coronary heart disease 
many continue to smoke. European survey data indicate 
that 16% of patients with coronary heart disease are smokers 
more than one year after their event, and only half of smok-
ers have quit smoking. The survey also found that smoking 
cessation tools were underused.4

Types, Dosage, and Passive Smoking
Smoking is a strong and independent risk factor for all CVD. 
Smokers on average reduce their life span by 10 years, and 
their risk of developing CVD is increased two- to threefold.6 
In younger smokers the excess risk is five times higher than 
in nonsmokers of similar age.7 All types of tobacco are del-
eterious, whether low-tar (“mild” or “light”), filter cigarettes, 
pipe, or cigar. Moreover, significantly increased risk is still 
seen in smokers that have limited inhalation of smoke, such 
as habitual pipe or cigar smokers. There is no lower limit 
below which smoking is safe. Passive smoking or environmen-
tal tobacco smoke also increases the risk of smoking-related 
diseases. For example, work-related exposure to environmen-
tal tobacco smoke has been reported to increase the risk of 
MI by approximately 20% to 30%.8,9 The deleterious effect of 
environmental tobacco smoke is corroborated by animal and 
mechanistic studies showing measurable levels of tobacco 
and nicotine degradation substances in blood and urine of 
passive smokers and a measurable effect on endothelial func-
tion and platelet aggregation in study subjects exposed to 
passive smoking.6 Correspondingly, since legislation on pas-
sive smoking has been implemented in various settings, the 
rate of MI has dropped by an estimated 17%.10 This decline in 
incidence of MI was seen mainly among nonsmokers. These 
data indicate that patients at increased risk of CVD, includ-
ing post-MI patients, should be advised to avoid exposure to 
environmental tobacco smoke.11 Smokeless tobacco, which 
is popular in some subgroups as, for example, “snus” (a moist 
powder tobacco placed under the upper lip), is also associ-
ated with a small but significantly increased risk of MI and 
stroke.12

Mechanism
The effects of smoking on cardiovascular pathogenesis are 
several. When tobacco is burned, thousands of chemical 
compounds are developed and inhaled. These chemical 
compounds have numerous effects on the cardiovascular 
system. Smoking acts chronically by accelerating the athero-
sclerotic process and acutely by increasing the risk of plaque 
rupture and thrombus formation. Central to the effects of 
smoking is increased oxidative stress and endothelial dys-
function and injury (Fig. 18.1). The atherosclerotic plaques 
of smokers are more vulnerable with unfavorable plaque 
lipid composition, more inflammatory activity, degradation 

of extracellular matrix proteins, and thinner fibrous caps 
through inappropriate activation of matrix metalloprotein-
ases and higher risk of intraplaque hemorrhage. Smoking 
exposure affects the balance of procoagulant and anticoag-
ulant factors leading to a prothrombotic state with increased 
platelet activation, activation of coagulation pathways, and 
downregulation of fibrinolytic pathways. These mechanisms 
also lead to higher risk of in-stent thrombosis in smokers, 
and prothrombotic effects are amplified by concomitant 
oral contraceptive use. Further effects include changes in 
vasomotor function through impairment of endothelial 
function, increased leucocyte count, and lowering of 
high-density lipoprotein cholesterol (HDL-C).6,13

Corresponding to these effects, after smoking cessation 
cardiovascular risk decreases in a biphasic manner with 
rapid onset of reduction through decreased propensity to 
thrombus formation and increased plaque stability, followed 
by more long-term effects in reduced atherosclerosis d isease 
progression. The first beneficial cardiovascular effects of 
smoking cessation are also seen very soon after quitting: 
within hours, heart rate (HR) drops and carbon monoxide 
returns to normal; within days to weeks, effects on platelet 
and endothelial function are reversed. Correspondingly, the 
risk of recurrent events after quitting immediately drops. In a  
study of smoking cessation after MI, smokers who had quit  
within the first month had a 43% reduced risk of r ecurrent 
events within the next 5 months in c omparison with c ontinuing 
smokers.3 This first risk r eduction is f ollowed by a more pro-
longed effect, and epidemiologic studies have shown that 
the risk of recurrent events in ex-smoker s approaches that of 
never-smokers asymptotically by 15 to 20 years.14,15 Although 
the atherosclerotic plaque is not d issolved after smoking 
cessation, plaque stability is increased and plaques are less 
prone to rupture and erosion causing MI.13

Smoking Cessation Benefits
Evidence of effects of quitting smoking are based on obser-
vational studies of smoking cessation among the general 
population as well as cardiac patients. Smokers who give up 
smoking in the context of a cardiovascular event differ from 
smokers who continue smoking with regard to other aspects 
associated with cardiovascular risk: they are, for instance, 
also more likely to adhere to other lifestyle changes and 
to medication. Therefore, these studies have the inherent 
risk of overestimating the benefits of smoking cessation. 
However, given the strong evidence of the effects of smoking 
from basic science, animal studies, and observational stud-
ies, as well as short-term mechanistic intervention trials, the 
evidence supporting cardiovascular benefits and general 
health benefits of smoking cessation is overwhelming.

In a smoker, smoking cessation is potentially the lifestyle 
change with greatest impact on risk of recurrent events. 
Because smoking has such profound effects on overall 
health status, the benefits of cessation are multiple. Quitting 
smoking in patients with coronary heart disease was associ-
ated with a 36% reduced mortality risk and a 32% reduced 
risk of fatal MI when compared with continued smokers in 
a large meta-analysis (Fig. 18.2).16 This benefit was consis-
tent across gender, age, and duration of follow-up. Due to the 
relatively small effect of the intervention on smoking preva-
lence, large-scale randomized smoking cessation trials are 
generally required. The few existing randomized controlled 
trials of smoking cessation with mortality or morbidity 
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outcomes indicate effects similar to those reported in the 
observational meta-analyses.17,18

Smoking Cessation Aid
Smoking cessation is difficult to achieve because the habit 
is strongly addictive pharmacologically and psychologi-
cally and is enforced by smoking habits in the family and 
social environment of the patient. The most important pre-
dictor of successful smoking cessation is patient motiva-
tion. Studies have shown that other factors also affect the 
likelihood of quitting smoking; women, the socioeconomi-
cally deprived, and patients with depressive symptoms 
are less likely to achieve their goal. As with other lifestyle 
changes, support from the surrounding environment, 
including through antitobacco legislation and policy 
changes, is important for sustainable effects.

To achieve smoking cessation, health professionals 
should give a strong, clear, and consistent message to the 
patient. Smoking habits should be addressed in all contact 
with patients with CVD and smokers should be encouraged 

to quit, regardless of age.11,19 Contacts with the patient dur-
ing hospital admission for a cardiovascular event or for 
revascularization are moments of opportunity to reinforce 
the message. Notably, brief advice from health physicians, 
nurses, and other health professionals are evidence-based 
interventions that increase the likelihood of quitting by 
60% to 70%.20,21 Allied health professionals should assess 
nicotine addiction22 and degree of patient motivation, set 
a quit date, and arrange follow-up (see the five As in Table 
18.1). Smokers should be informed that smoking cessation 
is accompanied by a mean weight increase of 5 kg but that 
the health benefits of smoking cessation far outweigh the 
effects of potential weight gain.

The majority of smokers who quit do so unaided. Individual, 
group, and telephone counseling increase quit rates, whereas 
smoking reduction, nicotine fading, relaxation techniques, 
hypnosis, and acupuncture are methods that have not been 
proven successful in trials. Quitting rates can be increased by 
use of pharmacologic agents diminishing withdrawal symp-
toms in addicted smokers (Table 18.2). Nicotine replace-
ment therapy, the mild antidepressant bupropion, and the 

Activated platelets Adhesion molecules

Smooth muscle cell

Activated leukocyte

Endothelial cell

Dying endothelial cell

Platelets Leukocyte Fibrin

Smoking

Endothelial cell dysfunction and injury:

• Proinflammatory cytokines
• Adhesion molecules
• Regulation of thrombosis and 

fibrinolysis
• Vascular tone

Prothrombotic state:

• Increased platelet number
• Platelet activation
• Upregulation of clotting factors
• Downregulation of antithrombotic

factors and fibrinolysis

Plaque vulnerability:

• Lipid composition
• Inflammation
• Endothelial damage
• Thin fibrous cap
• Matrix metalloproteinase activation
• Hemorrhage

FIG. 18.1 Overview of atherothrombotic effects of smoking exposure. (Modified from Csordas A, Bernhard D. The biology behind the atherothrombotic effects of 
cigarette smoke. Nat Rev Cardiol. 2013;10(4):219–230.)
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partial nicotine agonists varenicline and cytisine have all 
been shown to increase quit rates.23 Nicotine replacement 
therapy, whether delivered as gum, transdermal patch, nasal 
spray, lozenge, or inhaler, increased the success rate by 
84%.24,25 Bupropion had similar effects (quit rate increased 

by 82%), confirmed by head-to-head comparison studies. 
Varenicline has mainly been tested against singular nicotine 
replacement therapy and shown to result in an approximately 
50% higher success rate. However, combination therapies of 
nicotine replacement therapy are more efficient than singu-
lar use.24 A combination of varenicline and nicotine replace-
ment therapy may be superior to either used alone.26 Cytisine, 
although less studied, has been found to increase quit rates 
and may be more clinically effective and cost-effective than 
varenicline, although they have not been compared head to 
head.23,27 Cytisine is not approved for smoking cessation aid 
by regulatory authorities outside Eastern Europe. There was 
initial concern regarding possible minor adverse effects of 
varenicline on CVD outcomes, but these adverse effects have 
not been confirmed23 and nicotine replacement therapy, 
bupropion, and varenicline are currently all considered safe 
agents to use, including in cardiac patients.

0.1 0.2 0.5 1 2 5 10
Ceased smoking        Contined smoking

Aberg 1983 110/542 142/443 8.3% 0.63 (0.51, 0.79)

Baughman 1982 9/45 14/32 1.8% 0.46 (0.23, 0.92)

Bednarzewski 1984 136/455 205/555 9.3% 0.81 (0.68, 0.67)

Burr 1992 27/665 41/521 3.5% 0.52 (0.32, 0.83)

Daly 1983 80/217 129/157 9.0% 0.45 (0.37, 0.54)

Greenwood 1995 64/396 29/136 4.5% 0.76 (0.51, 1.12)

Gupta 1993 56/173 24/52 4.9% 0.70 (0.49, 1.01)

Hallstrom 1986 34/91 104/219 6.1% 0.79 (0.58, 1.06)

Johansson 1985 14/81 27/75 2.6% 0.48 (0.27, 0.84)

Perkins 1985 9/52 30/67 2.1% 0.39 (0.20,0.74)

Salonen 1980 26/221 60/302 4.0% 0.59 (0.39, 0.91)

Sato 1992 5/59 7/28 0.9% 0.34 (0.12, 0.97)

Sparrow 1978 10/56 40/139 2.3% 0.62 (0.33, 1.15)

Tofler 1993 14/173 37/220 2.5% 0.48 (0.27, 0.86)

Van Domburg 2000 109/238 202/318 9.8% 0.72 (0.61, 0.85)

Vliestra 1986 223/1490 588/2675 10.4% 0.68 (0.59, 0.78)

Voors 1996 26/72 37/95 4.4% 0.93 (0.62, 1.38)

Total (95% CI) 5659 6944 100.0% 0.64 (0.58, 0.71)

Total events: 1044 (ceased smoking), 1884 (continued smoking)
Heterogeneity: Tau2= 0.002; Chi2= 36.74, df =19 (p = 0.001); I2 = 45%
Test of overall effect: Z=8.42 (P<0.00001) 

Review: Smoking cessation for the secondary prevention of coronary heart disease

Comparison: Ceased vs. continued smoking

Outcome: Total deaths

   Risk ratio  Risk ratio
Study or subgroup  Ceased smoking Continued smoking M-H, Weight M-H,
 n/N n/N Random, 95% CI  Random, 95% CI

FIG. 18.2 Cochrane review smoking cessation after coronary heart disease. CI, Confidence interval; df, degrees of freedom; M-H, Mantel-Haenzsel; n/N, number of 
deaths/total number of study subjects in group. (Based on Critchley J, Capewell S. Smoking cessation for the secondary prevention of coronary heart disease. Cochrane Database 
Syst Rev. 2003;(1):DOI 10.1002/14651858.CD003041.)

TABLE 18.1 The Five As of Smoking Cessation

A-Ask: Systematically inquire about smoking status at every 
opportunity.

A-Advise: Unequivocally urge all smokers to quit.

A-Assess: Determine the person’s degree of addiction and readiness 
to quit.

A-Assist: Agree on a smoking-cessation strategy, including setting 
a quit date, behavioral counseling, and pharmacologic 
support.

A-Arrange: Arrange a schedule of follow-up.
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TABLE 18.2 Smoking Cessation Aid

TREATMENT DURATION MODE OF USE MECHANISM

EFFECTIVENESS 
RELATIVE TO 
PLACEBO

COMMON SIDE-
EFFECTS (1–10%)

RELATIVE 
EFFICACY NOTE

NR Dosage adjusted to level of 
addiction and gradually reduced. 
Up to 3 months, prolonged 
treatment not associated with 
better effect but preferable to 
smoking reuptake

Patch, gum, lozenge, 
inhaler, nasal spray

Stimulates nicotinic 
acetylcholine receptors 
in CNS and reduces 
withdrawal symptoms

OR 1.6 vs. control, 
combination of 
several NR products 
increased effectivity

Local irritation, pain and 
paresthesia, headache, 
nausea, dizziness, 
hiccups, upset stomach

+ as monotherapy, 
++ in 
combination

Bupropion 150 mg daily for 3–4 d followed 
by 150 mg bid for 7–12 wk, up 
to 6 months

Smoking cessation 
planned after 1 week 
of treatment

Antidepressant, inhibits 
noradrenaline and 
dopamine reuptake

OR 1.9 vs. control Insomnia, dry mouth, 
abdominal pain, nausea, 
oral dryness, obstipation

+ Caution in patients with risk 
of seizure. Patients should 
be monitored for mood 
changes.

Varenicline 0.5 mg daily for 1–3 d, 0.5 mg 
bid for 4–7 d, then 1 mg bid for 
12 wk

Smoking cessation 
planned after 1 week 
of treatment

Partial nicotine receptor 
agonist with agonist 
and antagonist effects

OR 1.8 vs. bupropion, 
not documented 
more efficient than 
combination of NR

Nausea, rhinitis, sleep 
disturbance, vomiting, 
obstipation, flatulence, 
headache, changed 
appetite, dyspnea, chest 
pain, myalgias, dizziness

++ Reduced dosage in renal failure 
(GFR < 30 mL/min)

Caution in patients with a 
history of psychiatric disorder, 
including depression, anxiety 
or previous attempted suicide

CNS, Central nervous system; GFR, glomerular filtration rate; NR, nicotine replacement; OR, odds ratio.
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Electronic cigarettes (e-cigarettes) have been recently 
introduced and have achieved increasing popularity. The 
e-cigarette is an electronic vaporizer for delivery of nicotine. 
Because nicotine is addictive, e-cigarettes can be regarded 
as either a smoking cessation pharmaceutical and treated 
under pharmaceutical legislation, or as a tobacco product 
covered by regulations for tobacco products. Long-term 
nicotine addiction and usefulness of e-cigarettes as a smok-
ing cessation tool have not yet been clarified. Currently, 
there is insufficient evidence that e-cigarettes are efficient 
in supporting smoking cessation.28 Concerns have been 
voiced of an increasing likelihood of nicotine addiction in 
youth if e-cigarettes are perceived as socially acceptable. 
However, e-cigarettes have been used as a means of reduc-
ing deleterious effects of smoking for smokers who are 
unable or unwilling to quit. Whereas there is little doubt that 
e-cigarettes are less harmful than smoking cigarettes, the 
long-term consequences are not known, and, at the time of 
writing, guidelines on both sides of the Atlantic recommend 
care. However, short-time use has not been associated with 
health risks.

NUTRITION

A healthy diet is recognized as a cornerstone in maintain-
ing cardiovascular health. Dietary habits influence not 
only CVD but also other chronic diseases including can-
cer. Effects of diet on cardiovascular health are through a 
number of known and unknown factors, including effects 
on lipoproteins. A number of food constituents have been 
identified and tested in randomized controlled trials but all 
have been disappointing. In general, when following the rec-
ommendations for a healthy dietary pattern, no dietary sup-
plements are needed. In addition to the diet pattern, energy 
intake should be limited to what is necessary to maintain, or 
obtain, a healthy bodyweight, i.e., a body mass index (BMI) 
of 20 to 25 kg/m2. Several studies have reported that coro-
nary heart disease patients who are overweight have lower 
mortality rates than normal weight coronary heart disease 
patients. This has been termed the obesity paradox and is 
also seen in chronic heart failure, chronic obstructive pul-
monary disease (COPD), and other chronic disease condi-
tions. Whether this association is causal or caused by bias in 
the observational studies remains unclear. No randomized 
large-scale trial of substantial weight loss in coronary heart 
disease patients with CVD endpoints has been undertaken. 
In the Look AHEAD (Action for Health in Diabetes) trial, a 
randomized trial of weight loss and physical activity in over-
weight and obese patients with type 2 diabetes, there was 
no benefit of a modest weight loss (2.5%) on the primary 
combined outcome over a 9-year follow-up period (hazard 
ratio 0.95, p = 0.51).29 However, the Swedish Obesity Study,  
a nonrandomized, controlled study comparing the out-
come of bariatric surgery with usual care in obese subjects, 
found a 33% (0.54–0.83) reduced incidence of fatal and 
nonfatal CVD events in patients who underwent surgery.30 
Weight loss in overweight patients is associated with multi-
ple beneficial effects on cardiovascular risk factors such as 
dyslipidemia, hypertension, and hyperglycemia, and main-
tenance of a normal body weight remains an objective in 
secondary prevention of coronary heart disease.11,31

Mediterranean and Other Diets
The Mediterranean diet is a diet similar to the traditional 
dietary patterns in Greece, Italy, and Spain. The diet was 
first described as beneficial in the seven countries study in 
which the diet in the Greek island of Crete was studied.32 
The Mediterranean diet is defined as a diet rich in olive 
oils, fruit, vegetables, legumes, unrefined cereals, and fish; a 
moderate consumption of wine and dairy products (cheese 
and yogurt); and a relatively low consumption of meat. 
Mediterranean dietary patterns tend to be moderate in total 
fat, low in saturated fat, and high in fiber and polyunsaturated 
fatty acids, including n-3 (omega 3) fatty acids from fish con-
sumption.19 The Mediterranean diet has been declared by 
UNESCO to be on the Representative List of the Intangible 
Cultural Heritage of Humanity of the Mediterranean coun-
tries Portugal, Spain, Italy, Croatia, Greece, and Morocco.

The evidence for the beneficial effect of the Mediterra-
nean diet comes from multicenter observational studies and 
meta-analyses and also from randomized controlled trials. 
Meta-analyses of observational studies of the Mediterranean 
diet in primary prevention have found reduced incidence 
of diabetes, lower triglyceride concentrations, lower blood 
sugar levels, and lower blood pressure.33 Recent meta-anal-
yses comprising data from more than 4 million individuals 
found significant reductions of overall mortality of 8% and 
of CVD morbidity of 10%.34,35 It should be noted, however, 
that two Cochrane reviews in 2013 found only limited evi-
dence to date in randomized trials that the Mediterranean 
diet or increased fruit and vegetables consumption had a 
beneficial effect on CVD risk.36,37

The two main trials showing a benefit of the 
Mediterranean diet on cardiovascular outcomes are the 
Lyon Diet Heart study and the Prevención con Dieta 
Mediterránea (PREDIMED) trial. Based on these trials, 
the plausibility through mechanistic studies, and the 
overwhelming evidence from observational studies, 2016 
guidelines for secondary prevention recommend a diet 
that is close to the Mediterranean diet11,19 (Box 18.1).

The PREDIMED trial was a Spanish multicenter trial com-
paring three diets: two arms with a Mediterranean diet sup-
plemented with either extra virgin olive oil or mixed nuts, 
and one arm with a low-fat diet, in 7447 persons without 
CVD but at high risk of developing CVD. The Mediterranean 
diet recommended was rich in olive oil, nuts, fruit, vegeta-
bles, legumes, fish, and wine and low in soda drinks, bakery 
items, red meat, and spread fats. The low-fat diet arm also 
recommended fruit, vegetables, and fish/seafood in addi-
tion to low-fat dairy products and potatoes, pasta, and rice, 
whereas fatty fish, olive oil, and nuts were discouraged. The 
study was halted after 4.8 years after an interim analysis find-
ing the Mediterranean diet superior. There was an overall 
30% reduction in the primary major adverse cardiac event 
(MACE) outcome of MI, stroke, or death from CVD causes 
with similar risk reduction in the nut group and in the extra 
virgin olive oil group.38 The absolute risk in the PREDIMED 
study, although based on individuals with risk factors for 
CVD, was low, with overall CVD event rate in the range of 
4% per year. The main event driving differences between 
groups was stroke. The reductions achieved were reported to 
be consistent with that calculated based on the PREDIMED 
population applying risk reductions achieved from observa-
tional studies on individual dietary components.
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The PREDIMED trial has also been criticized. These criti-
cisms include that it was halted early and that effects were 
seen in the beginning of the trial only and were exclusively 
mediated by reduction in stroke. Also, critics have suggested 
that the control diet was not only low in fat but also high in 
carbohydrates, or that the control diet was not low enough 
in fat.39 Finally, the absolute risk reduction was limited and 
the overall strong conclusions are based on a relatively low 
number of events.

The PREDIMED study was a primary prevention study in 
high-risk individuals. The only secondary prevention study 
powered for CVD events was the Lyon Diet Heart Study in 
which 605 patients with MI were randomized to a recom-
mendation of Mediterranean diet versus no specific study-
based recommendation. This study was also halted early. The 
study found a risk reduction for the main outcome of car-
diac death or MI of 73% after 27 months, and the effect was 
maintained after 4 years’ follow-up.40,41

The effect of diet on CVD risk seems to be rapid with 
significant differences seen within one year, which is also 
consistent with observational population studies42 and with 
effect on intermediary outcomes in controlled feeding stud-
ies. As previously mentioned the potential mechanisms are 
multiple: the Mediterranean diet has been shown to reduce 
the prevalence of the metabolic syndrome and, in patients 
with diabetes, to improve glycemic control. This diet has also 
been shown to reduce intima media progression, reduce 
blood pressure, reduce low-grade inflammation, improve 
insulin sensitivity, and reduce use of antihyperglycemic med-
ication.43–47 Importantly, although the Mediterranean diet 
also leads to improved weight control, the beneficial effects 

are not mediated via weight loss but primarily through 
dietary composition.

Other dietary patterns deemed beneficial are the Dietary 
Approaches to Stop Hypertension (DASH), also recom-
mended by the American Heart Association (AHA).19 The 
DASH diet is high in vegetables, fruit, low-fat dairy products, 
whole grains, poultry, fish, and nuts and is low in sweets, 
sugar-sweetened beverages, and red meats. The DASH diet is 
rich in potassium, magnesium, and calcium, as well as pro-
tein and fiber, but lower in total fat than the Mediterranean 
diet. Vegetarian diets, which are also very low in total fat, 
have also been shown to be somewhat beneficial to CVD 
endpoints in observational studies and smaller trials.48 One 
problem with diets that are very low in fat is less enjoyment, 
and thus in some patient groups lower adherence to the 
diet.

Based on the totality of the evidence from observational 
studies and intervention studies on individual nutrients, as 
well as from the PREDIMED and DASH trials, there is world-
wide consensus that healthy dietary patterns are of greater 
importance than single nutrients for the prevention of CVD.

Fatty Acids, Including Trans-Fat
Fatty acids (FAs) are available as saturated FAs, monoun-
saturated fatty acids (MUFAs), and polyunsaturated fatty 
acids (PUFAs). A higher intake of saturated FAs comes 
mainly from animal products, including meats and dairy 
products, and is associated with higher LDL-C, lower HDL-
C, and higher risk of CVD. Conversely, a higher intake of 
PUFAs, in particular, is associated with a lower risk of CVD. 
Substitution of MUFAs for saturated FAs lowers LDL-C and, 
to some extent, HDL-C, but the evidence of a beneficial 
effect on CVD outcome is limited. Substitution of PUFAs 
for saturated FAs is associated with reduced risk, whereas 
substitution with carbohydrates is associated with a more 
diabetogenic risk profile, higher triglycerides, lower HDL-C, 
and a higher CVD risk.

A 2014 meta-analysis has questioned the harmful effect 
of saturated FAs intake and has led to considerable discus-
sion.49 However, the key point is what the saturated FAs are 
replaced with, as previously described. Thus saturated ani-
mal fat should be replaced mainly by unsaturated fat, i.e., 
plant oils. These are key constituents in the Mediterranean 
diet. Prevailing dietary recommendations include consump-
tion of food low in saturated fat, with saturated fat con-
stituting a maximum of 10% of the total energy intake, or 
preferably less.11,19

Dietary intake of cholesterol has a limited effect on 
serum lipoproteins, in comparison with the effect of FAs 
and carbohydrates, and most guidelines do not give a spe-
cific recommendation on cholesterol consumption.

Trans FAs are industrially developed products to stiffen 
liquid fats for spread. A higher trans FAs intake leads to 
higher LDL-C, lower HDL-C, and a higher risk of CVD. The 
association has been proven beyond doubt. Prevailing 
guidelines recommend no consumption of industrially 
produced trans FAs. Several countries have introduced leg-
islation banning the use of trans FAs, and this ban may be 
associated with the steep decline in CVD mortality seen in 
some countries. In the United States, trans FAs have been 
classified as not safe by the Food and Drug Administration 
(FDA) and are being phased out from food production.

Choose a dietary pattern that emphasizes intake of vegeta-
bles, fruit, whole grains, low-fat dairy products, poultry, fish, 
legumes, nontropical vegetable oils, and nuts and limits the 
intake of sugar-sweetened beverages and red meats:
 •  Saturated FAs should account for < 5–10% of total energy 

intake, through replacement by PUFAs.
 •  Trans unsaturated FAs intake should be as little as possible, 

preferably no intake from processed food and < 1% of 
total energy intake from natural origin.

 •  Lower sodium intake to < 5 g per day; in patients with 
hypertension aim at 2.4 g or less.

 •  30–45 g of fiber per day, preferably from whole-grain 
products

 •  200 g of fruit per day (2–3 servings)
 •  200 g of vegetables per day (2–3 servings)
 •  Fish at least twice a week, one of which to be oily fish
 •  Consumption of alcoholic beverages should be limited to 

2 glasses per day (20 g/d of alcohol) in men and 1 glass per 
day (10 g/d of alcohol) for women.

 •  Sugar-sweetened soft drinks and alcoholic beverages con-
sumption must be discouraged.

BOX 18.1 Example of Recommended 
Dietary Pattern for Secondary Prevention of 
Cardiovascular Disease

Modified from Eckel RH, Jakicic JM, Ard JD, et al. 2013 AHA/ACC guideline on 
lifestyle management to reduce cardiovascular risk: a report of the American 
College of Cardiology/American Heart Association Task Force on Practice Guidelines. 
Circulation 129(25 Suppl 2):S76-S99, 2014; Perk J, De BG, Gohlke H, et al. European 
Guidelines on cardiovascular disease prevention in clinical practice (version 2012). The 
Fifth Joint Task Force of the European Society of Cardiology and Other Societies on 
Cardiovascular Disease Prevention in Clinical Practice (constituted by representatives 
of nine societies and by invited experts). Eur Heart J. 2012;33(13):1635–1701.

FAs, Fatty acids; PUFAs, poly-unsaturated fatty acids.
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Polyunsaturated Fatty Acids, Fish, and Fish 
Oils
PUFAs include n-6 (omega 6) FAs, derived mainly from plant 
foods, and n-3 (omega 3) FAs, derived mainly from fish oils 
and fats. The n-3 FAs eicosapentaenoic acid and docosa-
hexaenoic acid (EPA/DHA) are particularly important sub-
classes of n-3 FAs. Dietary intake of fish is associated with 
lower risk of CVD. The association is not linear, with the high-
est risk seen for no fish consumption. The beneficial effect 
is thought to be mediated via the content of n-3 FAs. Several 
randomized trials in secondary prevention of CVD have 
tested the effect of supplementation with EPA/DHA in the 
form of fish oil capsules. These have not consistently shown 
a beneficial effect, and a lack of effect on CVD outcomes 
has been confirmed in a meta-analysis that included 20 sec-
ondary prevention trials with more than 60,000 patients.50 
Overall, n-3 supplementation was not associated with a 
lower risk of all-cause mortality, cardiac death, sudden death, 
MI, or stroke. The recommendation is thus to eat fish twice 
weekly or more, with one of the meals containing fatty fish,11 
whereas fish oils may be used for reduction of triglycerides.

Vitamins
Observational and case-control studies have indicated that 
low levels of vitamin A and E are associated with increased 
risk of CVD. However, randomized controlled trials have not 
shown beneficial effects of vitamin supplementation. The 
same is true for vitamin C and B, including folic acid. In addi-
tion, low levels of vitamin D are associated with a higher inci-
dence of CVD in observational cohort studies,51 but results 
may be confounded by smoking, less physical activity (and 
thus less exposure to the sun), diet, and other lifestyle factors. 
Most intervention trials have been small and not aimed at 
CVD outcomes. A recent meta-analysis of 22 randomized con-
trolled trials with a total of approximately 30,000 i ndividuals 
randomized to vitamin D supplementation or control/p lacebo 
has given limited support for a beneficial effect: vitamin D3 
(cholecalciferol) supplementation was associated with an 
11% reduced all-cause mortality risk (0.80–0.98), and v itamin 
D2 (ergocalciferol) supplementation was not associated 
with mortality risk reduction (Hazard ratio 1.04).51 Vitamin 
D s upplementation (mainly cholecalciferol) did not signifi-
cantly reduce risk of MI or stroke in a meta-analysis of 21 ran-
domized trials including 13,033 patients.52 Results of several 
large ongoing trials of vitamin D3 supplementation with CVD 
outcomes expected in 2017 must be awaited before supple-
mentation can be recommended for prevention of CVD.53

Fiber
Diets with a higher content of fibers inhibit or delay gastric 
emptying and are associated with lower postprandial glu-
cose and reduction in total cholesterol and LDL-C. Soluble 
fiber may also improve insulin sensitivity and endothe-
lial function and may lower inflammation, body weight, 
and blood pressure. In observational studies, higher fiber 
content in food has been linked to reduced risk of coro-
nary heart disease, stroke, and diabetes. Another benefi-
cial effect of dietary fiber is lower risk of gastrointestinal 
cancer. High fiber content is a key constituent of both the 
Mediterranean and DASH diets.

Minerals—Sodium and Potassium
Higher sodium consumption is associated with higher blood 
pressure, higher risk of coronary heart disease, and stroke. 
The effect of sodium on blood pressure is well established. 
It has been estimated that for every gram per day increase 
in sodium consumption, systolic blood pressure increases 
by 3.1 mm Hg in hypertensive patients and by 1.6 mm Hg 
in normotensive patients.11 Little sodium is found naturally 
in food; the majority of sodium consumption is through 
added salt, in particular in prefabricated and processed food. 
Sodium consumption varies between countries but is as high 
as 8–12 g/day in many countries. Sodium consumption is rec-
ommended to be under 5 g/day in general, and the optimal 
intake is even lower. It has been estimated that a reduction in 
sodium intake in the United States to 3 g/day would result in 
a 5.9% to 9.6% reduction in the incidence of coronary heart 
disease and a 2.6% to 4.1% reduction in all-cause mortality.19 
In the United Kingdom a reduction from the current 8.5 g/
day to 3 g/day would reduce the population average blood 
pressure by 2.5 mm Hg and reduce annual deaths from CVD 
by 4450.54 Patients who would benefit from blood pressure 
lowering are advised to reduce their sodium consumption 
to 2.4 g/day, and further reduction to 1.5 g/day can result in 
greater blood pressure reduction.19 Conversely, higher potas-
sium intake is associated with lower blood pressure. The main 
source of potassium is intake of fruit and vegetables. Indeed, 
diets rich in potassium such as the Mediterranean diet and 
the DASH diet have been shown to reduce blood pressure.

Alcohol
Alcohol consumption is associated with higher blood pres-
sure, higher BMI, and higher triglyceride and HDL-C. However, 
since the mid1980s observational studies have consistently 
found that moderate alcohol consumption is associated 
with a lower risk of CVD, with the relationship being J-shaped. 
The lowest risk is observed in persons consuming one to two 
drinks per day. The higher risk in teetotalers does not seem 
to be explained by residual confounding. Earlier studies indi-
cated a beneficial effect of wine particularly, perhaps because 
of the content of flavonoids and resveratrol. However, wine 
drinkers, beer drinkers, and drinkers of other types of alcohol 
may differ in other aspects related to cardiovascular risk and 
the more beneficial association seen for wine in some stud-
ies may be caused by residual confounding.

The beneficial effect of alcohol consumption on cardio-
vascular risk has been questioned, however, in particular 
after a Mendelian randomization study was not able to con-
firm this J-shaped relationship. This study was based on the 
pooling of 56 cohort studies comprising more than 260,000 
individuals and 20,000 outcomes. Participants in the study 
with a genetic variation associated with side effects of drink-
ing alcohol [a single nucleotide polymorphism in the cod-
ing for alcohol dehydrogenase (rs1229984 ADH1B)] were 
observed to consume less alcohol. Contrary to the expecta-
tion, carriers of the polymorphism were less likely to develop 
coronary heart disease, indicating that reduced alcohol expo-
sure is beneficial for CVD health.55 Conversely, a moderate 
consumption of alcohol mainly as wine has traditionally been 
part of the Mediterranean diet and was also part of the rec-
ommended diet in the PREDIMED trial. Observational studies 
of patients with established coronary heart disease have also 
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indicated reduced risk with a moderate alcohol consump-
tion.56 Controlled trials with alcohol supplementation are not 
ethically feasible and accepted recommendations are there-
fore prudent: in patients with coronary heart disease who 
already have a moderate alcohol consumption (7–14 units 
per week in men, less in women), no recommendation for 
change is given.11,57 Recommendations may be more restric-
tive in conditions such as hypertension and hypertriglyceri-
demia. Any recommendations regarding alcohol should be 
cautious due to the effects beyond cardiovascular health and 
the wide social implications of alcohol consumption. Thus, 
CVD patients who do not consume alcohol should not be 
encouraged to become regular drinkers.56

PHYSICAL ACTIVITY

Epidemiologic Evidence of Benefits of 
Exercise
Plato (400 BC) stated that “In order for man to succeed 
in life, God provided two means, education and physical 
activity. Lack of activity destroys the good condition of 
every human being, whereas movement and methodical 
physical exercise can save it and preserve it.” The benefi-
cial effects of exercise have been recognized since the 
beginning of medicine. Hippocrates has been quoted 
for being of the opinion that exercise is necessary to 
keep a man well.58 In modern times the first rigorously 
performed epidemiologic studies to observe a protec-
tive effect of exercise on risk of coronary heart disease 
were the seminal studies by Morris observing that con-
ductors in the London double-decker buses, being physi-
cally active climbing the stairs of the bus all day, had a 
lower risk of coronary heart disease than the less active 
but otherwise socioeconomically similar bus drivers.59 
Since the 1950s the amount of physical activity during 
working hours has declined, as the nature of work has 
changed with less aerobic conditioning physical activity. 
Furthermore, occupational physical activity is strongly 
confounded by socioeconomic factors. The strongest 
evidence supporting the role of physical inactivity in the 
pathogenesis of CVD relates to leisure time aerobic physi-
cal activity.

Physical activity has multiple beneficial effects on 
a variety of health outcomes and is a cornerstone of a 
healthy life. There is abundant evidence from epidemiol-
ogy, basic science, and mechanistic studies supporting 
the causal role of exercise on prevention of CVD. Multiple 
large population studies have confirmed the association 
between physical activity and cardiorespiratory fitness, 
CVD, and mortality.60–63 Exercise is associated with an 
estimated reduction in development of coronary heart 
disease of 30% to 50%, and physical inactivity is now con-
sidered the fourth leading cause of death worldwide.64 
The beneficial effects of physical activity apply to healthy 
individuals, individuals with cardiovascular risk factors, 
and patients who have already developed CVD. There is 
a strong and clear association between exercise and car-
diovascular fitness on the one hand and development 
and progression of CVD on the other hand. Accordingly, 
physical activity and exercise training are considered 
important nonpharmacologic tools for primary and sec-
ondary CVD prevention in all contemporary prevention 
guidelines.11,65

Definitions of Physical Activity, Exercise, 
and Fitness
Physical activity is defined as any bodily movement pro-
duced by skeletal muscles that requires energy expendi-
ture. One type of physical activity is exercise, which can be 
defined as a planned and structured physical activity involv-
ing increased muscular activity, HR, cardiac output, and 
energy expenditure. For most persons the activities of daily 
living will constitute the majority of their energy expendi-
ture, although activities may be at low intensity levels and 
may not necessarily lead to higher degrees of cardiorespira-
tory fitness. Cardiorespiratory fitness is the ability of the car-
diovascular and respiratory system to supply oxygen to the 
musculature. Cardiorespiratory fitness is usually expressed 
as peak VO2, i.e., the oxygen uptake during maximum exer-
cise standardized to body weight and measured during a 
cardiopulmonary exercise test. Expected cardiorespiratory 
fitness is often measured in metabolic equivalents (METs), 
which is the ratio of energy expenditure during exercise to 
baseline energy expenditure. The baseline energy expendi-
ture of one MET is equivalent to 3.5 mL oxygen consump-
tion/kg per min. Expected cardiorespiratory fitness depends 
on age and gender and ranges from 10.5 METs in a 40-year-
old male and 9.5 in a 40-year-old female to 6 and 4.5 METS, 
respectively, in their 80-year-old correlates.66

Measuring Physical Activity
Physical activity can be characterized by the duration 
(the time spent doing the exercise), intensity (the energy 
expenditure associated with the activity), and frequency 
(the number of times the physical activity is performed, 
e.g., per week). Aerobic exercise may be further character-
ized as continuous aerobic exercise or interval training. 
Physical activity is often quantified by a summary mea-
sure, either as MET-hours, i.e., intensity in METs multiplied 
by hours of exercise, or as energy expenditure in calories. 
In studies based on self-reported exercise, METs and MET-
hours are calculated from assumed energy expenditure for 
categories of exercise. None of the measures, however, cap-
ture all the important characteristics of physical activity.

Activities of less than 3 METs are characterized as light, 
e.g., walking at leisure speed (Table 18.3). However, METs is 
an absolute measure and does not take into account that a 
younger person can deliver more METs than an older per-
son, a heavier person can deliver more METs than a slim 
person, and a man can deliver more METs than a woman. 
For instance, an 80-year-old man working at 6 METs may 
be close to his physiologic limit, whereas this is very light 
work for a 20-year-old. Relative intensity may give a better 
indicator of the level of effort required for the individual 
and may be measured in energy expenditure (VO2) rela-
tive to the person’s peak VO2, or HR relative to maximal 
HR, or as a percentage of HR reserve (220 – age – resting 
HR). Intensity may also be expressed as perceived exertion, 
often expressed on the Borg scale. The Borg scale was origi-
nally designed to be equivalent to the exertion perceived at 
a given HR in a 20-year-old person and ranges from 6 to 20. 
Moderate level exercise is usually defined as exercise lead-
ing to 11–14 on the Borg scale with some increase in HR 
and breathing and typically an energy expenditure of 3–6 
METS, such as brisk walking. Vigorous exercise is defined 
as exercise in which the person exercising cannot lead a 
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conversation (the so-called “talk test”), has a significant 
increase in HR and breathing frequency, and the exercise is 
perceived as 14–16 on the Borg scale. High-intensity inter-
val training includes intervals with rate of perceived exer-
tion of 17–19 on the Borg scale. For individuals on β-blocker 
medication, it is important to consider the modification 
of HR response and preferably to guide training intensity 
on other relative intensity parameters. For older patients, 
deconditioned individuals, and patients with severe heart 
failure, a relative measure of intensity is more appropriate.

Aerobic Exercise and Cardiorespiratory 
Fitness
In healthy populations, physical activity has been shown 
to be strongly associated with longevity due to beneficial 
effects on a number of disease entities including coronary 
heart disease.

Cardiorespiratory fitness is strongly associated with 
cardiovascular and all-cause mortality outcomes.67 A 
meta-analysis of 33 prospective studies and more than 
100,000 healthy study participants in which a baseline 
exercise test was performed showed a beneficial effect 
of cardiorespiratory fitness on all-cause and coronary 
heart disease/CVD mortality.60 The effect sizes were some-
what heterogeneous between studies, mainly due to study 
characteristics such as method of estimating cardiorespi-
ratory fitness, method of adjustment, and duration of fol-
low-up. The overall relative risk (RR) associated with each 
1 MET increase in maximum aerobic capacity was 0.87 
(0.84–0.90) for all-cause mortality and 0.85 (0.82–0.88) 
for coronary heart disease and CVD mortality.60 The dif-
ference in expected maximum METs in a sedentary ver-
sus an active male aged 40 years is approximately 2 METs. 
Due to adjustment in several of the studies for factors that 
may be intermediary on the pathway from exercise to 

CVD, e.g., blood pressure, body weight, and diabetes, the 
beneficial effect of cardiorespiratory fitness is likely to 
be underestimated. The meta-analysis concluded that the 
minimum cardiorespiratory fitness level associated with 
significantly lower mortality and CVD risk in men and 
women, respectively, is 9 and 7 METs at age 40 years, 8 and 
6 METs at age 50 years, and 7 and 5 METs at age 60 years.

Cardiorespiratory fitness is more strongly related to 
health outcomes than self-reported physical activity. A 
meta-analysis of studies from 1992 to 2007 summarized the 
association between physical activity and all-cause mortal-
ity and CVD mortality.62 The analysis, which included over 
800,000 individuals, found some heterogeneity and indica-
tion of publication bias, presumably partially due to con-
siderable differences in methodology between the studies. 
The strongest associations with mortality outcomes were 
seen for studies based on objective assessment of exercise 
capacity. In these studies, the highest level of cardiorespi-
ratory fitness was associated with an adjusted RR of 0.43 
(0.33–0.57) for CVD mortality and of 0.59 (0.53–0.65) for all- 
cause mortality. Studies based on self-reported levels of 
physical activity, also comparing the highest with the l owest 
level, had a RR of 0.70 (0.66–0.74) for CVD mortality and  
0.71 (0.66–0.76) for all-cause mortality. The beneficial 
effect was seen in both men and women. Greater effects 
of physical activity were seen in the statistical models only 
adjusted for age, consistent with the effect to be partially 
mediated through cardiovascular risk factors.

Whereas fitness measures are more objective and pre-
cise, measures of physical activity are normally summa-
rized from questionnaire information and perhaps do not 
accurately capture the elements of the exercise expendi-
ture. Although physical activity is a principal determinant 
of cardiorespiratory fitness, the correlation between physi-
cal activity and cardiorespiratory fitness is only modest.68,69 
Indeed, some physically active persons have relatively low 

TABLE 18.3 Absolute and Relative Exercise Intensities and Examples of Corresponding Activities

ABSOLUTE INTENSITY RELATIVE INTENSITY
INTENSITY METS EXAMPLES %VO2MAX %HRMAX RPE (BORG TEST SCORE) TALK TEST

Low intensity, light 
effort

1.1–2.9 Walking < 4.7 km/h, light 
household work, light 
gardening

28–39 45–54 10–11 No changes in 
breathing rate or 
limitation in speaking

Moderate intensity, 
moderate effort

3–5.9 Walking briskly (4.8–6.5 
km/h), slow cycling (15 
km/h), painting/decorating, 
vacuuming, gardening 
(mowing lawn), golf (pulling 
clubs in trolley), tennis 
(doubles), ballroom dancing, 
water aerobics

40–59 55–69 12–13 Breathing is faster 
but compatible 
with speaking full 
sentences

High intensity, 
vigorous effort

6–7.9 Race-walking, jogging or 
running, bicycling > 15 km/h, 
heavy gardening (continuous 
digging or hovering), 
swimming laps, tennis 
(singles)

60–79 70–89 14–16 Breathing very hard, 
incompatible 
with carrying on 
a conversation 
comfortably

Very hard effort 8–9.9 Running fast 80–99 89–99 17–19 Talking not possible

Maximal effort > 10 Maximum sprinting 100 100 20 Talking not possible

Note that for older persons a high relative intensity will be equivalent of a lower absolute intensity.
MET is estimated as the energy cost of a given activity divided by resting energy expenditure: 1 MET = 3.5 mL/kg per min oxygen consumption (VO2).
%HRmax, Percentage of measured or estimated maximum heart rate (220 − age); METs, metabolic equivalents; RPE, Borg rating of perceived exertion (6–20); %VO2max, 
percentage of measured VO2max.
Modified from Norton K, Norton L, Sadgrove D. Position statement on physical activity and exercise intensity terminology. J Sci Med Sport. 2010;13(5):496–502; Howley ET. 
Type of activity: resistance, aerobic and leisure versus occupational physical activity. Med Sci Sports Exerc. 2001;33(6 Suppl):S364–S369.
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cardiorespiratory fitness and, conversely, some relatively 
inactive persons have high cardiorespiratory fitness. Thus, 
there may be additional beneficial effects of cardiorespira-
tory fitness condition on constitutional, environmental, or 
genetic factors, although this remains to be proven.

Although cardiorespiratory fitness is a strong predictor of 
prognosis and provides information on the functional status 
of the patient with coronary heart disease, measurement of 
cardiorespiratory fitness is generally not a part of the cardi-
ologist’s assessment in chronic CVD, and it is rare to consider 
cardiorespiratory fitness when assessing individual patient 
risk. Cardiorespiratory fitness has been shown in primary 
prevention to be an independent predictor of risk, improv-
ing multiple metrics of risk prediction compared with a risk 
model of traditional risk factors.70 In patients with coronary 
heart disease, cardiorespiratory fitness is also strongly asso-
ciated with improved long-term outcome.71

Dosage: Intensity, Duration, and Frequency
The greatest health benefits of exercise are seen when pro-
gressing from sedentary to light physical activity. Beyond 
this, more daily exercise leads to a dose-dependent improve-
ment in cardiorespiratory fitness,72 and it has generally been 
assumed that more is better in terms of time spent exercis-
ing and intensity of the exercise. Recent epidemiologic evi-
dence, however, suggests that moderate amounts of exercise 
are optimal to achieve longevity and protect against CVD. In 
a study pooling data from six prospective population stud-
ies comprising more than 600,000 participants and 116,000 
deaths, the optimal level of physical activity for longevity was 
22.5–40 MET-hours per week (equivalent of 4–8 hours of brisk 
walking) but the added benefit compared to light activity 
(1.5–3 hours of brisk walking) was modest: adjusted hazard 
ratios were 0.69 and 0.61, respectively, when comparing to the 
sedentary.73 At the extreme end, among participants spending 
more than 75 MET-hours per week exercising, no additional 
benefit (but also no significant harm) was seen. Another pop-
ulation study (2015) also suggested a U-shaped relationship 
for jogging, with levelling off or even increased risk for strenu-
ous joggers, although these findings were based on very few 
endpoints in the high activity group.74

Many studies do not distinguish between intensity of exer-
cise and time spent exercising but summarize with measures 
such as total number of calories consumed or MET-hours, or 
use graded questionnaires that do not make a clear distinc-
tion. Studies attempting to distinguish between volume and 
intensity have generally shown that higher-intensity exercise 
yields more favorable effects on mortality and coronary 
heart disease risk factors than lower-intensity exercise, inde-
pendent of the total time spent exercising or the total exer-
cise volume.63,75,76 A large 2015 study comprising more than 
200,000 participants from Australia found greater mortality 
benefit from vigorous as compared with moderate inten-
sity activities: for the same amount of weighted weekly time 
spent on exercise, doing vigorous activities 30% or more of 
the time was associated with a 13% mortality risk reduction 
when compared to being physically active but doing no vig-
orous activities.77 Correspondingly, running also seems to be 
superior to walking not only at the same volume but also 
at lower volumes, being superior to walking by a factor of 
two to four in terms of mortality reduction at similar vol-
umes of exercise.78 In a study of more than 55,000 adults fol-
lowed for 15 years, runners had 30% and 45% lower adjusted 

risks of all-cause and cardiovascular mortality, respectively. 
Surprisingly, however, there seemed to be no extra benefit 
from jogging more hours per week or MET-hours spent jog-
ging. In contrast, the speed (intensity) of jogging seemed to 
be of importance.79

These findings, however, are not unequivocal. In one large 
study, whether the MET-hours were achieved by moderate 
or vigorous activity did not seem to impact the beneficial 
effect.73 Also, results from the Harvard Alumni Health Study 
and Women’s Health Initiative found little or no added ben-
efit from increasing the percentage of exercise performed as 
vigorous exercise when keeping the total amount fixed with 
respect to all-cause or cardiovascular mortality.80

In summary, the evidence supports prevailing guideline 
recommendations of exercise for primary and secondary 
prevention in emphasizing that the most important step is 
to achieve some level of physical activity. Beyond this, opti-
mal effect is achieved with increased activities of daily living 
and daily exercise of moderate or vigorous intensity.11,19

Interval Training
In recent years the trend of increasing intensity has also 
been implemented through high-intensity interval train-
ing. Independent of energy expenditure, vigorous physical 
activity is more efficient than moderate activity in inducing 
cardiorespiratory fitness and metabolic fitness.75,81,82 High-
intensity interval training has been very popular among 
athletes for decades because it leads to more rapid improve-
ment in cardiorespiratory fitness. A 2015 meta-analysis of 
studies comparing interval training with moderate continu-
ous training in patients with coronary heart disease con-
firmed that interval training was more efficient in achieving 
cardiorespiratory fitness.83 Some studies have indicated the 
superiority of a high-intensity interval training to moderate 
aerobic training for a variety of outcomes such as glycemic 
control, metabolic syndrome, and heart failure.84,85 Not all 
studies confirm this though86 and more larger-scale, multi-
center studies with extended follow-up are needed to deter-
mine whether high-intensity interval training is superior to 
moderate training in leading to sustainable effects on car-
diorespiratory fitness and, ultimately, improved outcomes.

Although there is some evidence pointing toward a more 
beneficial effect of exercise of greater intensity, this should 
be weighed against the greater risk of muscular and other 
injuries and, in selected patients with coronary heart dis-
ease, the potential risk of adverse cardiac events. For some 
individuals, e.g., patients with reduced left ventricular ejec-
tion fraction or patients who have residual reversible isch-
emia, the risk/benefit ratio for vigorous or hard exercise may 
be reversed.

Walking
Walking is the most common type of physical activity in 
all populations worldwide. In a US adult population it 
has been estimated that walking constitutes almost 50% 
of overall physical activity, running and jogging consti-
tute 14%, and other types of exercise—including bicy-
cling, climbing stairs, working out (fitness), and organized 
sports—constitute the remainder.87 Estimating the effect 
of walking, cycling, and other easily performed activities 
that are part of daily living is important for providing guid-
ance on health-promoting physical activities for cardiac 
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patients. Physical activity as a part of daily living and com-
muting is readily available to all and reduces the barriers 
to obtaining healthier lifestyles. Several meta-analyses have 
confirmed the effect of walking on mortality and coronary 
heart disease risk63,88,89 with an estimated risk reduction 
of 30% for the highest versus lowest walking categories for 
both CVD and all-cause mortality.88 However, a more mod-
erate effect of 3% risk reduction with 1 hour of walking per 
week and 7% for 150 minutes per week was found in one 
meta-analysis.63

Both walking and cycling can be performed at low 
energy expenditure. The Women’s Health Initiative, which 
included more than 75,000 participants, reported that 
MET-hours spent walking had additional benefits in terms 
of reducing cardiovascular risk.90 A 2014 meta-analysis 
summarizing results from observational studies, compris-
ing 14 studies and 280,000 participants for walking and 
seven studies with 187,000 participants for cycling, con-
cluded that both cycling and walking were associated 
with reduced all-cause mortality risk: walking or cycling 
11.25 MET-hours per week (the equivalent of 2–3 hours of 
brisk walking) was associated with a 10% reduced mor-
tality risk with little further dose-response effect of higher 
MET-hours.91 The meta-analysis only included studies that 
adjusted for other physical activity to ensure that the risk 
estimates were most likely attributable to the walking and 
cycling activity. Results were somewhat heterogeneous but 
the method of assessing walking intensity and quantity 
was also heterogeneous, as was adjustment for confound-
ing factors.

When compared with jogging, walking has less benefit. 
This is consistent with more intense activity having more 
benefit on cardiovascular fitness and glucose metabo-
lism. Studies comparing walking speed and quantity indi-
cate that speed is superior in preventing development 
of the metabolic syndrome, preventing heart failure, and 
protecting against coronary heart disease.92–94 Similarly, 
lower versus higher walking speed was associated with 
a threefold risk of CVD mortality but not an increased 
risk of cancer in a population sample aged above 65 
years.95 However, there are beneficial effects of walking 
at a lower speed. The Studies of a Targeted Risk Reduction 
Intervention through Defined Exercise intervention 
(STRRIDE) study indicated that even at low intensity, 30 
minutes of walking each day can prevent weight gain in 
overweight subjects.96

Intervention studies of the effect of walking on car-
diovascular risk factors have accumulated. Summarizing 
the results from 32 papers comparing walking interven-
tion with no exercise, walking was concluded to improve 
aerobic capacity (3.0 mL/kg per min); reduce systolic 
(– 3.6 mm Hg) and diastolic (– 1.5 mm Hg) blood pres-
sure; and reduce waist circumference (– 1.5 cm), weight 
(– 1.4 kg), percentage body fat (– 1.2%), and BMI (– 0.5 
kg/m2), but had no effect on blood lipids, including HDL-
C.97 Randomized controlled trials of walking intervention 
among patients with type 2 diabetes have shown improve-
ment in glycemic control and BMI,98 and speed of walk-
ing may be more important than time spent walking; in 
a cohort study with follow-up, healthy participants free of 
the metabolic syndrome at baseline had a 50% lower risk 
of developing the metabolic syndrome after 10 years if 
they had a fast walking speed, whereas walking more than 
1 hour per day at low speed did not confer protection.93

Resistance Training
The majority of the evidence described pertains to aerobic 
exercise. With the ageing of the population with coronary 
heart disease, comorbidities and age-related functional 
decline play an increasing role. These enhance the impor-
tance of resistance training to maintain muscular strength 
in management of the patients and the overall treatment 
plan. The importance of including resistance training has 
been acknowledged in several recommendations,65,99–101 
and a combination of aerobic training with resistance 
training is thought to be more effective than aerobic 
training alone in improving body composition, strength, 
and some indicators of cardiovascular fitness.102 Among 
patients with type 2 diabetes, a combination of aerobic 
and resistance training improved glycated hemoglobin 
(Hba1c) levels. This was not achieved by aerobic or resis-
tance training alone.103

Resistance training can be performed in a cardiac 
rehabilitation setting and in fitness centers using weight 
machines but may also be performed at home with modes 
such as weight lifting exercises, elastic bands, or calisthen-
ics. Resistance training with a heavy load may lead to a 
considerable increase in blood pressure. However, pro-
vided resting blood pressure is well controlled, patients 
without heart failure can safely perform resistance training. 
For patients with heart failure, training of smaller muscle 
groups separately, a smaller load, or a shorter duration may 
be recommended based on an individual evaluation.100 
Use of the Valsalva maneuver during resistance training 
increases blood pressure further and should be avoided in 
patients with heart failure. Documented beneficial effects 
of resistance training include improvements in blood pres-
sure, glucose metabolism, and weight control. Resistance 
training also improves balance and coordination. In partic-
ular, for the increasing group of elderly patients with coro-
nary heart disease, exercise including resistance training 
is important to maintain muscular strength and function 
and improved ability to perform activities of daily living 
through older age.

Sedentary Behavior
A distinction has been drawn between sedentary behavior 
and physical activity, with the former being defined not by 
level of physical activity but by time spent in a sedentary 
manner. The two are naturally interrelated, but whereas the 
traditional definition of exercise/physical activity refers to a 
separate activity recommended for 30 minutes of each day, 
sedentary behavior may refer to the remaining 23.5 hours of 
the day. More time spent being sedentary, in particular hours 
sitting or watching television, was associated with adverse 
cardiovascular risk factors, CVD outcomes, and all-cause 
mortality in several studies,104–107 although some observa-
tional studies have not been able to confirm this.108 Whether 
or not this is independent of time spent engaged in physi-
cal exercise remains to be studied further.105,107 In particular, 
older adults spend many hours sitting. A 2015 review con-
cluded that, based on self-report, almost 60% of older adults 
spent more than 4 hours per day sitting, and using objec-
tive validation the number of hours spent sitting was even 
higher.109,110

Nonexercise activities are activities of daily living not 
categorized as exercise, e.g., walking, moving around, stand-
ing, and fidgeting. Nonexercise activities, which can now be 
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captured more accurately with accelerometers, increase 
energy expenditure and are associated with lower body 
weight, less abdominal obesity, better glycemic control, and 
lower metabolic score even after adjusting for moderate 
and vigorous exercise.111 Bed-rest studies confirm these 
findings. In healthy young men with normal levels of activ-
ity, reducing the number of daily steps from an average of 
10,501 to 1344 over 2 weeks resulted in marked increases 
in intra-abdominal fat, decreases in aerobic fitness, and 
impairments in several metabolic markers including insulin 
sensitivity.112,113

Although further studies are needed, these accumulated 
data show that among individuals who do not perform any 
exercise, the role of daily activities in reducing sedentary 
behavior and promoting cardiovascular health needs to be 
emphasized. The amount of time spent being sedentary can 
be minimized by active travelling (cycling, walking, or using 
public transportation), taking breaks from extended periods 
of sitting, and reducing screen time.

Mechanisms
The effects of exercise training are fundamentally the same 
in persons with and without CVD. Exercise leads to central 
and peripheral adaptations that improve the body’s ability 
to consume oxygen for work. With regular exercise, periph-
eral adaptations are responsible for increased ability of the 
musculature to use oxygen to derive energy for the work 
performed without increasing cardiac output. Through cen-
tral adaptations, maximal cardiac output can be improved 
mainly through adaptation of stroke volume, whereas the 
maximum HR is relatively fixed.

Aerobic exercise enhances the ability to deliver more 
energy peripherally at the same demand on the heart and 
vascular system by increasing energy efficiency. Aerobic 
exercise also results in improved endothelial function caus-
ing lower peripheral resistance and improved coronary 
microvascular function, thereby improving the oxygen sup-
ply for the heart during exercise. This means that the same 
level of work can be performed for a decreased myocardial 
oxygen demand (HR × systolic blood pressure). For patients 
with angina due to residual ischemia, these mechanisms are 
important because angina may occur at a higher threshold 
when the same load on the heart can sustain a greater level 
of body work. Exercise has further antithrombotic and fibri-
nolytic effects and also favors higher vagal balance with 
reduced risk of arrhythmia.11 The preconditioning effect of 
exercise seen in animal studies, although not demonstrated 
in humans, may play a role in reducing the impact of coro-
nary occlusion.114

Exercise exerts its effects in primary and secondary pre-
vention of CVD through a number of beneficial effects on 
cardiovascular risk factors, including lowered systolic and 
diastolic blood pressure and lipids, and improved glyce-
mic control by increasing insulin sensitivity and reducing 
abdominal adiposity. Exercise improves endothelial func-
tion, endogenous fibrinolysis, cardiac output, HR variability 
and autonomic control, and capillary and mitochondrial 
density. Exercise also decreases myocardial oxygen demand, 
platelet aggregation, and blood viscosity. Additionally, physi-
cally active individuals have a better quality of life, less 
depression and anxiety, and better sleep quality; report less 
stress; and are more prone to maintaining cognitive function 
at higher age.

Lipids
Exercise has consistently been shown in cross-sectional, 
prospective, and intervention studies to reduce levels of 
triglycerides and increase HDL-C but has little effect on 
total cholesterol or LDL-C levels. Although minor effects 
are seen on total LDL-C, exercise is associated with a shift 
in particle size toward larger, less atherogenic LDL-C par-
ticles. Similarly, exercise has a beneficial effect on HDL-C 
particle size, causing an increase mainly in the less ath-
erogenic HDL-C2 particles.115 Some effects of exercise 
on lipids are mediated via the weight-lowering effects, 
the decrease in fat mass, and the increase in lean body 
mass accompanying exercise training. The isolated effect 
of exercise is difficult to quantify. Effects of exercise and 
statin therapy are additive, as are other cardiovascular 
prevention strategies. Interestingly, patients with dyslipid-
emia who are fit but not on statin treatment have a lower 
mortality risk than patients with dyslipidemia on statins 
who are unfit.116

With statins and potential future general use of more 
potent LDL-C-reducing medication, the effects of exercise 
on HDL-C and triglycerides deserve attention to address 
residual risk. Mechanisms for affecting HDL-C and triglycer-
ides are thought to be via increased activity of lipoprotein 
lipase, which in turn lowers very low-density lipoprotein 
cholesterol (VLDL-C) and triglyceride levels. The reduced 
availability of triglycerides causes an increase in HDL-C 
and increased size of LDL-C particles. Exercise also 
reduces hepatic lipase activity. Hepatic lipase activity leads 
to smaller HDL-C particles with higher turnover and thus 
less reverse cholesterol transport activity. Little is known of 
the effects of resistance training on lipids, although smaller, 
older studies indicate less effect on lipids than aerobic 
training.117

Inflammation, Body Weight, Blood Pressure, and 
Glycemic Control
Physical activity reduces blood pressure and prevents or 
delays development of hypertension, helps control body 
weight and reduces abdominal obesity, and improves 
insulin sensitivity, as well as glucose control in patients 
with diabetes. The clustering of cardiovascular risk factors 
in the metabolic syndrome is also beneficially affected 
by physical activity. In a Finnish trial of lifestyle counsel-
ing of individuals at high risk of developing diabetes, 
moderate and vigorous leisure time physical activity was 
associated with decreased likelihood of developing the 
metabolic syndrome and increased likelihood of its resolu-
tion.118 Similarly, cardiorespiratory fitness is associated with 
reduced prevalence of metabolic syndrome and increased 
likelihood of resolve.119 Persons with higher levels of physi-
cal activity generally have lower levels of inflammation, 
and intervention studies also indicate a small but signifi-
cant decrease in inflammatory markers such as high-sen-
sitivity C-reactive protein, tumor necrosis factor-alpha, and 
interleukins following exercise training. Some of the effects 
of physical activity on cardiovascular risk factors are partly 
mediated through weight control.

Intervention Studies
Exercise training is a cornerstone of cardiac rehabilitation 
and is discussed hereafter. In cardiac rehabilitation studies 
offering exercise training two to three times weekly over a 
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period of 8 to 24 weeks, the effect size has been in the range 
of a 10% to 20% improvement in peak VO2.

Exercise training is also beneficial in patients who 
are not fully revascularized. In a study of 101 males with 
angina and greater than 75% stenosis of one coronary 
artery randomized to PCI with stent or a 12-month exer-
cise training program, after one year the exercise training 
group had a similar outcome to the PCI group regarding 
angina and improvement in myocardial perfusion at scin-
tigraphy, and a better exercise capacity and event-free sur-
vival rate.120 These effects occurred despite no changes 
in epicardial vessel stenosis at repeat angiography. Effects 
were presumably through improved microcirculation and 
development of collaterals. This was a relatively small, 
single-center trial and conclusions should be drawn with 
caution. However, the trial does indicate that in patients 
with epicardial stenosis not amenable to revascular-
ization, exercise training may be a potential means of 
reducing ischemia, reducing symptoms, and improving 
prognosis.

Recommendations Regarding Exercise
Exercise has profound health promoting effects. Consequ-
ently, assessment of a patient’s habitual level of exercise 
and recommendation on how to achieve improved phys-
ical fitness should be a routine part of patient care in 
cardiovascular medicine. For all patients, the clinician 
should encourage 30 to 60 minutes of moderate-intensity 
aerobic activity daily. Such activity may include brisk 
walking supplemented by an increase in daily lifestyle 
activities (e.g., walking breaks at work, gardening, house-
hold work) to improve cardiorespiratory fitness and 
move patients out of the unfit, sedentary, high-risk cohort. 
For all cardiac patients, risk assessment with a physical 
activity history and/or an exercise test is recommended 
to guide prognosis and prescription. The clinician should 
also counsel patients to report and be evaluated for 
symptoms related to exercise.

Recommendations for exercise, whether for healthy 
adults, persons with increased cardiovascular risk such as 
patients with diabetes and hypertension, or patients who 
have already developed CVD, are summarized in Box 18.2. 
These recommendations also apply to older adults but may 
be modified to adapt to the individual’s abilities.

Unfortunately, there is a large discrepancy between the 
recommendations for physical activity and what is actually 
practiced in the population. Among adults aged 60 years 
or more in the National Health and Nutrition Examination 
Survey (NHANES) study, 52% reported no leisure time 
physical activity.121 A 2016 European multicenter data 
reported that approximately 60% of patients with coronary 
heart disease were sedentary or only had limited physical 
activity.4 According to US data, less than 30% of individu-
als at high risk received counseling on physical activity 
by their physician.122 For this reason the AHA has made 
regular exercise a focus for preventive medicine, adding 
a sedentary lifestyle to the modifiable CVD risk factors.123

Safety
Exercise in patients with coronary heart disease is gener-
ally safe, and the beneficial effects far outweigh the minor 
risks. However, during exercise training the risk of MI, cardiac 

arrhythmia, or sudden cardiac death is transiently increased. 
The risk has been estimated through summarizing data from 
a large number of cardiac rehabilitation trials with supervised 
training among patients with coronary heart disease.124 The 
rate of cardiac arrest was 8.6 per million training hours, the 
rate of MI was 4.5 per million training hours, and the rate 
of cardiac death was 1.3 per million training hours.125 This 
risk evaluation is based on cardiac patients who have had a 
symptom-limited exercise test performed before embarking 
on exercise. It is therefore recommended that patients with 
uncomplicated coronary heart disease, i.e., patients who are 
fully revascularized with no residual ischemia on a symptom-
limited exercise test and who have a normal ejection frac-
tion, undergo exercise training with no limitations following a 
cardiopulmonary exercise test that does not show ischemia 
or cardiac arrhythmias. Primarily to avoid musculoskeletal 
injury the exercise intensity and duration should be adapted 
to the individual’s exercise capacity and usual level of exer-
cise and gradually increased from there.

For subgroups such as patients with heart failure, includ-
ing patients with device therapy, patients surviving cardiac 
arrest, patients with residual ischemia, and other groups, 
exercise training is also recommended but should initially 
be supervised and preceded by a symptom-limited maxi-
mal cardiopulmonary exercise test. The training program 
should be individually adapted. The exercise-based risk 
of adverse cardiac events during exercise is low, even in 
symptomatic patients with moderate to severe heart failure, 
as confirmed in the large Heart Failure: A Controlled Trial 
Investigating Outcomes of Exercise Training (HF-ACTION) 
trial.126

CARDIAC REHABILITATION

Cardiac rehabilitation is a multidisciplinary intervention 
offered to help heart patients increase cardiorespiratory 
fitness, reduce cardiac symptoms, improve health, and 
reduce the risk of future heart problems (Fig. 18.3). In addi-
tion to optimizing pharmacologic treatment and providing 

All adults should avoid inactivity:
 •  Some physical activity is better than none, and any amount 

of physical activity results in some health benefits.
For substantial health benefits:
 •  150 min per week of moderate-intensity aerobic activity, or
 •  75 min per week of vigorous-intensity aerobic physical 

activity, or
 •  an equivalent combination of moderate- and vigorous-

intensity aerobic activity.
 •  Activity episodes should be at least 10 min in duration and 

spread throughout the week.
For more extensive health benefits:
 •  300 min per week of moderate-intensity aerobic activity, or
 •  150 min per week of vigorous-intensity aerobic physical 

activity, or
 •  an equivalent combination of moderate- and vigorous-

intensity activity.
Combine with moderate- or high-intensity muscle-strengthening activities that 
involve all major muscle groups on 2 or more days per week.

BOX 18.2 Recommendation for Physical Activity 
for Adults

Modified from Office of Disease Prevention and Health Practice, US Department of 
Health and Human Services: The 2008 Physical Activity Guidelines for Americans. 
<http://health.gov/paguidelines/guidelines/summary.aspx>

http://health.gov/paguidelines/guidelines/summary.aspx
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behavioral strategies to promote lifestyle change, cardiac 
rehabilitation includes education, counseling, psychoso-
cial support, and commonly also a structured exercise 
program.

Other issues often raised by patients during cardiac 
rehabilitation include sexual and erectile dysfunc-
tion, alcohol consumption, and stress management. 
Depression and anxiety are commonly seen in patients 
with coronary heart disease, are associated with adverse 
cardiovascular prognosis, and represent barriers to life-
style change and adherence to medication. Accordingly, 
it is recommended to screen all patients with coronary 
heart disease for depression and refer to adequate 
treatment.127 Cardiac rehabilitation provides a good 
opportunity to perform the screening and necessary 
subsequent action, although it should be noted that ran-
domized trials have so far failed to show survival ben-
efit of treating depression in patients with coronary heart  
disease (see Chapter 26).

Cardiac rehabilitation is often divided into three 
phases. Phase 1 is initiated while the patient is still in 
the hospital and consists of early mobilization and brief 
counseling about the nature of the illness, the treatment, 
risk factors management, and the plan for follow-up. 
Phase 2 comprises the secondary prevention or cardiac 
rehabilitation program offered after hospital discharge, 
most commonly as a supervised ambulatory outpatient 
program of 3 to 6 months’ duration. In some countries this 
may be a home-based, tele-monitored, or shorter residen-
tial program. Phase 3 reflects the lifetime maintenance 
of a healthy lifestyle and optimal risk factor control with 
the goal of halting or slowing the disease progression 
and maintaining an active and healthy life. In prevail-
ing guidelines of cardiovascular societies worldwide, 
cardiac rehabilitation has received a class I recommen-
dation and there is consensus that all eligible patients 
should be referred and encouraged to participate.

Definition and Core Components
Cardiac rehabilitation encompasses a multiteam effort 
with a core component being implementation of life-
style changes. The importance of cardiac rehabilitation 
has increased, not least because of the limited time spent 
in hospital and the need for the patient to understand 
the disease and to understand that the lifelong impli-
cations depend on a structured ambulatory follow-up. 
Core components are education in understanding the 
disease; motivational counseling on nutrition, physi-
cal activity, and healthy lifestyle; exercise training; risk 
factor control (blood pressure, serum lipids, blood glu-
cose, weight, and smoking); understanding of medica-
tion and lifelong lifestyle changes; and psychosocial 
support and stress alleviation. Because effective lifestyle 
changes depend critically on interaction and support of 
the patient’s surroundings, cardiac rehabilitation should 
involve the family of the patient.128 An exercise training 
program with the aim of improving cardiorespiratory 
fitness is regarded as beneficial for almost all patients 
after MI and revascularization.129,130 Unfortunately, most 
studies indicate that sustainable changes are very dif-
ficult to achieve and require more than a brief cardiac  
rehabilitation.

Some components of secondary prevention and fol-
low-up on coronary heart disease patients after acute 
events or revascularization may be provided in an indi-
vidual ambulatory setting, but are best delivered as part 
of a team effort in integrated cardiac rehabilitation. 
Centralizing cardiac rehabilitation also ensures that 
the needs of specific patient groups, such as patients 
with devices implanted (cardiac resynchronization 
therapy [CRT], implantable cardioverter defibrillator 
[ICD], pacemaker), patients with heart failure, patients 
with peripheral arterial disease, and patients with co-
morbidities, are met. All patients with coronary heart 
disease can benefit from cardiac rehabilitation, and 

Exercise training and
counseling on physical activity

Stress
management and

psychosocial
support

Nutritional
counseling and

weight
management

Optimized
medical

treatment

 Phase I Phase II Phase III
 Days Weeks–months Months–years

Patient education
and lifestyle counseling

Smoking cessationScreening for
depression

FIG. 18.3 Components of a cardiac rehabilitation program.
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cardiac rehabilitation is recommended for patients fol-
lowing MI and revascularization, for patients with heart 
failure, and after valve replacement. Exercise-based car-
diac rehabilitation has been expanded in some coun-
tries to patients with atrial fibrillation, patients with an 
assist device, and after heart transplantation. After CABG 
(and other conditions with sternum split), lower extrem-
ity exercise can be started early, and after 4 to 6 weeks, 
when the sternum has been stabilized, the patient can 
be engaged in exercise involving the upper extremities.

Cardiac rehabilitation has been offered as an in-
patient service, as an out-patient service in a cardiology 
setting, as an out-patient service in communal settings, or 
as home-based training. The most studied type of cardiac 
rehabilitation is exercise-based cardiac rehabilitation in 
an out-patient, cardiology setting with a 12- to 24-week 
program two to three times weekly. The backbone of the 
training is continuous aerobic training of moderate to 
hard intensity. The effect on peak VO2 is approximately 
10% to 20% and is similar across age groups and gender.86 
Newer studies indicate a greater effect with interval train-
ing, as is well recognized from athletes. However, whether 
or not this translates into greater long-term benefits is 
not known. Studies also indicate that training should be 
supplemented with resistance training to achieve greater 
gain in exercise capacity and to counteract debility and 

frailty, particularly in older people and women with coro-
nary heart disease, as previously discussed (Table 18.4).

Exercise-based cardiac rehabilitation is effective in 
reducing total and cardiovascular mortality and hospital 
admissions. From a previous systematic review and meta-
analysis of exercise-based cardiac rehabilitation for coro-
nary heart disease, which included 47 trials published up 
to 2009 and comprised more than 10,000 patients, cardiac 
rehabilitation was associated with longer-term reduced 
overall mortality (RR 0.87 [0.75–0.99]) and cardiovas-
cular mortality (RR 0.74 [0.63–0.87]).131 Exercise inter-
ventions differed in duration (1–30 months), frequency 
(1–7 times per week), time per session (20–90 min), and 
exercise intensity and type, the main component being 
moderate, continuous aerobic training. Participants were 
predominantly post-MI and CABG patients and results 
were relatively homogeneous across the studies. Of the 
ten studies that assessed effect on quality of life, seven 
found significant improvement following intervention. 
The patients included in the trials are, however, not rep-
resentative of the current coronary heart disease popula-
tion in need of cardiac rehabilitation as 88% were male 
and the mean age was 55 years. However, observational 
studies indicate similar effects of exercise training on 
exercise capacity in other patient groups, including 
women and the elderly. Community-based observational 

TABLE 18.4 Physical Activity Counseling for Specific Patient Groups

CONDITION ESTABLISHED/GENERALLY AGREED ISSUES

Post-ACS and post 
primary PCI

Assess:
Risk must be assessed by physical activity history and exercise testing to guide prescription.
Symptom-limited exercise testing after clinical stabilization; submaximal exercise stress testing in selected cases
Recommend:
After uncomplicated procedure, physical activity can start the next day. After a large and/or complicated myocardial damage, 

physical activity should start after clinical stabilization and be increased slowly, according to the symptoms.
In the presence of preserved exercise capacity without symptoms, patient can resume routine physical activity for 30–60 min, such 

as brisk walking, supplemented by an increase in daily activities (such as walking breaks at work, gardening, or household work); 
otherwise, the patient should resume physical activity at 50% of maximal exercise capacity and gradually increase.

Physical activity should be a combination of activities like walking, climbing stairs, cycling.

Stable CAD and post 
elective PCI

Assess:
Exercise capacity and ischemia threshold by symptom limited exercise stress test, exercise or pharmacological imaging technique in 

symptomatic patients with un-interpretable ECG
Recommend:
See Table 18.3.

Post cardiac surgery, 
coronary artery and 
valve heart surgery

Assess:
Exercise capacity to guide exercise prescription
Submaximal exercise stress test as soon as possible
A maximal exercise test after surgical wound stabilization
Recommend:
Physical activity counseling according to wound healing and exercise capacity; Table 18.3

Chronic heart failure Assess:
Peak exercise capacity by maximal symptom-limited cardiopulmonary exercise testing. For testing protocol, small increments 5–10 

W per min on bicycle ergometer or modified Bruce or Naughton protocols on treadmill are indicated (in order to achieve max. 
exercise capacity in 8–12 min).

Recommend:
At least 30–60 min/day of moderate intensity exercise; Table 18.3

Cardiac transplantation Assess:
Peak exercise capacity by maximal symptom-limited cardiopulmonary exercise testing
Recommend:
Long-term dynamic and resistance exercise to prevent many side

effects of immunosuppressive therapy
Exercise intensity relies more on the perceived exertion (i.e., Borg scale) than on a specific HR due to impaired HR response in de-

innervated heart. Individual adaptation of rate of increase in pace/intensity.

ACS, Acute coronary syndrome; CAD, coronary artery disease; ECG, electrocardiogram; HR, heart rate; PCI, percutaneous coronary intervention.
Modified from Corra U, Piepoli MF, Carre F, et al. Secondary prevention through cardiac rehabilitation: physical activity counselling and exercise training: key components of 
the position paper from the Cardiac Rehabilitation Section of the European Association of Cardiovascular Prevention and Rehabilitation. Eur Heart J. 2010;31(16):1967–1974.
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studies also confirm the beneficial effect of cardiac reha-
bilitation. Among patients receiving CABG, participants 
in cardiac rehabilitation had an adjusted mortality risk 
reduction of 44%, corresponding to a 10-year absolute risk 
reduction of 12.7% and a number needed to treat of eight. 
Similar results were seen for CABG combined with valve  
surgery.132,133

An updated meta-analysis including 63 trials and more 
than 14,000 participants with a median follow-up of 12 
months confirmed a 36% reduction in cardiovascular mor-
tality risk and an 18% reduction in risk of hospital admis-
sion for recurrent events but failed to find a significant 
effect on total mortality, MI, or revascularization. This study 
also confirmed an effect on quality of life measures.134 
There was a trend for later studies conducted in the era of 
contemporary medical therapy to have smaller mortality 
benefits.

Heart Failure
Particular care should be given to special groups with 
coronary heart disease. Exercise training in patients with 
heart failure has been shown to be beneficial, with an 
effect on exercise capacity, quality of life, and on adverse 
outcomes such as hospital admission and cardiac mor-
tality. Meta-analyses of studies with more than 12 months 
of follow-up comparing exercise training with usual 
care among patients with systolic heart failure have 
concluded that exercise training leads to reduced total 
mortality (hazard ratio 0.88) and heart failure–specific 
admissions (hazard ratio 0.61). Exercise training also 
leads to improved quality of life.135 This is consistent 
with (and dominated by) the findings from the large 
multicenter HF-ACTION trial. In this trial, symptomatic, 
stable congestive heart failure (CHF) patients with left 
ventricular ejection fraction 35% or below who were 
in the New York Heart Association (NYHA) group II–IV 
were randomized to a comprehensive, prolonged exer-
cise intervention consisting of 36 supervised exercise 
sessions followed by home-based exercise versus usual 
care. Although the patients did not comply with the tar-
get of performing 90 minutes of exercise weekly, the inter-
vention group had a reduced risk of the major outcome 
of mortality and hospital admission for heart failure. In 
prespecified adjusted analyses, hazard ratios were 0.89 
(p = 0.03) for all-cause mortality or hospitalization, 0.91 
(p = 0.09) for cardiovascular mortality or hospitaliza-
tion, and 0.85 (p = 0.03) for cardiovascular mortality or 
heart failure hospitalization. A small but statistically sig-
nificant effect was also seen on health status (Minnesota 
Living with Heart Failure Questionnaire).126,136

UPTAKE AND ADHERENCE TO LIFESTYLE 
CHANGES AND CARDIAC REHABILITATION

Lifestyle changes are complementary to medical treatment, 
they are inexpensive, have few if any side effects, and have 
numerous health benefits beyond cardiovascular disease. 
Yet they remain underutilized.

Adherence to lifestyle changes after acute coronary 
events has a rapid onset of effect. In the OASIS trial, more 
than 18,000 patients were followed after acute coronary 
events. The patients, who managed to give up smoking, and/
or adhere to dietary recommendations and/or exercise 

one month after their event, had a significantly lower risk 
of repeat events within the subsequent 5 months. Diet and 
exercise adherence was associated with a 48% decreased 
risk of MI when compared with nonadherence, smoking 
cessation was associated with a 43% decreased risk, and 
never-smokers who adhered to diet and exercise recom-
mendations had a 74% lower risk than the nonadherent 
to all three lifestyle factors. However, even though these 
patients were selected to be participants in a trial, only 29% 
were adherent to diet and exercise recommendations at 30 
days. In comparison, more than 96% adhered to antiplate-
let medication.3

Cardiac rehabilitation is an important component of 
recovery from coronary events but uptake and adherence 
to such programs are below recommended levels. In the 
EUROASPIRE IV study, a cross-sectional study of second-
ary prevention in 8000 patients with coronary artery dis-
ease undertaken more than 6 months after their event, 
only half of the patients (50.7%) had been offered cardiac 
rehabilitation and 81.3% of these had only attended half 
of the program. These figures were greater in comparison 
to less than one-third of eligible patients being offered 
cardiac rehabilitation in the EUROASPIRE III study137,138 
but are likely to give a very optimistic view of the status 
of secondary prevention because these were selected 
patients (participation rate 50%) in selected centers.4 
Indeed, other studies indicate lower participation rates. 
Surveys have found that less than 30% of eligible patients 
participate in cardiac rehabilitation and among those 
that do, many do not complete the program and only 
50% continue exercise training 6 months after program 
completion.139

Unfortunately, most patients do not attend cardiac 
rehabilitation either because it is not offered or because 
they do not accept or adhere to the program. A 2014 
Cochrane review of studies attempting to improve uptake 
of and/or adherence to cardiac rehabilitation identified 
18 studies comprising 2505 participants. Interventions 
included structured nurse- or therapist-led contacts, 
early appointments after discharge, motivational letters, 
gender-specific programs, and intermediate-phase pro-
grams for older patients but were too heterogeneous 
for any meta-analysis to be performed. A number of the 
studies showed a positive effect on uptake and adher-
ence but the overall conclusion was that the evidence 
was weak for efficient interventions to increase uptake 
and adherence and more quality studies targeting 
patient-identified barriers may increase the likelihood of  
success.139

Predictors of nonuptake are: (1) older age, (2) women, 
(3) comorbidities, (4) lower educational attainment, (5) 
socioeconomic deprivation, and (5) ethnicity, with blacks 
being less likely to participate than whites in the United 
States and patients of other ethnic origin being less likely 
to participate in Europe.140 Patient-related factors associ-
ated with limited uptake and adherence are presented 
in Box 18.3. Addressing structural barriers is likely to 
increase uptake. It is universally accepted that automatic 
referral procedures for patients experiencing MI or revas-
cularization would address some of these barriers. Strong 
endorsement from healthcare providers serves as a further 
catalyst,141 as does minimizing the delay from discharge 
to the phase 2 rehabilitation142 and implementing perfor-
mance indicators.
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INTRODUCTION

After smoking, obesity is probably the second leading cause 
of preventable death in the United States and most of the 
westernized world.1,2 The estimated prevalence of obesity 
is almost 80 million, with close to 130 million in the United 
States being overweight, and currently almost 10 million 
being severely obese.1–4 In fact, during the past 50 years, 
the average life expectancy in the United States has been 
reduced by a full year due to the impact of obesity, partially 
offsetting gains made from reduced smoking and improve-
ments in automobile safety (Fig. 19.1).5,6 Therefore, attention 
directed at the prevention and treatment of obesity is espe-
cially needed.

Obesity appears to be a risk factor for cardiovascular (CV) 
disease (CVD) independently of age, lipid levels, blood pres-
sure (BP), glucose levels, and left ventricular hypertrophy.2–4 
Certainly, obesity places a “heavy” toll on the CV system, neg-
atively affecting many of the established CV and coronary 
heart disease (CHD) risk factors, including increasing BP 
and the prevalence of hypertension, worsening plasma lipid 
levels (in particular increasing triglyceride levels and reduc-
ing the cardioprotective high-density lipoprotein cholesterol 
[HDL-C] levels), increasing glucose levels and the risk of 
metabolic syndrome and type 2 diabetes mellitus (T2DM), 
and increasing levels of inflammation. Additionally, obesity 
has adverse effects on CV structure and function. Combined, 
these effects increase the risk of CVD, including CHD.

In this chapter, we review the effects of obesity on CHD 
risk factors and on the prevalence of CHD. We also review 
the impact of obesity on prognosis in patients with estab-
lished CHD, including patients following revascularization 
procedures with percutaneous coronary intervention (PCI) 
and coronary artery bypass grafting (CABG). Finally, we will 
discuss the implications of weight loss in patients with CHD, 
especially in light of the so-called “obesity paradox.”

MECHANISMS LINKING OBESITY WITH 
INCREASED CHD RISK

The adverse effects of obesity on CHD risk factors and 
CV structure and function are summarized in Box 19.1.3,4 
Excess body weight is one of the most powerful risk fac-
tors for increased BP and the development of hypertension, 

a major CHD risk factor. In a prospective examination of 
35- to 75-year-old participants from the Framingham Heart 
Study, 34% of hypertension cases in men and 62% of hyper-
tension cases in women were attributed to a body mass 
index (BMI) greater than or equal to 25 kg/m2 based on 
the estimated population attributable risk.7 In an analysis of 
patients with a self-reported BP higher than 140/90 mmHg 
in the Physicians’ Health Study, which included over 13,500 
healthy male physicians, an 8% increase in the risk of inci-
dent hypertension was noted for each one-unit increase 
in BMI during a median 14.5-year follow-up.8 In this study, 
although incident hypertension was mostly associated with 
obesity at baseline, a weight gain of more than 5% in 8 years 
was also significantly associated with an increased hyper-
tension risk in persons with normal baseline BMI.

Obesity is a leading cause of elevated blood glucose, 
metabolic syndrome, and T2DM. In an examination of data 
from the Behavioral Risk Factor Surveillance System from 
1990 to 1998, the overall prevalence of T2DM increased by 
33%, which was closely related to the increased prevalence 
of obesity.9 In fact, a 9% increase in T2DM rate was noted 
for every 1 kg increase in weight. The association of obesity 
with insulin resistance and metabolic syndrome appears to 
significantly increase the risk of T2DM and CVD. Metabolic 
syndrome, which is defined by abdominal obesity, athero-
genic dyslipidemia, hypertension, insulin resistance, and 
pro-inflammatory and prothrombotic states, is associated 
with a more than twofold increased risk of CHD, with an 
attributable risk of 37% in patients older than 50 years.10,11 
Alexander and colleagues12 in 2003, in an analysis of the 
National Health and Nutrition Examination Survey, noted no 
increase in CHD prevalence in patients who had T2DM but 
no metabolic syndrome, whereas CHD risk was increased 
in patients with metabolic syndrome but without T2DM. 
The highest risk of CHD was noted in those with metabolic 
syndrome and T2DM. The higher risk is imposed by higher 
intra-abdominal fat, measured clinically as waist circumfer-
ence (WC). WC was the strongest predictor of metabolic 
syndrome, was independently associated with each com-
ponent of the metabolic syndrome, and was more strongly 
associated with metabolic syndrome than was BMI.13,14

Atherogenic dyslipidemia and metabolic syndrome in 
obesity is defined by elevated triglyceride levels, low lev-
els of HDL-C, and increased proportions of small, dense 

Obesity and the Obesity Paradox
Carl J. Lavie, Alban De Schutter, and Richard V. Milani

19
INTRODUCTION, 270

MECHANISMS LINKING OBESITY WITH 
INCREASED CHD RISK, 270

ASSOCIATION OF OBESITY WITH CVD 
EVENTS, 271

IMPACT OF OBESITY ON PROGNOSIS IN 
CHD: THE OBESITY PARADOX, 272
Following Revascularization with PCI, 

272

Following Revascularization with 
CABG, 272

General CHD, 273

CHALLENGES WITH BMI AS A MEASURE  
OF ADIPOSITY, 273
Impact of Cardiorespiratory Fitness on 

the Obesity Paradox in CHD, 275

POTENTIAL REASONS FOR AN OBESITY 
PARADOX IN CHD, 275

IMPACT OF WEIGHT LOSS ON CHD, 276

PREVENTION OF OBESITY AND WEIGHT 
GAIN, 277

PHARMACOLOGIC TREATMENT OF 
OBESITY, 277

BARIATRIC SURGERY, 277

CONCLUSION, 278

REFERENCES, 278



O
b

esity an
d

 th
e O

b
esity Parad

o
x

271

19
low-density lipoprotein cholesterol (LDL-C), which is more 
atherogenic than the large, more buoyant LDL-C.11 Increased 
circulating fatty acids are taken up by the liver, which results 
in increased production of triglyceride-rich particles, espe-
cially very-low-density lipoproteins. In the setting of high tri-
glycerides, most of the LDL-C is produced in the small, dense 
form, which is more easily oxidized and more atherogenic.

Although the association of obesity with increased CVD 
has been established independently and in association with 
such major risk factors as hypertension, metabolic syndrome/
T2DM, and atherogenic dyslipidemia, the exact mechanisms 
linking obesity, especially abdominal obesity, with insulin 
resistance and other factors influencing the risk of CVD 
have not been fully elucidated.11 Fat-related hormones and 
cytokines, termed adipokines, are secreted by the adipocytes 
and macrophages in adipose tissue. Several clotting factors, 
including fibrinogen, von Willebrand factor, and factor VII 
and VIII, are increased in obesity and insulin resistance.11 
Plasminogen activator inhibitor type-I levels increase with 
BMI and WC, which may inhibit endogenous fibrinolysis.11 
Mechanisms involved with increasing BP include insulin-
mediated vasoconstriction, increased insulin-mediated renal 
sodium reabsorption, insulin-related stimulation of the sym-
pathetic nervous system, increased vasoconstriction related 
to elevated free fatty acids, and production of components of 
the renin-angiotensin-aldosterone system by adipose tissue.11

Leptin levels also increase in obesity, and chronically ele-
vated leptin levels have been related to increased atheroscle-
rosis, in-stent restenosis, and inflammation.11,15 Interleukin-6, 
tumor necrosis factor, adiponectin, and C-reactive protein 
(CRP) may also be elevated and be involved in atheroscle-
rosis and CHD events.11

ASSOCIATION OF OBESITY WITH CVD EVENTS

Considering the multiple pathogenic mechanisms associated 
with obesity described above, there is no surprise that obesity 
is related to increased risk of most CVD, including hyperten-
sion, heart failure (HF), atrial fibrillation (AF), as well as CHD 
and CHD events.3,4,15 Many of these factors are associated 
with inflammation, prothrombotic states, and increased risk 
of atherosclerosis.11 Many large prospective studies, including 
the Framingham Heart Study, the Nurses Health Study, and the 
Manitoba Study, have documented obesity as an independent 
predictor of CVD.7,11,16,17 The potential relationship between 
BMI categories and incidence of non-ST-segment elevation 
myocardial infarction (NSTEMI) were assessed retrospectively 
in a cohort of over 110,000 patients with unstable angina and 
NSTEMI in which obesity was the strongest risk factor was 
associated with NSTEMI at younger age, ahead of tobacco 
abuse. In fact, compared with normal-weight individuals, the 
mean age incidence of NSTEMI was 3.5, 6.8, 9.4, and 12.0 years 
earlier in overweight (BMI 25–29.9 kg/m2), Class I obesity (BMI 
30–34.9 kg/m2), Class II obesity (BMI 35–39.9 kg/m2), and Class 
III obesity (BMI ≥ 40 kg/m2), respectively.18 Considering the 
increased prevalence of obesity and more severe obesity, there 
is concern for marked increases in the occurrence of acute 
CVD events in younger individuals in upcoming decades.

Several recent reports have also demonstrated that severe 
Class III obesity is a significant predictor of premature myo-
cardial infarction (MI) at very young ages.19–22 However, 
obesity, especially when only mild to moderate in severity, 
may have a different impact regarding infarct size and sever-
ity of coronary artery disease (CAD). In fact, recent data 

1.26

0.43

0.06

0.46

–0.03
–0.26

–1.00

1.5

1.0

0.5

0.0

–0.5

–1.0

–1.5C
ha

ng
e 

in
 th

e 
lif

e 
ex

pe
ct

an
cy

 (
ye

ar
s)

 Smoking Motor Alcohol Obesity Poisonings Firearms Total
  vehicles

FIG. 19.1 The impact of behavioral changes on life expectancy between 
1960 and 2010. (Modified from Stewart ST, Cutler DM. The contribution of behav-
ior change and public health to improved U.S. population health. NBER Working 
Paper Series. Working Paper 20631. http://www.nber.org/papers/w20631. October 
2014; and from Stewart ST, Cutler DM. How behavioral changes have affected U.S. 
population health since 1960. NBER Working Paper Series. Working Paper 20631. 
http://www.nber.org/aging health/2015no1/w20631. March 2016.)

 1.  Insulin resistance
 •  glucose intolerance
 •  metabolic syndrome
 •  type 2 diabetes mellitus

 2.  Dyslipidemia
 •  elevated total cholesterol
 •  elevated triglycerides
 •  elevated LDL cholesterol
 •  elevated non-HDL cholesterol
 •  elevated apolipoprotein-B
 •  elevated small, dense LDL particles
 •  decreased HDL cholesterol
 •  decreased apolipoprotein-A1

 3.  Hemodynamics
 •  increased blood volume
 •  increased stroke volume
 •  increased arterial pressure
 •  increased LV wall stress
 •  pulmonary artery hypertension

 4.  Cardiac structure
 •  LV concentric remodeling
 •  LV hypertrophy (eccentric and concentric)
 •  left atrial enlargement
 •  RV hypertrophy

 5.  Cardiac function
 •  LV diastolic dysfunction
 •  LV systolic dysfunction
 •  RV failure

 6.  Inflammation
 •  increased C-reactive protein
 •  overexpression of tumor necrosis factor

 7.  Neurohumoral
 •  insulin resistance and hyperinsulinemia
 •  leptin insensitivity and hyperleptinemia
 •  reduced adiponectin
 •  sympathetic nervous system activation
 •  activation of renin–angiotensin–aldosterone system
 •  overexpression of peroxisome proliferator-activator 

receptor
 •  reduced levels of atrial and brain natriuretic peptide

 8.  Cellular
 •  hypertrophy
 •  apoptosis
 •  fibrosis

BOX 19.1 Adverse Effects of Obesity

Reproduced with permission from Lavie CJ, De Schutter A, Parto P, et al. Obesity and 
prevalence of cardiovascular diseases and prognosis: the obesity paradox updated. Prog 
Cardiovasc Dis http://dx.doi.org/10.1016/j.pcad.2016.01.008 [Epub ahead of print].

HDL, High-density lipoprotein; LDL, low-density lipoprotein; LV, left ventricular; RV, 
right ventricular.

http://www.nber.org/papers/w20631
http://www.nber.org/aging%20health/2015no1/w20631
http://dx.doi.org/10.1016/j.pcad.2016.01.008
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demonstrated that obese patients with MI had less severe 
CAD than thinner patients with MI.23 Also, the size of MI in 
NSTEMI was different to that in ST-segment elevation MI 
(STEMI), with obese patients having greater infarct size in 
NSTEMI, but smaller infarct size in STEMI.24

IMPACT OF OBESITY ON PROGNOSIS IN CHD: 
THE OBESITY PARADOX

Given the well-known adverse effects of overweight and 
obesity on major CVD risk factors discussed above, not sur-
prisingly almost all CVD, including CHD, is increased in the 
setting of higher weight. However, many studies of patients 
with established CVD, including hypertension, HF, AF, as well 
as CHD, have demonstrated surprisingly good prognosis in 
overweight and obese patients, which has been termed the 
obesity paradox.3,4 In fact, despite challenges at the time of 
CV revascularization in obese patients, these patients have 
tended to have a better overall prognosis following revascu-
larization with PCI and CABG, and following MI, compared 
with leaner patients, with similar findings seen in patients 
with stable CHD.11,25

Following Revascularization with PCI
Because of the higher prevalence of CAD, overweight and 
obese patients will frequently undergo coronary revascu-
larization. In fact, population-based registries and databases 
have reported the prevalence of overweight and obesity to 
be as high as 70% among patients undergoing PCI or CABG.26 
Various risk stratification systems have described obesity as a 
risk factor for worse clinical outcomes after coronary revas-
cularization due to increased wound infections, longer hos-
pital stay, and higher postprocedure mortality among more 
obese patients, although this may apply more to CABG than 
to PCI, as CABG may be postponed or declined due to obe-
sity.11,25 However, there have been contradictory results in 
various studies describing the association between BMI and 
subsequent MI and CVD mortality, as well as other morbidity.

In PCI, establishing femoral access can be more difficult 
in obese patients, as is accomplishing hemostasis afterward; 
this may be less of an issue with more recent use of radial 
artery approach.11 Thigh and pelvic hematoma recogni-
tion may be delayed, as are the other physical examination 
findings associated with acute blood loss in patients with 
obesity. Nevertheless, despite the potential for access com-
plications in obese patients, several studies have suggested 
a protective effect associated with obesity with regards to 
bleeding and vascular complications of PCI, similar to the 
paradox observed with other outcomes. Several studies 
have suggested that underweight and normal-BMI patients 
have higher bleeding complications than obese patients. 
Although the highest risk of bleeding occurred in patients 
with the lowest BMIs, a bimodal relationship was observed 
with also a high complication rate in those with the high-
est BMIs (Fig. 19.2).27 Patients were more likely to undergo 
radial artery access as BMI increased, and both obese and 
nonobese patients have less vascular complications with 
this approach. Nonradial access was the strongest indepen-
dent predictor of vascular complications in obese patients 
with PCI. Potentially lower bleeding in obese patients could 
have been related to younger age, better renal function, and 
lower relative doses of antithrombotic agents that are not 
dosed according to body weight.

We recently examined 26 studies of patients undergoing 
PCI, with data on age (Table 19.1) and major events (total 
mortality, CVD mortality, and MI; Table 19.2).25 After a mean 
follow-up of approximately 1.7 years, compared with normal 
BMI subjects, the highest rate of mortality, CVD mortality, and 
MI occurred in underweight patients following PCI, being 
increased by 2.7-, 2.8-, and 1.9-fold, respectively. The over-
weight patients (BMI 25–29.9 kg/m2) had the lowest risk, 
with significant reductions in total mortality and CVD mor-
tality of 32% and 22%, respectively, with a trend for 6% lower 
risk of MI. The mildly obese had a significant 36% reduction 
in mortality and a trend for 6% lower CVD mortality, whereas 
those with BMI of 35 kg/m2 or above had a trend for 19% 
lower mortality that was not statistically significant.

Following Revascularization with CABG
Paradoxical effects of obesity on outcomes after revascular-
ization have been noted in the surgical literature as well.11,25 
In an earlier propensity-matched analysis of 6068 consecu-
tive patients undergoing primary CABG from a single center 
during a 12-year period, two propensity models were derived 
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FIG. 19.2 Hazard ratio for mortality after percutaneous coronary intervention 
(median follow-up period, 2.1 years) according to body mass index. (Reproduced 
with permission from Powell BD, Lennon RJ, Lerman A, et al. Association of body 
mass index with outcome after percutaneous coronary intervention. Am J Cardiol. 
2003;91:472–476.)

TABLE 19.1 Mean Age of Patients Undergoing PCI 
and CABG in Various BMI Categories

MEAN AGE (Y)
BMI (kg/m2) PCI CABG

<20 69.3 67.9

20–24.9 65.0 64.6

25–29.9 62.3 64.0

30–34.9 60.1 61.9

≥35 58.3 60.5

BMI, Body mass index; CABG, coronary artery bypass graft; PCI, percutaneous 
coronary intervention.
Reproduced with permission from Sharma A, Vallakati A, Einstein AJ, et al. 
Relationship of body mass index with total mortality, cardiovascular mortality, and 
myocardial infarction after coronary revascularization: evidence from a meta-
analysis. Mayo Clin Proc. 2014;89:1080-1100.
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comparing all small patients with normal-size patients and 
all obese patients with normal-size patients, with an analysis 
made based on both body surface area (BSA) and BMI.28 
During follow-up, survival curves showed that mortality in 
very small patients with BSA less than 1.7 m2 was higher 
than in normal-size patients despite less insulin dependence 
and greater use of all arterial grafts in the smaller patients. 
Mortality was also higher in slightly small patients (BSA 
1.7–1.85 m2) than in normal-size patients, as well as in very 
obese patients (BMI ≥ 36 kg/m2), but worse survival was not 
noted in those with BMI 32–36 kg/m2. Additionally, very small 
patients required significantly more transfusions and reop-
erations for bleeding, transfusion, and pulmonary edema, all 
of which may be secondary to greater on-pump hemodilu-
tion in smaller patients. Although not statistically significant, 
operative mortality was almost double in those with BSA less 
than 1.85 m2. While operative mortality was not worse in very 
obese patients, the risk of postoperative complications was 
significantly higher (39% vs. 26%; p < 0.001), and very obese 
patients had a statistically higher rate of sternal wound infec-
tions, pulmonary edema, pneumonia, noncardiac reopera-
tions, acute renal failure, AF, gastrointestinal problems, and 
longer postoperative hospital stays compared with normal-
BMI patients undergoing CABG. Sternal wound complications 
also occurred more commonly in moderately obese patients. 
Wound infection and complications may be secondary to the 
increased incidence of T2DM that occurs with higher BMI, as 
well as decreased perfusion of adipose tissue.

In a retrospective analysis of 9862 patients who had CABG at 
a single institution over a 10-year period, obesity was not associ-
ated with increased mortality, MI, arrhythmias, stroke or infec-
tion.29 However, morbidly obese patients (BMI ≥ 40 kg/m2) with 
CABG had more re-exploration procedures. Additionally, obese 
patients with T2DM were noted to experience more atrial and 
ventricular dysrhythmias, increased ventricular tachycardia, 
renal insufficiency, respiratory failure, and leg wound infections 
compared with normal-BMI patients with T2DM.

Similar to our recent analysis of post-PCI patients, we also 
analyzed 12 CABG studies in over 60,000 patients.25 The worst 
survival was noted in the underweight patients, with 2.7-
fold higher mortality than normal BMI patients. Overweight, 
obese, and even severely obese patients had trends for lower 
total mortality and MI compared with normal-BMI patients, 
but there were slight trends of higher CV mortality in the 
overweight and obese patients and over fourfold higher CV 
mortality in the severely obese post-CABG (see Table 19.1).25

General CHD
In 2006, Romero-Corral and associates30 reported a meta-anal-
ysis of 40 cohort studies of over 250,000 patients with CHD 
grouped according to BMI. The low-BMI patients had the high-
est mortality during a follow-up of nearly 4 years, while the 
obese had the lowest mortality risk. Overweight patients had 
the lowest risk on the adjusted analysis, while obese and even 
severely obese patients had no increased risk of mortality. 
Both underweight and severely obese patients (BMI ≥ 35 kg/
m2) had increased CV mortality, but even the severely obese 
did not have higher total mortality in this huge meta-analysis.

More recently, in a meta-analysis of 89 studies of over 1.3 
million patients with CHD, by far the largest of such stud-
ies, Wang and colleagues31 confirmed the general obser-
vations of earlier meta-analyses but also provided some 
very unique insights involving more long-term follow-up. 
Interestingly, the obesity paradox was evident during early 
follow-up, meaning better survival among the overweight 
and obese, which was even present in the severely obese 
patients. However, the better survival in obesity appears 
to disappear after 5 years, and those with Class II and III 
obesity (BMI ≥ 35 kg/m2 and 40 kg/m2, respectively) had 
a higher mortality during long-term follow-up. This higher 
mortality with severe obesity supports data from Flegal 
et al.32 relating to a non-CHD population in primary pre-
vention, which showed the best survival in the overweight 
patients, a trend toward better survival in mild, Class I obe-
sity, but significantly higher mortality in those with more 
severe degrees of obesity.

On the one hand, some studies have recently demonstrated 
an increased risk for CHD patients with “normal weight obe-
sity” or “normal weight central obesity,” in which percent 
body fat (BF) or WC, respectively, is elevated, although BMI 
may be in the normal range.33–35 On the other hand, we have 
demonstrated an obesity paradox even with increased WC 
when combined with low levels of cardiorespiratory fitness 
(discussed below), whereas there was excellent survival in all 
groups with preserved cardiorespiratory fitness.36

CHALLENGES WITH BMI AS A MEASURE  
OF ADIPOSITY

BMI represents total weight and is composed of weight from 
muscle, skeletal, and BF, which may be partly the reason for 
the sometimes paradoxical relationship between BMI and 
prognosis in CHD.3,4 Clearly, there may be a discrepancy 

TABLE 19.2 Results Summary: Outcomes after Coronary Revascularization Procedures as per BMI

LOW BMI NORMAL BMI OVERWEIGHT OBESE SEVERELY OBESE

Total mortality 2.59 (2.09–3.21) 1 0.72 (0.66–0.78) 0.73 (0.61–0.87) 0.78 (0.64–0.96)

PCI 2.65 (2.19–3.20) 1 0.68 (0.62–0.74) 0.64 (0.56–0.73) 0.81 (0.61–1.07)

CABG 2.66 (1.51–4.66) 1 0.83 (0.67–1.02) 0.92 (0.64–1.34) 0.76 (0.55–1.04)

Cardiac mortality 2.67 (1.63–4.39) 1 0.81 (0.68–0.95) 1.03 (0.69–1.55) 1.47 (0.74–2.89)

PCI 2.76 (1.67–4.56) 1 0.78 (0.66–0.93) 0.94 (0.62–1.44) 1.16 (0.66–2.03)

CABG 0.98 (0.06–16.97) 1 1.06 (0.52–2.13) 1.57 (0.49–5.1) 4.07 (1.4–11.85)

Myocardial infarction 1.79 (1.28–2.50) 1 0.92 (0.84–1.01) 0.99 (0.85–1.15) 0.93 (0.78–1.11)

PCI 1.85 (1.28–2.67) 1 0.94 (0.86–1.03) 1.04 (0.87–1.25) 0.96 (0.77–1.19)

CABG 1.47 (0.64–3.4) 1 0.85 (0.64–1.14) 0.84 (0.67–1.05) 0.89 (0.66–1.20)

BMI, Body mass index; CABG, coronary artery bypass graft; PCI, percutaneous coronary intervention.
Reproduced with permission from Sharma A, Vallakati A, Einstein AJ, et al. Relationship of body mass index with total mortality, cardiovascular mortality, and myocardial 
infarction after coronary revascularization: evidence from a meta-analysis. Mayo Clin Proc 2014;89:1080-1100.
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between that observed with BMI and other assessments of 
body adiposity, including BF, WC, and others. Nevertheless, 
we have demonstrated an obesity paradox in several studies 
using percent BF37–40 and even with WC or central obesity, at 
least in the cohorts with central obesity and low cardiore-
spiratory fitness.36

Some studies, including our own, have raised the 
possibility that the association of less severe adiposity 
with worse clinical outcomes in CHD may represent a 
“lean paradox” more so than an overweight paradox or 
obesity paradox.38,41,42 We have demonstrated this para-
dox in CHD cohorts with both low BMI as well as low 
BF,  where both are independent predictors of higher 

mortality.37–39 However, in a study of 581 CHD patients 
followed on average for over 3 years, we demonstrated 
that only those with both low BMI (<25 kg/m2) and low 
BF (<25% in men and <35% in women) had higher mor-
tality (Fig. 19.3).38 In addition, we have demonstrated in 
570 CHD patients that both low BF and low lean mass 
(or non-fat mass) was associated with worse survival 
(Fig. 19.4),40 whereas the best survival was noted in CHD 
patients with both high lean mass and high BF, and those 
CHD patients with one of these two had an intermedi-
ate survival during 3-year follow-up. Many studies suggest 
that this represents more of an overweight paradox than 
a true obesity paradox,38,41,42 as generally the overweight 
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FIG. 19.3 Kaplan–Meier survival curves of 581 patients referred for cardiac rehabilitation by high and low body mass index (BMI) and body fat (BF) followed for 3 years for all-
cause mortality. The outcome for the lean patients, i.e., the subgroup with both low BMI and BF was significantly worse than that for the other subpopulations. (Reproduced with 
permission from Lavie CJ, De Schutter A, Patel D, et al. Body composition and coronary heart disease mortality: an obesity or a lean paradox? Mayo Clin Proc. 2011;86:857–864.)
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FIG. 19.4 Three-year survival based on body composition: low and high body fat (BF) and low and high lean mass index (LMI). Mortality was highest in the low BF/low LMI 
group (15%, or 9 of 62), followed by the high BF/low LMI group (5.7%, or 3 of 53), low BF/high LMI group (4.5%, or 8 of 179), and high BF/high LMI group (2.2%, or 6 of 270). 
BF, Body fat; LMI, lean mass index. (Reproduced with permission from Lavie CJ, De Schutter A, Patel DA, et al. Body composition and survival in stable coronary heart disease: 
impact of lean mass index and body fat in the “obesity paradox.” J Am Coll Cardiol. 2012;60:1374–1380.)
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groups by BMI or by BF classification often have the best 
survival (Fig. 19.5).43

Impact of Cardiorespiratory Fitness on the 
Obesity Paradox in CHD
Numerous studies have demonstrated the importance of 
fitness to predict CV and all-cause survival, including in 
cohorts with CHD.3,4 In fact, levels of fitness may be one 
of the strongest predictors of prognosis in CHD patients. 
Additionally, cardiorespiratory fitness is an important pre-
dictor of prognosis in patients with obesity and markedly 
alters the relationship between adiposity and subsequent 
prognosis.3,4,36,44

Certainly, levels of fitness are typically lower in overweight 
and obese subjects compared with lean patients.45 In a 
recent analysis of 5328 male nonsmokers referred for exer-
cise stress testing (mean age 52 years), an inverse relation-
ship between BMI and estimated cardiorespiratory fitness 
was observed.46 Compared with 1370 normal-BMI subjects 
who had metabolic equivalent (MET) levels of 12.7 ± 3.0 
METs, the 2333 overweight and 1625 obese subjects had 
lower levels of fitness (11.2 ± 2.5 and 9.7 ± 2.3 METs, respec-
tively), indicating progressively lower estimated fitness with 
increase in BMI. Nevertheless, age- and gender-related car-
diorespiratory fitness predicted survival equally well across 
BMI groups.

In a study of 9563 patients with CHD followed for almost 14 
years for CVD and all-cause mortality, only those in the lowest 
tertile of age- and gender-related levels of cardiorespiratory 
fitness assessed on treadmill testing demonstrated an obe-
sity paradox, which was present by all parameters of adipos-
ity, including BMI, WC, and percent BF (Fig. 19.6).36 However, 
CHD patients who were not in the bottom tertile of cardiore-
spiratory fitness had a good overall prognosis, and no obesity 
paradox was observed. In other words, patients who were not 
low-fit had a favorable prognosis regardless of their level of 
BMI, WC, and percent BF. This relationship between cardiore-
spiratory fitness, obesity status by BMI, and survival was also 
noted in a recent study of 18,000 veterans assessed by maxi-
mal treadmill testing.47 These data all support the fact that fit-
ness markedly alters the relationship between adiposity and 
subsequent prognosis in CHD patients.

POTENTIAL REASONS FOR AN OBESITY 
PARADOX IN CHD

There are several potential explanations for this puzzling obe-
sity paradox in patients with CVD, which are summarized in 
Box 19.2. Initially when this paradox was recognized, it was 
thought that it must be due to unrecognized confounding 
factors, in addition to obvious ones, such as lower age, less 
smoking, and less chronic obstructive lung disease (COPD) 
in the heavier patients. In most studies, the age of the heavier 
patients is just 2–4 years lower, and this can easily be adjusted 
for in multivariate analyses. Also, many studies adjust for 
smokers, only assess nonsmokers, eliminate deaths during the 
first few years of follow-up, or even adjust for COPD.38,40 Obese 
patients may present earlier at a less advanced disease stage, 
with more prevalent symptoms due to noncardiac reasons, 
including more deconditioning, more dyspnea due to restric-
tive lung issues, and edema due to more venous insufficiency, 
as well as having lower expression of natriuretic peptides, 
which may be particularly important in hypertension and 
HF, conditions that frequently coexist with CHD.3,4,15 Obese 
patients also have lower levels of plasma renin activity at any 
given BP, and with higher levels of BP they can usually tol-
erate higher doses of many of the cardio-protective medica-
tions. None of the studies, however, are able to compensate 
adequately for nonpurposeful weight loss before study entry, 
a condition that would be expected to imply poor prognosis. 
Additionally, none of the studies can adjust for genetic risk 
that may be more relevant in lower-weight individuals. For 
example, the patient who has gained marked weight after their 
teens, which led to higher BP, dyslipidemia, glucose abnormal-
ities, and inflammation, may not have developed CVD, includ-
ing CHD, in the first place without the marked weight gain. 
However, the person who develops CVD at lower weight may 
do so from genetic predisposition. Although the thinner per-
son may have a similar severity of CHD and lower risk factors, 
including lower BP and less hypertension, better lipid levels, 
lower blood sugar and prevalence of T2DM, along with lower 
CRP,  their prognosis may be worse, possibly due to genetic 
predisposition. Finally, obese patients may have more meta-
bolic reserve to fight chronic diseases, and although obese 
patients have higher BF, they often have a greater muscular 
strength than thinner people (discussed below).3,4,15
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FIG. 19.5 Kaplan–Meier survival curves of 581 subjects by age and gender-adjusted body fat (BF) category. The underweight and normal BF categories had significantly worse 
prognosis than the overweight and obese categories. After adjustment for confounders, higher BF category was associated with lower mortality. (Reproduced with permission 
from De Schutter A, Lavie CJ, Patel DA, et al. Relation of body fat categories by Gallagher classification and by continuous variables to mortality in patients with coronary heart 
disease. Am J Cardiol. 2013;111:657–660.)
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IMPACT OF WEIGHT LOSS ON CHD

Despite the evidence indicating an obesity paradox in 
patients with CHD, there are still potential benefits of pur-
poseful weight loss, especially when this occurs in the set-
ting of increased physical activity, exercise training, and 
cardiac rehabilitation.3,4,48–51 In a recent meta-analysis by 
Pack and colleagues52 of 12 nonrandomized studies in 14 
cohorts (n > 35,000), overall weight loss was actually associ-
ated with a significant 30% increase in major CVD events. On 
the one hand, observational weight loss (which is less likely 
to be intentional) appeared to be particularly deleterious, 
being associated with a marked 62% increase in major CVD 
events. On the other hand, presumed intentional weight loss, 
especially when combined with increased physical activity 
and exercise training, was associated with a significant 33% 
reduction in major CVD events. Although more studies of 
purposeful weight loss in CHD are clearly needed, purpose-
ful weight loss in combination with increased exercise and 
formal cardiac rehabilitation presently seems beneficial. 
One of the potential disadvantages of weight loss, espe-
cially without increased exercise, is that BF is reduced but 
typically lean mass and muscle mass also decline, and this 
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 1.  Greater metabolic reserve including:
 •  increased muscle mass and muscular strength
 •  less cachectic

 2.  Earlier clinical presentation including:
 •  earlier acute clinical presentation due to comorbidities, 

including restrictive lung disease, peripheral edema, etc.
 •  younger age of presentation for medical care in general
 •  increased medical screening due to obesity
 •  higher usage of cardiac medications and higher doses 

due to medical screening
 •  higher usage of cardiac medications due to higher rates 

of hypertension and hyperlipidemia
 •  lower levels of plasma renin activity and atrial natri-

uretic peptides
 •  less genetic predisposition to advanced CHD

BOX 19.2 Potential Reasons for the Obesity 
Paradox in CHD

CHD, Coronary heart disease.
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combination may be associated with a poor prognosis.53,54 
Since muscle mass, lean mass, and muscular strength are 
all important and are associated with benefits on CVD and 
CHD risk factors and survival, resistance training in combi-
nation with aerobic exercise to increase cardiorespiratory 
fitness seems to be particularly beneficial, since it combines 
improvements in cardiorespiratory fitness with preserva-
tion of lean mass, muscle mass, and muscular strength.52–57 
Cardiac rehabilitation programs are ideal settings to improve 
cardiorespiratory fitness and muscular strength with super-
vised exercise training following major CHD events, which 
may be particularly suited for obese CHD patients.50,51,58,59

PREVENTION OF OBESITY AND WEIGHT GAIN

During recent years, the origins of the obesity epidemic 
and progressive weight gain throughout life have been 
in considerable dispute.4,60,61 However, regardless of this 
debate, it is generally widely accepted that increments in 
body weight and overall levels of adiposity are the result of 
chronic positive energy balance (i.e., energy expenditure < 
energy intake).62,63 Many studies have suggested that energy 
or food intake, and especially sugar intake, is largely, if not 
completely, responsible for the obesity epidemic, blaming 
much of the obesity epidemic in the westernized world on 
poor dietary choices, fast foods, and excessive carbohydrate 
intake and sugar, especially sugary beverages.64–68 One of the 
arguments to support this theory is that time spent in leisure-
time physical activity has remained essentially unchanged 
in recent decades, supporting the conclusion that obesity is 
solely due to excessive energy or caloric intake.62 However, 
this leisure-time physical activity represents a relatively 
small portion of total time per week, which is much more 
impacted by occupational-related activity or household 
management energy expenditure.4

Nevertheless, we have demonstrated very marked 
declines in occupational-related physical activity62 and 
household management energy expenditure,63 and dra-
matic declines in caloric expenditure in mothers, even more 
so in those with children under the age of 5 years.69 In fact, 
the typical woman has a household management energy 
expenditure that is more than 1800 calories per week less 
than that of 5 decades ago,63 and that of the average mother 
is 1500 calories per week less than 5 decades previously.69 
This suggests that females today would have to walk or jog 
15–18 more miles per week to make up for the decline in 
energy expenditure elsewhere. Therefore, not only does the 
decline in energy expenditure lead to progressive weight 

gain, but since physical activity is the largest contributor to 
cardiorespiratory fitness, this decline in physical activity is 
impacting both obesity and overall fitness, as well as the 
weight of the next generation.69–72

In order to make up for the decrease in physical activ-
ity, reductions in caloric intake from all sources are needed, 
but particularly from carbohydrate and sugar for patients 
with low physical activity, high glucose and/or triglycerides, 
and those with metabolic syndrome and T2DM. However, 
increasing physical activity and exercise training are par-
ticularly needed to treat obesity and prevent weight regain 
after weight-loss programs.48,49,57

PHARMACOLOGIC TREATMENT OF OBESITY

A detailed review of currently approved pharmacologic 
approaches to obesity is beyond the scope of this chapter, 
particularly since none of the current agents have estab-
lished efficacy and safety in patients with CHD.73 Besides 
Orlistat, which is now available without a prescription, works 
as a lipase inhibitor to prevent fat absorption, and is not well-
tolerated from a gastrointestinal standpoint, all the other 
agents have concerns about cardiac safety, including pro-
moting valve disease or increasing BP and/or heart rate.73,74 
The available agents are listed in Table 19.3. Although none 
of these agents are specifically approved for patients with 
CHD, the pros and cons of the various medications versus 
severe obesity need to be considered, especially in patients 
who are not good candidates for bariatric surgery.

BARIATRIC SURGERY

Although a detailed review of bariatric surgery is beyond 
the scope of this chapter, considerable advances have been 
made in this area over recent decades.73 In fact, even the 
1991 National Institute of Health Consensus Development 
Conference panel on bariatric surgery recommended that 
for patients with a BMI of 40 kg/m2 or above, or those with 
a BMI of 35 kg/m2 or above who had associated high-risk 
comorbid conditions (such as cardiopulmonary disease or 
T2DM), this therapy is a reasonable consideration.75 The U.S. 
Food and Drug Administration (FDA) has also approved the 
indication for laparoscopic adjustable gastric banding for a 
BMI of 30 kg/m2 or above with a comorbidity.73

The three most common bariatric surgical procedures 
performed are laparoscopic adjustable gastric banding, lap-
aroscopic sleeve gastrectomy, and Roux-en-Y gastric bypass 
with weight loss of 20–25%, 25–30%, and 30% at 5 years with 

TABLE 19.3 Approved Obesity Medications

DRUG MECHANISM PROS CONS

Orlistat Lipase inhibitor. Blocks intestinal fat 
absorption.

Cardiac safety Gastrointestinal side effects, weight loss relatively 
small, rare liver toxicity

Lorcaserin Selective serotonin receptor agonist. 
Promotes satiety.

Relatively safe Concern for valve disease, cannot take with many 
antidepressants

Phentermine & 
Topiramate

Stimulant.
Reduces appetite.

Good weight loss Teratogenic, potential to increase heart rate and  
blood pressure, suicidal thoughts

Bupropion & 
Naltrexone

Acts on hypothalamus to reduce hunger. Good weight loss Suicidal thoughts, concern about heart and CV 
system

Liraglutide Glucagon-like peptide-1 agonist. Reduces 
appetite, increases satiety, and controls 
blood sugars.

Good weight loss and treats T2DM, 
clinical event reduction at lower 
dose in T2DM

Nausea and other gastrointestinal effects;  
pancreatitis, possible thyroid tumors, increases 
heart rate

CV, Cardiovascular; T2DM, type 2 diabetes mellitus.
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these procedures, respectively.73 Significant improvements in 
multiple obesity-related comorbidities have been reported, 
including T2DM, hypertension, dyslipidemia, obstructive 
sleep apnea, and quality of life, as well as long-term CVD 
events, especially in cohorts with T2DM.73,76–78 Among the 
improved comorbidities, the prevention and treatment of 
T2DM has gained the most attention,79 but a meta-analysis 
also suggested reductions in mortality by 30% to 45%.73,80 
Although large studies in patients with CVD, including CHD, 
have not been performed, small studies have suggested effi-
cacy and safety in these patients.4,73

CONCLUSION

Obesity adversely impacts most CVD and CHD risk factors 
and may be an independent risk factor.  Clearly, obese patients 
develop CVD at an accelerated rate, and this is certainly the 
case for CHD. Although obese patients may have increased 
rates of some complications early after revascularization 
procedures (especially with more severe obesity follow-
ing CABG), risks of other complications (such as bleeding) 
are lower. Overall, the short- and medium-term prognosis 
regarding obesity is quite favorable and even better than in 
underweight and even normal-weight patients undergoing 
revascularization. However, long-term obese patients, par-
ticularly with moderate and severe degrees of obesity (BMI 
≥ 35 kg/m2), tend to have a less favorable prognosis. Weight 
loss is clearly needed in more severe obesity, and even in 
overweight and mildly obese patients seems to be advan-
tageous when accomplished in the setting of increased 
cardiorespiratory fitness resulting from physical activity, 
exercise training, and especially cardiac rehabilitation.
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“… it is of all symptoms the most clamant, the most uni-
versal, and probably the most diagnostic, and one calling, 
above all others, on the resources of the doctor.”

Sir James MacKenzie (1925)1

INTRODUCTION

The Context
Medical therapy of stable angina aims to address the key 
factor mediating myocardial ischemia: oxygen supply/
demand imbalance. Pain is not the only symptom that a 
patient with myocardial ischemia may experience; there 
may also be severe fatigue, dyspnea, abdominal pain, nau-
sea, sweating, and, occasionally, a sense of imminent death 
(angor animi). Understanding cardiac pain requires knowl-
edge of the interplay of ischemic, metabolic, and neurologic 
mechanisms. In this chapter, we will focus on ischemic and 
metabolic mechanisms and their therapy.

This chapter will not include a discussion of the clinical 
evaluation of a patient with stable angina, of lifestyle inter-
ventions, of antiplatelet, anticoagulant, and lipid-lowering 
drugs, and of revascularization strategies, all of which are 
dealt with in other chapters. Instead, we will focus on the 
narrower challenge of reducing the symptom of angina 
using pharmacologic agents, both traditional and novel.

Percutaneous Coronary Intervention Versus 
Optimal Medical Therapy for Symptomatic 
Ischemia
The Appropriate Use Criteria for Percutaneous Coronary 
Intervention (PCI) in Stable Ischemic Heart Disease 

recommend that patients take at least two classes of antiangi-
nal agents for symptomatic relief before PCI is considered.2 
Despite these recommendations, many patients undergo 
revascularization, partly stemming from psychological and 
emotional elements on the part of both patients and physi-
cians.3 Two groundbreaking studies, the Bypass Angioplasty 
Revascularization Investigation (BARI 2D) trial,4 and Clinical 
Outcomes Utilizing Revascularization and Aggressive Drug 
Evaluation (COURAGE) trial,5 compared optimal medical 
therapy plus revascularization versus optimal medical ther-
apy alone to reduce mortality or major cardiovascular events.

BARI 2D compared PCI or coronary artery bypass graft-
ing (both in addition to optimal medical therapy) versus 
optimal medical therapy alone in patients with type 2 diabe-
tes mellitus. No difference was seen in 5-year mortality or in 
the endpoint of death between revascularization and opti-
mal medical therapy without PCI.4 Likewise, the COURAGE 
trial, with a mean follow-up of 4.6 years, revealed no signifi-
cant difference in the survival rate between optimal medi-
cal therapy and PCI for the primary event rates, death, or 
percentage of subjects angina-free at 5 years,5 nor was there 
any difference in survival after an extended 15-year follow-up.6 
On the other hand, a comprehensive network meta-analysis 
showed that coronary artery bypass grafting or PCI with one 
of the new generation drug-eluting stents resulted in reduc-
tions in death, death caused by myocardial infarction (MI), 
and repeat revascularization, compared to medical therapy.7 
There was no attempt to assess in these studies whether 
“medical treatment” was optimal medical therapy.

The ongoing ISCHEMIA (International Study of Com-
parative Health Effectiveness with Medical and Invasive 
Approaches) will also address this question.8 In the meantime 
it is reasonable to recommend that PCI or coronary artery 
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bypass grafting be reserved for patients whose angina limits 
daily activity despite optimal medical therapy, which includes 
at least two traditional antianginal medications in maximally 
tolerated dosage.

Decreasing Myocardial Oxygen Demand and 
Increasing Oxygen Supply
Pharmacologic prevention of symptoms of angina dur-
ing periods of exertion has classically involved the use of 
agents that reduce myocardial oxygen demand and/or 
increase myocardial oxygen supply in response to exercise. 
Importantly, all available classes of traditional antianginal 
agents have similar effects on exercise duration. Thus, there 
is no clear indication that one drug is superior to the others 
based on this outcome.9

Management of patients with chronic stable angina has 
two main objectives: (1) symptomatic relief from ischemia; 
and (2) cardiovascular risk reduction and improvement of 
prognosis. These objectives are modulated by two different 
mechanisms: symptoms of ischemia are due to an insuffi-
cient oxygen supply/demand ratio, whereas acute coronary 
syndromes are due to vulnerable plaque erosion and rup-
ture, resulting in thrombotic coronary occlusion.

Major determinants of myocardial oxygen demand are 
heart rate, contractility, and wall tension; minor determinants 
are basal metabolism and activation energy. Oxygen demand 
can be reduced by decreasing cardiac workload or by shift-
ing myocardial metabolism to substrates that require less 
oxygen per unit of adenosine triphosphate (ATP) produced. 
Oxygen supply may be increased by coronary vasodilata-
tion or by increasing the duration of myocardial perfusion 
during diastole by slowing the heart rate. Antianginal agents 
either reduce myocardial oxygen demand or increase myo-
cardial oxygen supply to reduce symptoms of angina pecto-
ris and signs of ischemia.

Traditional Anti-Ischemic Therapy
Traditional anti-ischemic therapy includes three antiangi-
nal agents: nitrates, β-blockers, and calcium-channel blockers 
(CCBs). The traditional agents reduce anginal symptoms 
and prolong exercise duration and/or time to ST-segment 
depression on the electrocardiogram (ECG). Frequently, a 
combination of these drugs is necessary for symptom con-
trol, but hard data on the use of all three classes together are 
lacking. None of these drugs has been shown to be disease 
modifying: they do not change the risk of MI, sudden cardiac 
death, or all-cause mortality.9 Although patients with stable 
coronary heart disease and preserved left ventricular func-
tion on optimal medical therapy may not have symptomatic 
relief with the addition of an angiotensin converting enzyme 
(ACE) inhibitor, there is evidence that ACE inhibitors reduce 
the rates of death from cardiovascular causes, MI, and cor-
onary revascularization. Thus, we will be discussing ACE 
inhibitors as part of the traditional antianginal therapies.

Although efficacious, traditional anti-ischemic agents 
do not produce relief in all patients, and individual varia-
tion in responsiveness is well known. The combination of 
β-blockers with nitrates is favored because both agents 
lower myocardial oxygen demand and increase sub-
endocardial blood flow through different mechanisms. 
The β-blockers prevent potential reflex tachycardia from 
nitrate-induced hypotension. In addition, by slowing the 
heart rate, β-blockers increase the duration of myocardial 

perfusion during diastole. Nitrates are vasodilators, thus 
they increase coronary perfusion and blunt any rise in left 
ventricular preload and end-diastolic pressure caused by 
the negative inotropic action of the β-blockers. β-Blockers 
combined with dihydropyridine CCBs improve exercise 
duration more than either alone and tolerance is usually 
acceptable, but the combination of β-blockers with non-
dihydropyridine CCBs, such as verapamil and diltiazem, 
should be used with caution, and is contraindicated if 
there is left ventricular dysfunction or significant conduc-
tion system disease.

Novel Anti-Ischemic Therapy
Unfortunately, many patients with chronic angina remain 
symptomatic despite receiving the combination of two or 
more conventional drugs (β-blockers, nitrates, CCBs) at max-
imum tolerated dosages. Many patients with chronic angina 
also have concomitant comorbidities that make it difficult 
to up-titrate the dose or that contraindicate use of conven-
tional antianginal drugs due to the fear of inducing dose-
related adverse effects such as hypotension, bradycardia, or 
atrioventricular (AV) block. In addition, persistent angina 
occurs in approximately 10% to 25% of patients subjected 
to coronary bypass surgery and/or percutaneous interven-
tions, and 60% to 80% require antianginal therapy 1 year 
after the procedure.

Novel antianginal medications include the following: (1) 
ranolazine, a drug that reduces myocardial ischemia by its 
action on the late sodium current; (2) ivabradine, a selective, 
heart rate slowing drug that inhibits the If current in pace-
maker cells of the sinoatrial node; (3) nicorandil, a nicotin-
amide-nitrate ester that acts as an ATP-sensitive potassium 
channel opener, with nitric oxide donor capacity and anti-
anginal properties that lead to direct coronary vasodilatation; 
(4) trimetazidine, a drug that inhibits β-oxidation of fatty acids, 
increases myocardial glucose utilization, and prevents reduc-
tion in ATP and phosphocreatine levels in response to hypoxia 
or ischemia; and (5) molsidomine, a drug that dilates venous 
capacitance vessels (reducing preload), dilates coronary arte-
rial segments, exerts a platelet stabilizing effect by inhibiting 
thromboxane, and has a nitric oxide-donating effect.

These drugs have considerable potential as adjunctive 
therapy for angina, particularly in patients who are refrac-
tory to standard therapies, and they may be a primary 
therapeutic option in certain circumstances because they 
generally do not adversely affect blood pressure, pulse rate, 
or left ventricular systolic function. Thus, they offer an advan-
tage in patients in whom conventional agents may induce 
symptomatic hypotension, inappropriate bradycardia, or 
worsening heart failure (HF). The clinical utility of each of 
these will be discussed later in this chapter.

Investigational Anti-Ischemic Therapy
Because of the inability of current antianginal drugs to opti-
mally control chronic angina in all cases, such as in patients 
with severe coronary artery disease not amenable to revas-
cularization, or with high risk of death and repeated hospital 
admissions, there is an unmet need for new drugs with differ-
ent, but complementary, mechanisms of action devoid of the 
limitations of current treatments (with no or minimal hemody-
namic effects) and that can be safely added to current therapy. 
In this chapter, in addition to addressing some of the newest 
prescribable antianginal drugs, we will briefly review drugs cur-
rently under development for the treatment of chronic angina.



282

IV

M
a

n
a

g
eM

en
t

Do Antianginal Drugs Prevent Coronary 
Events?
The choice of disease-modifying treatments that influence 
prognosis raises a few problems. The COURAGE study 
clearly demonstrated that all of these treatments should be 
used at the maximum tolerated doses, closest to those that 
have been proven to be effective in improving prognosis.5 
As the population ages patients with stable angina will have 
an increasing number of coexisting diseases, such as hyper-
tension, diabetes, and dyslipidemia, which predispose to 
acute coronary syndromes. Different mechanisms of action 
for the anti-ischemic drugs allow treatment to be targeted to 
the individual patient, dependent on comorbidities and car-
diac function. For example, in the absence of contraindica-
tions, β-blockers remain the reference treatment to prevent 
angina attacks and for the secondary prevention of MI. The 
most common coexisting cardiovascular risk factor is hyper-
tension and, therefore, dihydropyridine CCBs have a role in 
combined treatment with β-blockers.

A combination of anti-ischemic drugs might improve 
the benefit of treatment with an additive or even synergis-
tic effect. The findings of the Heart Outcomes Prevention 
Evaluation (HOPE)10 and EURopean trial On reduction of 
cardiac events with Perindopril in stable coronary Artery 
disease (EUROPA),11 discussed hereafter, support the use 
of an ACE inhibitor for the prevention of cardiovascular 
complications in all high-risk patients, including those with 
stable angina.

In all cases, the importance of risk profiling, management 
of comorbidities that increase the risk of cardiovascular 
events, such as hypertension, diabetes, and dyslipidemia, 
and aggressive lifestyle modification in all patients cannot 
be overstated.

TRADITIONAL ANTI-ISCHEMIC THERAPY

Nitrates
Mechanism of Action
Endogenous nitric oxide (NO) production is mediated 
by the enzyme nitric oxide synthase (NOS). In coronary 
artery disease, NO generation by NOS may be inhibited by 
ischemia, because NOS activity requires the availability of 
oxygen.12 Nitrates are antianginal agents by virtue of their 
biotransformation to NO. Nitrates, by generating NO, are 
coronary vasodilators, reduce preload by venodilatation, 
and are arteriolar dilators. The arteriolar dilatation affects 
the arterial wave reflection from the periphery back to the 
aorta so that there is lowering of left ventricular afterload. 
Accordingly, aortic systolic pressure is reduced with little or 
no decrease in brachial systolic pressure. However, nitrates 
are better venous than arteriolar dilators probably because 
of reflex activation of the sympathetic nervous system, which 
limits arteriolar dilatation.

In experimental studies, NO also possesses antiathero-
genic actions, reducing endothelial cell–leukocyte interac-
tion, smooth muscle proliferation, and platelet adherence and 
aggregation (Fig. 20.1).13,15-17 In one study, long-term supple-
mentation with L-arginine, a precursor of NO, improved small-
vessel coronary endothelial function in humans.14

The most commonly used nitrates are nitroglycerin 
(glyceryl trinitrate [GTN]), isosorbide dinitrate (IDN), and 

isosorbide-5-mononitrate (IMN). These may be available 
as sublingual, oral, sustained oral, buccal, oral spray, trans-
dermal patch, and intravenous formulations. Exogenous 
nitrates are organic prodrugs that undergo enzymatic bioac-
tivation to vasoactive NO in several steps. GTN produces NO 
via the action of mitochondrial aldehyde dehydrogenase-2 
(mtALDH-2). IDN undergoes hepatic biotransformation to 
IMN. IMN, bypassing the miALDH-2 step, forms NO. NO relaxes 
vascular smooth muscle by activating guanylyl cyclase, lead-
ing to an increase in cyclic guanosine monophosphate 
(cGMP), which inhibits calcium entry into smooth muscle 
cells, causing vasorelaxation. NO also relaxes smooth mus-
cle cells by inhibiting potassium channels and hyperpolar-
izing the membrane.

Endothelial dysfunction decreases production (or 
enhances inactivation) of NO. Organic nitrates, by their 
conversion to NO, have the ability to replenish deficient 
levels of NO in patients with coronary artery disease. In 
these patients, exogenous nitrate administration substitutes 
for the impaired activity of the endothelial L-arginine/NO 
pathway.16,18

Pharmacokinetics
Sublingual GTN is the nitrate of choice for acute angina 
attacks. GTN is rapidly absorbed from mucus membranes, 
skin, and the gastrointestinal tract and has a plasma half-life 
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FIG. 20.1 Nitrate mechanisms. Exogenous nitrates are organic prodrugs that 
undergo enzymatic bioactivation to vasoactive nitric oxide (NO) in several steps. 
Nitroglycerin (GTN) produces NO via the action of mitochondrial aldehyde dehy-
drogenase-2 (mitoALDH). Isosorbide dinitrate (IDN) undergoes hepatic biotrans-
formation to isosorbide mononitrate (IMN). IMN, bypassing the mitoALDH step, 
forms NO. NO relaxes vascular smooth muscle by activating guanylyl cyclase, lead-
ing to an increase in cyclic guanosine monophosphate (cGMP), which inhibits cal-
cium entry into smooth muscle cells, causing vasorelaxation. Several mechanisms 
explain nitrate tolerance including the buildup of superoxide and peroxynitrite. 
Superoxide, likely the result of uncoupled endothelial nitric oxide synthase, and 
vascular NO form peroxynitrite, which inhibits soluble guanylyl cyclase and acti-
vates NO synthase uncoupling. AII, Angiotensin II; GTP, guanosine triphosphate. 
(From Opie LH, Horowitz, JD, eds. Drugs for the Heart. 8th ed. Philadelphia: WB 
Saunders; 2013:38–63 [Fig. 2.4].)
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of only a few minutes. GTN is metabolized by a liver reduc-
tase enzyme to biologically active glyceryl dinitrate and 
biologically inactive glyceryl mononitrate. The elimination 
half-life of glyceryl dinitrate is 10-fold longer than the parent 
GTN, which may account for the antianginal effect lasting 
more than a few minutes.

Isosorbide mononitrate is bioavailable without any hepatic 
metabolism, whereas isosorbide dinitrate (IDN) needs to be 
converted in the liver to active mononitrates such as isosor-
bide mononitrate (IMN), with a half-life of 4 to 6 hours. IDN 
may also be given sublingually, but because IDN needs to 
undergo hepatic bioactivation, the onset of antianginal action 
is slower than for GTN. IDN and IMN are usually prescribed 
for daily oral administration for angina prophylaxis, but the 
development of tolerance is a significant problem.

Drug-Drug Interactions
The most important interaction is with the selective phos-
phodiesterase (PDE)-5 inhibitors, such as sildenafil, tadalafil, 
and vardenafil, which inhibit the degradation of cGMP and 
are used for the therapy of erectile dysfunction and some-
times for pulmonary arterial hypertension. The combination 
of nitrates and a PDE-5 inhibitor can cause serious hypo-
tensive reactions and should not be taken on the same day. 
Alcohol and other vasodilators, including some antihyper-
tensive drugs (eg, CCBs, α-blockers, hydralazine, minoxidil) 
may augment hypotension.

Side Effects
Common side effects include headaches, facial flushing, 
hypotension and syncope, and tachycardia. In hypertrophic 
cardiomyopathy, nitrates may exaggerate left ventricular 
outflow obstruction. Reduced venous return due to venous 
dilatation may compromise cardiac output in acute coro-
nary syndromes, hypertrophic cardiomyopathy, constrictive 
pericarditis, and tight mitral or aortic stenosis.

Hemodynamics
Nitrates alleviate anginal symptoms by increasing myo-
cardial oxygen supply and reducing oxygen demand. 
Increasing oxygen supply is achieved by (1) coronary vaso-
dilatation; (2) venodilatation, thereby reducing cardiac fill-
ing pressure, lowering left ventricular diastolic pressure, and 
thus allowing for increased subendocardial myocardial per-
fusion; (3) preventing coronary artery vasospasm; and (4) 
replacing endogenous NO in vascular smooth muscle cells 
exhibiting endothelial dysfunction. Decreased myocardial 
oxygen demand occurs by (1) dilatation of venous capaci-
tance vessels, reducing preload, and resulting in diminished 
systolic wall stress; and (2) reduction in systolic wall stress 
by reducing left ventricular afterload.15,18

Organic nitrates exert their maximal vasodilatory effect 
at the level of venous capacitance vessels. Large and 
medium-sized coronary arteries and their collateral vessels 
are affected, whereas arterioles with a diameter of less than 
100 mm are relatively less affected.16,17 The vasodilatory 
effect on epicardial coronary arteries with or without ath-
erosclerotic coronary artery disease helps relieve coronary 
vasospasm.12

Antiaggregant Action of Nitrates
GTN exerts limited antithrombotic and antiplatelet effects 
in patients with stable angina, by an action on platelet cGMP. 

NO is a potent activator of platelet guanylyl cyclase, which 
increases platelet cGMP levels and leads to decreased 
fibrinogen binding to the glycoprotein IIb/IIIa receptor. 
Fibrinogen binding is essential for platelet aggregation, and 
its inhibition leads to impairment of platelet function.18,19

Ischemic Preconditioning
The term ischemic preconditioning describes a protective 
phenotype characterized by reduced sensitivity to ischemia 
and reperfusion injury following previous episodes of isch-
emia. Several lines of evidence from animal and human 
studies have demonstrated that the administration of GTN 
is associated with an increased ischemic threshold, as mani-
fested by reduced infarct size, reduced ECG changes in the 
setting of percutaneous angioplasty, and reduced endothe-
lial dysfunction after ischemia and reperfusion.18

Indications
Short-acting nitrates are often given to relieve acute anginal 
pain and can also be used prophylactically to improve exer-
cise tolerance and prevent exercise-induced ischemia. The 
use of prophylactic GTN may be particularly appropriate for 
patients with predictable angina precipitated by exertion or 
specific activities. Short-acting nitrates may also be used to 
supplement long-acting nitrates when patients experience 
acute attacks. Long-acting nitrates, either as monotherapy or 
in combination with β-blockers or CCBs, are used to prevent 
or reduce the frequency of angina in patients with coronary 
artery disease.18

Some physicians recommend short-acting nitrates if 
angina occurs only a few times per week and long-acting 
nitrates if angina is more frequent. In patients who have 
angina with exertion, long-acting nitrates are sometimes 
preferred to prevent symptoms throughout the day. It is well 
known that continuous treatment with organic nitrates can 
lead to the development of tolerance, with loss of clinical 
efficacy. Tolerance can be reduced by nitrate-free intervals 
of 10–12 hours; therefore, it is not clinically feasible to pro-
vide continuous antianginal prophylaxis with any of the cur-
rently available long-acting nitrates.18

Dosage
Three different nitrates—GTN, IMN, IDN—are available in 
a variety of formulations including sublingual, buccal, oral, 
spray, ointment, and transdermal preparations. Short-acting 
nitrates are available as sublingual/buccal preparations, 
whereas long-acting preparations include oral-sustained 
forms and slow-release transdermal patches and ointments, 
which increase their duration of action (Table 20.1).

Among short-acting nitrates, sublingual GTN tablets are 
the standard initial therapy for effort-induced angina in 
the United States, whereas sublingual nitroglycerin spray is 
favored in most European countries as the preferred short-
acting formulation. Sublingual GTN can be administered by 
metered dose spray that dispenses 0.4 mg of the drug. One 
to two sprays can be used at the start of an attack and up to 
three sprays can be used in a 15-minute period.

The onset of action of transdermal patches of nitroglyc-
erin is 30 minutes, with duration of action of 8 to 14 hours. 
The transdermal patch comes in several sizes: each cm2 of 
applied system delivers approximately 0.02 mg of nitroglyc-
erin per hour. Thus, the 5-, 10-, 15-, 20-, 30-, and 40-cm2 sys-
tems deliver approximately 0.1, 0.2, 0.3, 0.4, 0.6, and 0.8 mg 
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of nitroglycerin per hour, respectively. The remainder of the 
nitroglycerin in each system serves as a reservoir and is not 
delivered in normal use. After 12 hours, for example, each 
system has delivered approximately only 6% of its original 
content of nitroglycerin.

Nitrate Resistance and Tolerance
Although acute treatment, including sublingual administra-
tion, is immediate and effective, the benefit of nitroglycerin 
has been limited because of in vivo tolerance that rapidly 
develops on continuous treatment. Nitroglycerin tolerance 
is manifested as a reduced vasodilatory response and the 
requirement of higher doses of the drug after continuous 
treatment. Tolerance is a major limiting factor in the use of 
nitrates. Traditionally, the pathogenesis of tolerance has been 
described as a result of metabolic or functional effects. The 
metabolic effect of organic nitrates declines during continu-
ous use as a result of decreased biotransformation to NO 
or decreased activity of NO released by this process (end-
organ tolerance). Functional effects consisting of counter-
regulatory mechanisms to NO (called “pseudotolerance”) 
may occur in response to nitrate therapy. For example, 
neurohormonal activation and plasma volume expansion 
may counterbalance or vitiate the therapeutic effects of 
nitrates.19

Several postulated mechanisms underlie nitrate 
tolerance20–25:
 1.  Nitrate resistance is sometimes associated with incre-

mental impairment of endothelial function, largely due 
to generation of the superoxide anion (O2

−) free radicals. 
Chronic continuous in vivo exposure to high doses of 
GTN sometimes induces incremental O2

− generation with 
resulting evidence of redox stress. Prolonged nitrate ther-
apy may result in the formation of peroxynitrite, which 
inhibits endothelial NOS, thus decreasing NO formation.

 2.  True nitrate tolerance
 (a)  Impaired nitrate bioactivation. The activation of GTN 

is catalyzed by mitochondrial aldehyde dehydroge-
nase-2 (mtALDH-2) and, conversely, nitroglycerin can 
inactivate mtALDH-2. Nitrate tolerance may therefore 
reflect progressive inhibition of mtALDH-2 activity. 
Bioactivation of GTN also requires thiols or sulfhy-
dryl-containing compounds. Interactions between 

GTN and sulfhydryl-containing receptors are nec-
essary for vascular smooth muscle relaxation, and 
repeated administration of GTN results in sulfhydryl 
depletion and the development of tolerance.

 (b)  Formation of aldehydes. Aldehydes are highly toxic 
compounds that generate reactive oxygen species 
(ROS), and are normally restricted by the action of 
ALDH. Because organic nitrates inactivate ALDH, 
including mtALDH-2, excessive production of ROS 
results, leading to endothelial dysfunction.

 (c)  Other enzymes have been implicated in the vascular 
metabolism of GTN and other organic nitrates, includ-
ing glutathione-S-transferase (GST), cytochrome P3A, 
other cytochrome P450 isoforms, and xanthine oxi-
doreductase (XOR).

 (d)  Reduced bioactivity of NOS. Clear evidence now 
exists that GTN therapy has negative effects on the 
function of NOS, the enzyme responsible for the 
endothelial control of vascular tone.23 GTN therapy 
appears to induce a dysfunctional state of NOS, in 
which the reductive activation of molecular oxygen 
to form O2

− is not followed by oxidation of L-arginine 
and NO synthesis, resulting in the net generation of 
“NOS uncoupling.” Uncoupling can be triggered by 
reduced bioavailability of tetrahydrobiopterin and/
or L-arginine, cofactor and substrate, respectively, for 
NOS.

 (e)  Formation of peroxynitrite. As an unstable structural 
isomer of nitrate, NO3

−, peroxynitrite is a powerful oxi-
dant that may influence nitrate resistance. Increased 
concentrations of peroxynitrite have been associated 
with prolonged nitrate therapy and may destabilize 
the metabolite isomer of nitroglycerin. This inhibits 
endothelial NOS, decreasing NO formation.

Strategies to Reduce Nitrate Tolerance
Various measures have been tried to prevent nitrate toler-
ance. The only effective approach to mitigate tolerance has 
been the use of “interval dosing” or “intermittent therapy,” 
that is, dosing regimens or nitrate formulations that yield 
low or nitrate-free plasma concentrations for 10–12 hours 
per day.26 One example is to prescribe 12-hour intervals of 
isosorbide mononitrate instead of the standard 7 hours, or 

TABLE 20.1 Nitrates: Routes of Administration, Dosages, and Frequency of Dosing

NITRATES ROUTES OF ADMINISTRATION DOSAGES FREQUENCY

Nitroglycerin
(Glyceryl trinitrate)
 •  Nitrostat
 •  Nitro-Bid
 •  Nitro-Dur

Sublingual tablet 0.15–0.6 mg As needed
Sublingual spray 0.4 mg As needed
Intravenous 5–400 μg/min As needed
Sublingual tablet 0.3–0.6 mg As needed
Ointment (topical) 2% 0.5–2 in (7.5–30 mg) As needed
Patch 1 Patch (2.5–15 mg) 2 × daily

Isosorbide mononitrate
 •  Imdur
 •  Monoket

Sublingual/oral tablet 10–40 mg 2 × daily
Sustained release 30–120 mg 1 × daily
Sustained release 5–20 mg 2 × daily

Isosorbide dinitrate
 •  Isordil
 •  Dilatrate-SR

Sublingual/oral tablet 2.5–10 mg Every 2–3 h
Sustained release tablet 5–40 mg 2–3 × daily
Sustained release tablet 40–160 mg 2 × daily

Pentaerythrityl
tetranitrate
 •  Cardilate

Sublingual tablet 5–10 mg As needed
Oral tablet 10 mg 3 × daily

Prescribers are advised to check the approved dosages of the particular preparation of nitrates that they intend to prescribe. Usually the patient should be started on the 
lowest dose of any agent, with up-titration as necessary. Nitrate-free intervals of 10–12 hours will reduce tolerance.



Th
e M

ed
ical Treatm

en
t o

f Stab
le A

n
g

in
a

285

20

to recommend nitrate-free days. This approach, however, car-
ries a risk for increased angina episodes during nitrate-free 
periods and precludes a continuous therapeutic effect.18

There have been some studies, either in animals or in 
small numbers of humans, which suggest other strategies 
for managing nitrate tolerance. Some human studies have 
suggested that vitamin E,27 vitamin C,28 and statins29 are 
effective. In animal studies, pravastatin and atorvastatin pre-
vented nitrate tolerance and vascular superoxide formation 
induced by subcutaneous GTN injections, an effect associ-
ated with increased basal cGMP levels that was abolished 
when rats received an inhibitor of eNOS concomitantly with 
GTN25 (Table 20.2).

Folic acid can reverse endothelial dysfunction, possibly 
by restoring the bioavailability of tetrahydrobiopterin (a 
cofactor for NO synthase), arginine (its substrate), or both. 
This observation suggests a possible role of folic acid in pre-
venting nitrate tolerance.25

Treatment for 5 to 10 days with L-arginine, the substrate 
for NO synthesis, can modify or prevent development of 
nitrate tolerance during continuous transdermal GTN use.30

Hydralazine may attenuate nitrate tolerance, perhaps by 
preventing superoxide generation. This relationship could 
contribute to the efficacy of combined nitrate-hydralazine 
therapy in patients with HF. Hydralazine is a vasodilator that 
also may overcome the effect of the formation of free radi-
cals; indeed, the combination of nitrates and hydralazine 
has an established place in the treatment of HF.31 In patients 
with angina pectoris, a β-blocker should be given in com-
bination with hydralazine because of reflex sympathetic 
activation.

Clinical Utility of Nitrates
 1.  Short-acting nitrates for acute effort angina: Sublingual 

GTN 0.15 to 0.6 mg every 5 minutes until there is pain 
relief, up to a maximum of four to five tablets. Side effects 
are headaches and postural hypotension. Sublingual IDN 
2.5 to 10 mg every 2 to 3 hours is recommended only if 
the patient is unresponsive to or intolerant of sublingual 
GTN. This is because dinitrate requires hepatic conver-
sion to the active mononitrate, so the onset of antiangi-
nal action is slower (3–4 minutes) than with GTN, but the 
antianginal effects, however, last for up to 1 hour.

 2.  Long-acting nitrates for angina prophylaxis: Oral sustained 
release IDN is used at an initial dose 5–40 mg twice daily 
or three times daily, with a maintenance dose of 10–40 mg 

twice daily or three times daily. Tolerance is a major limit-
ing factor, and several strategies have been proposed to 
limit tolerance, including interval dosing, and dosing-free 
days. Oral sustained release IMN carries similar dosage, 
indications, and effects as isosorbide dinitrate. Again, tol-
erance can be minimized by eccentric (twice daily or 
three times daily) dosing, or by the use of a slow-release 
preparation (Imdur), initial dose 30–60 mg daily, titrating 
up to 120 mg daily over 7 days. Rarely, 240 mg daily may 
be required.32 Transdermal nitroglycerin patches permit 
the timed release of GTN over a 24-h period, but have not 
been shown to be superior to oral preparations.

Side Effects of Nitrates
Common side effects are hypotension, syncope, tachycar-
dia, headache, and facial flushing. Less common is methe-
moglobinemia, treated with intravenous methylene blue. 
Contraindications include hypertrophic cardiomyopathy, 
where nitrates may increase outflow tract obstruction, 
constrictive pericarditis (because nitrates are potent veno-
dilators and will reduce cardiac filling pressures), and con-
comitant administration on the same day with selective 
phosphodiesterase inhibitors (PDE-5) such as sildenafil, 
tadalafil, and vardenafil. A systolic blood pressure of less 
than 90 mm Hg is also a contraindication.

Conclusion
Organic nitrates, such as GTN, IMN, and IDN, when given acutely, 
have potent vasodilator effects, improving angina symptoms 
in patients with stable coronary artery disease. The mecha-
nisms underlying vasodilation include intracellular bioacti-
vation of the nitrates (IDN to IMN in the liver, GTN by vascular 
mitochondrial aldehyde dehydrogenase), the release of 
NO, and activation of the enzyme soluble guanylyl cyclase. 
Increasing cyclic guanosine-3′,5′-monophosphate (cGMP) 
leads to an activation of the cGMP-dependent kinase I, 
thereby causing the relaxation of the vascular smooth mus-
cle by decreasing intracellular calcium concentration. The 
hemodynamic and anti-ischemic effects of organic nitrates 
are rapidly lost upon long-term (low-dose) administration 
due to the rapid development of tolerance and endothelial 
dysfunction, which in most cases is linked to impaired bio-
activation by miALDH-2 and intracellular oxidative stress.

β-Blockers
Introduction
β-Adrenergic receptors are G-protein coupled transmem-
brane proteins. Their main antianginal action lies in the 
intracellular part of the β-receptor that is coupled to 
the G-protein complex: Gs (stimulatory) and Gi (inhibi-
tory). Agonists bind to the ligand site and stimulate the 
β-adrenergic receptors (β1, β2, and β3 subtypes). This binding 
triggers adenylyl cyclase, another transmembrane enzyme, to 
convert adenosine triphosphate to cyclic adenosine mono-
phosphate, which acts as a second messenger, initiating a 
cascade of variable events that are organ dependent.33,34 By 
interacting mainly with Gs, β1-adrenoreceptor activation of 
adenylyl cyclase mediates the positive inotropic and chro-
notropic functions in cardiac myocytes. β2-Adrenoreceptors 
interact with cardiomyocyte Gs and Gi; one of the Gi pro-
tein pathways may mediate the antiapoptotic effect of β2-
adrenoreceptors.35 β3-Adrenoreceptors couple with Gi only 

TABLE 20.2 Agents Postulated to Limit or Reverse 
Development of Nitrate Tolerance

AGENT POTENTIAL MECHANISM(S) OF ACTION

ACE inhibitors Prevention of NAD(P)H oxidase activation

Hydralazine Inhibition of NAD(P)H oxidase

Ascorbic acid Limitation of oxidative stress

Folic acid Re-coupling of NO synthase

L-Arginine Increased NO generation

N-Acetylcysteine
 •  Potentiation of nitrate bioconversion
 •  Limitation of oxidative stress

ACE, Angiotensin-converting enzyme; NAD(P)H, reduced nicotinamide adenine 
dinucleotide (phosphate); NO, nitric oxide.
Modified from Table 1 in Horowitz J D: Amelioration of nitrate tolerance: matching 
strategies with mechanisms. J Am Coll Cardiol. 2003;41:2001.



286

IV

M
a

n
a

g
eM

en
t

and activate NO, but not via the adenylyl cyclase pathway, to 
reduce vascular tone (Table 20.3).

Mechanism of Action and Pharmacology
β-Blockers exert several cardioprotective effects. Despite the 
action of β1 inhibition in blocking adrenergically mediated 
coronary vasodilation, thus potentially reducing coronary 
blood flow, β1 inhibition is most important for angina man-
agement. However, because nearly all of myocardial perfu-
sion occurs in diastole, the slower heart rate with its longer 
diastolic filling time actually improves myocardial blood 
flow. In addition, by reducing cardiac output and by inhib-
iting renin release from juxtaglomerular cells, β-blockers 
lower blood pressure, thus reducing systolic wall stress.34,35

β1-Selective blockers become less selective at higher 
doses and may begin to block β2-adrenoreceptors in the 
tracheobronchial tree causing bronchospasm. Therefore, 
β-blockers, even β1-selective blockers, are contraindicated 
in patients with bronchial asthma. However, at conventional 
doses, selective β1-receptor blockers are not contraindicated 
in patients with chronic obstructive pulmonary disease 
(COPD) unless there is a significant bronchospastic com-
ponent. Furthermore, β1-selective blockers should be used 
with care in patients with peripheral arterial disease, as 
described hereafter.

The vasodilator activity of some of the newer-generation 
β-blockers is achieved through two pathways: either com-
bined β- and α-adrenergic receptor blockade (eg, labet-
alol and carvedilol) or direct vasodilator activity through 
the activation of NOS and the release of NO (eg, nebivo-
lol). Carvedilol may also ameliorate myocardial ischemic 
effects through inhibition of monocyte adhesion to the 
endothelium, by scavenging oxygen-free radicals, protec-
tion of endothelial function, direct vasodilation, and inhi-
bition of oxidation of low-density lipoprotein, thus slowing 
the development of atherosclerotic plaques. Nebivolol 
exhibits greater selectivity for β1-adrenergic receptors than 
other β-blockers. The NO potentiating, vasodilatory effect of 
nebivolol is unique among β-blockers and, at doses below 
10 mg/d, does not inhibit the increase in heart rate normally 
seen with exercise.36

β-Blockers can also be classified according to their lipo-
philicity and hydrophilicity. Lipid-soluble β-blockers (eg, 
propranolol, timolol, metoprolol, oxprenolol) are absorbed 
completely by the small intestine, metabolized by the liver, 
and can penetrate the blood-brain barrier. Water-soluble 
β-blockers (eg, atenolol, sotalol, and nadolol) are absorbed 

incompletely through the gut and cleared by the kidneys. 
There are β-blockers (eg, betaxolol, bisoprolol, and pindo-
lol) that are cleared partly by the liver and partly by the 
kidney. Some of the central nervous system side effects of 
β-blockers, such as depression and fatigue, have been linked 
to lipophilicity, but evidence for this is sparse.

Adverse Effects of β-Blockers
β-Blockers can increase insulin resistance and predispose 
patients to incident diabetes. In a network meta-analysis 
of 22 clinical trials with 143,153 participants who did not 
have diabetes at randomization, the risk of new-onset dia-
betes was most pronounced with diuretics and β-blockers 
(more so than with other classes of antihypertensive agents), 
implying a negative metabolic effect by the β-blockers.37 
β-Blockers may contribute to the development of diabetes 
by weight gain (as much as 1.2 kg in one study), attenuation 
of the β-receptor mediated release of insulin from pancre-
atic β-cells, and decreased blood flow through microcircu-
lation in skeletal muscle tissue, which results in decreased 
insulin sensitivity.38,39

There may also be worsening by some, but not all, 
β-blockers of glycemic control in patients with established 
diabetes. In the GEMINI (Glycemic Effects in Diabetes Mellitus 
Carvedilol-Metoprolol Comparison in Hypertensives) trial,39 
diabetics newly treated with metoprolol had an increase in 
hemoglobin (Hgb) A1c, whereas treatment with carvedilol 
did not elevate Hgb A1c. This finding suggests not all 
β-blockers have an equally adverse effect on diabetes con-
trol. A caution in diabetic patients is that β-blockers may 
mask the tachycardia that signals hypoglycemia.40

Exercise endurance depends, in part, on a properly func-
tioning sympathetic nervous system. β-Blockers may ham-
per exercise tolerance by antagonizing this effect. β-Blockers 
may also worsen depressive symptoms and induce sex-
ual dysfunction. These drugs have been associated with 
Raynaud’s phenomenon and aggravation of peripheral arte-
rial disease. β2-blockade inhibits the vasodilating effects of 
catecholamines in peripheral blood vessels and leaves the 
constrictor (α-adrenergic) receptors unopposed, thereby 
enhancing vasoconstriction. Severe peripheral arterial dis-
ease, with claudication or physical signs of poor peripheral 
perfusion, should be regarded as a contraindication to the 
use of β-blockers.40–42

Abrupt withdrawal of β-blockers after prolonged admin-
istration can result in increased total ischemic activity 
in patients with chronic stable angina. Chronic β-blocker 

TABLE 20.3 Classification and Physiologic Actions of β-Adrenergic Receptors and β-Blockers Used in Angina 
Pectoris

ACTIVATION SELECTIVE BLOCKERS NON-SELECTIVE BLOCKERS

β1 β2 β1 β2 β1, β2

α1, β1, β2 
(VASODILATORS)

 •  SA node: Increased heart rate
 •  Atria: Increased contractility and 

conduction velocity
 •  AV node: increased automaticity and 

conduction velocity
 •  His-Purkinje: increased automaticity 

and system conduction velocity
 •  Ventricles: increased automaticity, 

contractility, and conduction velocity

 •  Peripheral, coronary and carotid  
arteries: dilation

 •  Lungs: dilation of bronchi
 •  Uterus: smooth muscle relaxation
 •  Other: increased insulin release; 

increased liver and muscle 
glycogenolysis

 •  Atenolol
 •  Bisoprolol
 •  Metoprolol
 •  Nebivolol

None  •  Propranolol
 •  Nadolol
 •  Timolol
 •  Celiprolol

 •  Carvedilol
 •  Labetalol

Modified from Table 54.5 Physiologic Actions of β-Adrenergic Receptors in Douglas L. Mann MD, Douglas P. Zipes MD, et al. Braunwald’s Heart Disease: A Textbook of 
Cardiovascular Medicine, 10th ed. Saunders, an imprint of Elsevier Inc., 2014.
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therapy can be safely discontinued by slowly withdrawing 
the drug in a stepwise manner over the course of 2 to 3 
weeks. If abrupt withdrawal of β-blockers is required, patients 
should be instructed to reduce exertion and manage angina 
episodes with sublingual nitroglycerin, substituting a cal-
cium antagonist, or using both agents in combination.42

β-Blockers should not be prescribed for patients with brady-
cardia associated with third-degree heart block or sick-sinus 
syndrome or in untreated pheochromocytoma. They may 
mask the clinical signs of hyperthyroidism and precipitate 
thyroid storm with abrupt discontinuation.

The most common comorbid conditions cited for with-
holding β-blockers in elderly patients after myocardial isch-
emia are COPD and asthma.43 The safety of β-blockers in 
COPD patients who do not have significant bronchospasm 
has been demonstrated, but their use in patients who have 
COPD and angina remains low. Patients diagnosed with 
COPD tend to be treated with inhalers despite lack of objec-
tive evidence of bronchospasm, including pulmonary func-
tion testing. Patients should not be denied the benefits of 
β-blockers if they do not have significant bronchospasm. It 
may be necessary to discontinue the drug in a few patients 
because of bronchoconstriction, but, from the published 
literature, the potential benefit appears large enough to 
warrant taking this small risk. Metoprolol, a cardioselec-
tive β-blocker with a short half-life, has been shown to be 
safe and effective in patients with COPD and may be the 
β-blocker of choice for initiating therapy.

β-Blockers and Cardioprotection
The use of β-blockers is recommended in patients with 
stable ischemic heart disease (SIHD) and reduced ejection 
fraction and/or history of myocardial ischemia or acute cor-
onary syndrome within the last 3 years.

The role of β-blockers in the management of patients with 
HF with reduced ejection fraction is well established. The 
Metoprolol CR/XL Randomized Intervention Trial in Heart 
Failure (MERIT-HF), in patients with New York Heart Association 
(NYHA) class II to IV HF, showed a 34% reduction in mortality 
in patients treated with metoprolol succinate versus placebo.44 
The CarvedilOl ProspEctive RaNdomIzed CUmulative Survival 
(COPERNICUS) trial included patients with a left ventricular 
ejection fraction (LVEF) of less than 25%. Compared with pla-
cebo, carvedilol reduced mortality risk at 12 months by 38% 
and the risk of death or hospitalization for HF by 31%.45

Another longer-acting β-blocker, bisoprolol, showed simi-
lar long-term benefit on survival in patients with HF. The 
Cardiac Insufficiency Bisoprolol Study (CIBIS-II)46 showed 
a 32% reduction in all-cause mortality in bisoprolol-treated 
patients with NYHA class III or IV HF caused by ischemic 
and nonischemic cardiomyopathy.

Although all three of these agents (metoprolol, carvedilol, 
and bisoprolol) are beneficial in patients with HF, the 
Carvedilol or Metoprolol European Trial (COMET)47 demon-
strated a 17% greater mortality reduction in favor of carvedilol 
compared with metoprolol XL, with mean daily doses of 
85 and 42 mg/d, respectively. As a result of these studies, 
β-blockers, particularly metoprolol, carvedilol, and bisoprolol, 
are recommended for the long-term management of patients 
with angina and left ventricle (LV) systolic dysfunction.

On the other hand, there is insufficient evidence to sup-
port β-blockers to prevent coronary events in patients with 
normal ejection fraction and no history of symptomatic myo-
cardial ischemia. Patients with ischemic heart disease from 

the Reduction of Atherothrombosis for Continued Health 
(REACH) registry (n = 21,860) were divided into three cohorts: 
prior MI, coronary artery disease (CAD) without MI, or those 
with CAD risk factors only. The study showed no significant 
difference in the primary composite outcome of cardiovas-
cular death, nonfatal MI, and nonfatal stroke in patients on 
β-blockers versus those not on β-blockers for all three cohorts. 
Only in those with recent MI (≤1 year), was β-blocker use 
associated with a lower incidence of the secondary outcome, 
defined as the primary outcome plus hospitalization for ath-
erothrombotic events or a revascularization procedure.48

β-Blockers and Atrial Fibrillation
In atrial fibrillation (AF) a rapid ventricular rate may be 
associated with angina. β-Blockers are well established as 
useful and effective agents for rate control in patients with 
AF.  Whereas β-blockers have been shown to improve car-
diovascular outcomes in HF with reduced ejection fraction, 
this action seems to be attenuated in the presence of AF. In 
a meta-analysis of four studies that enrolled patients with HF, 
1677 of them with AF, half were treated with β-blocker, and 
half with placebo. In patients with sinus rhythm there was a 
significant reduction in mortality and HF hospitalizations, 
but not in those with AF.49 In addition, whereas β-blockers 
predominantly slow AV conduction, they do not exhibit spe-
cific antifibrillation properties in the atria. Thus, there is no 
significant effect of acute administration of a β-blocker in 
eliciting the conversion of AF or flutter to sinus rhythm.50

Conclusion
The anti-ischemic and antiarrhythmic activities of β-blockers 
have made this class of agents, together with nitrates, the 
mainstay of angina therapy. Generally, β1-selective blockers 
are preferred. Examples are metoprolol tartrate (short act-
ing) or succinate (long acting), and bisoprolol. Carvedilol, a 
β-blocker with α-antagonist activity, and nebivolol, a β-blocker 
that also generates NO, add to the established benefits of this 
exceptional class of drugs in ameliorating angina. β-Blockers 
remain the standard of care after episodes of myocardial 
ischemia and in patients with HF with reduced ejection frac-
tion. However, other than their antianginal and antihyperten-
sive actions, there is a scarcity of evidence to support the 
use of β-blockers in patients with chronic ischemic heart 
disease who have a normal ejection fraction.8 None of the 
relevant studies have demonstrated a prognostic advantage 
of β-blockers over other antianginal drugs for preventing 
adverse cardiovascular events. Future studies should assess 
the use of β-blockers combined with other therapies (ie, anti-
platelets, statins, nitrates, additional classes of antihyperten-
sive medications, and PCI) in these patients.

Calcium-Channel Blockers
Introduction
The actions of CCBs on coronary blood flow are complex. 
The change in blood flow that they induce depends on their 
actions at rest versus during exercise, effects on coronary 
perfusion pressure, variable changes in myocardial oxygen 
demand, autoregulation of coronary flow, and differential 
effects on diastolic perfusion time.9

Classification
Based on their chemical structure, CCBs fall into the follow-
ing groups15 (Table 20.4):
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TABLE 20.4 Calcium Channel Blockers used for Ischemic Heart Disease

GENERIC NAME  
(TRADE NAME)

USUAL DAILY 
DOSAGE (MG)

PEAK 
RESPONSE (HR)

DURATION OF 
RESPONSE (HR) COMMON SIDE EFFECTS

Dihydropyridines

Amlodipine (Norvasc) 5–10 qd 6–12 24 Headache, flushing, edema

Felodipine (Plendil ER) 2.5 qd 2–5

Nifedipine GITS (Procardia XL) 30–90 qd 4–6

Nifedipine (Procardia, Adalat) 10–30 tid 0.1 4–6 Headache, hypotension, dizziness, flushing, edema

Nicardipine (Cardene) 20–40 tid 0.5–2 8

Non-Dihydropyridines

Diltiazem (Cardizem) 60–120 tid 2.5–4 8 Hypotension, bradycardia, dizziness, flushing, edema

Diltiazem CD (Cardizem CD) 240–280 qd 10 24

Verapamil (Calan, Isoptin) 80–120 tid 6–8 8

Verapamil SR (Calan SR, Isoptin SR) 120–240 bid 5 12–24

bid, 2 times a day; CD, controlled diffusion; CR, controlled release; ER and XL, extended release; GITS, gastrointestinal therapeutic system; qd, once a day; SR, sustained release; 
tid, 3 times a day.
Modified from Weir MR, Hanes DS, Klassen DK, Wasser WG: Antihypertensive therapy. In Skoreci K, editor: Brenner and Rector’s The Kidney, ed10, Philadelphia, 2016, Elsevier. 
Table 50.15.

 1.  Dihydropyridines (eg, amlodipine, nifedipine, nicardip-
ine, felodipine). These act mainly on arterial vascular 
smooth muscle cells to dilate vessels, consequently low-
ering blood pressure.

 2.  Nondihydropyridines (divided into two subgroups):
 (a)  Phenylalkylamines (eg, verapamil) act mainly on 

cardiac cells and have negative inotropic and nega-
tive chronotropic effects. They have less vasodilatory 
action than dihydropyridines and, hence, cause less 
reflex tachycardia.

 (b)  Benzothiazepines (eg, diltiazem) combine the prop-
erties of dihydropyridines and phenylalkylamines. 
By exerting both cardiac depressant and vasodila-
tory actions, benzothiazepines are able to reduce 
arterial pressure without producing as much reflex 
cardiac stimulation as dihydropyridines.

Mechanism of Action
Transmembrane calcium influx occurs via a voltage-gated 
calcium channel consisting of four subunits: α1, α2δ, αβ, and 
αγ. The α1 subunit is the dominant component of calcium 
channels and constitutes the pore structure for ion conduc-
tion. Ten different α1 subunits have been reported, each with 
a specific distribution and ion conductance of its channels. 
These distinct subunits characterize the channel proper-
ties of L-, N-, T-, P-, Q-, and R-type calcium channels. Of these 
channels, the L-type is the main target for CCBs. The L-type 
voltage-gated calcium channel is responsible for excitation-
contraction coupling of skeletal, smooth, and cardiac mus-
cle. L-type voltage-gated calcium channels are also involved 
in conduction of the pacemaker signal in the heart.51 T-type 
calcium channels exhibit properties different from those of 
the L-type; they are involved in pacemaking and regulation 
of blood flow, but not in myocardial contraction.

All calcium antagonists cause dilatation of epicardial cor-
onary vessels and arterial resistance vessels. Epicardial cor-
onary vasodilatation is the primary mechanism responsible 
for the beneficial effect of calcium antagonists in relieving 
vasospastic angina.

CCBs in Angina
Nondihydropyridine CCBs reduce myocardial oxygen 
demand via their negative inotropic and chronotropic 

actions. Dihydropyridine CCBs are also postulated to 
improve the relative bioavailability of coronary artery 
nitric oxide and to improve endothelium-dependent 
vasodilator responses. These actions have led some to 
postulate that dihydropyridines favorably modify the 
natural history of atherosclerosis. Whether such an 
effect would be a direct pharmacologic effect of CCBs 
or secondary to their blood pressure-lowering effect is  
not clear.

All calcium-channel antagonists have similar antianginal 
efficacy. The choice of one agent or another is based pri-
marily on pharmacodynamic characteristics, particularly 
whether or not a negative chronotropic effect is desired. 
The nondihydropyridines reduce heart rate, contractility, 
and blood pressure, thereby decreasing myocardial oxygen 
demand. The dihydropyridines are coronary vasodilators 
and also reduce myocardial oxygen demand by peripheral 
vasodilatation, thus lowering blood pressure and reducing 
myocardial wall tension.9

Other Actions
Dihydropyridine CCBs, but not phenylalkylamine CCBs, 
increase endogenous fibrinolytic activity.52 Given the 
marked cellular changes associated with loss of normal 
calcium transport in atherosclerotic vessels, it has been pro-
posed that CCBs slow the progression of CAD in addition to 
favorably effecting hemodynamics. Angiographic trials have 
shown significantly reduced formation of lesions in both 
patients with documented CAD and in animal models. In 
both in vitro and in vivo studies, amlodipine inhibited oxida-
tive lipid damage.53

Smooth-muscle cell proliferation and migration are 
early hallmarks of atheroma. Amlodipine inhibits smooth 
muscle cell proliferation following cholesterol enrich-
ment at concentrations several orders of magnitude lower 
than those needed to inhibit calcium. Thus, amlodipine 
may interfere with certain adverse effects induced by 
cholesterol, including atherogenic changes in vessels. 
In addition, tumor necrosis factor-α (TNF-α), a cytokine 
that is elevated in atherosclerosis, mediates inflammatory 
damage to vessel walls. Amlodipine has inhibited TNF-
α-induced endothelial apoptosis in a dose-dependent 
manner.53
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Clinical Evidence for the Efficacy of CCBs in Angina
Effective Treatment of Vasospastic Angina
CCBs are effective in the treatment of vasospastic angina. In 
one study, diltiazem (60 mg twice daily) reduced the mean 
frequency of vasospastic episodes during 72 hours from 43 to 
5. In another randomized placebo-controlled study, patients 
were treated with either 10 mg of amlodipine once daily or 
placebo once daily for 4 weeks. The rate of vasospastic angi-
nal episodes and the consumption of nitroglycerin tablets 
decreased significantly with amlodipine treatment.54,55

Cardioprotection
Trials, including ACTION (A Coronary disease Trial 
Investigating Outcome with Nifedipine)55 and CAMELOT 
(Comparison of Amlodipine vs Enalapril to Limit Occur-
rences of Thrombosis),56 have documented that CCBs are 
safe and beneficial for patients with CAD. ACTION did not 
support a beneficial effect of nifedipine on cardiovascular 
outcomes. A subset analysis of patients with concurrent 
angina and hypertension, however, found that an extended-
release dosage formulation sustained blood concentrations 
of nifedipine over 24 hours (nifedipine gastrointestinal ther-
apeutic system), significantly reducing the combined inci-
dence of all-cause mortality, MI, refractory angina, HF, stroke, 
and peripheral revascularization by 13%.57

CAMELOT compared amlodipine or enalapril to placebo 
in normotensive patients with coronary artery disease (n = 
1991). Although BP reduction was similar in the two active 
treatment groups, adverse cardiovascular events occurred 
less frequently in the amlodipine group than in the enala-
pril group. Compared with atenolol in patients with hyper-
tension and coronary artery disease, verapamil caused less 
new-onset of diabetes mellitus, fewer angina attacks, and 
less depression.56

The Prospective Randomized Evaluation of the Vascular 
Effects of Norvasc Trial (PREVENT) was a 3-year multicenter, 
randomized, placebo-controlled trial that evaluated the 
effects of amlodipine on the development and progression 
of atherosclerotic lesions in coronary and carotid arteries 
among patients with CAD. Amlodipine therapy was asso-
ciated with statistically significant slowing of carotid ath-
erosclerosis progression, independent of blood pressure 
changes, and a reduced cardiovascular morbidity.58

The Coronary Angioplasty Amlodipine Restenosis Study 
(CAPARES) was performed in a similar patient popula-
tion as that of the PREVENT trial. Amlodipine significantly 
reduced the incidence of repeat PCIs and clinical events 
after PCI, without reducing luminal loss.59

Pharmacokinetics
The pharmacokinetics of first-generation CCBs, including 
the nondihydropyridines verapamil and diltiazem, are simi-
lar. Even though the drugs are nearly completely absorbed 
after ingestion, their immediate bioavailability is offset 
by first-pass hepatic metabolism. Their onset of action is 
between 30 minutes and 2 hours, and their elimination half-
lives range from 2 to 7 hours.

On the other hand, the second-generation CCBs, such as 
the dihydropyridine amlodipine, have a slower onset and 
longer duration of action, and a longer elimination half-
life. These properties reduce the risk of reflex tachycardia 
and negative inotropy, thus making them relatively safe in 
patients with left ventricular dysfunction. The tmax of amlo-
dipine is 6 to 12 hours, and the elimination half-life is 35 to 

50 hours. A slower duration of action can be achieved by 
using medications with sustained release formulations or by 
a gastrointestinal therapeutic system, which is available for 
nifedipine.

Interactions of CCBs with Other Drug Classes
Nondihydropyridine CCBs interact with other negative 
chronotropic or inotropic agents, particularly β-blockers. 
They should generally not be coprescribed with β-blockers, 
particularly in patients with left ventricular dysfunction or 
failure.

CCBs inhibit the hepatic cytochrome CYPA4 enzyme and 
may raise blood levels of statins and numerous other drugs. 
Cimetidine and grapefruit juice may raise the effective level 
of CCBs. Because magnesium is a calcium antagonist, mag-
nesium supplements may enhance the actions of CCBs, par-
ticularly nifedipine.

Adverse Effects of CCBs
One of the potential adverse effects of using CCBs with a 
short duration of action, such as short-acting nifedipine (20–
40 minutes), is that of increased mortality risk in patients 
with CAD. Reasons for this effect include a precipitous fall in 
blood pressure, reflexively triggering increased sympathetic 
activity and tachyarrhythmias.

A dihydropyridine CCB can be added to optimal doses 
of β-blockers and nitrates, with an acceptable safety pro-
file. Common side effects of CCBs are peripheral edema, 
headache, dizziness, and constipation. Ankle edema is not 
secondary to increased sodium retention but rather from 
arteriolar dilatation producing an increase in capillary 
hydrostatic pressure. With nondihydropyridine CCBs, brady-
cardia and heart block can occur in patients who have 
significant conduction disorders. For patients with severe 
systolic dysfunction, nondihydropyridine CCBs can worsen 
or precipitate congestive HF. CCBs can also suppress lower 
esophageal sphincter contraction and worsen gastroesoph-
ageal reflux disease.

Novel CCBs
CCBs with sustained activity and T/N-type calcium channel-
blocking action could provide more beneficial effects than 
classic CCBs, and may expand the clinical utility of these 
agents. Among these novel CCBs are benidipine, cilnidipine, 
and efonidipine.

Benidipine
Benidipine may be more efficacious in vasospastic angina 
than other CCBs. A meta-analysis compared the actions of 
benidipine, amlodipine, nifedipine, and diltiazem alone or 
in combination on major adverse cardiovascular events 
(MACE) in vasospastic angina patients. The hazard ratio 
(HR) for the occurrence of MACE was significantly lower for 
benidipine than other CCBs, even after correcting for patient 
characteristics that could have affected the occurrence of 
MACE. Possible explanations for this result with benidipine 
are greater NO production; preservation of levels of tetra-
hydrobiopterin, an essential cofactor for NOS; and greater 
vasoselectivity.54

Cilnidipine
Cilnidipine is a dual blocker of L-type voltage-gated cal-
cium channels in vascular smooth muscle and N-type cal-
cium channels in sympathetic nerve terminals that supply 
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blood vessels. Its reno-, neuro-, and cardioprotective effects 
have been demonstrated in clinical practice and in animal 
studies. In a study conducted in 2920 hypertensive patients, 
cilnidipine plus an angiotensin receptor blocker reduced 
heart rate significantly, particularly in patients with baseline 
heart rate greater than 75 beats per minute. In another study, 
cilnidipine relaxed arteries through calcium-channel antag-
onism and increased NO production by enhancing endo-
thelial NOS in the human internal thoracic artery.60

Efonidipine
Efonidipine blocks both L- and T-type calcium channels. In 
isolated animal myocardial and vascular models, efonidip-
ine exerted potent negative chronotropic and vasodilator 
effects but only a weak negative inotropic effect. In both 
animal models and patients, reduction of blood pressure 
was accompanied by no or minimum reflex tachycardia. 
The result was improved myocardial oxygen balance and 
maintenance of cardiac output. Thus, efonidipine, an L- and 
T-type dual CCB, appears to be promising as an antihyper-
tensive and antianginal drug with organ-protective effects in 
the heart and kidney.61

Angiotensin Converting Enzyme Inhibitors, 
Angiotensin Receptor Blockers
Introduction
Whereas neither angiotensin converting enzyme (ACE) 
inhibitors nor angiotensin receptor blockers (ARBs) are usu-
ally regarded as antianginal drugs per se, they are included 
here because their antiarteriosclerotic, antiatherogenic, and 
vasodilator actions would clearly impact directly the sever-
ity and frequency of angina attacks.

ACE inhibitors are effective in reducing coronary events 
in high-risk patients and are recommended for consider-
ation in patients with hypertension, diabetes, chronic kidney 
disease (CKD), and after myocardial ischemia. They have 
been proven to prevent and improve both ischemic HF and 
progression of CKD. When combined with thiazide diuretics, 
ACE inhibitors reduce the incidence of recurrent stroke.62

Pharmacology and Pharmacodynamics
Endothelial cells are major mediators of the multistage pro-
cess of atherosclerosis, and local angiotensin II and brady-
kinin levels are crucial to the functioning of these cells. ACE 
converts the hormone angiotensin I to the active vasocon-
strictor angiotensin II and also accelerates the metabolic 
degradation of bradykinin. Four angiotensin II receptors 
have been identified, AT1–4. AT1 receptors mediate vaso-
constriction, aldosterone synthesis and secretion, cardiac 
hypertrophy, and vascular smooth muscle proliferation. The 
AT2 receptor subtype is less well characterized, but there is 
evidence for its role in fetal tissue development, inhibition 
of cell differentiation, apoptosis, and possibly vasodilatation. 
AT3 and AT4 receptors are even less well characterized, but 
do not appear to affect vascular caliber, and in any case 
have as a ligand angiotensin IV, a metabolite of angiotensin 
II, and not angiotensin II itself.

Over 90% of ACE is found in tissue, only 10% in soluble 
form in plasma. Overexpression of tissue ACE in CAD dis-
rupts the angiotensin II/bradykinin balance resulting in 
endothelial dysfunction. ACE inhibitors reduce the pro-
duction of angiotensin II, which prevents vasoconstriction, 
reduces adhesion molecules and growth factors, decreases 

oxidative stress, and prevents apoptosis. A concomitant 
decrease in the degradation of bradykinin as a result of ACE 
inhibition contributes to vasodilation and an antiapoptotic 
action.

Classic Clinical Trials of ACE Inhibitors in Stable Coronary 
Artery Disease
ACE inhibitors are not considered to be primary therapy 
for angina; they do not immediately reduce the frequency 
or severity of angina attacks. However, several clinical stud-
ies have established ACE inhibitors, ARBs, and, in ischemic 
HF, aldosterone antagonists, as essential adjunctive therapy 
in many patients with coronary artery disease and angina. 
Their mode of action is to reduce the adverse impact of 
angiotensin II or aldosterone on the heart and vasculature, 
resulting in improved cardiovascular outcomes.

In the Heart Outcomes Prevention Evaluation (HOPE) 
study, which included 80% of subjects with a history of HF, 
and one-third with diabetes, treatment with ramipril versus 
placebo produced a 22% reduction in the composite end-
point of cardiovascular death, myocardial ischemia, and 
stroke in the ramipril-treated cohort. There was also a sig-
nificant reduction in worsening angina (23.8% vs. 26.2%, risk 
ratio 0.89, 95% CI 0.82–0.96, p < 0.004).10 In the EUROPA trial, 
12,218 patients were randomized to the ACE inhibitor perin-
dopril or placebo. Treatment with perindopril (target dose, 8 
mg daily) was associated with a 20% relative risk reduction 
in the composite endpoint of cardiovascular death, myocar-
dial ischemia, or cardiac arrest (p < 0.003).11

The QUinapril Ischemic Event Trial (QUIET) tested the 
hypothesis that quinapril 20 mg daily would reduce isch-
emic events (cardiac death, resuscitated cardiac arrest, non-
fatal myocardial ischemia, coronary artery bypass grafting, 
coronary angioplasty, or hospitalization for angina pectoris) 
and angiographic progression of HF in patients without 
systolic left ventricular dysfunction. A similar (38%) inci-
dence of ischemic events occurred in the quinapril and 
placebo groups.63 Patients in the Prevention of Events with 
Angiotensin Converting Enzyme inhibition (PEACE) trial 
had stable CAD, angina (70% of the subjects), and normal or 
slightly reduced left ventricular function and were random-
ized to trandolapril or placebo. No difference between the 
groups was found in the incidence of the primary compos-
ite endpoint of cardiovascular death, myocardial ischemia, 
or coronary artery revascularization. The investigators con-
cluded that ACE inhibitors might not be necessary as rou-
tine therapy in patients with low-risk ischemic heart disease 
with preserved left ventricular function, especially those 
who have received intensive treatment with revasculariza-
tion and lipid-lowering agents.64

Thus, two large studies in high-cardiovascular-risk 
patients (HOPE and EUROPA) showed cardiovascular 
protective effects by ACE inhibitors, and two studies in 
lower-cardiovascular-risk patients (QUIET and PEACE) 
did not. In a 2009 meta-analysis of ACE inhibition versus 
angiotensin receptor blockade, Baker et al65 reviewed 
nine trials and concluded that adding an ACE inhibitor 
to a standard regimen in patients with ischemic heart 
disease and preserved left ventricular function reduced 
total mortality and nonfatal myocardial ischemia at the 
expense of slightly increased syncope and cough. All 
but two ACE inhibitor trials found significantly fewer 
recurrent cardiac events using various agents. Most tri-
als included few women (11–43%) and elderly patients 
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(mean age 57 to 67 years). Whether the benefit associ-
ated with ACE inhibitors was a class effect was not clear. 
Despite these trial limitations, wider use of ACE inhibitors 
was supported in patients with ischemic heart disease 
and preserved left ventricular function.

One suggested mechanism for the beneficial action on 
cardiovascular outcomes of ACE inhibitors in patients with 
stable CAD and angina is blood pressure reduction. However, 
the reduction of blood pressure was quite modest in HOPE 
(3/2 mm Hg) and EUROPA (5/2 mm Hg). There is now some 
evidence from a EUROPA substudy for an alternative mode 
of action of ACE inhibitors. Serum from HF patients was 
found to significantly downregulate eNOS protein expres-
sion and activity significantly versus that of healthy controls 
(p < 0.01), most probably as a result of upregulation of tis-
sue ACE. One year of treatment with perindopril upregu-
lated eNOS protein expression and activity. In addition, von 
Willebrand factor, endothelial apoptosis, tissue angiotensin 
II, and tumor necrosis factor were all elevated in patients 
with HF and reversed by perindopril.66 Thus, perindopril 
normalizes the angiotensin II/bradykinin balance, reduces 
inflammation, and prevents endothelial apoptosis. We do 
not know whether this activity is unique to perindopril or is 
a class effect of ACE inhibitors, and whether this is unique 
to patients with ischemic HF, or generalizable to all patients 
with CAD and stable angina.

Yet no study sought to assess whether or not an ACE 
inhibitor lessened the frequency and severity of angina as 
a primary outcome, until The Quinapril Anti-ischemia and 
Symptoms of Angina Reduction (QUASAR) trial,67 a double-
blind, randomized, placebo-controlled, parallel-group study. 
Subjects (n = 336), with stable angina but no left ventricu-
lar dysfunction or recent MI, were randomized to receive 
quinapril or placebo for a total of 16 weeks. Exercise-
induced electrocardiographic changes, the Seattle Angina 
Questionnaire, and ambulatory ECG monitoring were the 
measured variables. There were no differences between the 
subjects treated with quinapril versus placebo in the time to 
induce a 1-mm ST-segment depression during an exercise 
treadmill test, in the mean value for the five scores of the 
Seattle Angina Questionnaire, or in the number of ischemic 
episodes seen on the ambulatory ECG.

Thus, ACE inhibitors should not be regarded as primary 
therapy for angina per se. However, there is abundant evi-
dence to support their use to reduce adverse cardiovas-
cular outcomes in patients with ischemic heart disease, 
particularly if the patients have hypertension, left ventricu-
lar dysfunction, or HF, have had a prior MI, or have diabetes 
or CKD.

Angiotensin Receptor Blockers in Stable Coronary 
Artery Disease
Several ARBs have been shown to reduce the incidence 
or severity of ischemic heart disease events, progression of 
renal disease in type 2 diabetes mellitus, and cerebrovascu-
lar events. ARBs are often considered to be an alternative 
therapy in individuals with cardiovascular disease who are 
intolerant of ACE inhibitors.

The Ongoing Telmisartan Alone and In Combination with 
Ramipril Global Endpoint Trial (ONTARGET) randomized 
25,620 patients with vascular disease or high-risk diabetes 
(of whom 74% had a history of CAD) to the ACE inhibitor 
ramipril (10 mg/d), the ARB telmisartan (80 mg/d), or a com-
bination of these two drugs. Although not the prespecified 

primary or secondary outcome, the authors recorded wors-
ening or new angina. There was no difference between 
ramipril, telmisartan, and the combination in the incidence 
of this outcome measure.68

In the Telmisartan Randomised Assessment Study in 
ACE Intolerant Subjects with Cardiovascular Disease 
(TRANSCEND), patients with cardiovascular disease or dia-
betes with end-organ damage were randomized to telmis-
artan (80 mg daily) or placebo. HF patients were excluded 
from TRANSCEND. The composite of cardiovascular death, 
nonfatal myocardial ischemia, and stroke occurred in 13% 
of patients on telmisartan versus 14.8% of the placebo group 
(p = 0.048), and fewer patients in the telmisartan group had 
a cardiovascular hospitalization (30.3% vs 33%; p = 0.025). 
The investigators concluded that telmisartan exerted mod-
est benefits on the composite endpoint of cardiovascular 
death, myocardial ischemia, and stroke.69

In the “Valsartan” in Acute Myocardial Infarction Trial 
(VALIANT), the ARB valsartan had effects similar to those 
of the ACE inhibitor captopril in reducing cardiovascular 
event endpoints. The combination of the ARB with the ACE 
inhibitor yielded an increase in adverse events with no 
incremental benefit for cardiovascular events.70 Valsartan 
Antihypertensive Long-term Use Evaluation (VALUE) was a 
study of patients with hypertension and high cardiovascular 
risk. The rate of a composite outcome that included myocar-
dial ischemia and HF in patients treated with valsartan was 
similar to that observed for the CCB amlodipine71 However, 
there were important differences in blood pressure control 
in the early stages of the VALUE trial (a significant blood 
pressure difference in favor of amlodipine) that may have 
confounded outcomes for myocardial ischemia and espe-
cially stroke.72

There have also been some ARB trials with negative 
results. In one, the OPtimal Trial In Myocardial infarction 
with the Angiotensin II Antagonist Losartan (OPTIMAAL), 
beneficial cardiovascular outcomes were not shown.73 The 
lack of benefit in patients with complicated MI may have 
been attributable to inadequate doses of losartan.

Though ARBs can be substituted in patients intolerant to 
ACE inhibitors, more studies of ARBs in patients with isch-
emic heart disease are needed.

Guideline Recommendations for ACE Inhibitors and ARBs
The most recent guidelines for the management of patients 
with chronic stable angina have the following recommenda-
tions for the role of ACE inhibitors and ARBs in patients with 
chronic stable angina:73

class I:
 1.  ACE inhibitors should be prescribed in all patients 

with stable ischemic heart disease who also have 
hypertension, diabetes mellitus, left ventricular ejec-
tion fraction 40% or less, or CKD, unless contraindi-
cated.(Level of Evidence: A)

 2.  ARBs are recommended for patients with SIHD who 
have hypertension, diabetes mellitus, LV systolic dys-
function, or CKD and have indications for, but are intol-
erant of, ACE inhibitors. (Level of Evidence: A)

class IIa:
 1.  Treatment with an ACE inhibitor is reasonable in 

patients with both SIHD and other vascular disease. 
(Level of Evidence: B)

 2.  It is reasonable to use ARBs in other patients who are 
ACE inhibitor intolerant. (Level of Evidence: C)
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NOVEL ANTI-ISCHEMIC THERAPY

Ranolazine
Mechanism of Action

Ranolazine is an effective antianginal and anti-ischemic 
drug that improves left ventricular diastolic function with-
out altering global hemodynamics.74 Early studies focused 
on the inhibitory properties of ranolazine with respect to 
fatty acid oxidation, which occurs under resting nonisch-
emic conditions. By shifting adenosine triphosphate (ATP) 
production away from fatty acid oxidation (“partial fatty 
acid oxidation”) toward carbohydrate oxidation, ranolazine 
reduces myocardial oxygen demand without impeding car-
diac function.75

More recent studies question whether a clinical benefit 
of ranolazine is the ability to inhibit fatty acid oxidation, and 
offer alternative explanations for its efficacy.76 Researchers 
report that cardiac function improves in the presence of 
less than or equal to 20 μM/L ranolazine, whereas inhibition 
of fatty acid oxidation requires higher drug concentrations 
(12% inhibition at 100 μM/L). It is now believed that the anti-
ischemic action of ranolazine is mediated by the inhibition 
of the late inward sodium current (INa+) across cardiac 
myocyte membranes, resulting in reduced intracellular Ca2+ 
overload.

Rapid activation of membrane sodium channels causes 
cardiac myocyte depolarization, leading to temporary intra-
cellular accumulation of sodium (Fig. 20.2). Myocardial 
contraction follows the release of calcium ions (Ca2+) 

from the sarcoplasmic reticulum, which induces binding 
of actin and myosin. Ranolazine acts on late INa⁺ channels. 
In normal resting myocytes, where the contribution of late 
inward sodium current is minimal, ranolazine exerts little 
effect.77,78 Late INa⁺ channels are overexpressed in the pres-
ence of hypoxic conditions caused by ischemia. The drug 
improves regional left ventricular diastolic dysfunction and 
segmental ischemia by inhibiting intracellular Ca2+ over-
load. Pathological states such as myocardial ischemia, left 
ventricular hypertrophy, and HF can cause cellular injury 
due to excessive cytosolic Ca2+. Ca2+ overload of myocardial 
cells increases arrhythmia risk and generates higher dia-
stolic intramyocardial tension, consuming excessive oxygen. 
Higher diastolic forces compress blood vessels, reducing 
blood flow and oxygen delivery to the myocardium.79

The effects of ranolazine appear to occur regionally at 
ischemic myocardial segments rather than over the entire 
myocardium. Disrupting the “ischemic cascade,” which 
begins with regional diastolic dysfunction, ranolazine 
reduces oxygen consumption in ischemic cells, exercise-
induced ST-segment depression, and angina. Through this 
disruption of the ischemic cascade, ranolazine normalizes 
diastolic muscle relaxation and preserves myocardial oxy-
gen balance and blood perfusion.

Pharmacology
The pharmacokinetics of ranolazine are not affected by gen-
der, diabetes mellitus, or congestive HF, and concentrations 
are not affected by food intake. Peak plasma levels occur 
4 to 6 hours after an oral dose with 50% to 55% bioavail-
ability. The drug is cleared by hepatic enzymes CYP3A4 
(70–85%) and CYP2D6 (10–15%) and is also a substrate of 
P-glycoprotein, a widely expressed membrane transporter 
protein.

Because ranolazine prolongs the QT interval, it is contra-
indicated in patients with congenital or acquired long-QT 
syndrome or taking medications such as quinidine, sotalol, 
and antiarrhythmic agents that prolong the QT interval. An 
ECG should be obtained at baseline and follow-up to evalu-
ate the drug’s effect on QT interval. This appears not to be 
proarrhythmic; on the contrary, there are some data that 
ranolazine is antiarrhythmic.

Ranolazine clearance is reduced in renal insufficiency 
and diabetic patients with renal impairment should be 
closely monitored. Ranolazine is contraindicated in severe 
renal failure or moderate-to-severe hepatic impairment.

The most common adverse effects reported were nausea, 
headache, dizziness and constipation. At very high doses 
of up to 2000 mg/d, syncope and postural hypotension can 
occur due to α-adrenergic receptor blockade.

Clinical Drug-Drug Interactions of Importance
Ranolazine carries a risk of drug-drug interactions through 
cytochrome P450 enzymes. The drug is contraindicated in 
patients receiving potent CYP3A inhibitors (eg, itraconazole, 
ketoconazole, HIV protease inhibitors, clarithromycin) or 
CYP3A inducers (rifampin, rifabutin, rifapentin, phenobar-
bital, phenytoin, carbamazepine, diltiazem). Paroxetine 
may raise plasma ranolazine concentrations by a factor of 
1.2 because of CYP2D6 inhibition. Ranolazine may nearly 
double levels of simvastatin because it is a mild inhibitor 
of CYP3A4 and CYP2D6. Verapamil may raise ranolazine 
levels up to threefold. Digoxin levels may rise 1.4- to 1.6-fold 
because of P-glycoprotein competition by ranolazine.

Current hypothesis of ischemia
at the cellular level

Ischemia

↑ Late INa

Na+ overload

Ca2+ overload

Diastolic relaxation failure

Ranolazine

FIG. 20.2 Mechanism of action of ranolazine. Current hypothesis of some of 
the effects of myocardial ischemia. An enhanced late sodium current causes intra-
cellular Na+ overload, which increases intracellular calcium through the Na+/Ca2+ 
exchanger. Cellular calcium overload causes an increase in the left ventricular dia-
stolic tension. Myocardial contractile work, oxygen consumption, and compression 
of the vascular space during diastole may become abnormally elevated, exacerbat-
ing ischemia. Ranolazine inhibits the late INa+ current. (References: Ju YK, Saint DA, 
Gage PW. Hypoxia increases persistent sodium current in rat ventricular myocytes. J 
Physiol. 1996;497(pt 2):337–347; Murphy E, Perlman M, London RE, Steenbergen 
C. Amiloride delays the ischemia-induced rise in cytosolic free calcium. Circ Res. 
1991;68:1250–1258.; Jansen MA, van Emous JG, Nederhoff MG, van Echteld CJ. 
Assessment of myocardial viability by intracellular 23Na magnetic resonance imaging. 
Circulation. 2004;110:3457–3464.)



Th
e M

ed
ical Treatm

en
t o

f Stab
le A

n
g

in
a

293

20

Evidence for Antianginal Efficacy
MARISA
The MARISA (Monotherapy Assessment of Ranolazine in 
Stable Angina) trial was a double-blind, crossover study of 
sustained-release ranolazine in three different doses: 500 mg, 
1000 mg, or 1500 mg and placebo, each administered twice 
daily for 1 week in 191 high-risk patients with angina-limited 
exercise capacity. There was improvement in treadmill exercise 
duration, time to angina and time to 1 mm ST-segment depres-
sion at all doses with greater improvement at higher doses.80

CARISA
In the CARISA (Combination Assessment of Ranolazine in 
Stable Angina) study, 823 subjects were randomized into 
three groups: ranolazine; another antianginal therapy (aten-
olol, amlodipine, or diltiazem) in combination with rano-
lazine; and, placebo. After 12 weeks, the mean increase in 
exercise duration at trough was significantly greater for sub-
jects treated with ranolazine than for subjects treated with 
placebo. Time to angina and ischemia (1 mm ST-depression) 
increased. A significant reduction in the frequency of angi-
nal episodes and the use of sublingual nitrates was also 
observed.81

MERLIN
In a sub-study of patients with non-ST elevation acute coro-
nary syndromes, and prior chronic angina, from the MERLIN-
TIMI 36 (Metabolic Efficiency with Ranolazine for Less 
Ischemia in Non-ST-Elevation Acute Coronary Syndromes) 
trial, ranolazine was reported to reduce worsening angina 
(HR 0.77), the need for new antianginal therapy (HR 0.77), 
recurrent ischemia, and improvement in exercise duration 
during a standard exercise tolerance test, using the Bruce 
protocol. However, ranolazine was not effective in reducing 
the rate of the composite of cardiovascular death and MI. 
Thus, the MERLIN trial did not support the use of ranolazine 
in acute coronary syndrome, but added to previous safety 
data and provided additional support for ranolazine as anti-
anginal therapy in chronic angina.82

ERICA
In ERICA (Efficacy of Ranolazine in Chronic Angina), a 
randomized, placebo-controlled trial, investigators enrolled 
565 patients with stable CAD and recurring angina attacks 
(< three attacks in 1 week) being treated with amlodip-
ine at a dose of 10 mg daily, with or without long-acting 
nitrates. Ranolazine was administered at a dose of 500 mg 
twice daily for 1 week, then titrated to 1000 mg twice daily 
for 6 weeks. For subjects in the ranolazine group, research-
ers reported a significant reduction in angina attacks, no 
meaningful changes in blood pressure or heart rate, and 
good tolerability, without syncope.83

TERISA
TERISA (Type 2 Diabetes Evaluation in Subjects with Chronic 
Stable Angina) assessed the efficacy of ranolazine on angina 
frequency and sublingual nitroglycerin use in 949 patients 
with type 2 diabetes, CAD, and chronic stable angina despite 
treatment. TERISA was an 8-week randomized, placebo-con-
trolled trial. Over the final 6 weeks, the number of angina 
episodes in 1 week was significantly lower in patients on 
ranolazine than in patients receiving placebo, and there was 
no difference in the incidence of serious adverse effects 
between the ranolazine and placebo groups.84

RWISE
In contrast to the results of the trials mentioned previously, 
results from the Treatment With Ranolazine in Microvascular 
Coronary Dysfunction: Impact on Angina Myocardial 
Ischemia (RWISE) trial showed that ranolazine was not 
effective for angina associated with myocardial microvascu-
lar dysfunction. This was a study of oral ranolazine 500 to 
1000 mg twice daily for 2 weeks versus placebo, and angina 
measured by the Seattle Angina Questionnaire (SAQ) and 
SAQ-7 (coprimaries), diary angina (secondary), stress myo-
cardial perfusion reserve index, diastolic filling, and quality 
of life. Of 128 subjects (96% women), no treatment differ-
ences in outcomes were observed, except that ranolazine 
was associated with a decrease in stress heart rate.85

Conclusion
Clinical trial results show that ranolazine improves exercise 
stress test parameters (total duration, time to angina, and 
time to ST-segment depression) and reduces angina epi-
sodes and nitrate use among patients with chronic stable 
angina due to CAD. Ranolazine is effective as monotherapy 
and also when added to traditional antianginal pharmaco-
therapies as part of usual care for chronic stable angina. 
The drug appears to have a favorable safety profile, making 
it an attractive alternative for patients who cannot tolerate 
β-blockers or CCBs. Available data suggest that ranolazine 
should be considered for patients who experience persis-
tent anginal symptoms despite use of traditional antianginal 
drugs.

Ivabradine
Introduction
Ivabradine, the first member of a group of specific heart 
rate lowering agents, was approved by the European 
Medicines Agency in 2005 for symptomatic stable angina 
and in 2012 for chronic HF in patients with an elevated heart 
rate.85 Ivabradine was approved by the US Food and Drug 
Administration (FDA) in 2015 to reduce the risk of hospital-
ization for worsening HF in patients with stable, symptom-
atic, chronic HF. Ivabradine use is restricted to patients with 
LVEF of less than 35% who are in sinus rhythm with a rest-
ing heart rate of greater than 70 beats per minute and are 
either not receiving a β-blocker due to a contraindication or 
receiving maximally tolerated doses of a β-blocker.

Heart rate reduction is a recognized strategy for prevent-
ing myocardial ischemia and angina pectoris in patients 
with stable CAD. An elevated heart rate raises the mechani-
cal load on the arterial wall and is associated with endo-
thelial dysfunction and increased arterial stiffness. These 
consequences of an elevated heart rate may be athero-
genic.86 Lowering the heart rate confers numerous physi-
ologic and pathophysiologic benefits. Among these are 
reduced myocardial oxygen demand through a reduction 
in cardiac workload and a rise in myocardial oxygen supply 
owing to diastolic prolongation87,88 (Fig. 20.3).

Pharmacological Actions
Heart Rate Reduction
Ivabradine blocks trans-membrane f-channels and disrupts 
If ion current flow. This blockade and disruption prolong dia-
stolic depolarization and slow sinoatrial node firing, which 
in turn lowers the heart rate in a dose-dependent manner. 
In patients with stable angina, ivabradine at doses of 2.5 mg, 
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5 mg, and 10 mg twice daily reduced resting heart rate by 
approximately 7, 12, and 18 beats per minute, respectively. 
The specificity of ivabradine for the If current ensures that 
the drug exerts no direct effect on myocardial contractility, 
ventricular repolarization, or intracardiac conduction (Fig. 
20.3).87

Improved Endothelial Function and Vascular Compliance
Ivabradine has been shown to reduce oxidative stress, pro-
tect and improve endothelial function, reduce atheroscle-
rotic plaque formation, and preserve aortic compliance 
in mice. No functional interactions with calcium channels 
or intracellular mechanisms that regulate the reactivity of 
smooth muscle cells were observed. Hence, the beneficial 
effects on endothelial function occurred without altering 
muscle cell contractility. One clinical trial demonstrated sig-
nificant improvement in left ventricular function and aortic 
elasticity in patients with reduced left ventricular ejection 
fraction.88

Efficacy of Ivabradine in the Therapy of Angina
The ASSOCIATE (evaluation of the antianginal efficacy and 
safety of the association of the If current inhibitor ivabradine 
with a β-blocker) study89 verified the safety and efficacy of 
concomitantly administered β-blocker and ivabradine in 
patients with stable angina. Ivabradine significantly reduced 
resting and exercise HR, with improvement in exercise 
capacity (total exercise duration, time to limiting angina, 
angina onset, and 1 mm ST-segment depression, all with p 
< 0.05).

Similar results were reported in REDUCTION (reduc-
tion of heart rate in the treatment of stable angina with 
ivabradine); there were fewer angina episodes on ivabradine 
in patients older than 80 years.86

ADDITIONS (practical daily efficacy and safety of Pro-
coralan in combination with β-blockers) was a 4-month 
evaluation of ivabradine studied in patients with stable 
angina on background β-blocker therapy. Patients in the 
ivabradine arm experienced more significant heart rate 
reductions with fewer anginal episodes per week and 

used nitrates less frequently. In a post hoc subgroup analy-
sis, the benefits of ivabradine were consistent regardless 
of whether or not patients had received percutaneous 
intervention.88

Long-Term Outcomes
Long-term outcome results have been mixed. In SHIFT 
(Ivabradine and Outcomes in Chronic Heart Failure) there 
was a reduction in the risk of cardiovascular death and hos-
pitalization due to worsening HF and improved quality of 
life in patients with chronic HF.90

BEAUTIFUL (morbidity-mortality evaluation of the If 
inhibitor ivabradine in patients with coronary disease 
and left ventricular dysfunction),91 while documenting 
improved left ventricular end-systolic volume index after 12 
months, found no improvement in cardiovascular outcomes 
in patients with left ventricular systolic dysfunction and sta-
ble CAD, nor in the primary composite outcome (cardiovas-
cular death or admission for new-onset or worsening HF). 
In regard to adverse effects, the BEAUTIFUL Holter substudy 
showed that ivabradine did not have any significant adverse 
rhythm effects. In addition, in SIGNIFY (Study Assessing the 
Morbidity-Mortality Benefits of the If Inhibitor Ivabradine 
in Patients with Coronary Artery Disease),92 ivabradine not 
only failed to significantly decrease the primary endpoint 
(composite of death from cardiovascular causes or nonfa-
tal MI), but was associated with symptomatic and asymp-
tomatic bradycardia and an increased incidence of AF.

Adverse Effects
Phosphenes, bradycardia, and AF are the primary adverse 
effects of ivabradine, phosphenes being the most common. 
A phosphene is a transient enhanced brightness in a limited 
area of the visual field. The brightness is triggered by a sud-
den change in light intensity. The onset usually occurs in the 
first 2 months of ivabradine treatment. Phosphenes are mild, 
transient, and do not affect the patient’s ability to carry out 
normal activities. Other common adverse effects are head-
ache, uncontrolled blood pressure, dizziness, ventricular 
extrasystoles, and first-degree AV block.88

Conclusion
Clinical trials have demonstrated the efficacy of ivabradine 
in angina, both alone and in combination with a β-blocker. 
Reduction in major adverse cardiovascular events has not 
been consistently demonstrated. There are also some sig-
nificant side effects, particularly bradycardia, AF,  and ocu-
lar phosphenes. Thus, ivabradine, although approved by the 
FDA to reduce the risk of hospitalization for worsening HF in 
patients with stable, symptomatic, chronic HF with reduced 
ejection fraction (< 35%), and in sinus rhythm, it has not 
been approved for the indication of angina.

The European Medicines Agency has approved ivabradine 
for chronic HF with systolic dysfunction, but also for the 
symptomatic treatment of chronic stable angina pectoris 
in CAD in adults with normal sinus rhythm and heart rate 
greater than or equal to 70 bpm, and who are unable to toler-
ate or with a contraindication to the use of β-blockers, or in 
combination with β-blockers in patients inadequately con-
trolled with an optimal β-blocker dose.

The exact therapeutic niche of ivabradine is unclear. It 
remains to be determined which populations would most 
benefit from the drug and what the best combination with 
other antianginal agents would be.

Slowing of spontaneous activity
by ivabradine: reduced rate of

diastolic depolarization
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FIG. 20.3 Action of ivabradine on the sinoatrial node. Slowing of the spon-
taneous activity of the sinoatrial node by ivabradine. The If current is an inward Na+/
K+ current that activates pacemaker cells of the sinoatrial node. Ivabradine selec-
tively inhibits the hyperpolarization-activated, mixed Na+/K+ inward If current, which 
decreases rest and exercise heart rate and responsiveness. (Modified from Nawarskas 
JJ, et al. Ivabradine: a unique and intriguing medication for treating cardiovascular 
disease. Cardiol Rev. 2015;23:4:201–211.Fig. 3.)
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Trimetazidine
Introduction

Trimetazidine (l-2,3,4-trimethoxybenzyl piperazine dihydro-
chloride), a member of the class of 3-ketoacyl coenzyme A 
thiolase (3-KAT) inhibitors, is a metabolic modulator that 
improves myocardial energetics at several levels. The drug 
inhibits β-oxidation of fatty acids; increases myocardial glu-
cose utilization; prevents reduction in ATP and phosphocre-
atine levels in response to hypoxia or ischemia; preserves 
ionic pump function; minimizes free radical production; 
and protects against intracellular calcium overload and aci-
dosis. Angina resulting from myocardial ischemia is associ-
ated with enhanced catecholamine release and increased 
lipolysis. This condition is also associated with an increase 
in circulating fatty acid levels, a relative increase in fatty 
acid oxidation (FAO), and therefore (through the “Randle 
cycle”), a reduced glucose oxidation (GO) rate (Fig. 20.4).15

Pharmacologic Actions
In patients with chronic angina, trimetazidine increases 
work capacity and delays the appearance of symptoms and 
electrocardiographic changes during exercise. Due to its 
absence of effect on heart rate and blood pressure, trimeta-
zidine is a potentially useful agent for combination therapy 
with classic “hemodynamic” drugs for chronic treatment 
of angina pectoris. It can be added to standard antiangi-
nal therapy in patients who are refractory or intolerant to 
other drugs and are not suitable for revascularization. The 
addition of trimetazidine in patients receiving nifedipine or 

propranolol significantly improved the clinical status and 
reduced the number of ischemic episodes. These clinical 
effects were associated with prolongation of the exercise 
time and a delay in the appearance of ischemic symptoms 
and diagnostic ST-segment changes.93

Though trimetazidine has been approved for stable 
angina in many countries, the drug is not approved for use 
in the United States.

Efficacy of Trimetazidine for Angina
Several clinical trials have demonstrated potential benefits 
of trimetazidine in ischemic heart disease. In a multicenter, 
randomized, double-blind study of patients with chronic 
effort-induced angina and documented CAD, the combina-
tion of trimetazidine with propranolol was superior to the 
combination of nitrates with propranolol with regard to the 
number of ischemic attacks, exercise time, and time to onset 
of angina, and increased the maximum workload at peak 
exercise.13

Trimetazidine was compared to nifedipine in a double-
blind study. Both drugs decreased the number of angina 
attacks and increased workload parameters without any 
significant difference between them. However, at a constant 
level of work, the rate-pressure product decreased with nife-
dipine but remained stable with trimetazidine.15

In other studies, results have been mixed. In several 
meta-analyses, trimetazidine was associated with a signifi-
cant reduction in weekly angina episodes, and duration of 
exercise, and improved exercise time to 1 mm ST-segment 
depression compared with placebo.15 However, in another 
meta-analysis of 23 randomized trials, trimetazidine was no 
more effective than other antianginal drugs in improving 
time to ST-segment depression or reducing weekly angina 
frequency, and no clear reduction in mortality or cardiovas-
cular events was evident.94

Adverse Effects
Trimetazidine has a significant side effects profile, with 
the most common adverse reactions being nausea, vomit-
ing, fatigue, dizziness, and myalgia. The drug can induce or 
increase parkinsonian symptoms: extrapyramidal rigidity, 
bradykinesia, and tremor. The mechanism responsible for 
these reactions is not known, but the presence of a pipera-
zine nucleus in trimetazadine leads to the suggestion that 
a blockade of central D2 dopamine receptors is involved.95

Conclusion
Trimetazidine may be beneficial in refractory angina, acute 
coronary syndrome, HF, and hypertrophic cardiomyopathy. 
However, trimetazidine lacks both widespread clinical expe-
rience and any guideline recommendation for the manage-
ment of chronic stable angina. The European Medicines 
Agency limited the indication for trimetazadine to add-on 
therapy for patients inadequately controlled by first-line 
medications, and the drug has not been approved by the 
FDA for use in the United States.

Nicorandil
Introduction
Nicorandil (N-[2-(nitro-oxy) ethyl]-3-pyridine carboxamide) 
is a nicotinamide derivative coupled with a nitrate moiety. 
It functions as an NO donor and opens adenosine triphos-
phate-dependent potassium (KATP) channels.96

Myocyte

Free fatty
acid Glucose

Trimetazidine

Acyl-CoA
β-oxidation

Pyruvate

Acetyl-CoA

Energy for
contraction

FIG. 20.4 Postulated mechanism of action of trimetazidine. Myocardial cells 
derive their energy via fatty acid and glucose metabolism. During ischemia the fatty 
acid pathway predominates. However, this pathway requires more oxygen than the 
glucose pathway. Theoretically, inhibition of fatty acid oxidation should promote a 
shift toward the more oxygen-efficient glucose pathway. A number of groups have 
reported experimental data showing that the antianginal trimetazidine is an inhibitor 
of partial fatty acid oxidation (pFOX). However, other investigators have not observed 
any inhibition with trimetazidine in other experimental models. Thus, inhibition of 
fatty acid oxidation as a major antianginal mechanism for trimetazidine remains to be 
definitively established. (References: MacInnes A, Fairman DA, Binding P, et al. The 
antianginal agent trimetazidine does not exert its functional benefit via inhibition of 
mitochondrial long-chain 3-ketoacyl coenzyme A thiolase. Circ Res. 2003;93:e26–
e32; Lopaschuk GD, Barr R, Thomas PD, et al. Beneficial effects of trimetazidine 
in ex vivo working ischemic hearts are due to a stimulation of glucose oxidation 
secondary to inhibition of long-chain 3-ketoacyl coenzyme a thiolase. Circ Res. 
2003;93:e33–e37; Stanley WC. Myocardial energy metabolism during ischemia and 
the mechanisms of metabolic therapies. J Cardiovasc Pharmacol Ther. 2004;9(suppl 
1):S31–S45; Chaitman BR, Sano J. Novel therapeutic approaches to treating chronic 
angina in the setting of chronic ischemic heart disease. Clin Cardiol. 2007;30(2 suppl 
1):I25–I30.)
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Mechanism of Action
Nitrate-Like Properties
Nicorandil prevents myocardial ischemia and angina symp-
toms through vasorelaxant effects on systemic and coro-
nary vasculature. The nitrate component of the molecule 
reduces preload by acting on systemic venous vessels and 
dilates epicardial coronary arteries. Activation of soluble 
guanylyl cyclase increases cyclic guanosine monophos-
phate (cGMP) and activates protein kinase G, which low-
ers intracellular calcium and inhibits myosin light-chain 
kinase activity. These reactions result in vascular smooth 
muscle cell relaxation and vasodilatation. In patients with 
CAD, nicorandil dilates coronary arteries an average of 10% 
to 20%, primarily due to its nitrate component (Fig. 20.5).96

Nicotinamide Properties
Nicorandil, via its nicotinamide component, opens KATP 
channels and activates endothelial NOS, which improves 
endothelial function and provides cardioprotective 
effects.97 Fibrinolysis is mediated by a balance between type 
I plasminogen activator (PAI-1) and tissue type plasmino-
gen activator (tPA). Nicorandil may inhibit PAI-1, increasing 
endogenous fibrinolytic activity. Opening KATP channels in 
histiocytes increases intracellular Ca2+, which upregulates 
PAI-1 synthesis. Nicorandil may also stabilize PAI-1 in plate-
let α-granules.98

Efficacy of Nicorandil in Stable Angina
Numerous clinical trials have evaluated nicorandil for symp-
tomatic effort-induced angina. Nicorandil has been found 
to be similarly effective as conventional antianginal drugs. 
Nicorandil has equivalent side effects to other antiangina 
medications with no development of tolerance.

Two significant trials of nicorandil were the Study of 
Nicorandil in Angina Pectoris in the Elderly (SNAPE)97 and 
the Symptomatic Stable Angina Pectoris (SWAN)99 study. 
Both compared the anti-ischemic and antianginal effects of 
nicorandil and amlodipine in patients with stable angina. 
After 4 weeks of treatment, SNAPE reported similar results for 
nicorandil and amlodipine in increasing time to ischemia 
and time to angina and decreasing maximum ST-segment 
depression on a symptom-limited bicycle exercise test. In 
SWAN, the medications conferred similar time to symptom 
and total exercise duration.

The cardioprotective effects of nicorandil were evalu-
ated in the Impact of Nicorandil in Angina (IONA)100 and 
the Japanese Coronary Artery Disease (JCAD)101 studies. 

In IONA, patients with stable angina received nicorandil  
(20 mg daily) and had a significant reduction in cardiac 
events. The Japanese Coronary Artery Disease Study, a mul-
ticenter, prospective observational study, included patients 
with ischemic heart disease and significant epicardial coro-
nary artery stenosis. They were treated with nicorandil over 
a 2.7-year period. A 35% reduction in overall mortality and 
56% reduction in cardiac death were observed in nicor-
andil-treated patients versus controls.

In the Clinical European Studies in Angina and 
Revascularization (CESAR 2), nicorandil administered 
along with standard antiangina therapy showed a reduction 
in nonsustained ventricular and supraventricular arrhyth-
mias in unstable angina patients. Rates of acute coronary 
syndromes and all cardiovascular events were lower in 
nicorandil-treated patients versus placebo controls. On the 
other hand, the combination of nicorandil and isosorbide 
dinitrate in patients with ischemic heart disease resulted in 
significantly worse flow-mediated dilatation (a marker of 
endothelial function) and carotid intima-medial thickness 
at 3 months.102

Nicorandil does not cause tachyphylaxis, impair endothe-
lial function, or exacerbate angina. Its dual mode of action 
prevents the development of tolerance, and there is no 
rebound response to abrupt discontinuation of the drug.96

Nicorandil should be prescribed with caution in patients 
taking corticosteroids due to a small risk of gastrointestinal 
perforation, as this drug is primarily metabolized in the gas-
trointestinal tract. Sulfonylureas may antagonize the effects 
of nicorandil though closure of KATP channels.96

Conclusion
The European Society of Cardiology (ESC) guidelines103 
state “For second-line treatment it is recommended to add 
long-acting nitrates or ivabradine or nicorandil or ranolazine, 
according to heart rate, blood pressure and tolerance. (Class 
IIa, Level of Evidence B)” and may be considered in patients 
with microvascular angina with refractory symptoms (IIb/B). 
The National Institute for Health and Clinical Excellence 
(NICE) in the UK also recommends nicorandil for these pur-
poses.104 Nicorandil is EMA- but not FDA-approved.

Molsidomine
Introduction
Molsidomine has been available in Europe since 1977. It has 
not been approved by the FDA in the United States.

Pharmacological Actions
The mechanism of action of molsidomine is similar to 
nitrates. Molsidomine is metabolized in the liver to the 
active metabolite linsidomine, an unstable compound that 
releases endothelial NO upon decay. Molsidomine exerts a 
slight platelet antiaggregant effect but is indicated only to 
prevent angina attacks, not for the symptomatic relief of 
acute angina.105,106

Efficacy of Molsidomine in Angina Therapy
The largest study of molsidomine evaluated 533 patients. 
These patients received a placebo run-in phase followed by 
random assignment to two differing doses of molsidomine 
in a crossover design. Both doses of molsidomine resulted 
in significantly longer total exercise duration and fewer epi-
sodes of angina than placebo. Weekly angina episodes were 

Activation of ATP-sensitive K+ channels
•  Dilation of coronary resistance arterioles 

Nitrate-associated effects
•  Vasodilation of coronary epicardial arteries 
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FIG. 20.5 Dual action of nicorandil. Nicorandil (C8H9N3O4) consists of a nico-
tinamide derivative combined with a nitrate moiety, both of which produce vasodila-
tation. (From IONA Study Group: Effect of nicorandil on coronary events in patients 
with stable angina: the impact of nicorandil in angina (IONA) randomised trial. Lan-
cet. 2002;359:1269.)
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reduced significantly in patients given either dose of mol-
sidomine compared to angina frequency during the run-in 
phase.107

Though no head-to-head comparison of molsidomine 
versus nitrates has been performed, molsidomine has a 
similar hemodynamic profile to long-acting nitrates, with 
similar positive and negative effects, due to its nearly iden-
tical mechanism of action. In another study, molsidomine 
showed a 40% decline in efficacy after 14 days of use, sug-
gesting the development of tolerance.107

Contraindications and Side Effects
As with nitrates, molsidomine should not be prescribed to 
patients taking type 5 phosphodiesterase inhibitors due to 
severe hypotension risk. The most common side effects are 
headache and hypotension. Hypotension risk increases as 
the dose increases.

INVESTIGATIONAL ANTI-ISCHEMIC THERAPY

Introduction
Newer, investigational, antianginal therapies range from 
pharmaceuticals to amino acids to hormone therapy. In addi-
tion, novel treatments such as chelation therapy, angiogenic 
growth factors, gene therapies, and cell-based therapies are 
discussed hereafter. Most have been tested in animal mod-
els, and very few in clinical trials, and those that have, have 
had small numbers included. Therefore, all of these postu-
lated therapies should be regarded as speculative at best.

Allopurinol
Xanthine oxidase is a major source of O2

− and is abun-
dantly active in the vascular endothelium and plasma of 
patients with CAD. Its increased arterial activity reduces 
the availability of vascular NO and increases oxidative 
stress and endothelial dysfunction. Conversely, inhibition 
of xanthine oxidase reduces oxidative stress and improves 
endothelial function and cardiac contractility in patients 
with CAD. Allopurinol, by inhibiting xanthine oxidase, 
enhances calcium sensitivity in stunned trabeculae and 
exerts a positive inotropic effect. High-dose allopurinol was 
assessed in patients with angiographically documented 
stable CAD and LVEF less than 45%. The drug significantly 
prolonged the time to ST depression, total exercise time, 
and time to occurrence of chest pain. In addition, diastolic 
blood pressure during exercise dropped significantly, 
and the maximum tolerated rate-pressure product rose 
significantly.108,109

L-Arginine
L-Arginine, an amino acid, is a substrate of the enzyme 
eNOS and a key molecule in NO synthesis. L-Arginine theo-
retically improves coronary blood flow via NO-mediated, 
endothelium-dependent vasodilatation. Twenty-six patients 
with chest pain but without substantial CAD were randomly 
allocated to L-arginine or placebo. After 6 months, the coro-
nary blood flow in response to acetylcholine in the subjects 
who were taking L-arginine increased compared with the 
placebo group, with similar improvement in patients’ symp-
tom scores in the L-arginine treatment group compared with 
the placebo group.110

However, a potentially lethal effect could occur in the 
presence of a high degree of eNOS uncoupling or tetrahy-
drobiopterin deficiency, as tetrahydrobiopterin is a required 
cofactor for the synthesis of NO by eNOS, the enzyme 
required for NO synthesis.111

L-Arginine has also been shown to modify or prevent the 
development of nitrate tolerance during continuous trans-
dermal GTN therapy.30

Bosentan
Endothelin-1, in endothelial and vascular smooth muscle 
cells, is a potent vasoconstrictor shown to provoke coro-
nary vasospasm. Bosentan is a competitive antagonist of 
endothelin-1 at the endothelin-A (ET-A) and endothelin-
B (ET-B) receptors. One case report documented the 
efficacy of bosentan in treating refractory vasospastic 
angina.112

GLP-1 Mimetics and Analogs and DPP-4 
Inhibitors
Glucagon-like peptide-1-amide (GLP-1), released from 
intestinal L cells in a glucose-dependent manner, 
increases glucose-stimulated pancreatic insulin secre-
tion and myocardial glucose uptake by translocating 
glucose-transporting vesicles (GLUT-1 and GLUT-4) to 
the sarcolemma. The dipeptidyl peptidase-4 (DPP-4) 
enzyme inactivates GLP-1. The DPP-4 inhibitor sitagliptin 
has improved global and regional left ventricular per-
formance and attenuated postischemic stunning during 
dobutamine stress ECG. GLP-1 mimetics and analogs and 
DPP-4 inhibitors represent a new approach for improving 
myocardial glucose uptake and regional and global left 
ventricular function.113

Mildronate
Mildronate reduces fatty acid oxidation to improve vascular 
tone. Long-term efficacy was assessed in 317 patients. At 12 
months, mildronate improved time to ST-segment deviation, 
time to onset of angina, and total exercise duration by nearly 
1 minute.114

Fasudil
Fasudil is used in Japan for treatment of cerebral vasospasm 
associated with subarachnoid hemorrhage. It inhibits the 
intracellular signaling enzyme Rho kinase, which is involved 
in vascular smooth muscle contraction (Fig. 20.6). Fasudil 
has been shown to dilate acetyl choline-induced coronary 
vasospasm in patients with vasospastic angina treated with 
nitroglycerin and to prevent myocardial ischemia in patients 
with microvascular angina.115

Estrogen/Progestogen
One study reported the effect of treatment with estradiol 
and norethisterone acetate on exercise tolerance and on 
the frequency and severity of ischemic attacks in postmeno-
pausal women with stable angina pectoris. Estrogen/pro-
gestogen increased, and placebo decreased, time to 1 mm 
ST depression, and total exercise duration was significantly 
improved.116
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Chelation Therapy
Chelation therapy is the intravenous infusion of disodium 
ethylene diamine tetraacetic acid (EDTA), with oral vita-
mins, minerals, electrolytes, and/or heparin. There has 
been no convincing evidence of improvement in exercise 
tolerance in patients with stable angina, but one study, the 
Trial to Assess Chelation Therapy (TACT) reported that, 
among stable patients with a history of MI, intravenous 
EDTA; compared with placebo, modestly reduced the risk 
of adverse cardiovascular outcomes, especially revascu-
larization procedures. The authors concluded that “these 
results…are not sufficient to support the routine use of 
chelation therapy for treatment of patients who have had 
an MI.”117

Angiogenic Growth Factors, Gene 
Therapies, and Cell-Based Therapies
Over the past decade, treatments have been sought that 
rebuild the vascular architecture or collaterals for treatment 
of refractory angina. These include angiogenic growth fac-
tors, gene therapies, and cell-based therapies.

Growth Factors/Gene Therapies
In several trials, vascular endothelial growth factor (VEGF) 
and fibroblast growth factor (FGF) have been administered 
either directly as proteins or via an adenovirus vector. None 
of the trials has been conclusive, though intracoronary 
administration of growth factors has been deemed safe.118

Vascular Endothelial Growth Factor
A high or low dose of recombinant human VEGF was 
injected into 178 patients with chronic angina, followed by 
either placebo or intravenous infusions on 3 subsequent 
days. Clinical angina improved significantly at 90 days.106,118 
After 120 days, patients given the high dose had experienced 
fewer angina attacks, but no effect on total exercise duration 
was noted.

Fibroblast Growth Factor 2
In the largest randomized controlled trial of fibroblast 
growth factor 2 (FGF-2) (n = 337), total exercise duration did 
not improve.9

Cell-Based Therapies
Administration of pluripotential stem cells can lead to thera-
peutic angiogenesis. In response to ischemia, bone marrow 
derived endothelial progenitor cells migrate and proliferate 
to form endothelial cells, resulting in neo-revascularization. 
In an early-phase trial of patients with refractory angina, 
injection of CD34+ stem cells into the myocardium was 
associated with decreased frequency of angina attacks and 
increased total duration of exercise.107

COMPARATIVE EFFECTIVENESS OF DRUG 
CLASSES SINGLY AND IN COMBINATION IN 
THE TREATMENT OF STABLE ANGINA

Given that β-blockers have an established place in the ther-
apy of stable angina, and given that other drugs (calcium 
channel blockers, ranolazine, ivabradine, and trimetazidine) 
also have proven efficacy, the question arises whether com-
binations of these agents may have greater efficacy than 
monotherapy in improving the symptoms of stable angina. 
This section reports the results of clinical trials comparing 
one agent with another and comparing combination ther-
apy with monotherapy.

β-Blockers and Calcium-Channel Blockers
In a 1999 meta-analysis,119 there were 31% fewer epi-
sodes of angina per week with β-blockers than with cal-
cium antagonists. A more recent meta-analysis by Belsey  
et al.120 examined 28 studies of a CCB added to a β-blocker 
and eight studies of a β-blocker added to a CCB. Results 
showed the addition of a CCB to a β-blocker produces a 
21% reduction in the frequency of angina episodes, and the 

Rho-kinase inhibition: Fasudil

Ca2+ Ca2+
Agonist

ReceptorPhospholipase
C

Voltage
operated
channel

Phosphatidylinositol
biphosphateReceptor

operated
channel Inositol

triphosphate Fasudil
Rho

Rho kinase

SR Ca2+

Ca2+

calmodulin

MLCK

Myosin-P

Myosin

Myosin phosphatase

FIG. 20.6 Mechanism of action of fasudil. The role of calcium in activating myosin light chain kinase (MLCK) and phosphorylating myosin to cause contraction is well 
known. Dephosphorylation by myosin phosphatase causes subsequent dilation.1 More recently, the involvement of Rho kinase has been identified. In the absence of increases 
in intracellular calcium, Rho (a member of the Ras superfamily of small G proteins) activates Rho kinase, which in turn deactivates myosin phosphatase. This causes accumula-
tion of phosphorylated myosin. Fasudil inhibits this action, resulting in a decrease of vascular tone. (From Seasholtz TM. The RHOad less traveled: the myosin phosphorylation-
independent path from Rho kinase to cell contraction. Focus on Rho kinase mediates serum-induced contraction in fibroblast fibers independent of myosin LC20 phosphorylation. 
Am J Physiol Cell Physiol. 2003;284:c596. Fig. 1.)
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addition of a β-blocker to a CCB produces a 30% reduction. 
In the International Verapamil-SR Trandolapril (INVEST) 
study in patients with prior myocardial ischemia, a heart rate 
lowering calcium antagonist based strategy (verapamil-SR) 
was equivalent to a β-blocker (atenolol) based strategy for 
achieving the primary outcome (a composite of all-cause 
mortality, myocardial ischemia, and stroke).121

In yet another meta-analysis of 26 trials with a total of 
6108 patients with stable angina, treatment with β-blockers 
decreased mortality and the incidence of unstable angina 
when compared with no treatment, but appeared no more 
effective than other antianginal agents in the prophylaxis of 
myocardial ischemia in patients with stable angina.122

The Total Ischaemic Burden European Trial (TIBET)123 
and Angina Prognosis Study in Stockholm (APSIS)124 com-
pared β-blockers to CCBs (nifedipine and verapamil) in 
patients with chronic stable angina with regard to cardiovas-
cular outcomes and did not show a significant difference. 
However, nifedipine was associated with a greater incidence 
of acute myocardial ischemia.

In the Belsey meta-analysis,40 the addition of a long-act-
ing nitrate to either a β-blocker or CCB (7 studies) resulted 
in a 19% decrease in angina frequency.

Ranolazine
One hundred fifty-eight patients with symptom-limited 
exercise on β-blocker therapy were randomized into a 
double-blind, three-period, crossover study of 400 mg 
of immediate-release ranolazine three times daily, 100 
mg daily of atenolol, or placebo, each administered for 
1 week. Exercise tests were administered at the end of 
each treatment period. Patients achieved significantly 
longer total exercise duration during ranolazine therapy 
and longer total exercise duration than during atenolol 
therapy (mean difference 21.1 seconds, 95% CI 6.2–36.0, 
p < 0.006).125 In four studies of ranolazine added to a 
β-blocker or CCB, there was a 22% decrease in angina 
frequency.40

Ivabradine
In the ASSOCIATE study, 889 patients with stable angina 
were randomized to receive ivabradine or placebo, in 
addition to atenolol. Total treadmill exercise duration at 4 
months increased by 24.3 ± 65.3 seconds in the ivabradine 
group, compared with 7.7 ± 63.8 seconds with placebo 
(p < 0.001). Ivabradine in combination with atenolol was 
well tolerated. The authors concluded that the combi-
nation of ivabradine, 7.5 mg twice daily, and atenolol in 
patients with chronic stable angina pectoris produced 
additional efficacy with no untoward effect on safety or 
tolerability.126

A post hoc analysis of the effects of ivabradine in patients 
on conventional treatment with stable CAD and left ven-
tricular systolic dysfunction (BEAUTIFUL) trial also yielded 
positive outcome results with the addition of ivabradine to 
conventional treatment (90% of patients taking a β-blocker). 
Results showed a 24% reduction in the incidence of the pri-
mary endpoint (cardiovascular death, hospitalization for 
myocardial ischemia, or HF) and 42% reduction in hospital-
ization for myocardial ischemia.127

In the International Trial on the Treatment of angina with 
Ivabradine vs Atenolol (INITIATIVE), 939 patients with stable 

angina were randomized to receive atenolol or ivabradine. 
Treadmill exercise testing and the number of anginal attacks 
were improved to a similar extent by the two drugs.128

Trimetazidine
Propranolol and trimetazidine were compared in the 
Trimetazidine European Multicenter Study. After 3 months, 
the treatment groups had similar antianginal efficacy. Fewer 
ischemic episodes, as measured by Holter monitoring, were 
observed in 46% of patients in the propranolol group.129

In the Trimetazidine in Poland (TRIMPOL) II trial, 426 
patients with stable, effort-induced angina and documented 
CAD received either placebo or trimetazidine, 20 mg three 
times daily, in addition to metoprolol, 50 mg twice daily. 
Therapy with trimetazidine plus metoprolol produced signif-
icant improvement in time to 1 mm ST-segment depression, 
total workload, time to onset of angina, maximum ST-segment 
depression, mean weekly number of angina attacks, mean 
weekly nitrate consumption, and grade of anginal pain com-
pared to patients treated with metoprolol alone.130

It is clear that combination therapy is more effective 
than monotherapy with antianginal drugs for symptom-
atic improvement in stable angina, and in many cases for 
reducing adverse cardiovascular outcomes. This has been 
recognized by most of the recent guidelines for the medical 
management of stable angina, discussed hereafter.

GUIDELINES FOR THE MEDICAL 
MANAGEMENT OF STABLE ANGINA

What constitutes optimal medical therapy for ischemic 
heart disease? Treatment that minimizes symptoms, 
improves quality of life, and decreases long-term morbid-
ity and mortality is desirable. Lifestyle changes and criti-
cal interventions, such as percutaneous revascularization 
and surgical techniques, are also part of optimal man-
agement of patients with chronic ischemic heart disease. 
Many medication options are available to clinicians.

US Guidelines
In the United States, the Management of Stable Ischemic 
Heart Disease: Summary of Clinical Practice Guidelines, 
2012, from the American College of Physicians/American 
College of Cardiology Foundation/American Heart 
Association/American Association for Thoracic Surgery/
Preventive Cardiovascular Nurses Association/Society of 
Thoracic Surgeons131 are:
Class I
 1.  Use a β-blocker (carvedilol, metoprolol succinate, or 

bisoprolol) for all patients with systolic left ventricular 
dysfunction (ejection fraction ≤ 40%), HF or prior MI, 
unless contraindicated. (Level of Evidence A), and for 
relief of angina. (Level of Evidence B)

 2.  Prescribe ACE inhibitors or ARBs (if intolerant to 
ACE inhibitors) to all patients with SIHD who have 
concomitant hypertension, diabetes, left ventricular 
systolic dysfunction (ejection fraction ≤ 40%), and/or 
CKD, unless contraindicated. (Level of Evidence A)

 3.  Prescribe CCBs or long-acting nitrates for symptom 
relief when β-blockers are contraindicated or cause 
unacceptable side effects in patients with SIHD. (Level 
of Evidence B)
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 4.  CCBs or long-acting nitrates, in combination with 
β-blockers, should be prescribed when β-blockers 
alone are unsuccessful. (Level of Evidence B)

 5.  Prescribe sublingual nitroglycerin or nitroglycerin 
spray for immediate relief of angina in patients with 
stable ischemic heart disease. (Level of Evidence: A)

Class IIa
 1.  Treatment with a long-acting nondihydropyridine CCB 

(verapamil or diltiazem) instead of a β-blocker as ini-
tial therapy for relief of symptoms is reasonable in 
patients with SIHD. (Level of Evidence: B).

 2.  Ranolazine can be useful when prescribed as a sub-
stitute for β-blockers for relief of symptoms in patients 
with SIHD if initial treatment with β-blockers leads to 
unacceptable side effects or is ineffective, or if initial 
treatment with β-blockers is contraindicated. (Level 
of Evidence: B) Ranolazine in combination with 
β-blockers can be useful when prescribed for relief of 
symptoms when initial treatment with β-blockers is not 
successful. (Level of Evidence: A)

European Guidelines
The European medical community has a larger armamen-
tarium of antianginal therapies.

The 2013 European Society of Cardiology guidelines132 
include the following:
 1.  Short-acting nitrates are recommended (Class I, Level B).
 2.  First-line treatment with β-blockers and/or CCBs (Class I, 

Level A).
 3.  For second-line treatment: long-acting nitrates or 

ivabradine or nicorandil or ranolazine (Class IIa, Level B), 
or trimetazadine (Class IIb, Level B).

 4.  For vasospastic angina, consider CCBs and nitrates, and 
avoid β-blockers (Class IIa, Level B).

 5.  For event prevention: ACE inhibitors or ARBs if HF, hyper-
tension, or diabetes (Class I, Level A).

Guidelines from NICE (United Kingdom)104 opt for a dif-
ferent approach (Fig. 20.7):
 1.  β-Blockers remain the initial drug monotherapy, but the 

NICE guideline development group found no differentiat-
ing evidence (total and cardiovascular mortality, risk for 
MI and stroke, and symptom severity) between β-blockers 
and CCBs. The NICE guideline development group could 
not recommend any other first-line monotherapy, includ-
ing long-acting nitrates, due to development of tolerance, or 
novel agents, such as ranolazine, nicorandil, or ivabradine.

 2.  Combination treatment with β-blockers plus CCBs is not 
recommended if symptoms are well controlled on one 
drug. Yet short-term improvement in exercise tolerance 
is an observed benefit of the combination. For patients 
in whom two antianginal drugs fail to control symptoms 
and who are either awaiting or contraindicated for revas-
cularization, a therapeutic trial of a third antianginal 
medication may be considered.

 3.  If a stable angina patient has contraindications to or is intol-
erant of β-blockers or CCBs, monotherapy with ivabradine, 
nicorandil (not authorized to market in the UK, but can be 
added with informed consent), or ranolazine (or a long-
acting nitrate) may be considered. The clinician should 
take into account contraindications to these novel agents, 
patient preferences, and drug costs. Ivabradine, nicorandil, 
or ranolazine can be added to β-blocker or CCB monother-
apy for patients whose symptoms are not well controlled.

2012 Canadian Guidelines—Ranolazine
The main recommendations of the Canadian Cardiovascular 
Society and the Canadian Pain Society for refractory angina 
(RFA) regarding ranolazine133 are:
 1.  Robust randomized clinical trials focused on patients 

with RFA are needed before ranolazine can be recom-
mended definitively as an antianginal agent (Strong 
Recommendation, Moderate-Quality Evidence).

Therapies to prevent episodes of angina
FIRST LINE: Offer a β-blocker, such as bisoprolol 5–10 mg daily

Aim for heart rate between 50–60 beats per minute

If β-blocker contraindicated or
not tolerated consider a rate-

controlling calcium channel blocker
(diltiazem or verapamil)

If additional anti-anginal therapy is
required add a dihydropyridine

calcium channel blocker, such as
amlodipine 5–10 mg daily

If both β-blockers and calcium channel blockers are
contraindicated or not tolerated consider monotherapy with:

• A long-acting nitrate or
• Nicorandil or
• Ivabradine or
• Ranolazine 

+Place of new anti-anginal therapies
• Ivabradine: may be useful in symptomatic patients 

where  heart rate remains >60 bpm despite optimal 
dose of β-blocker or rate controlling calcium channel 
blocker; or where these rate controlling agents are 
contra-indicated  or not tolerated

• Ranolazine: may be useful in patients where the use 
of other options is limited by bradycardia or

     hypotension

If symptoms are not adequately
controlled, consider referral for
revascularisation; an additional

anti-anginal may be added whilst
awaiting cardiology review

If symptoms are not
satisfactorily controlled,
consider adding a long-acting
nitrate, nicorandil, 
ivabradine or ranolazine

If rate-controlling
calcium channel

blocker is
contraindicated or not
tolerated consider a

dihydropyridine
calcium channel

blocker (amlodipine)

If symptoms are
not satisfactorily
controlled,
consider adding a
long-acting nitrate,
nicorandil or
ranolazine

If dihydropyridine calcium
channel blocker is
contraindicated or not
tolerated consider adding a
long-acting intrate, nicorandil,
ivabradine  or ranolazine

FIG. 20.7 2011 NICE guidelines for the medical therapy for chronic stable angina. (Data from the National Clinical Guideline Centre, National Institute for Health and 
Clinical Excellence (NICE), 2011. Management of Stable Angina.)
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 2.  Ranolazine may hold promise for reduction in angina 

symptoms, particularly for those patients who cannot tol-
erate upward titration of conventional antianginal agents 
due to depressive effects on heart rate and blood pressure 
(Weak Recommendation, Moderate-Quality Evidence).

 3.  Values and preferences: The recommendations place a 
high value on the need for high-quality, RFA-specific evi-
dence to support future practice recommendations, as 
well as the potential benefit of ranolazine to reduce angina 
symptoms, particularly among those who cannot tolerate 
upward titration of conventional antianginal agents.

CONCLUSION

As highlighted in this chapter, medical therapy of ischemic 
heart disease involves traditional, newer, and evolving treat-
ments. The objective is to prevent and alleviate angina pain 
and to reduce the risk of adverse cardiovascular outcomes.

First-line medical therapy, both in the United States and 
Europe, begins with one or two antianginal drugs: a β-blocker 
or a CCB. Nitrates are added for prophylaxis and treatment 
for angina attacks.

Add-on options are ranolazine, nicorandil, or ivabradine. 
For patients with hypertension, diabetes, a previous MI, left 
ventricular systolic dysfunction (ejection fraction ≤ 40%), 
and/or CKD, an ACE inhibitor should be added.

The choice of therapy in all patients with chronic stable 
angina depends on patient comorbidities, side effect pro-
files, contraindications, and patient lifestyle and preferences. 
Ultimately, the choice of appropriate antianginal therapy 
should be based on a careful assessment, not only of the 
evidence base in the published literature, but also on the 
often unique needs of the individual patient.
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INTRODUCTION

Chronic coronary artery disease (CAD) is a heterogeneous 
condition that encompasses patients with a history of acute 
coronary syndrome (ACS), patients with a history of coro-
nary revascularization by percutaneous coronary interven-
tion (PCI) or surgery, patients with stable angina symptoms, 
patients with silent myocardial ischemia, and asymptomatic 
patients without myocardial ischemia but with evidence of 
CAD by imaging. CAD is most often caused by obstructive ath-
erosclerosis, although other mechanisms, such as vasospasm, 
may contribute. Across those various conditions, the role of 
anticoagulant and antiplatelet therapy is mainly to minimize 
the risk of a major adverse cardiac event, such as acute myo-
cardial infarction (MI), stroke, or cardiovascular death, by pre-
venting the occurrence or growth of an arterial thrombus as 
a consequence of plaque erosion or rupture. Because plaque 
erosion or rupture is ubiquitous in the coronary vasculature 
of patients with atherothrombosis,1 antithrombotic therapies 
constitute a cornerstone of secondary prevention.

To prevent coronary thrombosis and acute coronary 
events in patients with chronic CAD, who represent a high-
risk group,2 a wide armamentarium of antithrombotic 
agents and strategies, ranging from single antiplatelet ther-
apy to dual- or even triple-antithrombotic therapy and vari-
ous anticoagulant agents, is available today.

With this growing number of options and combinations, 
the focus has shifted from using ever more potent agents 
to finding the optimal balance between thrombotic and 
bleeding risks on an individual level to select the optimal 
combination, intensity, and duration of treatment for each 
patient. Finally, CAD patients requiring oral anticoagulant 
(OAC) therapy for various conditions, such as atrial fibrilla-
tion, represent a growing proportion of patients with a spe-
cific benefit/risk balance regarding antithrombotic agents.

ANTIPLATELET AGENTS

Platelet-mediated thrombosis is a major pathophysiologic 
mechanism underlying coronary thrombosis.3 Platelets 
adhere to ruptured or eroded plaques, are activated, aggre-
gate, and release secondary messengers, which produce fur-
ther thrombosis and vasoconstriction and serve as a surface 

for activation of the clotting cascade (Fig. 21.1). Therefore, 
inhibition of platelet activation or aggregation is a very effec-
tive method of preventing coronary thrombosis. The various 
existing antiplatelet agents can act at different points in the 
platelet to inhibit the cascade of platelet activation, amplifi-
cation, and aggregation (see Fig. 21.1).

Aspirin
Aspirin (acetylsalicylic acid) has long been, and largely 
remains, the cornerstone of antithrombotic treatment for 
patients with chronic CAD.

Thromboxane receptors are expressed in platelets, inflam-
matory cells, the vascular wall, and atherosclerotic plaques.4 
Low doses of aspirin irreversibly block cyclooxygenase-1 
(COX-1), the enzyme that promotes the synthesis of throm-
boxane A2 from arachidonic acid, by acetylating a serine 
residue near the narrow catalytic site of the COX-1 channel.5,6 
When doses are increased, aspirin inhibits both COX-1 and 
COX-2, leading to antiinflammatory and analgesic effects, and 
it can also inhibit the formation of antiaggregatory prostacy-
clin. Therefore, low doses of aspirin are generally preferred.

Aspirin is rapidly absorbed in the stomach and upper small 
intestine. Plasma concentrations peak 30 to 40 minutes after 
the ingestion of uncoated aspirin. In contrast, after the admin-
istration of enteric-coated formulations, it can take up to 3 or 
4 hours for plasma concentrations to reach their peak, and 
thromboxane inhibition can be less complete.7 Aspirin has a 
half-life of 15 to 20 minutes in plasma. Despite the rapid clear-
ance of aspirin from the circulation, its antiplatelet effect lasts 
for the life of a platelet. For its effect to be translated into pre-
vention of thrombosis, inhibition of thromboxane generation 
needs to be greater than 95%.8 It has been shown that daily 
administration of as low a dose as 30 mg of aspirin results 
in complete suppression of platelet thromboxane A2 produc-
tion after 1 week, through a cumulative process of fractional 
acetylation of unacetylated platelet COX-1 by successive daily 
doses of aspirin.9 Therefore, regimens of 75 to 100 mg of aspi-
rin daily usually exceed the minimal effective dose required 
for a full pharmacodynamic effect, accommodating some 
degree of interindividual variability in drug response. With a 
daily generation of approximately 10% of new platelets, near 
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normal primary hemostasis can be recovered within 2 to 3 
days after the last aspirin dose. A faster rate of platelet turnover 
has been reported in proinflammatory settings, such as diabe-
tes10; this can reduce the aspirin-induced pharmacodynamic 
effect. In patients with diabetes, twice-daily administration of 
aspirin has been shown to result in greater platelet inhibi-
tion than once-daily administration.11,12 However, the clinical 
implications of this observation remain to be demonstrated.

The benefit of aspirin in CAD patients has been docu-
mented extensively. A meta-analysis that included 287 stud-
ies evaluating antiplatelet agents (aspirin being the most 
represented), involving 135,000 patients, demonstrated 
that antiplatelet therapy reduced the combined outcomes 
of nonfatal MI, nonfatal stroke, and vascular death by one-
third (Fig. 21.2A), and vascular mortality by one-sixth (with 
no apparent adverse effect on other deaths) across a broad 
group of patients with arterial diseases. In the same meta-
analysis, doses of 75 to 150 mg appeared to be as effective as 
higher doses (Fig. 21.2B). Data from the CURRENT-OASIS 7 
trial, which compared low doses (75–100 mg daily) and high 
doses (300–325 mg daily) of aspirin in ACS patients, found 
no reduction in efficacy with lower doses, but a reduction 
in the risk of major gastrointestinal bleeding (0.2% vs 0.4%; 
p = 0.04).13

P2Y12 Inhibitors
P2Y12 inhibitors act as antagonists of the platelet adenosine 
diphosphate (ADP) receptor P2Y12, thereby inhibiting platelet 
aggregation. This pharmacologic class includes thienopyridines 

(ticlopidine, clopidogrel, and prasugrel) as well as ticagrelor (a 
cyclopentyl-triazolo-pyrimidine [CPTP] inhibitor) and cangre-
lor (a short-acting intravenous ADP inhibitor).

Ticlopidine
Ticlopidine was the first P2Y12 inhibitor available. In a ran-
domized trial of 650 patients with unstable angina, ticlopidine 
reduced MI by over 50% (5.1% vs 10.9%; p = 0.006) compared 
with “conventional therapy.”14 However, the clinical applica-
tion of ticlopidine was hindered by its delayed onset of action 
and by the development of neutropenia (2.4%); for these rea-
sons, ticlopidine use is currently largely abandoned.

Clopidogrel
Clopidogrel is a prodrug that needs to be transformed into an 
active metabolite. After absorption, 85% of clopidogrel is hydro-
lyzed by esterases into an inactive carboxylic acid; the remain-
ing 15% undergoes a 2-step oxidation process via hepatic 
cytochrome P450 isoenzymes, mainly CYP2C19 (which is asso-
ciated with both steps) and, to a lesser extent, CYP1A2, CYP2B6, 
CYP3A4, and CYP3A5.15 The transient active thiol metabolite 
specifically and irreversibly binds to the platelet P2Y12 receptor. 
Steady-state platelet function inhibition occurs after 5 to 7 days 
of clopidogrel maintenance dosing; for that reason, a loading 
dose is recommended to achieve more rapid inhibition.

Clopidogrel as Single Antiplatelet Therapy
The major randomized trial supporting the use of clopido-
grel in chronic CAD patients was the Clopidogrel versus 
Aspirin in Patients at Risk of Ischaemic Events (CAPRIE) 
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trial,16 which enrolled more than 19,000 stable patients with 
atherothrombosis (patients with previous ischemic stroke, 
previous MI, or peripheral arterial disease [PAD]). CAPRIE 
compared clopidogrel (75 mg daily) and aspirin (325 mg 
daily) in terms of reduction in risk of a composite outcome 
(ischemic stroke, MI, or vascular death). Patients assigned 
to clopidogrel had a significant but modest 8.7% rela-
tive reduction in the composite outcome compared with 
those assigned to aspirin (5.83% vs 5.32%, respectively; p = 
0.043). There appeared to be some heterogeneity in benefit 
depending on subgroups (P for interaction = 0.042), with the 
largest relative benefit observed in patients with PAD (Fig. 
21.3). Given the modest superiority, the cost of clopidogrel at 
the time, and the large evidence base for aspirin, aspirin has 
remained the first-line choice for antiplatelet therapy, but 
clopidogrel is an alternative for patients who are intolerant 
to aspirin.

Dual Antiplatelet Therapy with Aspirin and Clopidogrel
With the emergence of coronary stenting, it appeared that the 
combination of aspirin and an oral P2Y12 receptor blocker 
was required to minimize the risk of stent thrombosis,17–19 and 
dual antiplatelet therapy (DAPT) with aspirin and clopidogrel 
rapidly became the standard of care for patients undergoing 

 No (%) of vascular events Odds ratio (CI) % Odds
 No of trials Allocated Adjusted Observed-  Antiplatelet: control reduction
Category of trial with data antiplatelet control expected  Variance  (SE)
Previous myocardial 12 1345/9984 1708/10,022 –159.8 567.6 25 (4)
  infarction  (13.5) (17.0)

Acute myocardial 15 1007/9658 1370/9644 181.5 519.2 30 (4)
  infarction  (10.4) (14.2)

Previous stroke/transient 21 2045/11,493 2464/11,527 –152.1 625.8 22 (4)
  ischemic attack  (17.8) (21.4)

Acute stroke 7 1670/20,418 1858/20,403 –94.6 795.3 11 (3)
  (8.2) (9.1)

Other high risk 140 1638/20,359 2102/20,543 –222.3 737.0 26 (3)
  (8.0) (10.2)

Subtotal: all except 188 6035/51,494 7644/51,736 –715.7 2449.6 25 (2)
  acute stroke  (11.7) (14.8)

All trials 195 7705/71,912 9502/72,139 –810.3 3244.9 22 (2)
  (10.7) (13.2)

Heterogeneity of odds reductons between:
5 categories of trial: 2= 21.4, df=4; P=0.0003
Acute stroke  other: 2=18.0, df=1; P=0.00002

 No (%) of vascular events Odds ratio (CI) % Odds
 No of trials    Observed-  Regiment 1: Regimen 2  reduction
Category of trial with data Regimen 1 Regimen 2   expected  Variance  (SE)

Higher v lower aspirin doses:
500–1500 mg v 75–325 mg* 7 227/1608 231/1589 –3.1 93.0 3 (10)
  (14.1) (14.5)

75 mg v < 75 mg† 3 254/1795 234/1775 8.5 104.3 –8 (10)
  (14.2) (13.2)

Subtotal 10 481/3403 465/3364 5.4 197.3 –3 (7)
  (14.1) (13.8)

0 0.5 1.0 1.5 2.0
 Antiplatelet better  Antiplatelet worse
  Treatment effect P<0.0001

A

B
FIG. 21.2 (A) Benefit of aspirin in atherothrombotic patients according to clinical presentation. (B) Effect of different doses of aspirin on vascular events. *Includes one trial 
comparing 1400 mg/day v 350 mg/day, and another (excluding those with acute stroke) comparing 1000 mg/day v 300 mg/day among patients who were also given dipyridam-
ole. †Includes two trials comparing 75-325 mg aspirin daily v <75 mg aspirin daily and one trial of 500-1500 mg aspirin daily v <75 mg aspirin daily. CI, Confidence interval; SE, 
standard error. (From Antithrombotic Trialists Collaboration: Collaborative meta-analysis of randomised trials of antiplatelet therapy for prevention of death, myocardial infarc-
tion, and stroke in high risk patients. BMJ. 2002;324:71.)

Relative-risk reduction (%)

Stroke
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All patients

–40 –30 –20 –10 0 10 20 30 40
  Aspirin better    Clopidogrel better

FIG. 21.3 Effect of clopidogrel compared with aspirin in the CAPRIE trial. MI, Myo-
cardial infarction; PAD, peripheral arterial disease. (From CAPRIE Steering Commit-
tee: A randomised, blinded trial of clopidogrel versus aspirin in patients at risk of is 
chaemic events (CAPRIE). Lancet. 1996;348:1329.)
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PCI. Subsequently, this combination was tested in ACS and its 
role was extended to secondary prevention.

Secondary Prevention after Acute Coronary Syndrome
In ACS patients, the benefit of DAPT with aspirin plus clopi-
dogrel was established in the CURE randomized trial,20 
which enrolled more than 12,000 patients with non-ST-seg-
ment elevation (NSTE) ACS, who were assigned to clopido-
grel or placebo on a background treatment of aspirin for 
up to 12 months. The primary outcome (composite of death 
from cardiovascular cause, nonfatal MI, or stroke) occurred 
in 9.3% of patients in the clopidogrel group and 11.4% in the 
placebo group (p < 0.001). Interestingly, the benefit of clopi-
dogrel started early, but event curves continued to diverge 
for several months, suggesting continuous accrual of benefit 
from DAPT in secondary prevention (Fig. 21.4).

The benefits of DAPT with aspirin plus clopidogrel were 
also demonstrated in ST-segment elevation MI (STEMI) in the 
CLARITY and COMMIT trials.21,22 CLARITY22 enrolled STEMI 
patients treated with thrombolysis who presented within 12 
hours after symptom onset and were randomly assigned to 
receive clopidogrel (300-mg loading dose, followed by 75 
mg once daily) or placebo. Clopidogrel reduced the primary 
outcome (a composite of either an occluded infarct-related 
artery, defined by a Thrombolysis In Myocardial Infarction 
[TIMI] flow grade of 0 or 1 on angiography, death, or recurrent 
MI before angiography) by 6.7% in absolute terms. COMMIT21 
randomized more than 45,000 Chinese patients within 24 
hours of suspected acute MI to clopidogrel or placebo in addi-
tion to aspirin. Patients assigned to clopidogrel experienced 
a 9% relative reduction in the primary composite outcome of 
death, reinfarction, or stroke (2121 [9.2%] clopidogrel vs 2310 
[10.1%] placebo; p = 0.002). There was also a 7% (95% confi-
dence interval [CI] 1% to 13%) relative reduction in all-cause 
mortality (1726 [7.5%] vs 1845 [8.1%]; p = 0.03).

Although the follow-up periods in the CLARITY and COMMIT 
trials were 1 month, and despite the lack of solid data regarding 
the long-term benefit of clopidogrel compared with placebo 
after STEMI, international guidelines recommend 12 months of 
DAPT after STEMI, which is consistent with non-STEMI guide-
lines. After 12 months, treatment is generally scaled down to 
single antiplatelet therapy with low-dose aspirin.23,24

Stable Patients
The main trial testing DAPT with aspirin and clopidogrel in 
stable patients was the CHARISMA trial, 24a which randomly 
assigned 15,603 stable patients to receive either clopidogrel 
or placebo, on top of aspirin. The population was somewhat 
heterogeneous: patients were eligible for enrollment if they 
had multiple atherothrombotic risk factors, or documented 
CAD, documented cardiovascular disease, or documented 
symptomatic PAD. Patients were not eligible if they had 
an established indication for clopidogrel therapy, such as 
recent ACS. After a median follow-up of 28 months, there 
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FIG. 21.4 Cumulative hazard rates for the first primary outcome during the 12 
months of the CURE trial. (From Mehta SR, Yusuf S, Peters RJ, et al. Effects of pretreat-
ment with clopidogrel and aspirin followed by long-term therapy in patients undergo-
ing percutaneous coronary intervention: the PCI-CURE study. Lancet. 2001;358:527.)
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FIG. 21.5 Kaplan-Meier curves for the primary composite endpoint (cardiovascular death, myocardial infarction, or stroke) in CHARISMA trial patients. (From Bhatt, DL, Fox 
KAA, Hacke W, et al. Clopidogrel and aspirin versus aspirin alone for the prevention of atherothrombotic events. N Engl J Med. 2006;354:1706.)
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was no difference between the two treatment arms in terms 
of relative risk (0.93, 95% CI 0.83 to 1.05; p = 0.22) (Fig. 21.5).

There was an interaction between the treatment and the 
patient profile: patients with established atherothrombosis 
derived benefit from treatment with clopidogrel (hazard 
ratio [HR] 0.83, 95% CI 0.72 to 0.96; p = 0.01) (Fig. 21.6).25 In 
contrast, patients with risk factors only derived no benefit 
(relative risk 1.20, 95% CI 0.91 to 1.59; p = 0.20). 24a In a post 
hoc analysis,25 including only patients with prior cardiovas-
cular events (prior MI, ischemic stroke, or symptomatic PAD), 
the rate of cardiovascular death, MI, or stroke was lower in 
the clopidogrel plus aspirin arm than in the placebo plus 
aspirin arm: 7.3% versus 8.8% (HR 0.83, 95% CI 0.72 to 0.96; p 
= 0.01) (Fig. 21.7). Additionally, hospitalizations for ischemia 
were reduced (11.4% vs 13.2%; HR 0.86, 95% CI 0.76 to 0.96; 
p = 0.008).25 There was no significant difference in the rate 
of severe bleeding (1.7% vs 1.5%; HR 1.12, 95% CI 0.81 to 1.53; 
p = 0.50). However, these subgroups and post hoc analyses 
of an overall negative trial were not deemed sufficient to 
change practice, and single antiplatelet therapy remained 
the recommendation for secondary prevention in patients 
with stable CAD.

Limitations of Clopidogrel
Clopidogrel has substantial limitations, with a moderate 
antiplatelet effect and a delayed onset and offset of action. 
Moreover, the response to clopidogrel is highly variable. In 
a series of more than 500 patients, the response of subjects 
to clopidogrel was shown to follow a normal bell-shaped 
distribution (Fig. 21.8).26

Reduced effectiveness of clopidogrel has been shown in 
carriers of reduced-function alleles of particular enzymes, 
particularly the common variant CYP2C19*2. On clopidogrel, 
carriers of this variant have worse clinical outcomes than 
noncarriers.27–29 The reduced response to clopidogrel among 
carriers of the reduced-function allele can, in part, be over-
come with increased doses of clopidogrel.28 However, trials 
have failed to show that altering the clopidogrel dose accord-
ing to functional or genetic testing improves outcomes.30–32

Several trials have tried to adapt the clopidogrel dose 
according to platelet function testing or genotype. In the 
GRAVITAS trial, Price et al.31 randomly assigned 2214 
patients who had undergone PCI with at least one drug-elut-
ing stent (DES) for the treatment of stable CAD. All patients 
were initially treated with aspirin plus clopidogrel. Platelet 
function was measured using the VerifyNow P2Y12 test, 12 to 
24 hours after PCI. Patients without high on-treatment reac-
tivity (platelet reactivity units [PRUs] < 230) were kept on 
the standard clopidogrel dose (75 mg). Patients with high 
on-treatment reactivity (PRUs > 230) were randomized to 

receive a high clopidogrel dose (600 mg initial dose and 
150 mg thereafter) or a standard clopidogrel dose (no addi-
tional loading dose, 75 mg daily). At 6 months, the primary 
endpoint (death from vascular cause, nonfatal MI, or stent 
thrombosis) occurred in 25 patients (2.3%) on high-dose 
clopidogrel compared with 25 patients (2.3%) on the stan-
dard clopidogrel dose (HR 1.01, 95% CI 0.58 to 1.76; p = 0.97). 
Severe or moderate bleeding was not increased with the 
high-dose regimen. Therefore, the use of the platelet func-
tion test to guide clopidogrel dosing failed to demonstrate 
superiority compared with a standard treatment strategy.

Other clinical trials have evaluated platelet treatment 
intensification, with a switch to more potent drugs rather 
than increasing the clopidogrel dose in patients with high 
on-treatment platelet reactivity; the results were also nega-
tive (see hereafter).

Prasugrel
Prasugrel is a second-generation thienopyridine that, like 
clopidogrel, requires conversion from an inactive form 
to an active metabolite by cytochrome p450 enzymes.33 
Compared with clopidogrel, prasugrel is metabolized more 
rapidly and completely to its active component. This dif-
ference in metabolism allows prasugrel to achieve a more 
rapid onset of action and a higher level of platelet inhibition 
(Fig. 21.9), as well as reduced interpatient variability.33,34

In the TRITON-TIMI 38 trial,35 prasugrel was compared 
with clopidogrel in 13,608 ACS patients (both STEMI and 

 Placebo Clopidogrel   HR (95% and Cl) p-value

Prior MI 8.3% 6.6% 0.774 (0.613, 0.978) 0.031

Prior IS 10.7% 8.4% 0.780 (0.624, 0.976) 0.029

Prior PAD 8.7% 7.6% 0.869 (0.671, 1.125) 0.285

Entire cohort 8.8% 7.3% 0.829 (0.719, 0.956) 0.010

0.5 1 2

Cardiovascular death/MI/stroke

FIG. 21.6 Hazard ratios (HRs) for the primary endpoint in CHARISMA trial patients enrolled with prior myocardial infarction (MI), ischemic stroke (IS), or peripheral arterial 
disease (PAD). CI, Confidence interval. (From Bhatt DL, Flather MD, Hacke W, et al. Patients with prior myocardial infarction, stroke, or symptomatic peripheral arterial disease in 
the CHARISMA trial. J Am Coll Cardiol. 2007;49:19.)
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NSTE ACS) scheduled for PCI, with a treatment duration rang-
ing from 6 to 15 months. The primary efficacy composite end-
point of cardiovascular death, nonfatal MI, or nonfatal stroke 
was reduced by prasugrel (HR for prasugrel vs clopidogrel 
0.81, 95% CI 0.73 to 0.90; p < 0.001). Conversely, major bleed-
ing not related to coronary artery bypass graft (CABG) was 
increased by approximately a third (HR 1.32, 95% CI 1.03 to 
1.68; p = 0.03) (Fig. 21.10). No differences in all-cause or car-
diovascular mortality were observed between treatment arms.

A post hoc subgroup analysis of the TRITON-TIMI 38 trial 
showed that patients older than 75 years and with a body 
weight less than 60 kg derived no net clinical benefit from 
prasugrel and that in patients with previous stroke or transient 
ischemic attack (TIA), prasugrel was associated with net harm 
(Fig. 21.11). Therefore, prasugrel is contraindicated in patients 
with prior TIA or stroke, and there is a warning for patients 
aged over 75 years or with a body weight less than 60 kg.

In the TRITON-TIMI 38 trial, prasugrel was initiated in the 
acute phase and continued for up to 15 months. Secondary 

landmark analyses for efficacy, safety, and net clinical benefit 
were performed from randomization to day three, and from 
day three to the end of the trial. Significant reductions in 
ischemic events, including MI, stent thrombosis, and urgent 
target vessel revascularization, were observed with the use 
of prasugrel during the first three days and from day three 
to the end of the trial. TIMI major non-CABG bleeding rates 
were similar to clopidogrel during the first three days, but 
were higher with prasugrel from day three to the end of the 
study. Assessment of net clinical benefit favored prasugrel 
both early and late in the trial.36 This trial therefore supports 
the use of prasugrel instead of clopidogrel in secondary pre-
vention in ACS patients undergoing PCI, for approximately 
one year, after which treatment is scaled down to single anti-
platelet therapy with aspirin.

However, the TRITON-TIMI 38 trial did not include medi-
cally managed patients. The TRILOGY trial37 was therefore 
specifically designed to compare prasugrel with clopidogrel 
in patients presenting with NSTE ACS and managed without 
intervention. After a median follow-up of 17 months, the pri-
mary endpoint of death from cardiovascular causes, MI, or 
stroke among patients aged older than 75 years occurred in 
13.9% of the prasugrel group and 16.0% of the clopidogrel 
group (HR in the prasugrel group 0.91, 95% CI 0.79 to 1.05; p 
= 0.21). This trial therefore does not support the use of prasu-
grel in NSTE ACS patients treated conservatively during the 
acute phase or in secondary prevention.

The use of prasugrel has not been evaluated in unselected 
stable patients. In the TRIGGER PCI trial,32 patients with stable 
CAD who underwent PCI with at least one DES implantation 
had systematic evaluation of platelet reactivity on clopido-
grel 75 mg with the VerifyNow P2Y12 system. Patients with 
high platelet reactivity were randomly assigned to prasugrel 
10 mg daily or clopidogrel 75 mg daily. The primary efficacy 
endpoint of cardiac death or MI at 6 months occurred in 
no patient on prasugrel versus one patient on clopidogrel. 
Given the low rate of ischemic events in this trial, the clinical 
utility of prasugrel based on platelet function evaluation in 
stable patients has not been established.

 –30 (–30, –20) (–20, –10) (–10, 0) (0, 10) (10, 20) (20, 30) (30, 40) (40, 50) (50, 60) >60

%
 o

f p
at

ie
nt

s

20

10

0

Resistance

Resistance = 31%

Aggregation (%)

24 Hours

FIG. 21.8 Platelet aggregometry in response to adenosine diphosphate 24 hours after clopidogrel 300-mg loading dose. (From Gurbel PA, Bliden KP, Hiatt BL, et al. Clopido-
grel for coronary stenting: response variability, drug resistance, and the effect of pretreatment platelet reactivity. Circulation. 2003;107:2908.)
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Similarly, the ARCTIC trial30 randomly assigned 2440 
patients scheduled for coronary stenting (excluding STEMI 
patients) to a strategy of platelet function monitoring 
(assessed with VerifyNow and aspirin point-of-care assays), 
with drug adjustment (additional loading dose of clopidogrel 
or prasugrel followed by a daily maintenance dose of 150 mg 
of clopidogrel or 10 mg of prasugrel after the procedure) in 
patients with poor response to antiplatelet therapy, or to a con-
ventional strategy without monitoring and drug adjustment. 
The primary endpoint occurred in 34.6% of the patients in the 
monitoring group versus 31.1% of those in the conventional-
treatment group (HR 1.13, 95% CI 0.98 to 1.29; p = 0.10).

The results of the TRIGGER-PCI and ARCTIC trials do not 
support the use of prasugrel based on platelet function tests 
in stable patients. As a consequence, current guidelines do 
not support the routine use of a platelet function test to 
guide antiplatelet therapy.

Ticagrelor
Ticagrelor is a reversible and direct-acting oral antagonist 
of the ADP receptor P2Y12. It has been demonstrated that 
ticagrelor provides faster onset and greater inhibition 
of platelet aggregation than does clopidogrel.38,39 In the 
ONSET/OFFSET study, the onset and offset of platelet inhi-
bition were compared between clopidogrel- and ticagrelor-
treated patients. Ticagrelor achieved more rapid platelet 
inhibition than a loading dose of 600 mg of clopidogrel; this 
was sustained during the maintenance phase, and ticagrelor 
offset was faster after drug discontinuation (Fig. 21.12).40

Ticagrelor in Patients with Acute Coronary Syndrome
The clinical efficacy of ticagrelor in ACS patients was eval-
uated in the PLATO trial.41 In this multicenter, double-blind, 
randomized trial, ticagrelor (180-mg loading dose and 
then 90 mg daily) was compared with clopidogrel (300- 
to 600-mg loading dose and then 75 mg daily) in 18,624 
patients admitted to hospital with an ACS with or without 
ST-segment elevation. At 12 months, the primary endpoint 
(composite of death from cardiovascular causes, MI, or 
stroke) occurred in 9.8% of patients receiving ticagrelor 
compared with 11.7% of those receiving clopidogrel (HR 
0.84, 95% CI 0.77 to 0.92; p < 0.001) (Fig. 21.13). Importantly, 
death from cardiovascular cause (a predefined secondary 
endpoint) was also reduced (4.0% vs 5.1%; HR 0.79, 95% CI 
0.69 to 0.91; p = 0.001). No difference in the rates of major 
bleeding or transfusion was seen between the ticagrelor 
and clopidogrel groups (11.6% vs 11.2%; p = 0.43) when 
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FIG. 21.10 Kaplan-Meier curves for the primary efficacy endpoint (cardiovascular death, nonfatal myocardial infarction, or nonfatal stroke) and the key safety endpoint (major 
bleeding) in patients on clopidogrel or prasugrel in the TRITON-TIMI 38 trial. CI, Confidence interval. (From Wiviott SD, Braunwald E, McCabe CH, et al. Prasugrel versus clopido-
grel in patients with acute coronary syndromes. N Engl J Med. 2007;357:2001.)
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FIG. 21.11 Post hoc analysis of various subgroups deriving no benefit or harm 
from prasugrel versus clopidogrel in the TRITON-TIMI 38 trial. HR, Hazard ratio; Pint, 
p for interaction; TIA, transient ischemic attack. (From Wiviott SD, Braunwald E, 
McCabe CH, et al. Prasugrel versus clopidogrel in patients with acute coronary syn-
dromes. N Engl J Med. 2007;357:2001.)
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analyzed by intention to treat; however, this encompassed 
patients undergoing CABG surgery in whom bleeding rates 
were high. When non-CABG-related major bleeding was 
analyzed, ticagrelor increased bleeding (4.5% vs 3.8%; HR 
1.19, 95% CI 1.02 to 1.38; p = 0.03).

Ticagrelor has specific side effects that are related to 
adenosine metabolism. Dyspnea was twice as frequent in 
patients given ticagrelor than in patients given clopidogrel, 
and led to treatment discontinuation in approximately 1% 

of patients. 41 The dyspnea was generally mild and transient 
(most episodes lasted < 1 week), occurred early after ini-
tiation, and was not associated with any abnormality on 
examination or on lung-function tests.42 Holter monitoring 
detected more ventricular pauses during the first week in 
the ticagrelor group; however, these episodes were infre-
quent at 30 days and were rarely associated with symptoms.

Of note, an interaction (p = 0.045) was observed between 
treatment effect and enrollment region, with no benefit 
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from ticagrelor in patients enrolled in North America. This 
interaction might result from a negative interaction between 
ticagrelor and the higher dose of aspirin usually used in the 
United States (> 150 mg) compared with other regions. This 
observation has led to a recommendation to use ticagrelor 
with low-dose aspirin (up to 150 mg).43

This trial therefore supports the use of ticagrelor instead 
of clopidogrel in secondary prevention in ACS patients 
undergoing PCI for up to 1 year, after which treatment is 
scaled down to single antiplatelet therapy with aspirin.

Ticagrelor in Stable Patients
In diabetic patients, the effectiveness of aspirin for the preven-
tion of cardiovascular events is less firmly established than in 
the overall population,44 possibly because of the accelerated 
turnover of platelets in these patients.45,46 The THEMIS trial 
(NCT01991795, currently ongoing) aims to compare the effect 
of ticagrelor versus placebo on top of aspirin in patients with 
type 2 diabetes with either documented CAD or previous coro-
nary revascularization. Patients with a history of MI or stroke 
are excluded, and therefore only stable patients are included.

Dual Antiplatelet Therapy Beyond 1 Year
The clopidogrel, prasugrel, and ticagrelor trials converge 
to show that DAPT combining aspirin and an oral P2Y12 
receptor blocker for up to one year is useful in second-
ary prevention. The potential benefit of DAPT beyond 

the first year after an ACS is less firmly established. Data 
come from several sources, including the PEGASUS trial47  
and many trials testing the optimal duration of DAPT 
after stenting (generally including both ACS and non-ACS 
patients).

PEGASUS47 was a double-blind, international, random-
ized trial that included 21,162 patients who had had an MI 
1 to 3 years previously and had one of several additional 
risk factors for atherothrombosis (age ≥ 65 years, diabetes 
mellitus requiring medication, a second prior spontaneous 
MI, multivessel CAD, or chronic renal dysfunction [defined 
as an estimated creatinine clearance of < 60 mL/min]). 
Patients were randomized to one of three arms: ticagrelor 
90 mg twice daily; ticagrelor 60 mg twice daily; or placebo. 
All patients received low-dose aspirin. The median follow-up 
was 33 months. The primary endpoint (a composite of car-
diovascular death, MI, or stroke) was reduced with the two 
ticagrelor doses, with Kaplan-Meier rates at 3 years of 7.85% 
in the group receiving 90 mg, 7.77% in the group receiving 60 
mg, and 9.04% in the placebo group: HR for 90 mg of ticagre-
lor versus placebo 0.85, 95% CI 0.75 to 0.96 (p = 0.008); 
and HR for 60 mg of ticagrelor versus placebo 0.84, 95% CI 
0.74 to 0.95 (p = 0.004) (Fig. 21.14). The primary safety end-
point (TIMI major bleeding rate) was higher with ticagrelor 
(2.60% with 90 mg and 2.30% with 60 mg) than with placebo 
(1.06%) (p < 0.001 for each dose versus placebo). All-cause 
death was not significantly different in the three groups. It 
appears, therefore, that the continuation of DAPT for more 
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FIG. 21.14 Kaplan-Meier rates of cardiovascular death, myocardial infarction, and stroke over 3 years, according to study group, in the PEGASUS trial. CI, Confidence interval. 
(From Bonaca MP, Bhatt DL, Cohen M, et al. Long-term use of ticagrelor in patients with prior myocardial infarction. N Engl J Med. 2015;372:1791.)
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than one year after ACS may benefit some patients by reduc-
ing the rate of ischemic events. However, this reduction in 
ischemic events in a large population is counterbalanced 
by an increase in major bleeding, without clear benefit in 
terms of overall mortality reduction. Patients in whom DAPT 
is continued after one year have to be carefully selected; the 
tools allowing this selection remain to be created.

An additional analysis provides some insight into a 
subgroup of patients who may derive greater benefit from 
ticagrelor. Patients in the PEGASUS-TIMI 54 trial were catego-
rized by time from last P2Y12 inhibitor (≤ 30 days, > 30 to 360 
days, > 360 days). The benefit of ticagrelor depended on the 
time from the last dose, with HRs (95% CIs) for ticagrelor 
(pooled doses) versus placebo of 0.73 (0.61 to 0.87), 0.86 
(0.71 to 1.04), and 1.01 (0.80 to 1.27), respectively, by category 
(p trend for interaction = 0.001). 47a The benefit of ticagrelor 
for long-term secondary prevention in patients with prior MI 
appears, therefore, to be more marked in patients continu-
ing on or restarting after only a brief interruption of P2Y12 
inhibition. However, additional analyses are still needed to 
further clarify the profile of post-MI patients most likely to 
benefit from uninterrupted DAPT.

The DAPT study was a large trial (nearly 10,000 patients) 
that was powered to address the question of optimal DAPT 
duration after DES implantation.48 In this trial, after 12 
months of treatment with a thienopyridine (clopidogrel 
or prasugrel) and aspirin, patients who did not experience 
ischemic and bleeding events were randomized to receive 
thienopyridine continuation or placebo for another 18 
months. In this trial, continued treatment with thienopyri-
dine, versus placebo, reduced the rates of stent thrombosis 
(0.4% vs 1.4%; HR 0.29, 95% CI 0.17 to 0.48; p < 0.001) and 
major adverse cardiovascular and cerebrovascular events 
(4.3% vs 5.9%; HR 0.71, 95% CI 0.59 to 0.85; p < 0.001). The 
rate of moderate or severe bleeding was increased with con-
tinued thienopyridine treatment (2.5% vs 1.6%; p = 0.001). 
The rate of death from any cause was 2.0% in the group that 

continued thienopyridine therapy and 1.5% in the placebo 
group (HR 1.36, 95% CI 1.00 to 1.85; p = 0.05).

An additional analysis49 examined the effect of con-
tinued thienopyridine on ischemic and bleeding events 
among patients initially presenting with versus without MI. 
In both groups, continued thienopyridine reduced MI (2.2% 
vs 5.2% [p < 0.001] for MI; 2.1% vs 3.5% [p < 0.001] for no 
MI; p for interaction = 0.15), but increased bleeding (1.9% 
vs 0.8% [p = 0.005] for MI; 2.6% vs 1.7% [p = 0.007] for no 
MI; p for interaction = 0.21). However, the reduction in major 
adverse cerebrovascular or cardiovascular events for con-
tinued thienopyridine was greater for patients with MI (3.9% 
vs 6.8%; p < 0.001) compared with those with no MI (4.4% vs 
5.3%; p = 0.08) (p for interaction = 0.03).

In the PEGASUS and DAPT trials, prolonged DAPT reduced 
ischemic events, but increased bleeding, without a clear ben-
efit in terms of mortality. Several smaller trials have evaluated 
the effect of long-term DAPT; these trials usually included a 
heterogeneous population. A meta-analysis50 focusing on the 
subgroup of patients with previous MI included more than 
33,000 patients. Extended DAPT decreased the risk of major 
adverse cardiovascular events compared with aspirin alone 
(6.4% vs 7.5%; risk ratio [RR] 0.78, 95% CI 0.67 to 0.90; p = 
0.001) and reduced cardiovascular death (2.3% vs 2.6%; RR 
0.85, 95% CI 0.74 to 0.98; p = 0.03), with no increase in non-
cardiovascular death (RR 1.03, 95% CI 0.86 to 1.23; p = 0.76) 
(Fig. 21.15).

It appears therefore that prolonged DAPT is of particular 
interest in patients with previous MI.

Single Antiplatelet Therapy with a Novel 
Agent
Several ongoing trials are evaluating the role of single antiplate-
let therapy with ticagrelor after PCI. The GLOBAL LEADERS 
trial51 and the TWILIGHT trial (NCT02270242) are evaluating 
ticagrelor monotherapy in an all-comer population of patients 

 Risk ratio (95% CI) P

Major adverse cardiovascular events 0.78 (0.67–0.90) 0.001

Cardiovascular death 0.85 (0.74–0.98) 0.03

Myocardial infarction 0.70 (0.55–0.88) 0.003

Stroke 0.81 (0.68–0.97) 0.02

Stent thrombosis (definite/probable) 0.50 (0.28–0.89) 0.02

Major bleeding 1.73 (1.19–2.50) 0.004

Noncardiovascular death 1.03 (0.86–1.23) 0.76

All-cause death 0.92 (0.83–1.03) 0.13

0.10 0.50 1.00 2.50 

 Favors extended DAPT Favors aspirin alone

FIG. 21.15 Risk of individual cardiovascular and bleeding endpoints comparing extended dual antiplatelet therapy versus aspirin alone in patients with previous myocardial 
infarction. CI, Confidence interval. (From Udell JA, Bonaca MP, Collet JP, et al. Long-term dual antiplatelet therapy for secondary prevention of cardiovascular events in the sub-
group of patients with previous myocardial infarction: a collaborative meta-analysis of randomized trials. Eur Heart J. 2016;37:390.)
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treated by PCI (including stable and ACS patients). The design 
of these trials is described in section titled Future Perspectives.

Vorapaxar
In addition to its role in the coagulation cascade, throm-
bin is a powerful inducer of platelet aggregation. Platelet 
responses to thrombin are mediated by surface G protein-
coupled receptors, known as protease-activated receptors 
(PARs) or thrombin receptors. The PAR-1 subtype acts as 
the principal thrombin receptor on human platelets and is 
selectively blocked by vorapaxar. Importantly, PAR-1 block-
ade by vorapaxar spares other functions of thrombin, includ-
ing coagulation, resulting in inhibition of thrombin-induced 
platelet activation, with a larger therapeutic index than that 
achieved by anticoagulant drugs.

Vorapaxar is a selective, orally active, potent, and competi-
tive PAR-1 inhibitor, which is slowly eliminated (half-life of 
159 to 311 hours). Vorapaxar has been evaluated in two large 
randomized trials: one in ACS, the TRACER trial,52 and one in 
secondary prevention, the TRA 2P-TIMI 50 trial.53

TRACER52 randomized nearly 13,000 patients with NSTE 
ACS to vorapaxar or placebo on top of DAPT (with aspi-
rin plus clopidogrel). The trial was terminated early after 
a safety review. The primary endpoint of cardiovascular 
death, MI, stroke, recurrent ischemia with hospitalization, 
or urgent coronary revascularization was not reduced by 
vorapaxar (18.5% vs 19.9%; HR 0.92, 95% CI 0.85 to 1.01; p 
= 0.07), whereas there was an increase in the risk of bleed-
ing. Rates of moderate and severe bleeding were 7.2% in the 
vorapaxar group and 5.2% in the placebo group (HR 1.35, 
95% CI 1.16 to 1.58; p < 0.001). Intracranial hemorrhage rates 
were 1.1% and 0.2%, respectively (HR 3.39, 95% CI 1.78 to 
6.45; p < 0.001).

In TRA 2P-TIMI 50,53 more than 26,000 patients with a 
history of MI, stroke, or PAD were randomized to vorapaxar 
(2.5 mg daily) or placebo on top of standard therapy. At 3 
years, the primary endpoint (a composite of cardiovascular 
death, MI, or stroke) had occurred in 1028 patients (9.3%) 
in the vorapaxar group and in 1176 patients (10.5%) in the 
placebo group (HR for the vorapaxar group 0.87, 95% CI 0.80 
to 0.94; p < 0.001). Moderate or severe bleeding occurred in 
4.2% of patients who received vorapaxar and 2.5% of those 
who received placebo (HR 1.66, 95% CI 1.43 to 1.93; p < 
0.001). There was an increase in the rate of intracranial hem-
orrhage in the vorapaxar group (1.0% vs 0.5% in the placebo 
group; p < 0.001). Among patients with a history of stroke, 
the rate of intracranial hemorrhage in the vorapaxar group 
was 2.4% versus 0.9% in the placebo group (p < 0.001), with 
corresponding rates of fatal bleeding of 0.5% and 0.3% (p 
= 0.46). A prespecified subgroup analysis was performed 
to evaluate the safety and efficacy of vorapaxar in patients 
with previous MI.54 Cardiovascular death, MI, or stroke 
occurred less frequently in the vorapaxar group (HR 0.80, 
95% CI 0.72 to 0.89; p < 0.0001). Moderate or severe bleeding 
was more common with vorapaxar (HR 1.61, 95% CI 1.31 to 
1.97; p < 0.0001). Intracranial hemorrhage occurred in 43 of 
8880 patients (0.6%, 3-year Kaplan-Meier estimate) with vora-
paxar versus 28 of 8849 (0.4%, 3-year Kaplan-Meier estimate) 
with placebo (p = 0.076).54

Another prespecified analysis focused on a group of 
patients with previous MI and no history of stroke or TIA, 
and with stratification on planned thienopyridine use.55 
In that analysis, vorapaxar reduced the composite of car-
diovascular death, MI, and stroke compared with placebo, 

regardless of planned thienopyridine therapy: planned thi-
enopyridine HR 0.80, 95% CI 0.70 to 0.91 (p < 0.001); no 
planned thienopyridine HR 0.75, 95% CI 0.60 to 0.94 (p = 
0.011) (p for interaction = 0.67). Global Use of Strategies 
to Open Occluded Coronary Arteries (GUSTO) moderate 
or severe bleeding risk was increased with vorapaxar and 
was not significantly altered by planned thienopyridine 
use: planned HR 1.50, 95% CI 1.18 to 1.89 (p < 0.001); not 
planned HR 1.90, 95% CI 1.17 to 3.07 (p = 0.009) (p for inter-
action = 0.37).

These results have led to vorapaxar approval in second-
ary prevention in patients with previous MI or with PAD. 
However, given the risk of intracerebral hemorrhage in 
patients with previous stroke or TIA, it should not be used 
in this subset.

ANTICOAGULANTS

Triple Combination in Secondary Prevention 
after Acute Coronary Syndrome
Excess thrombin generation persists after ACS.56 As a con-
sequence, a combination of anticoagulant with antiplate-
let agent is theoretically interesting. The combination of a 
vitamin K antagonist with aspirin has been shown, in the 
era antedating widespread use of PCI (and the attendant 
DAPT), to improve vascular outcomes after MI,57 but at the 
expense of substantial increases in bleeding and inconve-
nience, because of the need for monitoring. In the era of 
DAPT, the benefit-risk ratio associated with the addition of 
anticoagulant therapy to DAPT is more uncertain. Several 
anticoagulants have been evaluated in this context.

Six of the new OACs have been tested in placebo-con-
trolled phase II trials, which included patients with STEMI 
and NSTE ACS: ximelagatran (ESTEEM58), dabigatran etexi-
late (RE-DEEM59), rivaroxaban (ATLAS ACS-TIMI 4660), apixa-
ban (APPRAISE60a), darexaban (RUBY-161), and letaxaban 
(AXIOM-ACS62). These dose-finding studies were powered 
to evaluate safety, and the drugs were administered once or 
twice daily in multiple dosages for a maximum of 6 months. 
All of these trials showed a dose-dependent increase in 
bleeding. Only two agents have been evaluated in phase III 
trials: apixaban and rivaroxaban.

Apixaban
Apixaban is a direct factor Xa inhibitor. In the APPRAISE-2 
trial,63 5 mg twice daily (the dose used to prevent throm-
boembolic complications in ACS patients) was compared 
with placebo, in addition to standard therapy, in patients 
with recent ACS. In this trial, which included more than 7000 
patients, the addition of apixaban increased major bleed-
ing. The primary safety outcome of TIMI major bleeding 
occurred in 46 of the 3673 patients (1.3%) who received at 
least one dose of apixaban (2.4 events/100 patient-years) 
and in 18 of the 3642 patients (0.5%) who received at least 
one dose of placebo (0.9 events/100 patient-years) (HR with 
apixaban 2.59, 95% CI 1.50 to 4.46; p = 0.001), without a sig-
nificant reduction in ischemic events.

Rivaroxaban
Rivaroxaban is an OAC that directly and selectively inhibits 
factor Xa. The addition of very low doses of rivaroxaban to 
antiplatelet therapy was evaluated in the ATLAS ACS2-TIMI 
51 trial64: more than 15,000 patients with a recent ASC were 
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randomized to receive twice-daily doses of 2.5 mg or 5 mg 
of rivaroxaban or placebo. The primary outcome was a com-
posite of cardiovascular death, MI, or stroke. It was reduced 
by rivaroxaban compared with placebo with both the twice-
daily 2.5-mg dose (9.1% vs 10.7%; p = 0.02) and the twice-daily 
5-mg dose (8.8% vs 10.7%; p = 0.03) (Fig. 21.16). Importantly, 
the twice-daily 2.5-mg dose of rivaroxaban reduced cardio-
vascular (2.7% vs 4.1%; p = 0.002) and all-cause mortality 
(2.9% vs 4.5%; p = 0.002). Rivaroxaban increased the rates of 
major bleeding not related to CABG (2.1% vs 0.6%; p < 0.001) 
and intracranial hemorrhage (0.6% vs 0.2%; p = 0.009), with-
out a significant increase in fatal bleeding (0.3% vs 0.2%; p 
= 0.66) or other adverse events. The twice-daily 2.5-mg dose 
resulted in fewer fatal bleeding events than the twice-daily 
5-mg dose (0.1% vs 0.4%; p = 0.04).

These results led the European Medicines Agency to 
approve rivaroxaban, coadministered with aspirin alone 
or with aspirin plus clopidogrel or ticlopidine for the pre-
vention of atherothrombotic events in adult patients after 
an ACS with elevated cardiac biomarkers. Conversely, 
rivaroxaban was not approved by the US Food and Drug 
Administration for this indication, largely because of con-
cerns regarding incomplete follow-up, as patients who dis-
continued the study drug were only followed for 30 days 
after stopping treatment.

Although encouraging, this trial only included patients 
receiving clopidogrel as a P2Y12 inhibitor. The addition of low-
dose rivaroxaban to new P2Y12 inhibitors has not yet been 
evaluated. The ongoing GEMINI ACS1 trial (NCT02293395) is 
evaluating the risk of bleeding with rivaroxaban compared 
with aspirin, in addition to a P2Y12 receptor antagonist (clop-
idogrel or ticagrelor), in patients with a recent ACS. Therefore, 
the exact role of rivaroxaban in the modern antithrombotic 
armamentarium remains to be clarified.

The role of low-dose rivaroxaban alone or combined with 
low-dose aspirin in stable patients with CAD or PAD is cur-
rently being evaluated versus aspirin alone in the COMPASS 
trial (NCT01776424). This very large trial (estimated 27,400 

patients) includes patients with CAD or PAD. Patients requir-
ing DAPT are excluded. Patients are randomized to one of 
three treatment arms: rivaroxaban 2.5 mg plus aspirin 100 
mg once daily; rivaroxaban 5 mg twice daily; and aspirin 100 
mg once daily. Patients who are not on proton-pump inhibi-
tors will also be randomized to pantoprazole or placebo.

Triple Combination in Patients with an 
Indication for Oral Anticoagulant Therapy
Patients with an indication for OAC therapy (such as stroke 
prevention in atrial fibrillation or a mechanical valvular bio-
prosthesis) and with CAD present a real conundrum. The 
presence of atrial fibrillation is associated with an increased 
ischemic risk in CAD patients, but the combination of anti-
platelet therapy with OAC therapy dramatically increases 
the bleeding risk.65,66 Available data are scarce, but large 
ongoing trials should provide more information.

Currently Available Data
WOEST67 was an open-label, multicenter, randomized, con-
trolled trial that randomized 573 patients receiving OAC 
therapy and undergoing PCI (most of whom were stable) 
to either clopidogrel alone (double therapy) or clopidogrel 
plus aspirin (triple therapy). The primary endpoint was any 
bleeding at one year. Patients on double therapy experi-
enced less bleeding at one year than patients on triple ther-
apy (19.4% vs 44.4%; HR 0.36, 95% CI 0.26 to 0.50; p < 0.0001) 
(Fig. 21.17).

Surprisingly, there was actually an increase in ischemic 
events in patients receiving triple therapy (Fig. 21.18). This 
might be explained by the fact that patients who experience 
bleeding often require temporary or permanent withhold-
ing of antithrombotic agents. Although groundbreaking, this 
trial should be interpreted with caution. Firstly, this was a rel-
atively modestly sized trial powered for bleeding. Secondly, 
the trial enrolled mostly stable patients, and it is uncertain 
whether the strategy outlined would be as safe in patients 
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with ACS. Finally, the trial was done with vitamin K antago-
nists and does not provide an insight into the novel direct 
OACs, although the safety profile of the latter has generally 
been similar to, or better than, that of vitamin K antagonists.68

ISAR-TRIPLE69 was a randomized, open-label trial that 
included 614 patients receiving OAC therapy who under-
went DES implantation; they were assigned to either 6 weeks 
or 6 months of clopidogrel therapy. The primary endpoint 
was a composite of death, MI, definite stent thrombosis, 
stroke, or TIMI major bleeding at 9 months. The primary end-
point occurred in 30 patients (9.8%) in the 6-week group 
compared with 27 patients (8.8%) in the 6-month group (HR 
1.14; 95% CI 0.68 to 1.91; p = 0.63), whereas the secondary 
endpoint of TIMI major bleeding occurred in 16 patients 
(5.3%) in the 6-week group compared with 12 patients 
(4.0%) in the 6-month group (HR 1.35, 95% CI 0.64 to 2.84; 
p = 0.44). The trial failed to demonstrate noninferiority of 6 
weeks of therapy compared with 6 months of therapy, prob-
ably because of its modest size.

Upcoming Trials
Due to the evidence gap, several trials are currently being 
conducted.

MUSICA-270 is a multicenter, open-label, randomized trial 
including 300 patients that will test the hypothesis that DAPT 
compared with triple therapy in patients with nonvalvular 
atrial fibrillation at low-to-moderate risk of stroke (CHADS2 
score ≤ 2) after PCI and stenting reduces the risk of bleeding 
and is not inferior to triple therapy for preventing thrombo-
embolic complications.

PIONEER AF-PCI71 is an open-label, exploratory, multi-
center trial that will randomize 2100 patients with atrial 
fibrillation undergoing PCI to one of three treatment arms: 
rivaroxaban 15 mg once daily plus clopidogrel 75 mg daily 
for 12 months (a WOEST trial-like strategy); or rivaroxaban 
2.5 mg twice daily (with stratification to a prespecified dura-
tion of DAPT of 1, 6, or 12 months; an ATLAS trial-like strat-
egy); or dose-adjusted vitamin K antagonist once daily (with 
stratification to a prespecified duration of DAPT of 1, 6, or 
12 months; traditional triple therapy). The primary endpoint 
will be a composite of TIMI major bleeding, bleeding requir-
ing medical attention, and minor bleeding.

RE-DUAL PCI is a multicenter, open-label trial that will 
include patients with nonvalvular atrial fibrillation presenting 
with an ACS and treated by PCI. Patients will be randomized to 
a dual antithrombotic therapy regimen of 110 mg dabigatran 
etexilate twice daily plus clopidogrel or ticagrelor, or 150 mg 
dabigatran etexilate twice daily plus clopidogrel or ticagrelor, 
or a triple antithrombotic therapy combination of warfarin 
plus clopidogrel or ticagrelor plus aspirin ≥ 100 mg once daily.

FUTURE PERSPECTIVES

Is Aspirin Really the Cornerstone of 
Antiplatelet Therapy in Patients with 
Coronary Artery Disease?
As previously described, the optimal duration of DAPT 
after PCI remains uncertain. However, as aspirin has been 
considered the cornerstone of antithrombotic therapy, 
new potent antiplatelet agents have not been evaluated 
as a single therapy. The GLOBAL LEADERS trial51 random-
ized 16,000 all-comer patients, including ACS and stable 
patients, to ticagrelor 90 mg twice daily plus aspirin for 1 

month followed by ticagrelor alone for 23 months versus 
conventional DAPT (ticagrelor or clopidogrel plus aspi-
rin for 12 months followed by aspirin alone). Similarly, 
the TWILIGHT trial (NCT02270242) is randomizing 9000 
patients and aims to determine the impact of antiplate-
let monotherapy with ticagrelor alone versus DAPT with 
ticagrelor plus aspirin for 12 months in terms of reducing 
clinically relevant bleeding (efficacy) among high-risk 
patients undergoing PCI who have completed a 3-month 
course of aspirin plus ticagrelor. The secondary objec-
tive of this study is to determine the impact of antiplate-
let monotherapy with ticagrelor alone versus DAPT with 
ticagrelor plus aspirin for 12 months in terms of reducing 
major ischemic adverse events (safety) among high-risk 
patients undergoing PCI who have completed a 3-month 
course of aspirin plus ticagrelor.

What Is the Optimal Duration of DAPT after 
Stent Implantation?
Stent implantation is associated with a risk of stent thrombo-
sis, which is reduced, in part, by maintenance of DAPT. After 
bare-metal stent implantation, endothelialization occurs early, 
and DAPT is therefore recommended for up to one month.72

First generation DESs was associated with pathologic 
healing73 and an increase in late and very late stent throm-
bosis.74,75 For that reason, prolonged DAPT up to one year 
was initially recommended after DES implantation.76 
However, arterial healing has been considerably improved 
with second-generation DESs,77 and this has resulted in 
improved safety and reduced stent thrombosis rates.78,79 For 
this reason, shorter DAPT durations have been investigated 
with this new generation of DESs.

In the PRODIGY trial,80 2013 patients were randomized 
to 6 vs 24 months of DAPT after DES implantation. The risks 
of death, MI, cerebrovascular accident, and stent thrombosis 
did not differ between the study groups; however, there was 
a consistently greater risk of hemorrhage in the 24-month 
clopidogrel group.

In the ITALIC trial,81 nearly 2000 patients were random-
ized to either 24 months or 6 months of DAPT after DES 
implantation. The primary endpoint was a composite of 
death, MI, urgent target vessel revascularization, stroke, 
and major bleeding at 12 months after stenting. There 
was no significant difference in the primary endpoint 
(24 months 1.5% vs 6 months 1.6%; p = 0.85) (Fig. 21.19). 
Noninferiority was demonstrated for 6-month versus 
24-month DAPT, with an absolute risk difference of 0.11% 
(95% CI–1.04% to 1.26%; p for noninferiority = 0.0002). 
There were no significant differences in stent thrombosis 
or bleeding complications.

In the ISAR-SAFE trial,82 4000 patients were randomized 
to 6 or 12 months of DAPT after DES implantation. The pri-
mary endpoint was the composite of death, MI, stent throm-
bosis, stroke, and TIMI major bleeding at 9 months after 
randomization. In this trial, 6 months of DAPT was noninfe-
rior to 12 months (observed difference = –0.1%, upper limit 
of one-sided 95% CI = 0.5%, limit of noninferiority = 2%, p for 
noninferiority < 0.001).

These trials, in addition to others, suggest therefore that 
shorter DAPT durations are not inferior to longer DAPT dura-
tions (1 year or more) and are not, in particular, associated 
with increased stent thrombosis. However, the trials were rel-
atively small and were probably underpowered to address 



A
n

tip
latelet an

d
 A

n
tico

ag
u

lan
t D

ru
g

s
317

21
the question of stent thrombosis, as the incidence of this 
complication is below 1%.

As mentioned previously, with nearly 10,000 patients, 
the DAPT trial48 was powered to address the question of 
optimal DAPT duration after coronary stenting. After 12 
months of treatment with a thienopyridine (clopidogrel 
or prasugrel) and aspirin, patients who did not experi-
ence ischemic or bleeding events were randomized 
to receive thienopyridine continuation or placebo for 
another 18 months. The coprimary efficacy endpoints 
were stent thrombosis and major adverse cardiovascular 
and cerebrovascular events (a composite of death, MI, or 
stroke) during the period from 12 to 30 months. The pri-
mary safety endpoint was moderate or severe bleeding. 
Continued treatment with thienopyridine, compared with 
placebo, reduced the rates of stent thrombosis (0.4% vs 
1.4%; HR 0.29, 95% CI 0.17 to 0.48; p < 0.001) (Fig. 21.20) 
and major adverse cardiovascular and cerebrovascular 
events (4.3% vs 5.9%; HR 0.71, 95% CI 0.59 to 0.85; p < 

0.001). The rate of MI was lower with thienopyridine treat-
ment than with placebo (2.1% vs 4.1%; HR 0.47; p < 0.001). 
The rate of death from any cause was 2.0% in the group 
that continued thienopyridine therapy and 1.5% in the 
placebo group (HR 1.36, 95% CI 1.00 to 1.85; p = 0.05). 
The rate of moderate or severe bleeding was increased 
with continued thienopyridine treatment (2.5% vs 1.6%; 
p = 0.001). An elevated risk of stent thrombosis and MI 
was observed in both groups during the 3 months after 
discontinuation of thienopyridines.

This trial and the PEGASUS trial (see section on DAPT 
Beyond 1 Year) suggest that long-term DAPT might be ben-
eficial for high-risk patients in whom ischemic risk exceeds 
bleeding risk, and deleterious in patients in whom bleeding 
risk exceeds ischemic risk. In particular, patients with pre-
vious MI seem to derive particular benefit from prolonged 
DAPT.

In a 2016 meta-analysis,50 including more than 33,000 
patients with previous MI, extended DAPT decreased the 
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risk of major adverse cardiovascular events compared with 
aspirin alone (6.4% vs 7.5%; RR 0.78, 95% CI 0.67 to 0.90; p = 
0.001) and reduced cardiovascular death (2.3% vs 2.6%; RR 
0.85, 95% CI 0.74 to 0.98; p = 0.03), with no increase in non-
cardiovascular death (RR 1.03, 95% CI 0.86 to 1.23; p = 0.76). 
The resultant effect on all-cause mortality was an RR of 0.92 
(95% CI 0.83 to 1.03; p = 0.13). Extended DAPT also reduced 
MI (RR 0.70, 95% CI 0.55 to 0.88; p = 0.003), stroke (RR 0.81, 
95% CI 0.68 to 0.97; p = 0.02), and stent thrombosis (RR 0.50, 
95% CI 0.28 to 0.89; p = 0.02). There was an increased risk of 
major bleeding (1.85% vs 1.09%; RR 1.73, 95% CI 1.19 to 2.50; 
p = 0.004), but not fatal bleeding (0.14% vs 0.17%; RR 0.91, 
95% CI 0.53 to 1.58; p = 0.75).

It therefore appears that DAPT duration should currently 
be tailored according to the individual patient’s risks. The 
DAPT score83 is an attempt to address the problem of long-
term treatment individualization according to ischemic 
and bleeding risks. Yeh et al.83 have identified ischemic and 
bleeding risk determinants. Factors that were both ischemic 
and bleeding risk factors were eliminated from the model. 
The final score includes 10 items, with a negative ponder-
ation for bleeding risk factors and a positive ponderation for 
ischemic risk factors (Table 21.1). According to the model, 
patients with a DAPT score less than 2 have an increased 
bleeding risk without ischemic reduction with prolonged 
DAPT, whereas patients with a DAPT score of 2 or greater 
have an ischemic risk reduction without an increased 
bleeding risk.

Similarly, risk scores for ischemic and major bleeding 
events after stent implantation have been derived from the 
PARIS trial83a and were validated in the ADAPT-DES regis-
try.84 The scores are presented in Tables 21.2 and 21.3.

Recent US guidelines85 summarize the available evidence 
on DAPT duration as follows: in patients with stable CAD, 
clopidogrel should be given for at least 6 months. However, in 
patients who have tolerated DAPT without bleeding compli-
cation and who are not at high bleeding risk, continuation of 
DAPT may be reasonable. Conversely, in patients with stable 
CAD who develop a high risk of bleeding or significant overt 

bleeding, discontinuation of a P2Y12 inhibitor after 3 months 
may be reasonable. European guidelines are aligned with 
the US guidelines, as they recommend a DAPT duration 
of 6 months after DES implantation, but advise consider-
ing shorter durations in patients at high bleeding risk and 
longer durations in patients at high ischemic risk and low 
bleeding risk.

TABLE 21.1 The Dual Antiplatelet Therapy (DAPT) 
Score

VARIABLE POINTS

Patient characteristics

 Age (years)
 ≥ 75  –2
 65 to < 75  –1
 < 65  0

 Diabetes mellitus  1

 Current cigarette smoker  1

 Prior PCI or prior MI  1

 CHF or LVEF < 30%  2

Index procedure characteristics

 MI at presentation  1

 Vein graft PCI  2

 Stent diameter < 3 mm  1

CHF, Congestive heart failure; LVEF, left ventricular ejection fraction; MI, myocardial 
infarction; PCI, percutaneous coronary intervention.
(From Yeh RW, Secemsky EA, Kereiakes DJ, et al. Development and validation of a 
prediction rule for benefit and harm of dual antiplatelet therapy beyond 1 year after 
percutaneous coronary intervention. JAMA. 2016;315:1735.)

TABLE 21.2 PARIS Risk Score for Major Bleeding

CHARACTERISTIC POINTS

Age (years)
 < 50 0
 50 to 59 +1
 60 to 69 +2
 70 to 79 +3
 ≥ 80 +4

BMI (kg/m2)
 < 25 +2
 25 to 34.9 0
 ≥ 35 +2

Current smoking
 Yes +2
 No 0

Anemia
 Present +3
 Absent 0

CrCl < 60 mL/min
 Present +2
 Absent 0

Triple therapy on discharge
 Yes +2
 No 0

BMI, Body mass index; CrCl, creatinine clearance.
(From Baber U, Mehran R, Giustino G, et al. Coronary thrombosis and major 
bleeding After PCI with drug-eluting stents: risk scores from PARIS. J Am Coll 
Cardiol. 2016 May 17;67(19):2224-34.)

TABLE 21.3 PARIS Risk Score for Coronary 
Thrombotic Events

CHARACTERISTIC POINTS

Diabetes mellitus
 None 0
 Non–insulin-dependent +1
 Insulin-dependent +3

Acute coronary syndrome
 No 0
 Yes, Tn-negative +1
 Yes, Tn-positive +2

Current smoking
 Yes +1
 No 0

CrCl < 60 mL/min
 Present +2
 Absent 0

Prior PCI
 Yes +2
 No 0

Prior CABG
 Yes +2
 No 0

CABG, Coronary artery bypass graft; CrCl, creatinine clearance; PCI, percutaneous 
coronary intervention; Tn, troponin.
(From Baber U, Mehran R, Giustino G, et al. Coronary thrombosis and major 
bleeding after PCI with drug-eluting stents: risk scores from PARIS. J Am Coll 
Cardiol. 2016 May 17;67(19):2224-34.)
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CONCLUSIONS

Long-term monotherapy with low-dose aspirin is still the 
cornerstone of antithrombotic therapy in patients with 
stable CAD. In patients who have experienced an MI or 
undergone stenting, a P2Y12 inhibitor in addition to aspi-
rin is clearly beneficial (with newer P2Y12 oral inhibitors 
favored over clopidogrel in ACS patients), but there is linger-
ing uncertainty about the optimal duration of such DAPT, 
which should probably be an individualized decision based 
on the patient’s risk for ischemic events and bleeding, the 
procedure performed, and the patient’s values and prefer-
ences. Risk scores, such as the DAPT or PARIS risk scores, 
may assist in clinical decision-making. Finally, in selected 
patients, the addition of low-dose rivaroxaban or vorapaxar 
to aspirin and clopidogrel may be considered in secondary 
prevention after MI.
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INTRODUCTION

The relationship between coronary heart disease (CHD) 
and sudden cardiac death (SCD) has long been recog-
nized, with an initial description by Leonardo Da Vinci in 
the 15th century of an SCD, which he witnessed and attrib-
uted at autopsy to a “parched and shrunk and withered  
. . . artery that feeds the heart.”1 Research over the past 50 
years allowed improved characterization and understand-
ing of CHD as a substrate for SCD. Many pathophysiologic 
processes underlying the vulnerability to SCD in CHD have 
been increasingly recognized, including the impact of CHD 
burden, vascular pathophysiology, the role of ischemia and 
scarring, the electrophysiologic abnormalities of the myo-
cardial substrate, and the role of ischemic cardiomyopathy 
and left ventricular (LV) dysfunction. This has allowed sig-
nificant advancements in medical and interventional thera-
pies to prevent and treat SCD.

DEFINITION AND EPIDEMIOLOGY

SCD is defined as death from otherwise unexpected sudden 
circulatory collapse from a cardiovascular cause. Generally, 
this includes SCD events that are witnessed, occurring 
within 1 hour of change in clinical status, or nonwitnessed 
death, which has occurred within the preceding 24 hours.2–4 
As such, the estimates of SCD in the community have var-
ied based on definitions and ascertainment of events.5,6 In 
the United States, it is estimated that 300,000 to 350,000 SCD 
cases occur every year.5

The exact contribution of CHD to the population of SCD 
cases is not clearly defined and remains a subject of debate.6 
In fact, SCD estimates in the United States are largely based 
on the retrospective review of death certificates or extrapo-
lation to the general population from smaller well-studied 
communities.7–11 Nonetheless, it is generally accepted that 
approximately 80% of all SCD cases are related to CHD and 
that SCD accounts for approximately 50% of all deaths from 

CHD.12 Improvements in primary and secondary prevention 
measures have led to significant declines in CHD-related 
mortality since the 1980s,13,14 but the rates of sudden and 
unexpected deaths from CHD have declined to a lesser 
extent.15,16 This reflects two challenging aspects in risk strati-
fication: SCD is the initial clinical manifestation of CHD in 
a substantial proportion of SCD events, and accurate SCD 
risk prediction in patients with established CHD remains 
suboptimal.12 As such, individual risk assessment in clinical 
practice remains difficult with the currently available tools 
and strategies.

Similarly, it remains difficult to ascertain age, gender, and 
racial differences in CHD-related SCD events. However, it is 
likely that similar trends would be observed due to the sub-
stantial contribution of CHD to the overall SCD burden. In 
general, the incidence of SCD increases with age regardless 
of gender or race.17 However, by age groups, the proportion 
of overall deaths classified as SCDs appears to be more sig-
nificant in the young.18 Women, in general, have a lower inci-
dence of SCD than do men19,20 which may reflect the lower 
or delayed burden of CHD in women. There also appear 
to be some racial differences in SCD epidemiology. Black 
Americans are at higher risk compared to white Americans, 
and Hispanic Americans are at lower risk than are non-
Hispanic Americans.11,17,21,22 Whether these variations are 
related to genetic or socioeconomic differences is not clear.

PATHOPHYSIOLOGY

The pathophysiology of SCD is complex but is believed to 
reflect the interaction of the vascular substrate, the myo-
cardial substrate, and systemic modulation.23 SCD events 
typically require a substrate and a trigger, which lead to elec-
trical instability and lethal ventricular arrhythmia, which 
result in hemodynamic collapse and death (Fig. 22.1). Both 
the substrate and the triggers are dynamic, contributing to 
the clinical challenges in risk stratification.
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Historically, SCD events were viewed as a function of 
the severity of chronic CHD atherosclerotic lesions, but 
the understanding of the vascular substrate, as a dynamic 
component, has evolved over the years.24–26 Whereas 
the severity and distribution of significant coronary 
stenoses is important for the pathogenesis of SCD, the 
dynamic variations in plaque properties, inflammation, 
or vulnerability to rupture may significantly contribute 
to SCD. An unstable plaque, even in the absence of acute 
coronary syndrome (ACS) from significant lumen occlu-
sion, may lead to spasm and could trigger arrhythmias. 
As such, the identification of a culprit vessel, especially 
postmortem, is not an easy task even in the presence of 

a severely stenotic vessel. Similarly, the myocardial sub-
strate, which is to a degree dependent on the dynamic 
vascular substrate, could generate ventricular arrhythmias 
independently of the status of blood supply, such as in 
scar-dependent arrhythmia circuits. This myocardial sub-
strate is dynamic as well, such as in transient ischemia 
or in postinfarct scar remodeling, especially in the bor-
der zones between scar and normal myocardium. The 
dynamic changes affecting the myocardium and its vul-
nerability to arrhythmias include mechanical stress and 
autonomic influences, which may result in transient isch-
emia or vulnerability of a static scar to electrical reentry 
and arrhythmogenesis.23,27–29

Vulnerability:
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Drugs
Autonomic
Hemodynamic 
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FIG. 22.1 Coronary artery disease as a substrate for sudden cardiac death. MI, Myocardial infarction.
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The contribution of CHD to SCD encompasses the 

spectrum of CHD and its effect on the myocardium as an 
arrhythmogenic substrate. Clinical settings include: (1) 
SCD as the initial clinical manifestation of CHD, (2) acute 
myocardial infarction (MI) or ACSs, (3) acute myocardial 
ischemia without infarction, (4) myocardial convalescence 
post-MI, and (5) CHD-related structural changes, such as 
scar formation or ventricular dilatation from prior infarc-
tion or chronic ischemia. In the latter, there is a particular 
role for the severity of LV dysfunction and heart failure in 
SCD pathogenesis.

It is estimated that approximately 25% of CHD-related 
SCD patients have evidence of myocardial necrosis on 
autopsy studies.30,31 In sudden cardiac arrest survivors, bio-
marker evidence of MI is present in approximately 40% of 
patients,32 which suggests that acute MI contributes to some 
but not all CHD-related SCD. In non-MI CHD-related SCD, the 
underlying mechanism is ventricular arrhythmia caused by 
ischemic or other arrhythmogenic triggers with an underly-
ing diseased substrate.16

Sudden Cardiac Death as the Initial Clinical 
Manifestation of Coronary Heart Disease
This is perhaps the most challenging group for both clini-
cians and researchers. It is estimated that this first event cat-
egory contributes approximately one-third of all SCD events, 
accounting for over 100,000 cases every year in the United 
States. Unfortunately, strategies are lacking for risk stratifi-
cation and identification of subjects at risk in the general 
population. Risk assessment relies primarily on identify-
ing high-risk pockets within low-risk groups. The presence 
of CHD risk factors carries a risk of future SCD even in the 
absence of clinically recognized CHD,23,33 emphasizing the 
importance of risk factor control to prevent SCD in the gen-
eral population.

Sudden Cardiac Death at the Time of Acute 
Myocardial Infarction or Acute Coronary 
Syndromes
This typically refers to the initial 24- to 48-hour period after 
the onset of an MI. Whereas it shares some features related 
to SCD from ischemia without infarction, elevated risk in 
this setting is characterized by a dynamic substrate, which 
is a manifestation of acute loss of blood supply; ischemia 
and cardiomyocyte death; abnormal local electrical activa-
tion patterns; reperfusion and dynamic heterogeneities in 
electrical properties in the infarct and peri-infarct zones; 
and systemic factors, such as inflammation, hemodynamic 
alterations, and neurohormonal alterations. The endpoint of 
these phenomena is predisposition to electrical reentry and 
vulnerability to ventricular arrhythmias.

The burden of arrhythmias in the acute phase of MI 
appears to have decreased with early interventions to 
restore blood flow that may reverse or at least stabilize the 
local arrhythmogenic process.34

Ventricular arrhythmias occurring in the early phase 
after an acute MI have been considered transient without 
prognostic implications for long-term risk of recurrence. 
This is likely related to the multitude and dynamic nature 
of factors that contribute to arrhythmogenesis in the acute 
phase of MI. However, it has been suggested in some stud-
ies that a cardiac arrest in the early phase of acute MI 

might indicate some long-term risk35,36; however, it remains 
unknown whether this is related to individual predisposi-
tion, recurrent ischemia, subsequent remodeling, or fur-
ther deterioration in LV function. Nevertheless, ventricular 
arrhythmias in the first 48 hours after MI do not serve as 
an indication for defibrillator implantation for secondary 
prevention purposes.

Sudden Cardiac Death from Acute 
Myocardial Ischemia Without Infarction
SCD from acute myocardial ischemia without infarction is 
typically from a supply-demand mismatch that results in 
transient ischemia and increased arrhythmic risk. Scenarios 
include either plaque rupture with acute thrombosis limit-
ing blood flow, or vasospasm resulting in the same, as well 
as high-grade stable lesions in the setting of a sudden 
increase in demand. The abnormalities in myocardial per-
fusion and associated regional variations in ischemia and 
reperfusion result in regional heterogeneities in electrical 
properties and cell membrane electrophysiology37 with 
resultant vulnerability to triggered electrical activity, reen-
try, and SCD.

In transient ischemic states, both the ischemia and reper-
fusion phases are important in arrhythmogenesis, the former 
by creating electrical gradients across the myocardium and 
areas of inexcitability and the latter by affecting repolariza-
tion dispersion in affected areas.37,38 Triggered activity from 
this phenomenon typically generates polymorphic ventric-
ular tachycardia (VT) that can degenerate into ventricular 
fibrillation (VF) and SCD.

Sudden Cardiac Death During 
Convalescence Post–Myocardial Infarction
This phase typically starts beyond the first 48 hours after MI 
and extends for weeks, months, or even years with continu-
ing vascular and myocardial remodeling. Ventricular arrhyth-
mias that occur during this phase, in contrast to arrhythmic 
events in the early post-MI phase, are strongly associated 
with risk of clinical recurrence of ventricular arrhythmias 
and with SCD. This risk appears to be further increased by 
the degree of LV dysfunction and remains elevated despite 
modern therapies.39,40

Of note, not all SCD events in the early convalescence 
phase post-MI are arrhythmic in nature and many could be 
attributed to mechanical complications of the infarction, 
such as myocardial rupture.41 Nonetheless, arrhythmic SCD 
risk in the early convalescence phase post-MI remains high 
and predicts later events.40 However, defibrillator implants 
early after MI showed no significant benefit in terms of all-
cause survival in two separate trials (Defibrillator in Acute 
Myocardial Infarction Trial [DINAMIT] and Immediate Risk 
Stratification Improves Survival Trial [IRIS]).42,43 Although 
both trials showed a benefit of implantable cardioverter 
defibrillator (ICD) implantation in reduction of arrhythmic 
deaths, this was counterbalanced by a higher rate of nonar-
rhythmic death.

In the late convalescence period after MI, typically refer-
ring to months or years after the index event, there continues 
to be a risk of SCD likely related to ischemic cardiomyopathy, 
continued remodeling, and heart failure. This risk is lower 
than the early convalescence period but is primarily a func-
tion of the degree of LV dysfunction.44
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Sudden Cardiac Death from Coronary Heart 
Disease–Related Structural Changes
Such changes include scar formation or ventricular dilata-
tion from prior infarction or chronic ischemia. Whereas one-
quarter of SCD cases occur in the first 3 months after an 
acute MI, half of all SCD cases occur beyond the year after 
the index event.45,46 The incidence of SCD after acute MI 
appears to be similar in ST elevation and non-ST elevation 
MIs.47 The risk is highest in the acute phase as previously 
noted but decreases gradually over time.40,48

A prior history of an MI increases the risk of SCD 4-fold in 
women and 10-fold in men.49,50 The incidence rates of SCD 
after MI have declined over time with recent estimates of 1% 
per year in patients receiving optimal medical therapy and 
revascularization.48,51,52 Despite improvements in overall 
mortality rates in MI survivors and the decline in SCD rates, 
there are still subsets of MI survivors who are considered to 
be at a particularly high risk.40 The most powerful risk fac-
tors for SCD in chronic CHD are LV dysfunction and New 
York Heart Association (NYHA) functional class,53 which 
thus form the basis for why these were used as entry crite-
ria for clinical trials of ICDs and therefore are the primary 
factors affecting decisions for defibrillator implants for 
the primary prevention of SCD. The impact of these factors 
reflects their nature as clinical markers of CHD burden and 
the extent of damaged myocardium. However, whereas they 
identify high-risk subgroups in CHD, the absolute number of 
SCD cases from these subgroups account for only a minor-
ity of all CHD-related SCDs. Furthermore, many patients who 
receive defibrillators for primary prevention purposes never 
require therapy from their devices. These caveats emphasize 
the need for better strategies for risk stratification.

Risk stratification remains a topic of intense research. 
Multiple noninvasive markers have been evaluated for the 
purpose of improving individual risk prediction,54 includ-
ing clinical, imaging, electrophysiologic, genetic, and bio-
logic markers. Although high-risk markers can be identified, 
clinical relevance is limited by an absence of evidence 
supporting use of these risk factors for selection of patients 
for risk-reducing therapies, such as ICD implantation. For 
example, in chronic ischemic heart disease and in post-MI 
patients, the presence of late potentials on signal-averaged 
electrocardiogram (ECG), reduced heart rate variability, 
and T-wave or repolarization alternans have been found to 
have significant associations with SCD, but available data 
have not supported incorporating these factors into the 
clinical criteria for ICD implantation (Table 22.1).54

Ischemic Cardiomyopathy, Heart Failure, 
and Sudden Cardiac Death
Ventricular arrhythmias are common in patients with heart 
failure and range from asymptomatic premature ventricular 
contractions to sustained VT, VF, or SCD. In patients with heart 
failure, progressive pump failure accounts for only one-third 
of all cardiovascular deaths, whereas SCD accounts for the 
other two-thirds and the latter is split equally between unex-
pected SCD or SCD during episodes of clinical worsening 
of heart failure.55 The most common mechanism of SCD in 
this population is VT degenerating into VF.

The severity of heart failure correlates with higher 
overall mortality and absolute rates of SCD, but the pro-
portion of total deaths classified as SCD decreases with 
worsening NYHA class. For example, in the Metoprolol 
CR/XL Randomized Intervention Trial in Congestive Heart 

Failure (MERIT-HF), NYHA class II, III, and IV were associated 
with 1-year mortality rates of 6.3%, 10.5%, and 18.6%, respec-
tively, but the proportions of total deaths classified as SCDs 
were 64%, 59%, and 33%, respectively.56 Also, not all sudden 
deaths in patients with heart failure are due to arrhythmia. In 
the Acute Infarction Ramipril Efficacy (AIRE) trial, only 39% 
of all SCD cases were thought to be due to arrhythmias.57 
Other observations in the literature suggest that arrhythmic 
SCD cases account for most but not all unwitnessed deaths 
and deaths occurring within 1 hour of onset of symptoms.58

SECONDARY PREVENTION OF SUDDEN 
CARDIAC DEATH

Secondary prevention aims to prevent SCD in patients who 
have survived a prior sudden cardiac arrest or sustained VT.3

Sudden Cardiac Arrest from Transient or 
Reversible Causes
Experts agree, based on available evidence,3 that the primary 
goal of management in patients who survived a sudden car-
diac arrest from a transient or reversible cause is to address 
the underlying condition or disease process. There are, how-
ever, caveats to this approach, and decision-making in clinical 
practice may not be straightforward. For example, it has been 
traditionally thought that ventricular arrhythmias in the set-
ting of acute ischemia have low risk for future SCD and as 
such may not benefit from ICD implants. The reality is that 
these patients may have experienced a prior MI or have a sig-
nificant burden of coronary disease and despite revascular-
ization may still have a myocardial scar or large myocardial 
territory at risk that would be a substrate for recurrent ventric-
ular arrhythmia. Studies have indeed demonstrated increased 
subsequent risks in patients with ventricular arrhythmias 
in the setting of acute ischemia.35,59 Furthermore, in a sub-
sequent analysis of the Antiarrhythmics Versus Implantable 
Defibrillators (AVID) trial, the mortality rate of patients who 
were included in the AVID registry but not randomized due 
to a transient or correctable cause for VT/VF was no differ-
ent, or was perhaps even worse, than that of the population 
considered to have high-risk VT/VF in the randomized trial.35

As such, a careful approach to risk stratification and iden-
tification of both reversible and nonreversible causes on a 
case-by-case basis is valuable to optimize patient outcomes. 
In the specific setting of coronary disease, scar-dependent 
ventricular arrhythmias are mostly monomorphic tachy-
cardia in nature, whereas arrhythmias related to acute isch-
emia are mostly polymorphic VT or VF. In general, patients 
with polymorphic VT or VF in the setting of acute ischemia 
should be treated with revascularization for the purpose of 
reducing the risk of SCD. Sustained monomorphic VTs in the 
setting of electrolyte abnormalities or antiarrhythmic drug 
use should be treated by identifying and correcting the 
underlying condition, but it is important not to assume that 
these were the only cause of sustained monomorphic VT.

Implantable Cardioverter Defibrillators for 
Secondary Prevention of Sudden Cardiac 
Death
The role of ICDs is well established for the purpose of sec-
ondary SCD prevention based on the results of randomized 
clinical trials (Table 22.2), which have demonstrated that 
implantation of ICDs in patients who have survived a sudden 
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cardiac arrest or experienced sustained VT results in reduc-
tions in SCD and total mortality compared to antiarrhythmic 
medications.3,60–67 An algorithm for ICD use for secondary 
prevention of SCD in patients with coronary artery disease 
(CAD) is presented in Fig. 22.2. The use of ICDs for second-
ary prevention of SCD within 40 days after MI or 90 days after 
coronary revascularization is shown in Figs. 22.3 and 22.4.

AVID: Antiarrhythmics Versus Implantable Defibrillators 
Trial
In the pivotal secondary prevention randomized trial, 
AVID,60 1016 patients with resuscitated VF, sustained VT with 
syncope or sustained VT with hemodynamic compromise 
or symptoms suggesting hemodynamic instability in the 
setting of LV dysfunction (left ventricular ejection fraction 

TABLE 22.1 Summary of Noninvasive Risk-Stratification Techniques for Identifying Patients with Coronary 
Artery Disease Who Are at Risk for Sudden Cardiac Death

TECHNIQUE CONCLUSION

Imaging

LVEF Low LVEF is a well-demonstrated risk factor for SCD.
Although low LVEF has been effectively used to select high-risk patients for application of therapy 

to prevent sudden arrhythmic death, LVEF has limited sensitivity: the majority of SCDs occur in 
patients with more preserved LVEF.

ECG

QRS duration Most retrospective analyses show increased QRS duration is likely a risk factor for SCD.
Clinical utility to guide selection of therapy has not been tested.

QT interval and QT dispersion Data from some retrospective analyses show that abnormalities in cardiac repolarization are risk 
factors for SCD.

Clinical utility to guide selection of therapy has not yet been tested.

SAECG An abnormal SAECG is likely a risk factor for SCD, based predominantly on prospective analyses.
Clinical utility to guide selection of therapy has been tested, but not yet demonstrated.

Short-term HRV Limited data link impaired short-term HRV to increased risk for SCD.
Clinical utility to guide selection of therapy has not yet been tested.

Long-Term Ambulatory ECG Recording (Holter)

Ventricular ectopy and NSVT The presence of ventricular arrhythmias (VPBs, NSVT) on Holter monitoring is a well-demonstrated 
risk factor for SCD.

In some populations, the presence of NSVT has been effectively used to select high-risk patients for 
application of therapy to prevent sudden arrhythmic death. This may also have limited sensitivity.

Long-term HRV Low HRV is a risk factor for mortality, but unlikely to be specific for SCD.
Clinical utility to guide selection of therapy has been tested, but not demonstrated.

Heart rate turbulence Emerging data show that abnormal heart rate turbulence is a likely risk factor for SCD.
Clinical utility to guide selection of therapy has been tested, but not yet demonstrated.

Exercise Test/Functional Status

Exercise capacity and NYHA class Increasing severity of heart failure is a likely risk factor for SCD, although it may be more predictive 
of risk for progressive pump failure.

Clinical utility to guide selection of therapy has not yet been tested.

Heart rate recovery and recovery ventricular ectopy Limited data show that low heart rate recovery and ventricular ectopy during recovery are risk 
factors for SCD.

Clinical utility to guide selection of therapy has not yet been tested.

T-wave alternans A moderate amount of prospective data suggests that abnormal T-wave alternans is a risk factor 
for SCD.

Clinical utility to guide selection of therapy has been evaluated, but the results to date are 
inconsistent.

BRS A moderate amount of data suggests that low BRS is a risk factor for SCD.
Clinical utility to guide selection of therapy has not yet been tested.

BRS, Baroreceptor sensitivity; ECG, electrocardiogram; HRV, heart rate variability; LVEF, left ventricular ejection fraction; NSVT, nonsustained ventricular tachycardia; NYHA, 
New York Heart Association; SAECG, signal-averaged ECG; SCD, sudden cardiac death; VPB, ventricular premature beats.
From Goldberger JJ, Cain ME, Hohnloser SH, et al. AHA/ACC/HRS scientific statement on noninvasive risk stratification techniques for identifying patients at risk for sudden 
cardiac death. J Am Coll Cardiol. 2008;52:1179–1199.

TABLE 22.2 Randomized Clinical Trials of Implantable Cardioverter Defibrillators for Secondary Prevention of 
Sudden Cardiac Death and Which Included Patients with Chronic Coronary Disease

N % CHD DESIGN POPULATION HR

AVID
(1997)

1016 > 80% ICD vs. class III AAD Resuscitated VF, cardioverted VT, VT with syncope or VT with LVEF ≤ 
40% and symptoms of hemodynamic compromise

0.62 (p < 0.02)

CASH
(2000)

288 > 70% ICD vs. amiodarone vs. metoprolol Resuscitated cardiac arrest from documented sustained ventricular 
arrhythmias

0.77 (p = 0.08)

CIDS
(2000)

659 > 80% ICD vs. amiodarone Resuscitated VF or VT or unmonitored syncope 0.80 (p = 0.1)

AAD, Antiarrhythmic drug; CHD, coronary heart disease; HR, hazard ratio of mortality with implantable cardioverter defibrillator implant; ICD, implantable cardioverter 
defibrillator; LVEF, left ventricular ejection fraction; VF, ventricular fibrillation; VT, ventricular tachycardia.
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[LVEF] < 40%) were randomized to treatment with a de- 
fibrillator implant or antiarrhythmic medications sotalol or 
amiodarone. The primary endpoint of the trial was all-cause 
mortality. The majority of patients enrolled in this trial had 
coronary disease (81% in both arms), prior MI (67% in both 
arms), or significant LV dysfunction (median LVEF 31%).

The overall survival was greater with ICDs, with unad-
justed estimates of 89.3% versus 82.3% in the antiarrhythmic 
drug group at 1 year, 81.6% versus 74.7% at 2 years, and 75.4% 
versus 64.1% at 3 years (p < 0.02). This corresponded to rela-
tive reductions in mortality of 39%, 24%, and 31% at 1, 2, and 
3 years, respectively. In subset analyses, the benefit of de- 
fibrillator therapy was primarily in patients with CHD as the 
underlying cause of their arrhythmias. The trial was stopped 
prematurely due to the observed significant survival benefit 
with ICD implants. The primary effect of ICDs was preven-
tion of arrhythmic death compared with antiarrhythmics, 
but the rates of nonarrhythmic death were equivalent in the 
treatment arms. To be noted also was that patients treated 
with antiarrhythmics appeared to be at greater risk of non-
cardiac death, such as deaths related to pulmonary or renal 
disease.68

A subsequent analysis of AVID69 found that in patients 
with LVEF greater than 35%, there were no differences in 
outcomes between the treatment arms, whereas in patients 
with LVEF values between 20% and 35%, there was a clear 
and significant survival benefit of ICDs over medical therapy 
at 2 years (83% vs. 72%). The same extent of difference was 
observed in the small subset with LVEF less than 20% but 

the analysis did not have enough power to detect statistical 
difference.

CASH: Cardiac Arrest Survival in Hamburg Trial
CASH65 was a prospective, multicenter, randomized trial 
for the comparison of implantable defibrillators versus 
antiarrhythmic drug therapy in survivors of cardiac arrest 
secondary to documented ventricular arrhythmias. The 
study randomized 349 survivors of cardiac arrest from 
documented VT or VF to treatment with an ICD, metoprolol, 
propafenone, or amiodarone. Assignment to propafenone 
was discontinued during the trial due to an observed 61% 
higher all-cause mortality rate in propafenone versus ICD 
patients upon follow-up of 11.3 months. The primary end-
point of the trial was all-cause mortality. Coronary disease 
was present in approximately 75% of the patients enrolled 
in the trial. Over a mean follow-up of 57 months, the all-
cause death rates were 36.4% in the ICD arm and 44.4% 
in the amiodarone/metoprolol arm. The overall survival 
was higher in the ICD arm but did not reach statistical sig-
nificance likely due to lack of power, as the mean LVEF 
was 46%, indicating a healthier population than in AVID, 
and accordingly the 19.6% 2-year mortality rate was under 
half that used to calculate trial sample size. Nevertheless, 
the secondary endpoint of SCD was significantly reduced 
with ICD implants compared to medical therapy (13% vs. 
33%). The trial also noted that the benefit of ICD therapy 
appears to be primarily during the first 5 years after the 
index event.

*And no evidence of ischemia.
** And recovery of left ventricular function is uncertain or not expected.
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CIDS: Canadian Implantable Defibrillator Study
CIDS61 randomized 659 patients with resuscitated VF or VT 
or with unmonitored syncope to treatment with ICD implant 
or amiodarone. The primary outcome of the trial was all-
cause mortality, and the secondary outcome was arrhyth-
mic death. The proportion of patients with coronary disease 
exceeded 80% in both the ICD and medical therapy arms, 
with the majority having experienced a prior MI. Over 5 
years of follow-up, the trial found a nonsignificant reduction 
in the risk of death with ICD therapy with a 19.7% relative 
risk reduction, as well as a nonsignificant reduction in the 
risk of arrhythmic death with 32.8% relative risk reduction.

Cumulative Data of Landmark Trials and Generalizability 
of Outcomes
Whereas AVID showed a statistically significant benefit 
with ICD implant versus medical therapy, CIDS and CASH 
showed a nonsignificant trend toward benefit, which may 
have reflected a beta error and lack of statistical power to 
detect significance in the magnitude of benefit that was 
observed, different patient populations, or longer follow-up 
time in CIDS. It is also possible that patients who were con-
sidered by their managing physicians to be better candi-
dates for ICD therapy than antiarrhythmics may have been 
referred for defibrillator implant rather than enrollment in 
the trial with randomization. This would introduce a bias 
that may have favored the outcomes in the medical inter-
vention arm.

Conclusive evidence regarding the benefit of ICDs in 
these patients was observed in a meta-analysis of the three 
major trials and a fourth trial with a smaller population (Fig. 
22.5).70 When combined in a meta-analysis, data showed 
that patients with ICDs had a survival advantage over those 
treated with medical therapy with a 25% reduction in rela-
tive risk. This was primarily related to a positive effect on SCD 
rates, with a 50% relative risk reduction from this mode in 
death with ICDs. An important observation is that of an abso-
lute risk reduction of 7% in all-cause mortality, which trans-
lates into a number needed to treat of 15 that supersedes 
most clinical trials in modern cardiovascular medicine.

The findings were reproduced in a second meta-analysis 
of AVID, CIDS, and CASH with a 28% relative risk reduction in 
all-cause mortality and a 50% reduction in sudden arrhyth-
mic death and a superior benefit in patients with LVEF below 

35% compared to those with LVEF above 35%.64 The gener-
alizability of these benefits was explored by examining the 
effectiveness of defibrillators as applied in routine medical 
practice in a large cohort of patients from the National Veterans 
Administration database.71 For 3 years the study followed 6996 
patients with new-onset ventricular arrhythmia and preexisting 
ischemic heart disease and congestive heart failure, of which 
1442 received an ICD. The main finding was that ICD recipi-
ents had lower all-cause (odds ratio 0.52) and cardiovascular 
mortality (odds ratio 0.56) in multivariable analyses but no 
difference in noncardiovascular mortality. These benefits were 
observed despite a significantly lower frequency of use of 
angiotensin-converting enzyme inhibitors (ACE-I), β-blockers, 
and statins. An important observation was that the magnitude 
of benefit of ICD therapy was similar to or even greater than 
that observed in the clinical trials, with a finding that one death 
was prevented in this population for every four to five patients 
receiving an ICD over three years of follow-up.

Sudden Cardiac Death in Defibrillator Recipients
SCD due to nonarrhythmic causes (such as pulseless electri-
cal activity, pulmonary embolus, or aortic dissection) or SCD 
from terminal cardiac arrhythmias can still occur in ICD 
recipients. In the secondary prevention trials of SCD, up to 
one-third of all deaths in the ICD treatment arms were SCD. 
The most common cause of SCD in these patients was VT or 
VF, which is treated appropriately by a defibrillator shock but 
is followed by electromechanical dissociation and pulseless 
electrical activity.72

Refractory arrhythmias are observed in terminal stages 
of heart failure and may still occur in patients with ICDs 
despite the proper function of ICDs. In this population, fur-
ther treatment options include advanced heart failure thera-
pies and consideration for heart transplant. Other factors 
that could lead to SCD despite ICD implants include ven-
tricular arrhythmias, which fall under the detection limit of 
the device, and very rarely failure of the ICD in detecting the 
arrhythmia or delivering appropriate therapy.

Adjunctive Medical Therapies in Sudden 
Cardiac Arrest Survivors
No medical therapy is considered to be an acceptable alter-
native to ICD implants in SCD survivors. That being said, 

 Defibrillator Conventional RR Weight RR
Study n/N n/N (95% CI fixed) % (95% CI fixed)

 Wever 1995 4/29 11/31  3.7 0.39 (0.14, 1.08)

 AVID 1997 80/507 122/509  42.3 0.66 (0.51, 0.85)

 CASH 2000 36/99 84/189  20.1 0.82 (0.60, 1.11)

 CIDS 2000 83/328 98/331  33.9 0.85 (0.67, 1.10)

Total (95% CI) 203/963 315/1060  100.0 0.75 (0.64, 0.87)

Test for heterogeneity chi-square= 3.97 df=3 p =0.26

Test for overall effect z=–3.75 p=0.26

FIG. 22.5 All-cause mortality in pooled secondary prevention defibrillator trials. CI, Confidence interval; df, degree of freedom; n/N, sample/population size; RR, risk ratio. 
(Reproduced with permission from Lee DS, Green LD, Liu PP, et al. Effectiveness of implantable defibrillators for preventing arrhythmic events and death: a meta-analysis. J Am 
Coll Cardiol. 2003;41:1573–1582.)
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optimal medical therapy to address specific underlying con-
ditions may contribute to further reductions in both cardio-
vascular mortality and SCD in this population.3

Antiarrhythmic Drugs
In patients who have survived a sudden cardiac arrest or 
experienced sustained ventricular arrhythmias but have 
declined ICD implants, antiarrhythmic drugs could be 
used as an alternative to ICDs to reduce arrhythmia bur-
den. Among patients who receive ICDs for the secondary 
prevention of SCD, many experience recurrent ventricular 
arrhythmias that trigger appropriate defibrillator shocks. 
Antiarrhythmic medications may reduce the need for de- 
fibrillator shocks in these patients and therefore improve 
the quality of life. In this population with structural heart 
disease, antiarrhythmic medication options are limited to 
amiodarone, sotalol, or mexilitene,3 with amiodarone being 
the preferred agent due to superior efficacy and lower 
proarrhythmic effects compared to sotalol. However, amio-
darone’s side effects profile with long-term use of this medi-
cation make sotalol and mexiletine acceptable alternatives 
in select scenarios, despite lower efficacy. Amiodarone 
can raise the defibrillation threshold, whereas sotalol 
may decrease it, and these effects may be important in 
patients with high defibrillation thresholds. Also, the potent 
β-blockade effects of sotalol can limit its use in patients 
with marginally or poorly compensated heart failure.

The need for adjunctive antiarrhythmic therapy in 
patients who have received an ICD for the secondary pre-
vention of SCD is not uncommon and was reported to have 
been used in the ICD therapy arms in 22% of AVID patients 
at 2 years and 28% of CIDS patients at 5 years.60,61

The addition of antiarrhythmic medications aims primar-
ily to improve quality of life and reduce shocks, but shock 
prevention has not been found to improve survival in a sys-
tematic review that included 6000 ICD recipients.73

In this population of patients, antiarrhythmic drugs might 
also be indicated for the treatment of supraventricular 
arrhythmias, which could lead to inappropriate defibril-
lator shocks, especially for atrial fibrillation. With modern 
programming, there have been reductions in the rates 
of inappropriate shocks, but control of supraventricular 
arrhythmias might improve quality of life for patients regard-
less of reduction of inappropriate shocks.

β-Blockers
Among patients with coronary disease, those with prior 
MI and LV dysfunction or heart failure may derive survival 
benefit from β-blocker therapy, which may also include 
improvement in SCD risk as a subset of modes of death. In 
patients with recurrent ventricular arrhythmias, β-blockers 
may suppress the adrenergic drive associated with these 
arrhythmias. Moreover, in many patients with heart fail-
ure, β-blocker therapy may prevent recurrent clinical 
heart failure episodes, which are known to be periods 
of increased risk of arrhythmia recurrence. Furthermore, 
β-blockers may reduce inappropriate shocks from atrial 
fibrillation or sinus tachycardia with rapid ventricular 
rates in these patients.

In patients who survived a sudden cardiac arrest but were 
not enrolled in AVID, β-blocker use was associated with a 
survival benefit.74 The same study found that this protective 
effect was not prominent in patients already receiving amio-
darone or a defibrillator.

Lipid-Lowering Medications
Patients with coronary disease should be treated with 
lipid-lowering agents in concordance with the correspond-
ing clinical guidelines. The use of lipid-lowering agents for 
the purpose of reducing SCD remains controversial but 
available data suggest benefit.75,76 In patients with CHD 
who have received an ICD in AVID, lipid-lowering therapy 
was found to be associated with a 60% relative reduction 
in the probability of VT/VF recurrence.75 Another observa-
tional study showed that the use of lipid-lowering drugs 
was associated with a reduction of recurrences of ventricu-
lar arrhythmias in patients with coronary disease and ICD 
implants.76

To date, there are no clinical trial data to suggest an inde-
pendent antiarrhythmic benefit from use of statins. Similarly, 
regarding antiarrhythmic benefits of fish oil, a meta-analysis 
showed no reduction in defibrillator discharges with use of 
fish oil or omega-3 fatty acids.77

Adjunctive Nonpharmacologic Therapies in 
Sudden Cardiac Arrest Survivors
Catheter Ablation
Catheter ablation is a treatment option for ventricular 
arrhythmias. In patients with CHD who had survived a 
sudden cardiac arrest, catheter ablation for ventricular 
arrhythmias could be performed as adjunctive therapy for 
frequent ventricular arrhythmias triggering ICD shocks, as 
an alternative for patients who decline ICD implantation, 
or in patients with cardiomyopathy and bundle branch 
reentrant VT, which is typically treated by ablation of the 
right bundle.

Catheter ablation has been associated with better out-
comes for VTs from ischemic heart disease versus non-
ischemic substrate. In patients with prior MI, sustained 
monomorphic VTs typically originate from a scar substrate, 
primarily in the border zone areas of the scar where scar 
tissue is dispersed among surviving bundles of myocytes. 
This substrate is amenable to endocardial catheter ablation, 
which would ideally target the critical isthmus of reentry 
when addressing the clinical VT. Additional substrate modi-
fication is performed by many experts in the field.78 A trial 
published in 201579 showed that an extensive substrate-
based ablation approach is superior to ablation targeting 
only clinical and stable VTs in patients with ischemic cardio-
myopathy presenting with tolerated VT. In our practice, every 
effort is made to map and target the clinical VT in addition 
to substrate modification.

Catheter ablation may also be effective for the treat-
ment of VF that is triggered by premature ventricular 
depolarizations, especially if they appear to be uniform 
in morphology.80 Such triggers could originate from the 
His-Purkinje system in patients with coronary disease, 
especially the posterior fascicle. Whereas ischemia in this 
territory could be the underlying cause of premature ven-
tricular depolarizations leading to VF, there are instances 
with no identifiable revascularization target or persis-
tence of the problem despite revascularization. Catheter 
ablation targeting the premature ventricular depolariza-
tion trigger may be successful in abolishing recurrent VF 
in these patients.

Catheter ablation has also been evaluated as a prophylac-
tic adjunctive therapy in patients who had experienced sus-
tained VT and received ICD therapy. A meta-analysis of these 
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studies81 showed that prophylactic VT ablation decreased 
VT recurrence but had no effect on mortality.

Surgical Interventions
With advancements in defibrillator therapies and catheter 
intervention, surgery for ventricular arrhythmia is rarely 
performed nowadays and is typically reserved for patients 
with recurrent ventricular arrhythmias and defibrilla-
tor shocks who have failed adjunctive medical therapies 
and catheter ablation. Surgical approaches to ventricular 
arrhythmias in patients with prior MI include resection of 
the scar substrate or aneurysm surgery with or without 
concomitant mapping.

In refractory cases, cardiac transplantation may be indi-
cated in select candidates. Conversely, in patients awaiting 
cardiac transplantation who experience a sudden cardiac 
arrest or sustained ventricular arrhythmias, ICD implanta-
tion may be used as a bridge to transplantation with resul-
tant improvement in survival.82–86

PRIMARY PREVENTION OF SUDDEN CARDIAC 
DEATH

Primary prevention aims to prevent SCD in high-risk patients 
who have not experienced a prior sudden cardiac arrest or 
sustained VT.3

Implantable Cardioverter Defibrillators 
for Primary Prevention of Sudden Cardiac 
Death
In patients with CHD, the role of ICDs has been established 
by evidence from randomized trials in those with ischemic 
cardiomyopathy and heart failure (Table 22.3). This popu-
lation has an increased risk of ventricular arrhythmia, and 
SCD may be the first manifestation of ventricular arrhythmia 
in this group.3 Randomized trials support the use of ICDs in 
select high-risk patients for the purpose of primary preven-
tion of SCD, whereas antiarrhythmic medication other than 

β-blockers does not appear to improve survival. An algorithm 
for use of ICDs in the primary prevention of SCD in patients 
with CAD is presented in Fig. 22.6. The use of ICDs for primary 
prevention of SCD within 40 days after MI or 90 days after 
coronary revascularization is included in Figs. 22.3 and 22.4.

MADIT: Multicenter Automatic Defibrillator 
Implantation Trial
MADIT87 assessed whether prophylactic therapy with an 
implanted defibrillator, as compared with conventional medi-
cal therapy, would improve survival in certain high-risk patients. 
Eligibility criteria were NYHA functional class I, II, or III; prior 
MI; LVEF less than or equal to 35%; documented asymptom-
atic nonsustained VT; and inducible, nonsuppressible ventricu-
lar tachyarrhythmia upon electrophysiologic testing. The trial 
randomized 196 patients to receive an ICD or conventional 
medical therapy. Amiodarone was used in most patients in 
the medical intervention arm. During 27 months of follow-
up, ICD implantation was associated with a 54% relative risk 
reduction in overall mortality, cardiac mortality, and arrhythmic 
deaths compared with medical therapy. Post hoc analyses of 
the MADIT trial suggested that this survival benefit is primar-
ily in a select group with a higher risk profile, such as severely 
depressed LV function (LVEF < 26%), intraventricular conduc-
tion delay, and clinical heart failure requiring therapy.88,89

The trial was limited by the small size and low incidence 
of primary outcome events, as well as a potential referral bias 
with selection of patients who may not respond to antiarrhyth-
mics, given that nonsupressibility in the electrophysiology 
laboratory with procainamide was an enrollment criterion. 
Moreover, the trial had concluded that there was no evidence 
to suggest that amiodarone, β-blockers, or any other antiarrhyth-
mic therapy had a significant influence on the observed out-
comes, but more patients in the defibrillator arm were taking 
β-blockers on both short- and long-term follow-up, and, as such, 
the possibility of residual confounding and possible survival 
benefit from β-blockers could not be ignored. Nonetheless, this 
remains a landmark trial that set grounds for larger trials with 
robust methodology and simpler risk stratification.

TABLE 22.3 Randomized Clinical Trials of Defibrillators for Primary Prevention of Sudden Cardiac Death and 
Which Included Patients with Chronic Coronary Disease

N % CHD DESIGN POPULATION TIMING HR

MADIT (1996) 196 100% ICD vs. conventional
medical therapy

Prior MI; LVEF ≤ 35%; NSVT; inducible 
nonsuppressible sustained VT/VF at 
EPS

> 3 weeks post-MI
> 2 months post-CABG
> 3 months post-PTCA

0.46
(p = 0.009)

MUSTT (1999) 704 100% EP-guided therapy with AADs
or ICD or no AAD therapy

CAD; LVEF ≤ 40%; Asx NSVT;
inducible sustained ventricular
tachyarrhythmia

≥ 4 days post-MI or 
revascularization

0.40
(p < 0.001)

MADIT-II (2002) 1232 100% ICD vs. conventional
medical therapy

Prior MI
LVEF ≤ 30%

> 1 month post-MI
> 3 months post-

revascularization

0.69
(p = 0.02)

SCDHeFT (2005) 2521 52% ICD vs. amiodarone vs. placebo NYHA FC II-III, LVEF ≤ 35% > 3 months’ heart failure 0.77
(p = 0.007)

CABGPatch (1997) 900 100% Epicardial ICD vs. no ICD CABG, LVEF ≤ 35%, abnormal SAECG At time of CABG 1.07
(NS)

DINAMIT (2004) 674 100% ICD vs. no ICD Recent MI, LVEF ≤ 35% ↓HRV or average 
heart rate ≥ 80 bpm

6–40 days post-MI 1.08
(p = 0.7)

IRIS (2009) 898 100% ICD vs. no ICD Recent MI, LVEF ≤ 40% and heart rate > 
90 bpm or NSVT > 150 bpm

3–31 days post-MI 1.04
(p = 0.8)

AAD, Antiarrhythmic drug; Asx, asymptomatic; bpm, beats per minute; CABG, coronary artery bypass graft surgery; EP, electrophysiologic; EPS, electrophysiology studies; HR, 
hazard ratio of mortality with implantable cardioverter defibrillator implant; HRV, heart rate variability; ICD, implantable cardioverter defibrillator; LVEF, left ventricular ejection 
fraction; MI, myocardial infarction; NS, nonsignificant; NSVT, nonsustained ventricular tachycardia; NYHA FC, New York Heart Association functional class; PTCA, percutaneous 
transluminal coronary angioplasty; SAECG, signal-averaged ECG; VF, ventricular fibrillation; VT, ventricular tachycardia.
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MADIT-II Trial
MADIT-II90 was designed to evaluate the effect of ICDs in 
patients with reduced LV function and a prior MI. The trial ran-
domized 1232 patients with a prior MI, which had occurred 
more than 30 days prior to enrollment (> 90 days if coronary 
bypass surgery was performed), and an LVEF of 30% or less 
to receive an ICD or conventional medical therapy. In con-
trast to the first MADIT trial, invasive electrophysiologic testing 
for risk stratification was not required in MADIT-II, and docu-
mentation of nonsustained VT was not an inclusion criterion. 
The primary endpoint of the trial was all-cause mortality. The 
trial was stopped early due to survival benefit in the ICD arm, 
observed after an average follow-up of 20 months. The all-
cause mortality rates were 19.8% in the medical therapy arm 
and 14.2% in the ICD group with a relative risk reduction of 
31%, which was statistically significant. In subgroup analyses, 
there seemed to be a benefit from ICD therapy regardless of 
age, sex, LVEF, NYHA class, and the QRS interval. The survival 
benefit with ICD implantation was primarily from reduction 
of SCD rates (3.8% vs. 10.0%).

Of note in the ICD group, more patients required hospi-
talization for clinical heart failure, which could have been 
related to improved survival and natural progression of myo-
cardial dysfunction or the impact of unplanned right ven-
tricular pacing with subsequent dyssynchrony.

CABG Patch: Coronary Artery Bypass Graft Patch Trial
CABG Patch91 aimed to evaluate the effect on survival of 
prophylactic defibrillator implants at the time of coronary 
bypass graft surgery (CABG) in patients with coronary dis-
ease, LV dysfunction, and abnormalities on signal-averaged 
electrocardiograms. The study randomized 900 patients 

who were referred for elective bypass surgery and had LVEF 
of less than 36% and abnormal signal-averaged electrocar-
diograms to receive an epicardial ICD or no ICD at the time 
of surgery. During an average follow-up of 32 months, the 
study found no benefit in the ICD arm in terms of overall 
and cardiovascular mortality. It is possible that this could 
have been related to a survival benefit that bypass surgery 
provides regardless of ICD implantation, improvements in 
LV function after coronary bypass, or adverse effects from 
addition of an epicardial ICD system. In current clinical 
practice, ICDs are not recommended in the first 90 days 
after revascularization, and transvenous or subcutaneous 
ICDs have replaced the need for epicardial systems.

MUSTT: Multicenter Unsustained Tachycardia Trial
MUSTT92 aimed to assess the utility of electrophysiologic 
testing to further guide therapy in certain patients at high 
risk for SCD. The trial was not primarily a defibrillator trial 
but provided significant insights about management of 
certain high-risk patients. MUSTT enrolled patients with a 
prior MI (which had occurred more than 4 days prior to 
enrollment), asymptomatic nonsustained VT at least 4 days 
post-MI or postrevascularization but within 6 months of 
enrollment, LVEF of 40% or less, and inducible sustained VT 
upon invasive electrophysiologic testing. Patients who met 
the enrollment criteria were randomized to receive either 
antiarrhythmic therapy, including drugs and implantable 
defibrillators, as indicated by the results of electrophysi-
ologic testing, or no antiarrhythmic therapy. In this trial, ACE-I 
and β-blockers were administered if the patients could toler-
ate them. The primary endpoint was cardiac arrest or death 
from arrhythmia. After a median follow-up of 39 months, 

Primary prevention of sudden cardiac 
death in patients with CAD

Ischemic cardiomyopathy Acute MI

< 90 days p 
revascularization

>90 days p
revascularization

See Fig. 22.3

LVEF ≤ 35% LVEF 36–40% LVEF > 40%

β-blocker

EPS

ICD β-blocker

See Fig. 22.4

β-blocker

>40 days p 
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Revascularize

≤40 days p
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Treat as in
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FIG. 22.6 Implantable cardioverter defibrillators for the primary prevention of sudden cardiac death in patients with coronary artery disease. CAD, Coronary artery disease; 
CM, cardiomyopathy; EPS, electrophysiology studies; ICD, implantable cardioverter defibrillator; LVEF, left ventricular ejection fraction; MI, myocardial infarction; P, post. (Modi-
fied from Olshansky B, Chung MK, Pogwizd S, Goldschlager N. Arrhythmia Essentials. Philadelphia: Elsevier: 2018.)
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therapy guided by electrophysiologic testing was associated 
with a 27% relative risk reduction of the primary endpoint 
compared to standard therapy. The relative risk of cardiac 
arrest or death from arrhythmia was 76% lower among ICD 
recipients than among those patients discharged without an 
ICD, and this accounted for a large extent of the overall trial 
findings. The study concluded that electrophysiologically 
guided antiarrhythmic therapy with ICDs, but not with anti-
arrhythmic drugs, reduces the risk of sudden death in high-
risk patients with coronary disease.

To further assess the prognostic value of inducible arrhyth-
mia, a subsequent analysis of MUSTT93 showed that both low 
ejection fraction and inducible tachyarrhythmias identified 
patients with coronary disease at increased mortality risk. The 
analysis suggested that LVEF does not discriminate between 
modes of death, whereas inducible tachyarrhythmia identi-
fies patients in whom death is more likely to be arrhythmic, 
especially among those with LVEF between 30% and 40%.

SCD-HeFT: Sudden Cardiac Death in Heart Failure
SCD-HeFT94 evaluated the impact of amiodarone versus de- 
fibrillator implants in patients with heart failure. The primary 
endpoint of SCD-HeFT was all-cause mortality. The trial ran-
domly assigned 2521 patients with NYHA class II or III heart 
failure of at least 3 months’ duration after treatment with 
ACE-I and β-blocker therapy (as tolerated) and LVEF of 35% 
or less to conventional medical therapy plus placebo, con-
ventional therapy plus amiodarone, or conventional therapy 
plus a conservatively programmed, shock-only, single-lead 
ICD. The study included patients with either ischemic or 
nonischemic cardiomyopathy. Patients with coronary dis-
ease and ischemic cardiomyopathy comprised 52% of all 
enrolled patients. Over a median follow-up of 45.5 months, 
death rates were 29%, 28%, and 22% in the placebo, amioda-
rone, and ICD groups, respectively, which translated into sim-
ilar mortality risks between amiodarone and placebo, but a 
survival benefit with ICDs compared to placebo with a rela-
tive risk reduction of 23%. The results did not vary based on 
whether patients had ischemic or nonischemic cardiomy-
opathy with an observed 21% relative risk reduction in the 
ischemic cardiomyopathy group. The survival benefit with 
ICD implant in this trial was primarily observed in NYHA 
class II but not class III patients in subgroup analyses.

DINAMIT: Defibrillator in Acute Myocardial Infarction 
Trial
The MADIT trials enrolled patients at least 3 weeks or 1 month 
after MI. DINAMIT95 aimed to assess the benefit of early post-
MI ICD implantation. The study enrolled 674 patients with 
recent MI (6 to 40 days), LVEF below 35%, and impaired car-
diac autonomic function manifested by depressed heart-
rate variability or an elevated average 24-hour heart rate  
(≥ 80 beats/minute) on Holter monitoring. The trial excluded 
any patients with sustained VT that occurred beyond 48 
hours after MI, those with NYHA class IV heart failure, and 
those who had undergone CABG or three-vessel percutane-
ous coronary intervention post-MI. Enrolled patients were 
randomized to receive an ICD with conventional medical 
therapy or medical therapy alone. The primary endpoint of 
the trial was all-cause mortality, and a predefined secondary 
endpoint was the occurrence of arrhythmic death. During 
a mean follow-up of 30 months, the study found no differ-
ence in overall mortality between the treatment groups. ICD 
implantation was associated with a reduction in arrhythmic 

death, but this survival benefit was offset by an increase in 
death from nonarrhythmic causes in ICD recipients.

IRIS: Immediate Risk Stratification Improves Survival 
Trial
IRIS was the second trial42 to assess the role of defibrilla-
tor implants in high-risk patients shortly after MI. In IRIS, 898 
patients were enrolled 5 to 31 days after MI if they had at least 
one of two criteria: (1) LVEF less than or equal to 40% and a 
resting heart rate greater than or equal to 90 beats per minute 
on the first available electrocardiogram, or (2) nonsustained 
VT at a rate of 150 beats per minute or above during Holter 
monitoring. Eligible patients were randomly assigned to treat-
ment with an ICD or to medical therapy alone. During a mean 
follow-up of 37 months, the overall mortality rates were simi-
lar in the ICD and medical therapy arms. Similar to DINAMIT 
findings, there were fewer SCDs in the ICD group than in the 
control group with a relative risk reduction of 69%, but the 
rates of non-SCDs were higher in the ICD arm.

Lack of Benefit in DINAMIT and IRIS
The lack of benefit in early post-MI ICD trials for the purpose 
of primary prevention of SCD compared to late post-MI trials 
could be attributed to a number of reasons including: (1) pos-
sible recovery of LV function, which could dilute the benefit 
of ICDs, (2) possibility of deaths from recurrent ischemia or 
mechanical complications,96 both of which are not prevented 
by ICD implants, (3) the enrollment of patients with abnormal 
autonomic profiles, as reflected by reduced heart rate variabil-
ity in DINAMIT and resting heart rate of 90 beats per minute or 
greater in IRIS, may have selected patients at risk of nonarrhyth-
mic deaths, and possibly (4) additional risk from ICD implanta-
tion in the early post-MI period. Whereas these explanations are 
hypothetical in nature, the findings of DINAMIT and IRIS are the 
primary reason why, in current clinical practice guidelines, ICD 
implants are not routinely recommended for primary preven-
tion purposes until at least 40 days after an MI.

Shock Avoidance in Implantable Cardioverter 
Defibrillator Therapy
There has been concern that inappropriate ICD shock thera-
pies might affect survival. In a post hoc analysis of the Sudden 
Cardiac Death in Heart Failure Trial (SCDHeFT), appropri-
ate and inappropriate shocks were associated with worse 
survival among subjects randomized to ICD therapy for pri-
mary prevention of SCD.97 Several studies have shown that 
shocks can be reduced with appropriate programming,98 
and a landmark randomized study, Multicenter Automatic 
Defibrillator Implantation Trial Reduce Inappropriate 
Therapy (MADIT-RIT), showed that such programming can 
be associated with improved survival.99 Recommendations 
for programming of ICD tachycardia detection and thera-
pies are included in a 2015 expert consensus statement.98

Addition of Left Ventricular Lead to Defibrillators
The addition of an LV lead to defibrillators for the purpose 
of cardiac resynchronization therapy may be beneficial in 
select patients with ischemic heart disease with LVEF of 
35% or less, heart failure, and a QRS duration of 120 millisec-
onds or greater.100,101 The benefit appears to be greatest in 
patients with left bundle branch block with a QRS width of 
greater than 150 milliseconds.102,103 Cardiac resynchroniza-
tion therapy has been shown to improve survival100,101,104–106 
by primarily reducing mortality through a reduction in 
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progression or worsening of heart failure and to a lesser 
extent from reduction of SCD. Limited data, however, suggest 
that a reduction in ventricular arrhythmia burden could 
result from reverse ventricular remodeling in cardiac resyn-
chronization therapy (CRT) responders.107

Complications of Implantable Defibrillators
Complications related to defibrillator implants have 
decreased over the years, especially with the transition from 
abdominal device implants with epicardial leads placed 
via thoracotomy to prepectoral implants using the axillary, 
cephalic, or subclavian veins. The overall complication rates 
with device implantation procedures are in the range of 3% 
to 6% and half of them are considered to be major.108–110 
These complications include bleeding at the implant site, 
device pocket or systemic infections, pneumothorax, car-
diac perforation, or lead dislodgement. Procedure-related 
death is rare and estimated to occur in 2 to 4 per 1000 
implants.

Lead-related complications include endovascular infec-
tions, dislodgement, fracture, or insulation defects. Occlusion 
of the access vein may occur over time, which may preclude 
implantation of additional leads via the same route unless 
lead extraction is performed. Fibrosis at the lead tip has 
been described and may negatively interfere with pacing or 
defibrillation thresholds. Estimates of lead-related complica-
tions from the AVID trial were approximately 10%.111

Lead failure may result in failure to sense or pace, inappro-
priate shocks, inappropriate inhibition of pacing, or failure to 
defibrillate. Death from lead failure has been reported but is 
very rare.112 Overall, lead failures are estimated to occur in 5% 
to 40% of cases at 10 years of follow-up,113–115 and these have 
been typically related to lead diameter or design.

Tricuspid regurgitation remains a debated rare complica-
tion of leads and could be related to the lead itself passing 
through the valve or pacing-related dyssynchrony.

Pulse generator complications are uncommon, occur in 
less than 2% of implants, and include skin erosion, infection, 
migration, or premature battery depletion.111 Pulse genera-
tor hardware or software issues are very rare. Pain at the 
implant site, decreased motility of the shoulder, or tendinitis 
have been observed but very rarely require device reinter-
vention. Another rare complication is twiddler’s syndrome, 
in which rotating the device in its pocket results in lead dis-
lodgement or malfunction.116

Subcutaneous Defibrillators
Totally subcutaneous defibrillators (S-ICD) have been intro-
duced to avoid inherent problems related to transvenous 
leads, including risks at the time of implant, risks of endovas-
cular infections, and lead failures, as well as the full reliance of 
defibrillators on lead integrity and function. The S-ICD system 
consists of a pulse generator that is implanted in a left mid-
axillary position and connected to a totally subcutaneous lead, 
which has a shocking coil electrode that is usually positioned 
in a left parasternal position. The current device can deliver up 
to 80 joules, and successful defibrillation at 65 joules is typi-
cally needed to provide an adequate safety margin. Preimplant 
screening is necessary to ensure ability of the device to appro-
priately sense ventricular activation and to avoid inappropriate 
shocks. With proper screening, this device has been found to 
successfully detect ventricular arrhythmias during defibrilla-
tion threshold testing in 98% to 100% of cases and to success-
fully defibrillate in 95% to 100% of cases.117–126

This device was approved for use in the United States in 
September, 2012. It is best suited for patients at risk of endovas-
cular infections and young patients who inherently require 
multiple system revisions or upgrades in their lifetime.

The caveat with S-ICD use is the inability to pace. Therefore, 
the S-ICD is not preferred in patients who have or who may 
develop indications for pacing, as well as those who need 
antitachycardia pacing. Similarly, patients with indications 
for CRT would benefit from a transvenous rather than a sub-
cutaneous system.

Wearable Cardioverter Defibrillators
Wearable cardioverter defibrillators (WCDs) may be useful 
in patients who are at increased risk of SCD, but in whom 
implantation of an implantable defibrillator is deferred, 
such as in the early post-MI or postrevascularization period 
or in patients with active infection. In such patients, the WCD 
serves as a temporary alternative to ICDs for the purpose 
of SCD prevention and has demonstrated similar efficacy in 
terminating VT or VF.127–132

The caveat with wearable defibrillators is lack of pacing 
capabilities, and as such these cannot provide antitachy-
cardia pacing or treat bradyarrhythmias. Nonetheless, they 
could be used as a bridge to the implantation of a perma-
nent defibrillator or a bridge to a decision in cases where 
LV function is expected to improve. A randomized trial of 
early WCD use after MI in patients with LVEF of 35% or less is 
ongoing (https://clinicaltrials.gov/ct2/show/NCT01446965).

Adjunctive Medical Therapy in Primary 
Prevention of Sudden Cardiac Death
Optimal medical therapy to target underlying comorbidities 
is recommended in all patients who meet criteria for ICD 
implantation, ideally before the implant takes place.

β-Blockers
The use of β-blockers in patients with acute MI reduces both 
all-cause mortality and the risk of SCD.133,134 Similarly, a sub-
stantial part of the benefit of β-blocker therapy in patients 
with ischemic cardiomyopathy and heart failure is related to 
a reduction in SCD rates.56,135 This benefit is also observed in 
patients who have received ICD implants. In ICD recipients 
in MADIT-II, β-blocker therapy was associated with reduction 
in all-cause mortality and the risk of ventricular arrhythmia 
with a relative risk reduction of 52%.136

Angiotensin-Converting Enzyme Inhibitors and 
Angiotensin Receptor Blockers
There are conflicting data regarding the benefit of these 
agents for the purpose of prevention of arrhythmic death. 
Nonetheless, a meta-analysis that included 15,104 patients 
from 15 trials of acute MI showed modest benefit for reduc-
tion of SCD.137 Angiotensin receptor blockers (ARBs) are 
generally used as alternative therapy in patients who cannot 
tolerate ACE-I, but available data suggest that they may not 
provide the same benefit in terms of reduction of SCD.138

Aldosterone Antagonists
Eplerenone has been studied in post-MI patients with LV 
dysfunction, heart failure, and/or diabetes mellitus and was 
shown to reduce all-cause mortality and SCD rates with a 
relative risk reduction of 21%.139 Aldosterone antagonists 

https://clinicaltrials.gov/ct2/show/NCT01446965
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have been suggested to exert an antiarrhythmic effect on 
the ventricles.140 The antifibrotic effect of these drugs may 
account for at least some of their benefit.

Statins
The role of statins in the treatment of coronary disease, espe-
cially in post-MI patients, is well established, but their use 
for the purpose of primary prevention of arrhythmic death 
is not well established. Limited data suggest that part of 
the survival benefit from statins in these patients could be 
related to reduction in SCD.75,141,142

Antiarrhythmic Drugs
Clinical trials do not support the routine use of antiarrhyth-
mics for the purpose of primary prevention of SCD46,143–145 
due to inefficacy and potential proarrhythmic effects.

SUMMARY OF RECOMMENDATIONS 
FOR IMPLANTABLE CARDIOVERTER 
DEFIBRILLATOR IMPLANTATION FOR 
PREVENTION OF SUDDEN CARDIAC DEATH

The current American College of Cardiology (ACC)/ 
American Heart Association (AHA)/Heart Rhythm Society 
(HRS) guidelines for ICD implantation in patients with CHD 
are summarized in Box 22.1. A HRS/ACC/AHA expert con-
sensus document146 provides further guidance in terms of 
defibrillator implants for patients who were not well repre-
sented in clinical trials or guidelines (see Figs. 22.3 and 22.4).

CONCLUSIONS

CHD is associated with SCD risk. Medical therapies to 
address coronary disease and associated comorbid condi-
tions are associated with a survival benefit that in part could 
be related to a reduction in the risk of SCD as a subset mode 
of death. Defibrillator implantation is the main therapy for 
primary prevention of SCD in select groups of patients with 
CHD as evidenced by multiple clinical trials and subse-
quently in clinical practice guidelines.147
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Class I: ICD implantation is indicated
 •  in patients who are survivors of cardiac arrest due to VF or 

hemodynamically unstable sustained VT after evaluation to 
define the cause of the event and to exclude any com-
pletely reversible causes,

 •  in patients with spontaneous sustained VT, whether hemo-
dynamically stable or unstable,

 •  in patients with syncope of undetermined origin with clini-
cally relevant, hemodynamically significant sustained VT or 
VF induced at electrophysiologic study,

 •  in patients with LVEF ≤ 35% due to prior MI who are at least 
40 days post-MI and are in NYHA functional class II or III,

 •  in patients with LV dysfunction due to prior MI who are 
at least 40 days post-MI, have an LVEF ≤ 30%, and are in 
NYHA functional class I,

 •  in patients with nonsustained VT due to prior MI, LVEF ≤ 40%, 
and inducible VF or sustained VT at electrophysiologic study.

Class IIa: ICD implantation is reasonable
 •  for patients with sustained VT and normal or near-normal 

ventricular function,
 •  for nonhospitalized patients awaiting transplantation for 

advanced cardiomyopathy.

Class III: ICD implantation is not indicated
 •  for patients who do not have a reasonable expectation of 

survival with an acceptable functional status for at least 1 
year, even if they meet ICD implantation criteria,

 •  for patients with incessant VT or VF,
 •  in patients with significant psychiatric illnesses that may be 

aggravated by device implantation or that may preclude 
systematic follow-up,

 •  for NYHA class IV patients with drug-refractory congestive 
heart failure who are not candidates for cardiac transplan-
tation or CRT-D,

 •  for syncope of undetermined cause in a patient without 
inducible ventricular tachyarrhythmias,

 •  for patients with ventricular tachyarrhythmias due to a 
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BOX 22.1 Current Guideline Recommendations 
for Defibrillator Implants in Patients with 
Coronary Disease

Modified from Epstein AE, DiMarco JP, Ellenbogen KA, et al. ACC/AHA/HRS 
2008 guidelines for device-based therapy of cardiac rhythm abnormalities. J Am 
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CRT-D, Cardiac resynchronization therapy defibrillator; ICD, implantable cardioverter 
defibrillator; LV, left ventricular; LVEF, left ventricular ejection fraction; MI, 
myocardial infarction; NYHA, New York Heart Association; VF, ventricular fibrillation; 
VT, ventricular tachycardia.
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INTRODUCTION

The indications for coronary revascularization among 
patients with chronic coronary heart disease evolve as 
the scientific information accumulates and technology 
advances. The benefits associated with prompt coronary 
revascularization in reducing cardiovascular death and non-
fatal myocardial infarction (MI) in patients presenting with 
acute coronary syndrome (ACS) are widely accepted.1,2 
However, there is little clinical evidence to demonstrate a 
reduction in hard clinical endpoints in patients with stable 
symptoms undergoing coronary revascularization.

Clinical data generally support and clinicians have tradi-
tionally accepted that coronary revascularization in patients 
with chronic stable ischemic heart disease (SIHD) is appropri-
ate in patients at high risk for future cardiovascular events or 
with lifestyle-limiting symptoms.3 Both the clinical guidelines4 
and the coronary revascularization appropriate use criteria5 
provide specific recommendations for clinicians considering 
a revascularization strategy among patients with SIHD.

Despite a nearly 70% decline in the age-standardized 
heart disease-related mortality over the last 40 years,6 coro-
nary vascular disease remains the leading cause of death 
since 1900 in the United States.7 It has been estimated that 
approximately half of this reduced risk is directly attribut-
able to improved medical treatment and coronary revascu-
larization procedures.8 The majority of this risk reduction is 
associated with improved medical therapy rather than coro-
nary revascularization procedures. This improvement in 
estimated cardiovascular risk has been attenuated in recent 
years because of an increase in societal obesity and a con-
comitant increase in the prevalence of diabetes.

GOALS OF TREATMENT

The major goals when treating patients with chronic coro-
nary artery disease (CAD) are to reduce symptoms, improve 
the quality of life (QoL), and reduce risk of death and MI. Risk 
factor modification and optimal medical therapy are foun-
dational strategies. Despite the use of these evidence-based 
medical therapies, patients often have persistent symptoms 
and residual cardiovascular risk. Data from a large, multina-
tional, longitudinal registry of outpatients estimate that 1 in 
3 patients have active symptoms and 1 in 4 have objective 

evidence of ischemia,9 and both are associated with future 
cardiovascular risk.

The decision to recommend coronary revascularization 
in patients with SIHD should be considered carefully. The dis-
cussion with the patient and family should include a trans-
parent discussion of all treatment options, the anticipated 
benefits, and the risks of potential complications. In general, 
a discussion of an initial medical therapy approach should 
be discussed with the patient. In today’s healthcare environ-
ment, it is widely accepted that patients with chronic stable 
angina should be initially offered evidence-based medical 
therapy that can be optimized over time. This would include 
pharmacologic antianginal therapy, lifestyle intervention, 
and therapies to mitigate future cardiovascular risk. When 
patients undergo cardiac catheterization and the anatomy 
is appropriate for percutaneous coronary intervention (PCI), 
the trend in the last decade has been to proceed with ad 
hoc PCI rather than deferring it. Ad hoc PCI occurs approx-
imately 86% of the time in the United States.10 For elective 
indications, deferring PCI allows one to consider alternative 
treatment strategies especially in the setting of high-risk mul-
tivessel CAD. Additionally, certain clinical scenarios are better 
suited for PCI whereas others are better suited for coronary 
artery bypass grafting (CABG). For example, patients who are 
medically noncompliant or who have recent gastrointestinal 
bleeding related to peptic ulcer disease may not be optimal 
candidates for long-term dual antiplatelet therapy and would 
be appropriate candidates to undergo CABG. On the other 
hand, patients with high clinical comorbidities or high frailty 
and three-vessel CAD coupled with impaired left ventricular 
(LV) dysfunction would be expected to have a survival ben-
efit with CABG but may be too high risk and more appro-
priately referred for multivessel PCI. These and various other 
issues can often be better vetted with a heart team approach. 
This requires an interruption in the care process to enable a 
multidisciplinary team discussion and the willingness of busy 
practitioners to meet and discuss clinical cases. The heart 
team approach, especially in complex cases, is preferable.

Shared Decision-Making
Current guidelines recommend the use of a multidisci-
plinary heart team to facilitate decisions regarding coronary 
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revascularization, percutaneous aortic valve replacement, 
and other high-risk cardiac procedures.11 This decision-
making process is best shared across a wide variety of 
individuals including the patient, the patient’s family, the 
interventional cardiologist, the cardiac surgeon, the general 
cardiologist, and the primary care physician. It has been 
demonstrated that this clinical care paradigm is not only 
feasible but also appealing. Physicians who have known the 
patient over a prolonged period of time, often the general 
cardiologist and/or primary care physician, should play an 
important role in recommending therapies regarding coro-
nary revascularization, whether it be CABG or PCI. Ideally 
the risk-benefit discussion during these heart team meetings 
would be provided by both the interventional cardiologist 

and the cardiac surgeon, who are best suited to provide an 
individualized risk-benefit assessment.

Coronary Revascularization: General 
Comments
Coronary revascularization procedures are common and 
costly, associated with an annual cost of $3.2 billion to 
Medicare.12 The rates of coronary revascularization proce-
dures in the United States are decreasing. Between 2001 and 
2008 there was a 14% decrease in the annual rate of coro-
nary revascularization procedures, which was principally 
driven by a 28%, reduction in CABG procedures and an 
unchanged PCI rate. After 2008, PCI rates in the United States 
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FIG. 23.1 Temporal changes in coronary revascularization procedures from 2007–2011 (A). Frequency of PCI by indication: ACS or stable (B). ACS = acute coronary syndrome. 
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decreased by 28%, and much of this decline was in patients 
with SIHD13 (Fig. 23.1).

Following publication of US national rates of “appropri-
ate” coronary revascularization,14 data from the Washington 
State Clinical Outcomes Assessment Program between 
2010 and 2013 showed that the number of PCI procedures 
decreased substantially, which was driven by a 43% decline 
in the number of PCI procedures performed for elective indi-
cations. The majority of this decline occurred following the 
onset of state-wide measurement of PCI appropriateness.15

An estimated 500,000 PCI procedures are performed 
annually in the United States, and an equal number is per-
formed in the rest of the world. The safety and efficiency of 
procedural techniques have evolved over the past 40 years. 
PCI is now considered a mature medical procedure. The 
physician-reported success rates are 99%, and the observed 
morbidity and mortality rates are approximately 1% to 2%. 
The complication rates for PCI procedures remain low 
despite an increasing complexity of lesions and higher-risk 
clinical demographics.

In 2010, 1488 facilities in the United States were enrolled in 
the American College of Cardiology National Cardiovascular 
Data Registry (ACC NCDR) CathPCI Registry, which captured 
approximately 85% of the PCI procedures performed. A 2012 
analysis from this registry includes 1.1 million PCI patients 
and provides a cross-sectional description of the current 
state of coronary angiography and PCI in the United States.10 
Institutional and operator volumes for PCI procedures are 
often used as proxies for PCI quality. Both vary considerably 
across institutions, with approximately half of all ACC NCDR 
institutions performing fewer than 400 PCI procedures and 
13% performing more than 1000 PCI procedures annually. 
Currently, 40% of patients are older than age 65 and 12% are 
older than 80, 80% of patients are overweight, 45% are obese, 
and 36% have a history of diabetes mellitus. Approximately 
half the patients underwent a preprocedural stress test, with 
myocardial perfusion imaging being most commonly per-
formed. Fig. 23.2 shows the percent of patients by indications 
for diagnostic coronary angiography and PCI. Approximately 
18% of patients underwent PCI for stable angina symptoms, 

while an additional 9% were asymptomatic. Radial artery 
access in the 2010 report was used in approximately 7% of 
PCI procedures. This percentage has steadily increased over 
the last 7 years, with transradial access rates now approach-
ing 20% in the United States (but higher in many parts of the 
world). The observed in-hospital mortality rate was 0.72%, 
and in-hospital stroke rate was 0.17%. The most common 
noncardiac complication continues to be periprocedural 
bleeding. With the emergence of third- and fourth-genera-
tion drug-eluting stents (DESs), target vessel revasculariza-
tion rates are low at 5% to 7%, and stent thrombosis rates are 
measurably lower with newer-generation DES platforms.16

Lesion progression is a well-recognized factor accounting 
for future cardiovascular risk following PCI. Approximately 
20% of patients undergo repeat PCI within 3 years of the 
index PCI because of nonculprit lesion progression.17 
Similarly, the Providing Regional Observations to Study 
Predictors of Events in the Coronary Tree (PROSPECT) trial 
demonstrated that 50% of all major adverse cardiovascular 
events at 3 years occur solely as a function of nonculprit 
lesion progression.18 Current PCI practices are designed to 
identify and effectively treat culprit lesions. Because of this, 
optimal medical therapy for secondary prevention is requi-
site among patients undergoing PCI.

Two major limitations of PCI remain: a higher than desir-
able frequency of incomplete revascularization related to 
complex disease and residual cardiovascular risk related to 
morbid and mortal events due to disease progression.

CABG is also very common and now performed approxi-
mately 400,000 times annually in the United States.19 There 
has, however, been a steady decline in the frequency of CABG 
procedures performed in the United States. Until recently this 
decline has been associated with an increase in percutaneous 
coronary revascularization procedures. The most commonly 
used conduits are the left internal mammary artery (LIMA) 
and the greater saphenous veins. The use of the LIMA is now 
considered a quality indicator for CABG and has long been 
linked to higher long-term patency than saphenous venous 
grafts. Moreover clinical outcomes are improved with use of 
the LIMA.20–22 Other arterial conduits such as the radial artery, 
the right internal mammary artery, and the gastroepiploic 
artery have been used and demonstrate improved patency 
rates compared with the saphenous venous grafts but are not 
routinely used in clinical practice.23–25

In general, a CABG procedure takes 3 to 4 hours, and the 
patient remains hospitalized for 5 to 7 days and recuperates 
for 6 to 12 weeks following discharge. The risk for periopera-
tive morbidity and mortality has decreased over time. There 
is now nearly universal participation of CABG centers in the 
Society of Thoracic Surgeons National Adult Cardiac Surgery 
Database. Although the predicted risk of mortality has not 
changed over time, there has been a measurable reduction 
in the adjusted mortality rates in the last 10 years (Fig. 23.3).20 
This has been similarly true for perioperative stroke rates.

Stroke remains a serious complication following CABG. 
Risk factors include increasing age, concomitant peripheral 
or cerebrovascular disease, diabetes, and aortic atheroscle-
rosis. Neurocognitive decline has also been described in 
the post-CABG population26 and specifically linked to car-
diopulmonary bypass. These studies have not been random-
ized controlled trials and the results are heterogeneous.27,28 
Thus the link between CABG and cognitive decline remains 
uncertain. The current belief is that neurocognitive dysfunc-
tion is related to a number of factors including the impact 
of major surgery coupled with long-term effects in patients 
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FIG. 23.2 Indications for diagnostic catheterization and percutaneous coronary 
intervention (PCI). NSTEMI, Non-ST elevation myocardial infarction; STEMI, ST eleva-
tion myocardial infarction; Sx, symptoms. (From Dehmer GJ, Weaver D, Roe MT, 
et al. A contemporary view of diagnostic cardiac catheterization and percutaneous 
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with cardiovascular risk factors and concomitant coronary 
artery and cerebrovascular disease.19

There remains a risk for native disease progression and 
bypass graft failure following CABG. Thus it is vitally impor-
tant that clinicians ensure patients remain on appropriate 
medical therapy. A 2016 American Heart Association (AHA) 
scientific statement clarifies appropriate secondary preven-
tion therapy following CABG (Box 23.1).29 In addition to 
these recommendations, studies have suggested that P2Y12 
receptor inhibition following CABG may be associated with 
improved graft patency.30,31

There has been significant interest in maintaining the 
benefits of CABG with the use of less-invasive approaches. 
These techniques require specialized training and are lim-
ited in that complete revascularization is achieved less 
often. The sustainability of these techniques remains uncer-
tain. Off-pump surgery has also been studied; however, the 
results have been inconsistent with no clear advantage over 
on-pump surgery.32–34 Hybrid surgical and percutaneous 
revascularization strategies have been explored in recent 
years. With this strategy patients undergo minimally invasive 
surgery with a LIMA usually to the left anterior descending 
artery and then subsequently undergo PCI to either the left 

circumflex or right coronary artery. Long-term data compar-
ing this hybrid approach to conventional CABG are lacking, 
but this approach makes sound clinical sense in specific 
patient populations. Common appropriate use criteria for 
PCI and CABG for patients with multivessel disease are 
shown in Table 23.1.35

Indications for Coronary Revascularization 
in Patients with Stable Ischemic Heart 
Disease
The goals of coronary revascularization, whether PCI or 
CABG, are to relieve symptoms, improve QoL, and mitigate 
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FIG. 23.3 Temporal decline in postoperative coronary artery bypass grafting mortality rates.

Aspirin, 81 mg
P2Y12 receptor inhibitors if they were indicated prior to CABG 

(i.e. for acute coronary syndrome or prior percutaneous 
coronary intervention)

β-blocker use in patients with prior myocardial infarction, left 
ventricular systolic dysfunction

Lifelong high-intensity statin therapy
Angiotensin-converting enzyme inhibitors in patients with 

diabetes and/or left ventricular systolic dysfunction
Aldosterone antagonists in patients with left ventricular sys-

tolic dysfunction and heart failure symptoms or signs
Consideration for participating in short-term cardiac rehabili-

tation program

BOX 23.1 Medical Therapy for Secondary 
Prevention Following Coronary Artery Bypass 
Grafting (CABG)

TABLE 23.1 Appropriate Use Criteria for Common 
Indications in Patients with Multivessel Coronary 
Disease

CABG PCI

Two-vessel CAD with proximal LAD stenosis A A

Three-vessel CAD with low CAD burden (i.e., 3 
focal stenoses, low SYNTAX score)

A A

Three-vessel CAD with intermediate to high CAD 
burden (i.e., multiple diffuse lesions, presence of 
CTO, or high SYNTAX score)

A U

Isolated left main stenosis A U

Left main stenosis and additional CAD with low 
CAD burden (i.e., one to two vessel additional 
involvement, low SYNTAX score)

A U

Left main stenosis and additional CAD with 
intermediate to high CAD burden (i.e., three 
vessel involvement, presence of CTO, or high 
SYNTAX score)

A I

A, Appropriate, I, Inappropriate, U, Uncertain appropriateness.
CABG, Coronary artery bypass grafting; CAD, coronary artery disease; CTO, chronic 
total occlusion; LAD, left anterior descending artery; PCI, percutaneous coronary 
intervention; SYNTAX, Synergy Between PCI with TAXUS and Cardiac Surgery.
(From Patel MR, Dehmer GJ, Hirshfeld JW, et al. CCF/SCAI/STS/AATS/AHA/ASNC/
HFSA/SCCT 2012 appropriate use criteria for coronary revascularization focused 
update: a report of the American College of Cardiology Foundation Appropriate 
Use Criteria Task Force, Society for Cardiovascular Angiography and Interventions, 
Society of Thoracic Surgeons, American Association for Thoracic Surgery, American 
Heart Association, American Society of Nuclear Cardiology, and the Society of 
Cardiovascular Computed Tomography. J Am Coll Cardiol. 2012;59:857–881.)
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the risk of future complications related to atheroscle-
rotic CAD such as cardiovascular mortality and nonfatal 
MI. These goals have not changed over the last several 
decades. However, the evidence base for coronary revas-
cularization and medical therapy has greatly expanded 
over the past decade.4,36 These newer data provide clini-
cians with additional insights when recommending ther-
apy to patients with chronic stable heart disease.

Relief of Symptoms
Relief of symptoms and improvement in QoL are central 
benefits of coronary revascularization in the SIHD popu-
lation.37 Clinical data supporting sustained improved QoL 
following PCI in SIHD patients are varied. Study designs 
range from prospective nonrandomized data using pre-post 
analytic strategies with broad inclusion criteria to highly 
selected randomized controlled trials comparing PCI with 
medical and surgical therapies. Numerous noncompara-
tive cohort studies demonstrate that PCI improves QoL and 
exercise capacity compared with pre-PCI assessment.37 
Many (but not all) of these studies suggest PCI reduces both 
angina and need for antianginal medications and improves 
both exercise capacity and health status. A meta-analysis 
including 7818 patients demonstrated that PCI was supe-
rior to medical therapy in reducing angina.38 There was 
heterogeneity across these trials with shorter follow-up and 
earlier trials favoring PCI, whereas higher use of evidence-
based therapies favored medical therapy. In general, factors 
associated with improved post-PCI QoL include increased 
frequency of baseline angina, greater extent of baseline 
myocardial ischemia, cardiac rehabilitation, and nonsmok-
ing status. Lower socioeconomic status, unemployment, and 
numerous clinical comorbidities are associated with lower 
QoL after PCI.

In general, both CABG and PCI improve QoL. In the early 
weeks following coronary revascularization, PCI trends 
better than CABG, but this difference attenuates by 3 to 5 
months.37 In a collaborative meta-analysis of 10 random-
ized clinical trials comparing CABG with PCI,39 CABG 
was superior to PCI in angina relief at 1 year in patients 
with multivessel disease. Most studies suggest CABG is 
superior to PCI in reducing angina and improving QoL, 
although the benefits of CABG diminish over many years 

of follow-up; this is likely related to vein graft failure and 
disease progression.

Coronary Revascularization to Reduce the Risk of Death 
and Nonfatal Myocardial Infarction
There are limited data to support the hypothesis that PCI 
reduces death and nonfatal MI in patients with low-risk 
SIHD. Selected trials have evaluated surgical revasculariza-
tion for high-risk patients with three-vessel disease, left main 
disease, severe LV dysfunction, or severe ischemia.38 Both 
clinicians and practice guidelines extrapolate these early 
clinical trial findings to justify coronary revascularization 
(both PCI and CABG) in high-risk SIHD patients. Risk is 
often estimated following a noninvasive stress test. Features 
of low-, intermediate-, and high-risk stress test findings are 
shown in Table 23.2.

Low-Risk Patients
Many clinical trials have compared medical therapy with 
coronary revascularization in low-risk patients with chronic 
stable angina. Without exception these trials were neutral 
with respect to hard cardiovascular endpoints.40,41 Although 
these trials were largely conducted in the 1970s and 1980s 
and there have been major advances in medical, percutane-
ous, and surgical therapies since then, the overall findings 
are thought to be relevant today. In short, CABG was asso-
ciated with improved symptoms but no measurable differ-
ence in survival or nonfatal MI.

Although many prior studies have failed to demon-
strate a long-term benefit on death or MI following PCI 
or CABG in stable patients,42–45 the Clinical Outcomes 
Utilizing Revascularization and Aggressive Drug Evaluation 
(COURAGE) trial is frequently cited as the landmark trial 
comparing medical therapy with PCI in SIHD patients. 
COURAGE evaluated the efficacy of PCI versus medical 
therapy in 2287 patients.46 Patients with either a greater 
than 70% diameter stenosis of at least one coronary artery 
with objective evidence of ischemia or greater than 80% 
stenosis coupled with typical angina symptoms were eligi-
ble. Exclusions included Canadian Cardiovascular Society 
(CCS) class IV angina, markedly abnormal stress tests, signifi-
cant congestive heart failure symptoms, LV ejection fraction 
less than 30%, or revascularization within the prior 6 months. 

TABLE 23.2 Stress Test Findings

HIGH RISK
(> 3% ANNUAL MORTALITY)

INTERMEDIATE RISK
(1%–3% ANNUAL MORTALITY)

LOW RISK
(< 1% ANNUAL MORTALITY)

Resting LVEF < 35% Mild to moderate resting LVEF 35%–49% Duke treadmill score ≥ 5

Duke treadmill score ≤ −11 Duke treadmill score 11–5 Normal or small myocardial perfusion defect

Exercise LVEF < 35% Stress-induced moderate perfusion defect without LV 
dilation or increased lung uptake

Normal stress echocardiographic wall 
motion during stress testing

Stress-induced large perfusion defect Limited exercise capacity. Echocardiographic ischemia or 
wall motion abnormality at higher doses of dobutamine

Stress-induced multiple perfusion defects

Large, fixed perfusion defect with LV dilation or 
increased lung uptake (thallium 201)

Stress-induced moderate perfusion defect with LV 
dilation or increased lung uptake

> 2 segments wall motion abnormality on dobutamine 
echocardiography

Stress echocardiographic evidence of extensive ischemia

LVEF, Left ventricular ejection fraction.
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At 5 years, there was no difference in the primary endpoint 
of death or MI between PCI and the medical therapy group 
(odds ratio [OR] ratio 1.05, 95% confidence interval [CI] 
0.87–1.27, p = 0.62). PCI patients had a lower rate of repeat 
revascularization and a lower need for antianginal medica-
tions than the medical therapy group during the first year.

There are a number of limitations to COURAGE that 
restrict generalizability to a broader SIHD population.47 
COURAGE enrolled a lower-risk population than had been 
expected, with an annual cardiovascular mortality rate of 
0.4%. There was an exceptionally high screen failure rate: 
of the nearly 36,000 patients screened, only 2287 enrolled. 
Other limitations included a low burden of baseline angina 
and a 30% crossover rate from medical therapy to PCI. The 
5-year medical adherence rate in COURAGE was excep-
tional; 94% for aspirin, 93% for statins, and 86% for β-blocker 
therapy. Moreover 70% of patients achieved the low-density 
lipoprotein (LDL) target and almost half of the patients with 
diabetes achieved the hemoglobin A1c target of less than 7%. 
These rates exceed those seen in usual clinical practice.48

Substudy data from COURAGE support prior clinical stud-
ies and the evolving hypothesis that higher baseline myocar-
dial ischemia is associated with higher future cardiovascular 
risk and that this risk may be attenuated with adequate coro-
nary revascularization. In a single-center study preceding 
COURAGE of 5183 consecutive patients undergoing rest-stress 
single photon emission computed tomography (SPECT), the 
severity of stress perfusion abnormalities was associated with 
higher rates of MI and cardiovascular death.49 A summed 
stress score of greater than 13 was associated with an annual 
MI risk of 4.2% and a mortality rate of 2.9% when compared 
with patients with low-risk scans, who had an annual event 
rate of less than 1%. This same group of investigators also 
demonstrated that early revascularization following stress 
testing was associated with a lower adjusted rate of cardio-
vascular mortality in selected high-risk patients (4.6% vs 1.3%, 
p < 0.01).50 The benefits associated with early coronary revas-
cularization appeared to be limited to those patients with the 
baseline ischemic burden of greater than 10%.

The COURAGE nuclear substudy (n = 314 of 2287) also 
explored the ischemic burden hypothesis.51 Patients under-
went sequential rest-stress myocardial perfusion imaging 
studies with SPECT at baseline and then 6 to 18 months 
following randomization. The baseline ischemic burden in 
these subjects was modest at 8%. Although both PCI and 
medical therapies reduced ischemia, the reduction was 
not robust, 2.7% and 0.5% in the PCI and medical therapy 
groups, respectively. Resolution of significant baseline isch-
emia, defined as greater than 5% reduction in ischemic 
burden and at least over 10% baseline ischemia, was associ-
ated with greater relief of angina and lower rates of death 
or nonfatal MI (13.4% vs 24.7%). Patients randomized to PCI 
were more likely to experience a 5% or greater reduction in 
ischemic myocardium (33% vs 19%, p = 0.0004). Lastly there 
was a graded relationship between the extent and severity 
of residual ischemia and the risk of future cardiovascular 
events. The rate of death or nonfatal MI ranged from 0% 
among those patients without residual ischemia to 39% for 
patients who after treatment had a 10% or greater residual 
ischemic burden. These data support the hypothesis that 
baseline ischemic burden is associated with risk and that 
this risk may be diminished with complete coronary revas-
cularization if associated with a reduction in residual isch-
emic burden.

The ischemic burden hypothesis is being formally tested in 
the International Study of Comparative Health Effectiveness 
with Medical and Invasive Approaches (ISCHEMIA) 
(NCT01471522), which is designed to determine whether 
an invasive strategy is superior to a conservative strategy in 
reducing cardiovascular death or MI among patients with at 
least moderate ischemia on noninvasive imaging. ISCHEMIA 
is projected to enroll 8000 patients at 500 sites. In order to 
formally test the ischemia burden hypothesis, ISCHEMIA will 
need to have a very high frequency of complete revascular-
ization and minimal residual ischemia in patients random-
ized to early angiography.

Cardiac troponin concentrations are used to risk stratify 
ACS patients for prompt revascularization but have not 
routinely been used to assess risk in patients with SIHD. 
High-sensitivity assays are now available to detect very 
low cardiac troponin levels in patients with stable heart 
disease. These low-level elevations are strongly associated 
with death, MI, and stroke in patients with SIHD.52,53 In the 
Bypass Angioplasty Revascularization Investigation in Type 
2 Diabetes Trial (BARI 2D), elevated troponin T concentra-
tions (≥ 14 ng/L) at baseline were common (approximately 
40% of people had an increased baseline value) and associ-
ated with increased 5-year risk of death, MI, and stroke (haz-
ard ratio [HR], 1.85; 95% CI, 1.48–2.32; p < 0.001). However, 
increased levels did not associate with improved outcome 
following coronary revascularization. Presently, whereas 
elevated troponins are associated with risk in SIHD patients, 
the elevated risk does not appear to be modified by routine 
coronary revascularization.

Complex Patients and Lesions
CABG has been shown to be superior to medical therapy 
in patients with severe multivessel CAD. These clinical trials 
date back to the 1970s and 1980s. When the early trials includ-
ing the Veterans Administration Cooperative Study,54 the 
European Coronary Surgery Study,40 and the Coronary Artery 
Surgery Study55 are included in a large clinical database of 
over 2600 patients, CABG was associated with lower mortality 
at 5 years (10% vs 16%, p < 0.001), which extended to 10 years 
(26% vs 31%, p = 0.003) compared with medical therapy. The 
reduction in mortality was in general consistent across a vari-
ety of subgroups. However, the absolute benefit was greatest 
for patients at the highest risk including those with extensive 
CAD and those with moderate to severe LV systolic dysfunc-
tion. The clinical benefit of CABG is not realized in the first 1 
to 2 years following surgery. Beyond this the benefit of CABG 
is apparent and divergent over time. Inclusion of these earlier 
trials is limited in that the background medical therapy is very 
different from current practices.

PCI is favored over medical therapy and CABG in patients 
presenting with an ACS, including non-ST segment elevation 
and ST segment elevation MI and in SIHD patients with 
physiologically important disease that is not extensive. The 
extent of disease has traditionally been quantified by num-
ber of diseased vessels. In patients with very complex coro-
nary anatomy and acceptable clinical risk, CABG has been 
the preferred strategy. In this later group, the evidence base 
has expanded in recent years with publication of landmark 
trials, many of which have included patients with relatively 
complex coronary anatomy.

There are many strengths and limitations to both PCI and 
CABG. These treatment options are neither curative nor mutu-
ally exclusive when treating SIHD patients over the course of 
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an individual’s lifetime. CABG is considered the gold stan-
dard for treating complex multivessel CAD and is associated 
with a higher rate of complete revascularization and lower 
likelihood of repeat revascularization than is PCI.45,56,57 The 
major advantage of CABG is a higher likelihood of complete 
revascularization and the ability to bypass a significant por-
tion of the proximal epicardial coronary artery, mitigating 
the likelihood of future cardiovascular morbidity and mor-
tality if the patient were to experience nonculprit proximal 
disease progression. The major limitation for CABG is the 
risk of vein graft degeneration over time and the periop-
erative complication rate, especially among those patients 
with multiple clinical comorbidities. The major advantages 
of PCI are its less invasive nature, the efficacy of PCI in the 
ACS population, and the ability to selectively treat the culprit 
lesion. The major limitations of PCI are a higher frequency 
of incomplete revascularization, the inability to prevent the 
clinical implications of nonculprit disease progression, a 
higher rate of repeat revascularization even in the DES era, 
and the technical challenges in very complex lesion sub-
sets. In short, angiographic burden and lesion complexity 
limit the effectiveness of PCI, whereas clinical comorbidities 
limit the safety of CABG.

Comparisons of PCI and CABG in Patients 
with Multivessel Coronary Artery Disease
The Arterial Revascularization Therapies Study (ARTS),58 
Argentine Randomized Trial of Coronary Angioplasty with 
Stenting Versus Coronary Bypass Surgery in Patients with 
Multiple Vessel Disease (ERACI II), Medicine Angioplasty 
or Surgery Study for Multi-Vessel Coronary Artery Disease 
(MASS-II),59 and Stent or Surgery (SoS)60 compared CABG 
to bare metal stenting and were each included in a pooled 
patient level meta-analysis of 3051 patients.61 At 5 years 
the incidence of death, MI, and stroke was similar (16.7% 
vs 16.9%; HR, 1.04, 95% CI, 0.86–1.27; p = 0.69), yet incom-
plete (89.4% vs 62.0%; p < 0.001) and repeat (29.0% vs 7.9%; 
p < 0.001) revascularizations were more frequent in the 
PCI population. There was a trend for improved mortality 
among diabetic patients randomized to CABG (12.4% vs 
7.9%; p = 0.09). A larger meta-analysis spanning the percuta-
neous transluminal coronary angioplasty (PTCA) and stent 
era included 59,014 patients and demonstrated that risk-
adjusted survival rates were improved in patients treated 
with CABG compared with those undergoing PCI.62

The very large and more contemporary Synergy Between 
Percutaneous Coronary Intervention with TAXUS and Cardiac 
Surgery (SYNTAX) trial compared PCI with DESs to CABG in 
1800 patients with previously untreated complex three-vessel 
and/or left main CAD.63 This trial incorporated a local heart 
team approach, which consisted of a cardiac surgeon and an 
interventional cardiologist. Each member reviewed the clini-
cal case and coronary anatomy and each needed to agree 
that revascularization could be achieved with CABG or PCI. 
SYNTAX was powered as a noninferiority comparison of 
CABG and PCI with a primary endpoint of all-cause mortality, 
stroke, MI, or repeat revascularization. The 12-month primary 
endpoint occurred more commonly following PCI (17.8% vs 
12.4%; p = 0.002), and thus noninferiority of PCI was not met. 
The difference was principally driven by higher repeat revas-
cularization rates in the PCI-treated patients. The 12-month 
MI rates were similar; however, CABG was associated with a 
nearly fourfold increase in stroke (2.2% vs 0.6%; p = 0.003). At 

5 years, PCI was associated with higher rates of death, stroke, 
MI, and repeat revascularization.64 Nonrandomized studies 
from 2012 have suggested lower mortality rates for CABG 
patients with multivessel disease.65

A number of post hoc subgroup analyses from SYNTAX 
have been informative and have impacted both clinical 
practice and design of ongoing clinical trials.

Baseline SYNTAX Score
The SYNTAX score (Fig. 23.4) was designed to predict the 
postprocedural risk associated with PCI or surgical revas-
cularization. It is a visual estimate of CAD burden and 
complexity. The SYNTAX score takes into account complex 
lesions including bifurcations, chronic total occlusions, 
thrombus, calcification, and small diffuse disease. The score 
ranges from 0 to greater than 60 in very complex coronary 
anatomy lesions. In the SYNTAX trial, higher SYNTAX scores 
differentiated outcomes between CABG and PCI.63 There 
was no difference in endpoints for patients randomized to 
CABG across the entire range of SYNTAX scores. This was 
not the case for patients randomized to PCI where there 
was a significant interaction in the cumulative event rates 
between patients with low, intermediate, and higher SYNTAX 
scores. In patients with baseline SYNTAX scores of 0 to 22 
the outcomes were comparable for CABG and PCI patients. 
CABG was associated with lower event rates with SYNTAX 
scores greater than 22. The SYNTAX calculator is online at 
www.syntaxscore.com.

Unprotected Left Main Disease
CABG has been the preferred strategy for treating patients 
with significant, unprotected left main disease. This treat-
ment paradigm has evolved in recent years. PCI has moved 
from a class IIb to a class IIa indication for the treatment 
of left main disease among patients with lower SYNTAX 
scores.66 In the SYNTAX trial, there were 705 patients with 
unprotected left main stenosis. This was a prespecified sub-
group and the 5-year major adverse coronary and cerebro-
vascular events (MACCE) rate was 36.9% for PCI and 31.0% 
for CABG (HR, 1.23; 95% CI, 0.95–1.59; p = 0.12). The compos-
ite of death, stroke, and MI was similar for PCI (19.0%) and 
CABG (20.8%). The rates of graft occlusion (4.4%) and stent 
thrombosis (5.1%) were also similar. When the patients were 
dichotomized based on SYNTAX scores, the 5-year MACCE 
rates were similar for PCI and CABG in left main patients 
with SYNTAX scores 0 to 32. In this low SYNTAX score group, 
the major adverse cardiac events (MACE) rate was numeri-
cally lower (14.8% vs 19.8%) and the death rate significantly 
lower (17.9% vs 15.1%) in the PCI group. However, in patients 
with SYNTAX scores of 33 or higher, CABG was associated 
with significantly lower cardiovascular death (15.8% vs 
5.9%) and revascularization (34.1% vs 11.6%) rates. Based 
largely on these data, it is commonly believed that the extent 
and complexity of disease downstream from the left main 
is more related to clinical outcomes than the extent and/or 
complexity of the left main disease itself.

The Evaluation of Everolimus Eluting Stent System Versus 
Coronary Artery Bypass Surgery for Effectiveness of Left Main 
Revascularization (EXCEL) clinical trial is projected to ran-
domize 2600 patients with unprotected left main disease with 
low or intermediate SYNTAX scores to either PCI or CABG. 
The primary outcome will be the composite of death, MI, and 
stroke (EXCEL clinicaltrials.gov identifier NCT01205776. http/
/clinicaltrials.gov/ct2/show/study/NCT01205776).

http://www.syntaxscore.com
http://clinicaltrials.gov
http://http//clinicaltrials.gov/ct2/show/study/NCT01205776
http://http//clinicaltrials.gov/ct2/show/study/NCT01205776


344

IV

M
a

n
a

g
eM

en
t

Diabetes Mellitus
Patients with diabetes (see Chapter 24) are often thought to 
have very complex coronary anatomy with a greater number of 
diseased vessels, lesion complexity, and smaller more diffusely 
diseased coronary arteries. Diabetes is very often a predictor of 
poor outcomes following both PCI and CABG. In general, clini-
cal trial data suggest that CABG is superior to PCI in patients 
with type 2 diabetes mellitus with multivessel disease.67 This 
recommendation dates back to the original BARI report.68

The BARI 2D trial compared coronary revascularization, 
either CABG or PCI, with medical therapy among patients 
with type 2 diabetes mellitus69 and CCS class I or II angina. 
Whether patients underwent CABG or PCI was at the inves-
tigator’s discretion. Patients with perceived need for imme-
diate revascularization, left main disease, significant heart 
failure, or revascularization within 1 year of study entry were 
excluded. The 5-year all-cause mortality and MACE rates 
were similar between the medical therapy and coronary 
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FIG. 23.4 Schematic of the Synergy Between PCI with TAXUS and Cardiac Surgery (SYNTAX) score calculation.
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revascularization groups. Crossover approached 40%. CABG 
but not PCI was associated with a significant reduction in 
nonfatal MI.70

In the SYNTAX trial there were 296 patients with medi-
cally treated diabetes. In this substudy, the death, MI, stroke, 
and repeat revascularization rate was considerably higher 
in the PCI group (45.5% vs 23.6%; p < 0.001). This was driven 
by a twofold increase in all-cause mortality and a three-
fold increase in both repeat revascularization and MI rates. 
Stroke rates were comparable.71

The Future Revascularization Evaluation in Patients with 
Diabetes Mellitus: Optimal Management of Multivessel 
Disease (FREEDOM) trial was a dedicated large-scale ran-
domized clinical trial comparing CABG with PCI in patients 
with diabetes mellitus. It randomized 1900 patients with 
diabetes and multivessel disease to undergo either PCI 
with DESs or CABG.72 The 5-year rate of death, MI, or stroke 
occurred more frequently in the PCI-DES group (26.6% vs 
18.7%; p = 0.005). CABG patients had significantly lower 
rates of nonfatal MI and all-cause mortality, whereas PCI 
patients had significantly fewer strokes. The 2- and 5-year 
results are shown in Fig 23.5.

FREEDOM and SYNTAX trials suggest greater treatment 
benefit of CABG in patients with increasing complex-
ity of CAD. The treatment effect of CABG for patients with 
SYNTAX scores greater than 22 was numerically greater.73 
A similar numerical trend was seen in the 3-year results of 
the SYNTAX diabetes substudy. There is a consistent trend in 
the medical literature suggesting that, among patients with 
diabetes and complex multivessel CAD as assessed with the 
SYNTAX score, CABG lowers cardiovascular complications. 
On the basis of these clinical data the American College of 
Cardiology Foundation(ACCF)/AHA guidelines for the treat-
ment of patients with SIHD give a class I recommendation 
favoring CABG over PCI for patients with multivessel CAD 
and concomitant diabetes mellitus.74

Ischemic Cardiomyopathy
Ischemic cardiomyopathy is a morbid condition with a 
10-year mortality rate of 60%. These patients have a multi-
tude of comorbidities including LV systolic dysfunction, 
impaired coronary hemodynamics, abnormal myocardial 
energetics, increased myocardial oxygen consumption, and 
altered myocardial lactate metabolism even in the absence 
of significant CAD. In such patients, the decision whether or 
not to perform coronary revascularization is difficult.

The Surgical Treatment for Ischemic Heart Failure (STICH) 
trial randomized 1212 patients with ischemic cardiomyopa-
thy with an ejection fraction of less than 35% to either CABG 
or medical therapy. This was a complex patient population 
and included a high prevalence of patients with diabetes, pre-
vious MI, and New York Heart Association (NYHA) class II-III 
heart failure. At a median follow-up of 56 months, there was 
no significant difference in cardiovascular deaths between 
CABG and medical therapy.75 The STITCH Extension Study 
was a 5-year extension that reported 10-year outcomes. The 
primary outcome of all-cause mortality occurred signifi-
cantly less frequently in the CABG group (58.9% vs 66.1%; 
p = 0.02). This was driven by a significant reduction in both 
cardiovascular (40.5% vs 49.3%; p = 0.006) and noncardio-
vascular mortality (76.6% vs 87.0%; p < 0.001).76 The median 
survival advantage was 1.44 years in the CABG group with a 
number needed to treat of 14 to prevent 1 death.

Patients with Chronic Kidney Disease
Patients with chronic kidney disease (CKD) are often 
excluded from clinical trials, yet this population has grown 
substantially in the past 10 years.77 Although the risk of 
future cardiovascular events is substantial in the CKD 
population, there is a lower tendency to prescribe medical 
therapy and to perform stress tests, cardiac catheterizations, 
and revascularization procedures.78 The 2014 European 
Society of Cardiology and the European Association for 
Cardio Thoracic Surgery guidelines on myocardial revascu-
larization recommend CABG over PCI (class IIa) in patients 
with moderate-severe CKD and multivessel disease when 
surgical risk is acceptable.79 These recommendations are 
based on nonrandomized large cohort studies. A large study 
from the New York State Registry (2015), however, suggests 
outcomes may be better following PCI.80 Using propensity-
score matching methodology involving 5920 patients with 
CKD, PCI was associated with a lower risk of death (HR, 0.55; 
95% CI, 0.35–0.87) and stroke (HR, 0.2; 95% CI, 0.12–0.42) 
yet a higher risk of repeat revascularization (HR, 2.42; 95% 
CI, 2.05–2.85). In a small substudy of 243 patients on renal 
replacement therapy PCI was associated with higher rates of 
death (HR, 2.02; 95% CI, 1.40–2.93) and higher rates of repeat 
revascularization (HR, 2.44; 95% CI, 1.50–3.96) compared 
with CABG. These nonrandomized studies suggest PCI may 
be preferable in patients with CKD with the possible excep-
tion of patients on chronic renal replacement therapy.

Patients with Prior Bypass Surgery
Approximately 20% of PCI patients in the United States have 
a history of previous CABG.81 There are a number of com-
plex issues when intervening in patients with prior CABG 
ranging from the need to treat complex lesion subsets, 
including saphenous vein grafts, severe calcification, diffuse 
disease, bifurcation lesions, and chronic total occlusions. 
Patients with prior CABG are also high risk given advanced 
age, multivessel disease, and depressed LV systolic ejection 
fraction. Atheroembolization occurs more often following 
PCI of saphenous venous grafts because, in general, the ath-
erosclerotic plaque in these grafts is more diffuse and fri-
able, and patients have very thin fibrous caps and little or no 
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calcification relative to native coronary atherosclerosis. This 
results in a higher frequency of atheroembolization, micro-
vascular obstruction, no reflow, and postprocedural death or 
MI. No reflow can be treated with arterial vasodilators such 
as nitroprusside, verapamil, or adenosine. Embolic protec-
tion devices are generally considered effective in reducing 
the complications of atheroembolization in the setting of 
saphenous venous graft PCI. Many operators now preferen-
tially treat obstructive coronary disease in the native coro-
nary circulation rather than performing PCI on degenerated 
vein grafts, as it may be a safer, more effective, and more 
durable option than intervening on degenerated and/or 
occluded saphenous venous grafts.

Revascularization of Total Occlusions
Recent Occlusions Following ST Elevation Myocardial 
Infarction
Primary PCI for ST elevation myocardial infarction (STEMI) 
is the standard of care. However, approximately 1 in 3 
patients does not receive prompt reperfusion therapy.82 
Observational studies have described an association 
between patent infarct-related artery after late presentation 
and improved outcomes, whereas others have not.83–91

The Occluded Artery Trial (OAT) enrolled 2166 patients 
with recent MI, ejection fraction less than 50%, and persis-
tently occluded artery who were also beyond the traditional 
time period for myocardial salvage.92 The primary endpoint 
was death, MI, or NYHA class IV heart failure. There was no 
difference between the PCI and medical therapy groups 
(17.2% vs 15.6%; HR, 1.16; 95% CI, 0.92–1.45; p = 0.20) respec-
tively92 with a mean follow-up of 3 years. The lack of benefit 
was consistent across subgroups. There was a numerical 
increase in the reinfarction rate in the PCI group that was 
greatest in the first 30 days but persisted through 5 years. 
Thus elective PCI does not reduce death or reinfarction in 
patients 3 to 28 days post MI with a persistently occluded 
infarct-related artery.

The Total Occlusion Study of Canada (TOSCA-2) was the 
angiographic substudy of OAT. The primary purpose was 
to establish the 1-year angiographic patency in OAT, which 
was approximately 82.7% in the PCI group compared with 
25.2% in the medical group (p < 0.0001).93 Patency of the 
infarct-related artery did not translate to an improvement 
in LV function or remodeling indices. The OAT nuclear sub-
study also showed no influence of baseline viability and 
the extent of LV remodeling as measured by end-systolic 
and diastolic volumes at 1 year. The ACC/AHA STEMI guide-
lines provide a class III recommendation for PCI of a totally 
occluded infarct artery greater than 24 hours after STEMI in 
patients who are asymptomatic and have one- or two-vessel 
disease if patients are stable and have no evidence of induc-
ible cardiac ischemia.

Chronic Total Occlusions
OAT did not evaluate the efficacy of treating chronic total 
occlusions (CTOs). CTOs are occluded coronary arteries after 
thrombolysis with myocardial (TIMI) flow of 0 for 3 months 
or more. CTOs are found in 15% to 40% of diagnostic heart 
catheterizations.94,95 There has been a significant increase 
in the number of CTO PCIs being performed worldwide. 
Expert operators are now achieving procedural success 
rates approaching 80% to 90% using what is now called the 
hybrid approach.96 This approach utilizes both antegrade 

and retrograde approaches and subintimal techniques such 
as antegrade dissection reentry and reverse controlled ante-
grade and retrograde tracking to optimize successful crossing 
of the occlusion, while attempting to minimize procedural 
complications.

One of the major barriers to CTO PCI is the very high 
lesion complexity that is associated with prolonged, costly 
procedures that have a higher failure rate than standard PCI. 
The Japanese CTO score is commonly used to assess lesion 
complexity97 (Table 23.3). A higher score is associated with 
higher technical failure rates and poor long-term outcomes.

The presence of developed collaterals is often cited as 
a major justification for not recommending coronary revas-
cularization of a CTO segment. Studies demonstrate that 
myocardium subtended by collaterals to a CTO segment is 
nearly universally ischemic. Data from Werner et al. suggest 
that it is very uncommon to have normal blood flow down-
stream from collateralized CTO segments. In a registry of 59 
patients without a prior Q-wave MI, fractional flow reserve 
(FFR) (see following discussion) values were less than 0.8, 
suggesting that collateralized myocardium is ischemic.98

CTOs are also associated with increased early and late 
cardiovascular risk following STEMI99 and non-STEMI 
(NSTEMI).100 There are a number of nonrandomized clini-
cal studies including a 2015 meta-analysis101,102 associating 
successful CTO PCI with improved survival, compared with 
a failed CTO PCI attempt. It should be noted that there are 
no data from adequately sized randomized controlled tri-
als demonstrating that CTO PCI is associated with clinically 
meaningful and durable benefit.102

There is also an increasing body of literature establish-
ing improved health status following successful CTO PCI in 
appropriately selected patients. CTO PCI is associated with 
at least as great an improvement in health status as is seen 
for PCI in non-CTO-PCI patients, despite a substantially lower 
success rate (85% vs 95%) in the CTO-PCI group.103 Health 
status studies utilizing the Seattle Angina Questionnaire have 
shown an improvement in several domains including physi-
cal limitations, angina frequency, and treatment satisfaction.

CTO PCI is associated with higher procedural complications 
than is non-CTO PCI. In a recent large meta-analysis including 
over 18,000 CTO patients, CTO PCI was associated with a mor-
tality rate of 0.2% and was associated with emergent coronary 
bypass grafting in 0.1%, stroke in 0.1%, MI in 2.5%, coronary 
perforation in 2.9%, tamponade in 0.3%, and contrast nephrop-
athy in 3.8% of patients. Unsuccessful procedures were associ-
ated with higher mortality rates (1.5% vs 0.4% in successful 
procedures), and perforation leading to tamponade occurred 
in 1.7%. Unpublished data from the Outcomes, Patient Health 
Status, and Efficiency (OPEN) registry, which included a con-
secutive prospective study design with systematic collection 
of periprocedural complications and adjudication of impor-
tant clinical outcomes and complications, demonstrated a 

TABLE 23.3 The Japan Chronic Total Occlusion Score

POINTS

Prior failed attempt 1

Angiographic evidence of heavy calcification 1

Bend within occluded segment 1

Blunt proximal cap 1

Length > 20 min 1
(From J Am Coll Cardiol Intv. 2011;4(2):213-221. doi:10.1016/j.jcin.2010.09.024.)
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mortality rate approaching 1% and a major complication rate 
of 4% (JA Grantham, personal communication, 2016).

Complete Versus Incomplete Coronary Revascularization
The Coronary Artery Surgery Study (CASS) was one of the 
first to suggest that complete revascularization was associ-
ated with improved outcomes in patients with advanced 
CAD. Patients with severe angina and multivessel disease 
who received three or more grafts had improved survival 
when compared with those who received fewer grafts.56 
Clinical evidence since this early publication has not dem-
onstrated a consistent benefit for complete revascular-
ization, and current practice guidelines do not make firm 
recommendations on whether complete revascularization 
is essential. Whereas incomplete revascularization occurs 
significantly more frequently in PCI, it is not uncommon with 
CABG. In the New York State Registry, the frequency ranged 
from 45% to 89% in patients with multivessel CAD.104 There 
are challenges when comparing outcomes of patients with 
complete versus incomplete revascularization. There are a 
number of higher-risk clinical comorbidities and technical 
issues that are associated with incomplete revascularization. 
Direct comparisons, even with sophisticated adjustment for 
residual confounding, are challenging.

However, incomplete revascularization is often associ-
ated with worse outcomes.64 There was a high frequency of 
incomplete revascularization in both the CABG (43%) and 
PCI (48%) patients in the SYNTAX trial. There was a mod-
est association between incomplete revascularization and 
increased adverse events in the SYNTAX trial that was pri-
marily driven by the need for repeat revascularization. There 
was no clear association between harder cardiovascular 
endpoints such as death, MI, or stroke for those with incom-
plete revascularization following CABG, but a there was a 
modest association for patients randomized to PCI.105

A 2013 meta-analysis of both PCI and CABG studies iden-
tified 35 studies and 90,000 patients.106 Complete revascu-
larization occurred in approximately 50% of patients and 
was associated with a lower risk for mortality, MI, and need 
for repeat revascularization. The mortality benefit associ-
ated with complete revascularization was independent of 
whether patients underwent CABG or PCI. Following multi-
variable adjustment, complete revascularization remained a 
significant factor associated with lower mortality. Because of 
equipoise the concept of reasonable incomplete revascular-
ization has been suggested as an alternative to an extreme 
approach of complete (or incomplete) revascularization.107 
This concept of reasonable incomplete revascularization 
hypothesizes that there is an acceptable magnitude of 
residual disease following a coronary revascularization pro-
cedure and that this residual disease burden would not be 
associated with future cardiovascular risk. Quantifying this 
residual disease burden is challenging and incompletely 
studied.

Standards for defining and quantifying complete revas-
cularization are lacking. The residual SYNTAX score quanti-
fies the amount of disease “left behind” following coronary 
revascularization. An Acute Catheterization and Urgent 
Intervention Triage Strategy (ACUITY) substudy using the 
residual SYNTAX score attempted to address this issue.108 
Only 40% of the patients had complete revascularization 
as defined by a residual SYNTAX score of 0. Incomplete 
revascularization was associated with older age, insulin-
treated diabetes mellitus, hypertension, elevated cardiac 

biomarkers, and depressed LV ejection fraction. Higher 
residual SYNTAX score (indicating more incomplete revas-
cularization) was associated with highly complex lesions, 
including severe calcification, chronic total occlusions, and 
bifurcation lesions.108

However, it should be noted that residual compared with 
baseline SYNTAX score was not a better discriminator of 
future cardiovascular risk. This study also showed that there 
was a very high likelihood of a residual SYNTAX score of 
greater than 8 in patients with higher baseline scores, sug-
gesting that alternative strategies for coronary revasculariza-
tion should be considered (e.g. CABG, hybrid procedures, 
or CTO PCI). Lastly, this study also suggests that complete 
revascularization is most important in patients with higher 
baseline SYNTAX scores. Whether there is an acceptable 
level of residual significant disease that is associated with 
lower risk is not known.

Revascularization of Intermediate Lesions
Angiographic assessment of the severity of coronary artery 
lesions is commonplace and the gold standard for quantify-
ing the extent and complexity of CAD (see Chapter 14). Thus 
clinical practice and professional guidelines that influence 
revascularization approaches are predicated on anatomic 
criteria as assessed by coronary angiography. However, 
angiographic assessment of disease severity is limited. First, 
angiographic extent of disease does not always associate 
with future risk, and clinicians are often uncertain as to 
whether an angiographically defined lesion is significant 
or not. These borderline or intermediate lesions are often 
described as 50% to 70% diameter stenosis. Other imaging 
techniques such as intravascular ultrasound and optical 
coherence tomography are used to further define lesion 
severity; however, neither of these is associated with physi-
ologic significance.

FFR is a practical diagnostic test used to assess the physi-
ologic significance of a coronary artery stenosis. It is most 
commonly used in clinical practice to assess intermediate 
lesions. FFR-guided management in patients with SIHD is 
being used more often and is now a class I or class II guide-
line recommendation.79,109

Whereas invasive angiography remains the gold standard 
for the diagnosis and assessment of severity of CAD, the rela-
tionship between angiographic stenosis severity and coro-
nary blood flow is complex. Assessing this significance with 
a, visual and/or quantification estimate of percent diameter 
stenosis is often discordant with the physiologic signifi-
cance of that lesion whether assessed by noninvasive stress 
testing or FFR.110

There is a near linear relationship between perfusion pres-
sure and blood flow when coronary resistance is minimized 
(with pharmacologic vasodilatation) within the physiologic 
blood pressure range.111,112 Myocardial FFR is defined as 
the ratio of the maximum blood flow to the subtended myo-
cardium in the presence of a given stenosis compared with 
maximal flow given the absence of this stenosis. Myocardial 
FFR is measured using a pressure-sensitive coronary wire 
with two hemodynamic pressure transducers. This wire is 
placed in such a fashion that the distal pressure transducer 
is distal to the lesion and the proximal hemodynamic pres-
sure transducer is proximal to the lesion (in the aorta). FFR 
is calculated from the coronary pressure distal to the steno-
sis referred to as Pd and the aortic pressure referred to as Pa 
recorded simultaneously.
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Induction of maximal vasodilation through pharmaco-
logic hyperemia is critical when assessing FFR. The standard 
pharmacologic approach uses intravenous adenosine at a 
dose of 140 μg/kg per min. Adenosine is administered for 
2 minutes, and the minimum FFR value typically occurs 
shortly after the onset of steady-state hyperemia. FFR is most 
often assessed using a 3-beat average that minimizes beat-
to-beat variability.

FFR-Guided PCI in Patients with Stable Ischemic Heart 
Disease
Nonrandomized data suggested improved outcomes in 
patients undergoing FFR-guided PCI compared with angi-
ography-guided decision-making.113–117 Moreover, incor-
porating FFR versus using angiography alone appeared to 
be associated with reduced number of stents placed, lower 
MACE rate, and lower costs.118 These clinical studies also 
suggested that deferring PCI based on an FFR of greater than 
0.8 was safe.

The use of FFR has been tested in additional randomized 
controlled clinical trials. The Does Routine Pressure Wire 
Assessment Influence Management Strategy at Coronary 
Angiography for Diagnosis of Chest Pain? (RIPCORD) clini-
cal trial was prospectively designed to assess whether FFR 
measurement during diagnostic coronary angiography 
would be associated with management decisions when 
compared with angiographic assessment.119 In this trial 200 
patients with chronic stable angina were randomized at 10 
United Kingdom centers. RIPCORD demonstrated that the 
management plan, i.e. whether patients were referred to 
medical therapy, PCI, or CABG, changed in 26% of the popu-
lation. Similar results were seen in a French registry.120

Coronary artery stenoses that are of intermediate angio-
graphic severity are often not hemodynamically signifi-
cant. The deferral of percutaneous coronary intervention 
(DEFER) study suggests that deferring intervention in lesions 
that are of intermediate severity and have FFR values greater 
than 0.75 is safe.121 In this clinical trial, 325 patients were 
randomized to deferred or immediate PCI. In the immediate 
PCI arm, all patients underwent PCI independent of the FFR 
value. Those patients randomized to the deferral cohort only 
underwent PCI if the FFR value was less than 0.75. Deferral of 
PCI in patients with FFR greater than 0.75 was not associated 
with higher 5-year death and MI rates. The annual death or MI 
rate among patients with functionally nonsignificant lesions 
was less than 1% per year. DEFER suggests that intervention 
in a functionally nonsignificant lesion did not benefit the 
patient with respect to symptoms or outcomes. In addition, 
patients with increased risk of death or MI rate are those with 
a functionally significant abnormality as identified by an 
FFR of less than 0.75, which is consistent with prior observa-
tions with myocardial perfusion imaging (MPI) studies.122–125

The Fractional Flow Reserve versus Angiography for 
Guiding PCI in Patients with Multivessel Coronary Artery 
Disease (FAME-1 and FAME-2) clinical trials provided addi-
tional data supporting the routine use of FFR in selected 
patients undergoing coronary angiography.126,127 Both trials 
demonstrated superiority of FFR- versus angiography-guided 
PCI with an approximate 30% reduction in the primary end-
point. FAME-1 randomized 1005 patients with multivessel 
disease in a 1:1 fashion to angiography- or FFR-guided PCI. 
The angiography-guided patients received more stents and 
more contrast agent, and the procedure was associated with 
higher costs of delivering care. In FAME-1, FFR-guidance 

had lower rates of the composite of death, nonfatal MI, and 
repeat revascularization versus usual care (13.2% vs 18.3%; 
p = 0.02). The difference in this composite was driven by 
numerical reduction in both repeat revascularization and 
nonfatal MI rates in the FFR group. The mortality rates were 
similar between the two study arms. There was no difference 
in freedom from angina in follow-up. Approximately 40% 
of the assessed lesions were not hemodynamically signifi-
cant and thus PCI deferred. Data from FAME-1 suggest that 
one would need to treat 20 patients with FFR to prevent 1 
adverse cardiovascular event in follow-up.

FAME-2 randomized patients with stable CAD in whom at 
least one stenosis was functionally significant (FFR ≤ 0.8). 
These patients were randomly assigned to FFR-guided PCI 
plus available medical therapy or best available medical 
therapy alone. The patients in whom all lesions assessed 
had an FFR value of greater than 0.8 were entered into a 
registry and also received guideline-based medical therapy. 
As in FAME-1, the primary composite endpoint was death, 
MI, or urgent revascularization. The data monitoring com-
mittee halted recruitment after enrolling 1220 patients 
because there were significant differences between groups 
in the percent of patients who had a primary endpoint. The 
composite primary endpoint occurred in 4.3% in the PCI 
group and 12.7% in the medical therapy group (HR, 0.32; 
95% CI, 0.19–0.53; p < 0.001). This difference was driven by a 
lower rate of urgent revascularization in the PCI group (1.6% 
vs 11.1%; p < 0.001). A significant number of these repeat 
revascularizations were for urgent indications and were 
either prompted by MI or evidence of ischemia. The patients 
assigned to the registry had a similarly low frequency of the 
primary endpoint. Common indications for the use of FFR 
are summarized in Box 23.2.

The use of FFR in ACS remains controversial. This is partly 
driven by concerns regarding the diagnostic validity of FFR 
in ACS patients. Pharmacologic vasodilation is reduced in 
the culprit artery among ACS patients because of microvas-
cular obstruction. This would likely lead to an unacceptably 
high false-negative rate and thus falsely reassuring FFR val-
ues in the culprit vessel.128 However, trials are ongoing to 
evaluate the clinical utility of FFR in the nonculprit vessel. 
The Fractional flow reserve vs angiography in guiding man-
agement to optimize outcomes in non-ST-segment eleva-
tion myocardial infarction (FAMOUS-NSTEMI) clinical trial 
was a multicenter randomized trial utilizing routine FFR-
guided management compared with standard management 

The adoption of FFR is a class I (level of evidence A) recommen-
dation when prior evidence of ischemia is not available. FFR-
guided PCI is a class IIa (level of evidence B) recommendation in 
patients with multivessel coronary artery disease (CAD).

When patients with a high pretest probability of CAD are 
referred for early invasive coronary angiography, the use of FFR 
has a class 1 recommendation (level of evidence C).

FFR should be considered for risk stratification among 
patients with inconclusive diagnosis on noninvasive testing or 
when there are conflicting results from different modalities 
(class IIa, level of evidence C).

Coronary revascularization of intermediate lesions in patients 
without ischemia and with an FFR > 0.8 is not recommended 
(class III recommendation, level of evidence B).

BOX 23.2 Common Fractional Flow Reserve (FFR) 
Indications109
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strategies in ACS patients.129 The primary outcome com-
pared the frequencies and differences in a proportion of 
patients allocated to medical management. The initial treat-
ment decision was made after the coronary angiogram but 
before FFR measurement. Based on the FFR results, there 
was a higher proportion of patients treated medically in the 
FFR group compared with the angiography-guided group 
(22.7 vs 13.2%; p = 0.02). Although not adequately powered 
for clinical events, there was no difference in MACE rates 
between the two groups, and the costs were similar.130

Evolution in PCI Technology
There has been continuous and rapid innovation in device 
technology since the invention of coronary balloon 
angioplasty in the fall of 1977. These advances have led to 
improved safety, efficacy, and sustainability of PCI. The vessel 
response to high-pressure balloon inflation or stent deploy-
ment has been extensively studied and in general results in 
endothelial disruption, vascular inflammation, and medial 
stretch leading to vascular smooth muscle cell injury. This 
response to vessel injury coupled with clinical risk factors 
leads to significant clinical complications including stent 
thrombosis and restenosis. Innovation in stent design and 
improvements in the technical approach translate to an 
improved safety profile for PCI.

Plain old balloon angioplasty (POBA) revolutionized the 
approach to treating patients with obstructive CAD. However, 
these early procedures were limited. Balloon angioplasty 
was associated with both a very high acute vessel closure, 
driven by early elastic recoil and thrombosis, and restenosis 
in the first 6 months following the procedure. The rates of 
restenosis and late vessel closure were exceptionally high 
in the early balloon angioplasty era. Coronary stents were 
designed to overcome acute vessel recoil and to improve 
vessel patency. The stent scaffolding was designed to seal 
dissection flaps and provide improved vessel rigidity to pre-
vent both early and late recoil. The WALLSTENT was a self-
expanding stainless steel wire mesh structure and was the 
first coronary stent implanted in a human coronary artery in 
1986.131 This stent was very difficult to deliver and thus was 
limited for coronary intervention application. The next stent, 
and the first stent approved for use by the Food and Drug 
Administration (FDA), was the Palmaz-Shatz (Johnson & 
Johnson) stent in 1987. Unlike the WALLSTENT, this stent was 
on a balloon expandable stent delivery platform and was 
frequently used throughout the early 1990s. Since its incep-
tion, there has been a proliferation of new stent platforms. 
In general, coronary stents reduce early elastic recoil and 
restenosis compared with balloon angioplasty. Two large-
scale randomized clinical trials established the superiority 
of bare metal stents (BMSs) over POBA.132,133 The major limi-
tations of these early stent platforms were the bulky nature 
of the platforms, the technical challenge associated with 
delivery, and the very high rates of acute and subacute stent 
thrombosis. Over the next several years the use of coronary 
stents increased substantially, such that by 2000 stents were 
used in over 85% of all PCI procedures.

In the early experience with BMSs, acute stent thrombo-
sis occurred more commonly than anticipated. The use of 
dual antiplatelet therapy and adequately sizing stents and 
deploying stents under high pressure reduced the risk of 
acute stent thrombosis substantially by limiting the rate 
of malapposition and underexpansion. The major limiting 

factor for BMSs, even today, is that in-stent restenosis rates 
approach 20% to 30%.

Stent material and design have undergone substantial 
refinements in recent years134 (Table 23.4). Early stents were 
composed of stainless steel because it is biologically inert. 
More recently cobalt-chromium alloys have replaced stain-
less steel, which allows for significantly thinner struts without 
compromising the radial strength. Cobalt-chromium stents 
in general are more trackable and deliverable than earlier 
prototypes. Recent iterations include platinum-chromium 
alloys, which allow for even thinner struts while retaining 
high radiopacity and radial strength.

DESs advanced the field substantively by reducing the 
rate of in-stent restenosis. However, initial approaches to 
coating stents with compounds such as gold, diamond, 
phosphorylcholine, and heparin to limit inflammation, 
platelet activation, thrombosis, and vascular smooth muscle 
cell proliferation were unsuccessful. It was not until BMSs 
were coated with specific antiproliferative agents such as 
sirolimus or paclitaxel that a clinical benefit was realized in 
limiting in-stent restenosis.135–138

Sirolimus is an immunosuppressive compound that acts 
by receptor inhibition of the mammalian target of rapamy-
cin (mTOR), which results in cessation of the cell cycle pro-
gression in the late G1 to S phase and thus inhibits vascular 
smooth muscle cell proliferation.135 Paclitaxel inhibits cell 
proliferation and migration by disrupting cellular microtu-
bules delivery.139

In general, these antiproliferative agents are embedded 
within the polymer and coated on the surface of intracoro-
nary stents. The elution kinetics allow the antiproliferative 
agent to slowly elute over days to several weeks following 
deployment. Initial randomized controlled trial data dem-
onstrated a significant reduction in neointima formation 
and improved vessel patency over 1-year follow-up. Similar 
to early BMS outcomes, there were signals that DES place-
ment was associated with increased risk of stent thrombosis. 
These early reports140 were confirmed by larger registries.141 
The mechanism for in-stent thrombosis is related to delayed 
endothelialization due to either the presence of the anti-
restenotic agents and/or a hypersensitivity reaction to the 
polymer. With improved stent design, polymers, and compli-
ance with longer-term dual antiplatelet therapy, the risk for 
stent thrombosis including very late stent thrombosis has 
diminished substantially over time.

The newer DES platforms include modified antiprolif-
erative agents including everolimus (PROMUS Element, 
Boston Scientific; Xience V, Abbot Vascular) and zotaroli-
mus (Endeavor and Resolute, Medtronic). Everolimus is a 
derivative of sirolimus and similarly inhibits mTOR. Overall, 
everolimus-eluting stent platforms are superior in safety and 
efficacy when compared with first-generation DESs.142–144 
A meta-analysis of 11 randomized controlled trials compar-
ing everolimus- with serolimus-eluting stents demonstrated 
a reduction in both definite stent thrombosis and need for 
repeat revascularization favoring the everolimus-eluting 
stent platforms. There was no difference in the risk of MI or 
cardiovascular mortality.145

Future applications for innovative drug or stent delivery 
platforms include directional drug delivery, biodegradable 
polymers, and biodegradable stent platforms. Directional 
drug delivery stent platforms have been developed such that 
the antiproliferative agent is coated only on the abluminal 
surface of the stent, thereby leaving the luminal surface as 
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TABLE 23.4 Available Stents

CYPHER TAXUS EXPRESS ENDEAVOR RESOLUTE XIENCE V PROMUS ELEMENT BIOMATRIX

Manufacturer Cordis Boston Scientific Medtronic Medtronic Abbott Vascular Boston Scientific Biosensors

Platform Bx-Velocity Express Driver Driver Vision Omega Gazelle

Design

Material SS SS MP35N CoCr MP35N CoCr L605 CoCr PtCr SS

Thickness of struts (μm) 140 132 91 91 81 81 112

Polymers PEVA, PMBA SIBS PC BioLinx PBMA, PVDF-HFP PBMA, PVDF-HFP PLA

Polymer thickness (μm) 12.6 16 4.1 4.1 7.6 6 10

Drug Sirolimus Paclitaxel Zotarolimus Zotarolimus Everolimus Everolimus Biolimus

Drug concentration (μg/
cm2)

140 100 100 100 100 100 156

Drug release in 4 weeks 
(%)

80 < 10 100 70 80 80 45

Late lumen loss (mm)* 0.17137 0.39138 0.61148 0.27149 0.16142 0.15150 0.13151

*Late lumen loss varies depending on trial population, timing of angiography, and study era. The values are indicative only, based on pivotal trials (referenced) of these stents.
CoCr, Cobalt-chromium; HFP, hexafluropropylene; PC, phosphorylcholine; PEVA, polyethylene-co-vinyl acetate; PLA, polylactic acid; PMBA, poly (n-butyl methacrylate); PtCr, platinum-chromium; PVDF, poly-vinylidene fluoride; SIBS, poly 
(styrene-b-isobutylene-b-styrene); SS, stainless steel.
(From Iqbal J, Gunn J, Serruys PW. Coronary stents: historical development, current status and future directions. Br Med Bull. 2013;106:193–211.)
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bare metal or for an alternative coating strategy to enhance 
endothelialization or prevent platelet adhesion. There are 
very few stent platforms utilizing this strategy. Biodegradable 
polymers offer many potential benefits compared with 
conventional DES platforms. In general, the release of the 
drug occurs during the degradation of the polymer. Once 
the drug is fully eluted and the polymer fully degraded, only 
a BMS platform remains. There are several stent platforms 
using biodegradable polymers. The biodegradable polymer 
stent currently available for use in the United States is the 
Synergy stent (Boston Scientific).

There has been extensive research and development 
dedicated to bioresorbable stent scaffolds.146 Metallic 
drug-eluting stents, although very effective, are associated 
with incomplete endothelialization, polymer hypersensi-
tivity, neoatherosclerosis, and stent fractures. Moreover, the 
target vessel failure rate ranges between 2% and 4% annu-
ally. Fully bioresorbable scaffolds were designed to provide 
mechanical support and drug delivery followed by com-
plete scaffold bioresorption and complete return to vascu-
lar structure and function. These design features were an 
attempt to improve on the current metallic DES platforms. 
The goal therefore was to provide similar 1-year outcomes 
compared with contemporary metallic DESs coupled with 
improved long-term outcomes. The perceived benefits and 
limitations of bioresorbable stent platforms are shown 
in Box 23.3. The prototype bioresorbable stent platform is 
the Absorb Bioresorbable Vascular Scaffold (BVS) (Abbott 
Vascular) stent. Complete bioresorption is necessary to fully 
recover vascular structure and function. Although the rate 
of resorption varies as a function of the stent platform, drug 

elution typically occurs over approximately 3 months and 
bioresorption occurs over 12 to 36 months. BVS is associ-
ated with an increase in both the internal and external 
elastic lamina areas and vessel lumen area over 12 to 18 
months. The polymeric struts are ultimately replaced by col-
lagen and vascular smooth muscle cells, which retract over 
time. In general, there is expansive remodeling associated 
with bioresorbable stent placement. The registry and ran-
domized controlled trial data with Absorb demonstrate that 
return of vasomotion, increased lumen, and expansive adap-
tive remodeling are seen by year 1 with complete scaffold 
resorption by year 3.146 Randomized controlled trial data of 
Absorb BVS compared with Xience DES demonstrate that 
Absorb was noninferior for the primary endpoint of target 
lesion failure at 1 year. In the early registries there was a 
signal for a greater rate of scaffold thrombosis with Absorb 
compared with historic rates using contemporary DES plat-
forms.147 The greatest risk appeared in the first 30 days fol-
lowing implantation and in small vessels (< 2.5 mm, visual 
estimate). Next-generation fully bioabsorable stents are 
under development with the goal of substantially decreas-
ing strut diameter to improve the scaffold profile and lower 
stent thrombosis risk.

CONCLUSIONS

Despite major advances in medical therapies, patients con-
tinue to have residual symptoms and cardiovascular risk, 
and thus coronary revascularization remains an essential 
component of management for many. The use of a multidis-
ciplinary heart team to facilitate decision-making regarding 
the method of coronary revascularization is preferable, espe-
cially in the setting of either high clinical risk or advanced/
complex CAD. Relief of symptoms remains a central benefit 
of coronary revascularization in patients with SIHD. There 
are robust data suggesting that PCI improves the QoL in 
appropriately selected patients. CABG is also very effective 
in improving QoL, although when compared with PCI, QoL 
improves earlier following PCI than CABG. However, this 
benefit attenuates and CABG is superior to PCI in reducing 
angina and improving QoL at 1 year in patients with com-
plex multivessel CAD. There are fewer data demonstrating 
that coronary revascularization reduces death and nonfatal 
MI in low-risk patients. It is generally accepted that coronary 
revascularization in patients at higher clinical risk is appro-
priate and reduces future risk. The ischemic burden hypoth-
esis postulates that coronary revascularization will improve 
event-free survival rates among patients with high baseline 
ischemia. This is currently being tested in the ISCHEMIA 
clinical trial. CABG is generally preferred in patients with 
advanced CAD as assessed by the baseline SYNTAX score, 
in unprotected left main disease with a SYNTAX score of 
greater than 32, in patients with diabetes mellitus and multi-
vessel CAD, and among patients with ischemic cardiomyop-
athy. PCI is generally preferred in patients following an ACS 
with one- or two-vessel CAD, in patients with advanced clini-
cal risk or frailty, which is associated with a very high post-
operative risk, and in patients who have had prior bypass 
surgery. FFR-guided management in patients with SIHD is 
being used with increased frequency and is recommended 
by practice guidelines. When there is uncertainty regard-
ing lesion severity or when patients have not undergone 
preprocedural stress testing, FFR is very often informative 
and appropriate. The major advances in the near term for 

Restoration of cyclic pulsality and normal vasomotion
Normalization of shear stress and cyclic strain
Restoration of normal vessel curvature
Reduced risk of very late polymer reactions
Avoidance/resolution of stent malapposition
Avoidance/resolution of late strut fractures
Reduced neoatherosclerosis
Unjailing of side branches
Formation of a (neomedia) cap over lipid-rich plaque
Plaque regression

Advantages of vascular BRSs
Unjails covered side branches, restoring access
Avoids full metal jacket, restoring late bypass surgery options
Allows treatment of in-stent restenosis without necessi-

tating a permanent additional metal layer
Facilitates noninvasive imaging follow-up without artifacts
Addresses physician’s and patient’s desires to avoid a per-

manent implant
Disadvantages of first-generation vascular BRSs

Some devices require cold storage and specific deployment 
techniques

Thicker/wider struts with larger crossing profile (more dif-
ficult to deliver)

Greater attention to procedural technique required
Greater risks of acute strut fracture compared with metallic 

drug-eluting stents
Intraluminal scaffold dismantling
Higher early rates of scaffold thrombosis and target  

vessel-related myocardial infarction, particularly in  
small vessels

BOX 23.3 Mechanisms That May Reduce Very 
Late Events with Vascular Bioresorbable Scaffolds 
(BRSs)

From Kereiakes DJ, Onuma Y, Serruys PW, et al. Bioresorbable vascular scaffolds for 
coronary revascularization. Circulation. 2016;134(2):168–182.
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patients with chronic SIHD will be the continued advance-
ment of complex coronary artery procedures including 
CTO PCI, as well as the introduction of bioresorbable stent 
platforms.
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INTRODUCTION

Patients with diabetes mellitus—both type 1 and type 2—
exhibit an increased risk of developing cardiovascular dis-
ease (CVD) with its sequelae of myocardial infarction, stroke, 
and heart failure. Compared to patients without diabetes, the 
management of coronary artery disease (CAD) in patients 
with diabetes includes different strategies in CV risk reduction, 
as well as various interventional options. In addition, because 
type 2 diabetes is much more common and a growing epi-
demic worldwide, a wealth of data exists for patients with type 
2 diabetes, with only little evidence available regarding the 
relationship between type 1 diabetes and CAD. Accordingly, 
this chapter will mainly focus on type 2 diabetes.

CARDIOVASCULAR RISK IN TYPE 1 DIABETES

CV risk in patients with type 1 diabetes is characterized by 
more frequent and earlier occurrence of CV events than in 
populations without diabetes. CVD prevalence rates in type 
1 diabetes vary between 3% and 12.4%.1–4 The Pittsburgh 
Epidemiology of Diabetes Complications (EDC) study 
demonstrated that the incidence of major CVD events in 
young adults (age 28 to 38 years) with type 1 diabetes was 
0.98% per year and surpassed 3% per year after age 55 years, 
making it the leading cause of death in this population.3–5 
In addition, data from the UK General Practice Research 
Database (GPRD), including 7400 patients with type 1 dia-
betes with a mean age 33 years and a mean duration of dia-
betes 15 years, suggest that type 1 diabetes is associated with 
markedly increased adjusted hazard ratios (HRs) for major 
coronary heart disease (CHD) events during 4.7 years of 
follow-up in men (adjusted HR 3.6; 95% confidence interval 
[CI] 2.8–4.6) and women (adjusted HR 9.6; 95% CI 6.4–14.5). 

These rates are similar to the relative risks (RRs) associated 
with type 2 diabetes.1

CARDIOVASCULAR RISK IN TYPE 2 DIABETES 
MELLITUS

In the late 1990s Haffner et al published epidemiologic data 
showing that patients with diabetes and no history of myocar-
dial infarction (MI) have a similar risk of developing an MI 
over the next 7 years as do nondiabetic subjects after their 
first MI.6 These data raised the hypothesis that diabetes may 
be seen as a CHD equivalent. This study was carried out when 
current cardiovascular therapies, such as statins and renin-
angiotensin-aldosterone system (RAAS) blockers, were not 
yet implemented. Since then large CV outcome trials exam-
ining lipid-lowering strategies, antihypertensive therapies, and 
RAAS inhibition have led to an overall reduction of CV mor-
bidity and mortality in patients with diabetes.7 However, recent 
data published from the Emerging Risk Factor Collaboration 
showed that, despite extensive CV risk management with 
state-of-the-art therapy, the presence of diabetes still doubles 
the risk for CV death. Furthermore, the presence of diabetes 
together with a history of MI leads to a 4-fold risk increase 
versus subjects without diabetes or MI. This translates into a 
6-year reduced life expectancy for a 60-year old man with dia-
betes and a loss of 12 years in a person with diabetes and a 
prior MI.8 These data underscore the necessity for additional 
strategies to reduce CV risk in patients with diabetes.

RISK FACTOR MANAGEMENT

The reduction of CV risk in patients with diabetes is in gen-
eral not different from patients without diabetes. However, 
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given the increased absolute risk a very thorough approach 
is mandatory.

Lifestyle Intervention
The basis for risk reduction in patients with diabetes, as in 
nondiabetic subjects, is lifestyle intervention. Lifestyle inter-
vention has been shown to prevent the development of CVD 
in primary prevention, but the benefit of lifestyle intervention 
including diet, physical activity, and weight loss is less well 
established in patients with existing chronic CAD. However, 
general aspects are covered by various guidelines such as 
the American Heart Association (AHA), American Diabetes 
Association, and European Society of Cardiology (ESC)/
European Association for the Study of Diabetes (EASD)9,10: 
these include recommendations for smoking cessation, ide-
ally guided by structured advice or a specially developed pro-
gram, as well as a Mediterranean diet with fruit, vegetables, and 
olive oil. To what extent weight loss reduces CV risk in patients 
with existing CAD has not been established. Due to the lack of 
evidence, current guidelines do not recommend supplemen-
tation with vitamins or micronutrients to reduce CV risk in this 
population. With respect to physical activity, moderate to vigor-
ous physical activity, at least 150 min/week, is recommended to 
prevent vascular disease in patients that can exercise.

Glucose Control
In patients with type 2 diabetes mellitus intensive glucose 
control can reduce microvascular complications such as 
retinopathy or nephropathy.11–13 The effect on macrovascular 
events in patients with diabetes and chronic CAD is less well 
established. The United Kingdom Prospective Diabetes Study 
(UKPDS) was the first large study examining the effect of an 
intensive glucose control regimen on macrovascular events; 
the study compared conventional versus intensive therapy in 
3867 patients with newly diagnosed type 2 diabetes and no 
history of CVD. Intensive therapy significantly reduced micro-
vascular events such as nephropathy and retinopathy, but 
after a follow-up of 10 years only a nonsignificant reduction 
in macrovascular events such as MI was found.12 Only after 
an additional 10 years of follow-up did the initial intensive 
therapy translate into a significant decrease in macrovascu-
lar events.14 These results, albeit difficult to interpret because 
of the nature of this nonprespecified follow-up analysis, sug-
gested that early intervention with a stringent glucose con-
trol strategy may eventually reduce macrovascular events in 
patients with diabetes without a history of CV disease.

Over the last decade various CV outcome trials in high-
risk patients with diabetes have assessed the effect of a tight 
glucose control strategy compared with standard therapy 
on the incidence of CV events.11,15,16 The Action to Control 
Cardiovascular Risk in Diabetes (ACCORD) Trial examined 
whether an intensive glucose control with the HbA1c target 
of less than 6.5% (46 mmol/mol) compared with standard 
therapy with an HbA1c target of less than 7.5% (58 mmol/
mol) reduced CV events in 10,251 patients with type 2 dia-
betes. A very aggressive glucose-lowering approach with 
various combination therapies including insulin and up to 5 
oral antidiabetic drugs was chosen to bring the HbA1c value 
to target. After 3.5 years the study was stopped prematurely 
due to a higher mortality in the intensive treatment arm. 
The primary endpoint of MI, stroke, and CV death was not 
significantly different between groups, despite a significant 

difference in HbA1c of 7.5% in the standard therapy and 
6.4% in the intensive glucose-lowering group. Increased mor-
tality associated with intensive therapy was mainly observed 
in subjects with multiple CV risk factors, as well as in those 
subjects in whom HbA1c lowering was very difficult.

The Action in Diabetes and Vascular Disease: PreterAx 
and Diamicron Modified Release Controlled Evaluation 
(ADVANCE) trial included 11,140 patients and tested 
whether intensive glucose-lowering therapy with an HbA1c 
target below 6.5% compared with standard therapy with an 
HbA1c target according to local guidelines might reduce the 
primary combined endpoint of macrovascular (MI, stroke, or 
CV death) and microvascular (nephropathy or retinopathy) 
events.17 The therapeutic algorithm in this trial to reduce 
HbA1c levels was less aggressive than in ACCORD, and after 
a follow-up of 4.3 years the two groups significantly differed 
with an HbA1c of 7.3% versus 6.5%. This HbA1c difference 
translated into significant 10% RR reduction for microvas-
cular events (p =0.013) but did not have a significant effect 
on the combined macrovascular endpoint. In contrast to 
ACCORD, there was no increase in mortality in this study.

The third trial, the Veterans Affairs Diabetes Trial (VADT), 
was a smaller trial randomizing 1791 patients with type 2 
diabetes to intensive or standard glucose therapy with an 
HbA1c target of 6.0% in the intensive group and 9.0% in the 
standard group.16 Despite a highly significant difference 
in glucose control with an HbA1c of 8.5% in the standard 
group and 7.0% in the intensive group, no reduction of the 
combined primary endpoint of MI, stroke, CV death, CHD 
intervention, or amputation was achieved. Patients in these 
three studies had a long duration of diabetes and a large 
proportion had preexisting CVD and a high number of asso-
ciated risk factors such as hypertension or dyslipidemia. A 
meta-analysis of ACCORD, ADVANCE, and VADT suggested 
that an HbA1c reduction of 1% may lead to a 15% RR reduc-
tion in nonfatal MI but no benefit on stroke and all-cause 
mortality.18 Further analyses suggested that patients with a 
short duration of diabetes, no history of CVD, and low HbA1c 
at baseline may still benefit from an intensive glucose-low-
ering therapy.19,20 However, lower HbA1c targets should only 
be achieved without increasing the risk for hypoglycemia; 
in addition, weight gain and uncontrolled combination ther-
apy of oral antidiabetic medication and/or insulin should 
be avoided.

Hemoglobin A1c Targets
Current guidelines from various diabetes and heart profes-
sional associations favor an individualized strategy for HbA1c 
target based on age, history, duration of diabetes, and pres-
ence of CVD as well as other comorbidities and the risk of 
hypoglycemia. In general, a near-normal HbA1c level below 
7% (53 mmol/L) should be achieved to decrease microvas-
cular complications. A tighter blood glucose control with an 
HbA1c target less than 6.5 might be appropriate in selected 
subjects with a short duration of diabetes and a low risk of 
hypoglycemia. For older patients with diabetes as well as 
those with preexisting CV disease, less stringent HbA1c lower-
ing to a target less than or equal to 8% is recommended.9,10

Glucose-Lowering Agents
Most guidelines9,10 recommend metformin as the first-line ther-
apy for glucose-lowering because of its weight-loss effect and 
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low risk of hypoglycemia.21 In addition, data from the UKDPS 
suggested a beneficial effect on CV outcome: in the subgroup 
of 753 overweight patients metformin significantly reduced 
the risk of MI versus conventional therapy by 39%.13 Such data 
were confirmed in two meta-analyses suggesting reduced CVD 
in patients treated with metformin.22,23 The majority of patients 
with type 2 diabetes require combination therapy to achieve 
glycemic targets. Metformin can be combined with any other 
antidiabetic drug including sulfonylureas (SUs), α-glucosidase 
inhibitors, pioglitazone, glucagon-like peptide 1 (GLP1)-receptor 
agonists, dipeptidyl peptidase 4 (DPP4)-inhibitors, sodium-glu-
cose cotransporter-2 (SGLT2)-inhibitors, and insulin. Of note, 
any of these agents can be used as monotherapy in subjects in 
whom metformin is contraindicated or not tolerated.

The PROspective pioglitAzone Clinical Trial In macroVas-
cular Events (PROACTIVE) analyzed whether addition of pio-
glitazone or placebo to baseline antihyperglycemic therapy 
has an effect on CV events. It showed no benefit on the com-
bined primary endpoint of all-cause mortality, nonfatal MI, 
acute coronary syndrome (ACS), coronary artery bypass graft 
(CABG), percutaneous coronary intervention (PCI), stroke, 
major leg amputation, or major leg revascularization. However, 
because this endpoint included non-CV composites such as 
reduction of leg amputation or revascularization—events 
that are unlikely to be reduced by medical therapy alone—
a principal secondary endpoint was predefined. Pioglitazone 
significantly reduced this secondary outcome of MI, stroke, 
and CV mortality (HR 0.84; 95% CI, 0.72–0.98; p = 0.027) ver-
sus placebo.24 For another thiazolidinedione, rosiglitazone, no 
such effects have been observed.25,26 However, PROACTIVE 
showed an increase in heart failure, a class effect of these 
insulin-sensitizing agents.27 The Study to Prevent Non-Insulin 
Dependent Diabetes Mellitus (STOP-NIDDM) showed a 49% 
RR reduction of CV events by acarbose versus placebo in 
patients with impaired glucose tolerance.28,29 Still, this was not 
the primary endpoint of this study and the study population 
did not have manifest diabetes. Therefore, the effect of acar-
bose on CV events is currently being tested in a large CV out-
come trial in China, the Acarbose Cardiovascular Evaluation 
(ACE), enrolling patients with established type 2 diabetes.

Conflicting data exist with respect to the effects of SUs on 
CV events. The University Group Diabetes Program (UGDP) 
was the first study conducted in the 1960s that raised con-
cerns about the safety of the first-generation SU tolbutamide. 
It showed a significant increase of overall and CV mortality in 
subjects receiving tolbutamide versus placebo.30,31 Still, this 
study was not designed or powered to test CV safety, and it 
has been criticized because the results were not corrected for 
higher preexisting CV risk in the tolbutamide group versus the 
placebo group.32 In addition, it is unclear to what extent the 
findings of this study can be applied to current clinical prac-
tice, given the fact that modern diabetes management includ-
ing a multifactorial approach was not applied. It is also unclear 
whether these findings apply to modern SUs. In contrast to the 
findings in UGDP, UKPDS demonstrated that tolbutamide, gly-
buride, and glimepiride were not associated with adverse CV 
events.12 Other trials of longer-term duration also indicated 
that SUs are not associated with an increased CV risk when 
compared head-to-head with other agents, such as thiazoli-
dinediones, DPP4-inhibitors, metformin, or GLP1-analogs.33–39 
In addition, a large meta-analysis of 40 randomized controlled 
trials of glucose-lowering drugs found no increased risk of mac-
rovascular events and all-cause mortality in second-generation 
SUs versus other oral agents or placebo.40 However, most of the 

trials included in this meta-analysis were not designed or pow-
ered to examine CV events. Moreover, the inconsistent reporting 
of adverse events and the short-term duration of these studies 
make it difficult to make final conclusions on the effect of SUs 
on CV events. Interestingly several observational studies have 
shown higher rates of all-cause and CV mortality associated 
with SU monotherapy or in combination with metformin com-
pared with metformin monotherapy, but this was not confirmed 
in other studies.41–44 Overall, there is an absence of conclusive 
outcome data on the impact of SUs on CV events. The ongoing 
Cardiovascular Outcome Trial of Linagliptin Versus Glimepiride 
in Type 2 Diabetes (CAROLINA) trial may shed more light on 
this issue.45–47

Newer Treatment Options
Over the last years, multiple novel antidiabetic therapies have 
come to the market and the Food and Drug Administration 
(FDA) and Europe, the Middle East, and Africa (EMEA) 
requirements have made it mandatory for the industry to 
perform CV outcome trials to show safety. The FDA required 
a demonstration of noninferiority of these agents versus pla-
cebo with regard to CV events, utilizing a noninferiority mar-
gin of 1.3. This has led to carrying out and publishing results 
of large CV outcome trials in patients with type 2 diabetes 
and high CV risk. So far, three large CV outcome trials with 
DPP4-inhibitors, three large trials with GLP1-receptor ago-
nist, and the first outcome trial for an SGLT-2-inhibitor have 
been published. The three DPP4-inhibitor trials, SAVOUR 
(saxagliptin),48 EXAMINE (alogliptin),49 and TECOS (sita-
gliptin),50 examined in a high-risk population of patients 
with a long duration of diabetes, prior CVD, and/or various 
risk factors whether the addition of the given drug increases 
CV risk versus placebo (Table 24.1).

These trials were designed as noninferiority trials and 
did not show an increased CV risk of any of these DPP4-
inhibitors. Of note, they were designed to achieve glycemic 
equipoise between groups, not to examine whether a differ-
ence in HbA1c levels in the two treatment arms translates into 
a reduction of CV events. Interestingly, SAVOUR-TIMI showed 
a significant increase in hospitalization for heart failure in 
patients treated with saxagliptin versus placebo,48,51 whereas 
such a significant signal was not found in the two other trials 
of DPP4-inhibitors. Three similar trials were performed with 
GLP-1 receptor agonists. The ELIXA trial confirmed CV safety 
of lixisenatide versus placebo without showing a portenial 
benefit with respect to CV events.52,53

In contrast, the LEADER cardiovascular outcome trial 
testing the effect of the long acting GLP1 receptor agonist 
Liraglutide showed a significant reduction of the primary 
endpoint of cardiovascular death, myocardial infarction and 
stroke and the results were mainly driven by a significant 
reduction of cardiovascular death. In addition Liraglutide 
reduced overall mortality in a population of 9340 patients 
with diabetes and high cardiocardiovascular risk.53a

Most recently SUSTAIN 6 was reported. This study exam-
ined once weekly Semaglutide in 3297 patients with type 2 
diabetes and high cardiovascular risk. Compared to placebo 
Semaglutide significantly reduced the combined cardiovas-
cular endpoint of cardiovascular death, non-fatal myocardial 
infarction and non-fatal stroke. Interestingly this result was 
mainly driven by a significant 39% reduction of non-fatal 
stroke. The trend for myocardial infarction was statistically not 
significant NEJM 2016 inline). A similar trial with the GLP-1 
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receptor agonist lixisenatide versus placebo confirmed this 
drug’s safety, without showing a potential benefit with respect 
to CV events.52,53

Empagliflozin
SGLT-2-inhibitors are a new class of antidiabetic drugs that 
block the SGLT-2-receptor in the proximal tubule of the kidney, 
thus leading to increased urinary excretion of glucose along 
with sodium. The first published CV outcome trial to assess the 
effect of an SGLT-2-inhibitor was EMPA-REG, testing whether 
empagliflozin versus placebo influences the incidence of CV 
events. In a high-risk population of patients with type 2 diabe-
tes and prior CVD, the study first tested in a hierarchical fash-
ion the requirements of regulatory agencies for noninferiority 
with regard to major adverse CV events (MACEs), (ie, CV death, 
MI, and stroke), and then subsequently the drug’s superiority 
versus placebo. A total of 7020 patients with a long duration 
of diabetes (> 10 years in 57%) and CVD were followed for a 
mean of 3.1 years;54 75% of the patients had CAD and approxi-
mately 50% of them had multivessel disease; 46% had prior 
MI; and approximately 10% had a history of cardiac failure. 
The patient population in EMPA-REG was very well treated: 
more than 75% were on a statin, more than 95% received anti-
hypertensive therapy, and approximately 90% were on antico-
agulant/antiplatelet drugs. This translated into good risk factor 
management with a mean blood pressure of 135/77 mm Hg 
and mean low-density lipoprotein cholesterol (LDL-C) of 2.2 
mmol/L. Taken together, this study tested the effect of an SGLT-
2-inhibitor in a very-high-risk population of patients with type 
2 diabetes on top of standard of care and well-controlled risk 
factors. Unexpectedly, it showed a significant 14% reduction of 

the primary endpoint of CV death, MI, and stroke, a significant 
38% reduction of CV mortality, and a significant 32% reduc-
tion of overall mortality, translating into a number-needed-to-
treat of 39 over 3.1 years to prevent 1 CV death. In addition, 
empagliflozin significantly reduced hospitalizations for heart 
failure with separation of the curves after only a few weeks. 
These findings were consistent in all subgroups.55

For the first time this study showed in a prospective random-
ized controlled trial (RCT) in a population of patients with dia-
betes and CVD that an antidiabetic drug reduces CV events 
as well as CV and overall mortality. The mechanisms of these 
unexpected findings are unclear but given only minor differ-
ences in HbA1c between groups the glucose-lowering prop-
erties of empagliflozin are unlikely to be responsible. Other 
mechanisms such as weight loss, reduction of blood pressure, 
sodium depletion, reduced oxidative stress and arterial stiff-
ness, and reduction in sympathetic nerve activation are cur-
rently being discussed as potential mechanisms.55a So far, only 
data for the effects of empagliflozin on CV risk are available. 
Because many of these mechanistic effects have also been 
described for other SGLT2-inhibitors, it will be interesting to see 
the results of the ongoing CV outcome trials with dapagliflozin, 
canagliflozin, and ertugliflozin to find out whether the benefi-
cial CV outcome effects reported from the EMPA-REG trial are 
a class effect or unique to empagliflozin (Table 24.2).

Cardiovascular Risks Associated with 
Hypoglycemia
Both insulin and SUs can lead to hypoglycemia in patients 
with diabetes. Severe hypoglycemia is defined as an event 

TABLE 24.2 Cardiovascular (CV) Outcome Trials with SGLT2-Inhibitors

TRIAL EMPA-REG OUTCOME CANVAS DECLARE-TIMI 58 VERTIS

Clinicaltrials.gov NCT01131676 NCT01032629 NCT01730534 NCT01986881

Intervention Empagliflozin vs placebo (2:1) Canagliflozin vs placebo (2:1) Dapagliflozin vs placebo (1:1) Ertugliflozin vs placebo (2:1)

Primary outcome measure CV death, nonfatal MI, 
nonfatal stroke

CV death, nonfatal MI, 
nonfatal stroke

CV death, nonfatal MI, 
nonfatal ischemic stroke

CV death, nonfatal MI, 
nonfatal stroke

Participants (N) 7020 4417 17,276 3900

Patients T2D; established CV disease T2D; high CV risk T2D; high CV risk T2D; established CV disease

Follow-up (years) 3 6–7 years 4–5 years 5–7 years

Results reporting (estimated) 2015 2017 (estimated) 2019 (estimated) 2020 (estimated)

CANVAS, Canagliflozin Cardiovascular Assessment Study; DECLARE-TIMI 58, Dapagliflozin Effect on Cardiovascular Events—TIMI 58; EMPA-REG OUTCOME, Empagliflozin 
Cardiovascular Outcome Event Trial in Type 2 Diabetes Mellitus Patients; T2D, type 2 diabetes mellitus; VERTIS, Randomized, Double-Blind, Placebo-Controlled, Parallel Group 
Study to Assess Cardiovascular Outcomes Following Treatment with Ertugliflozin in Subjects with Type 2 Diabetes Mellitus and Established Vascular Disease.

TABLE 24.1 Baseline Characteristics of Published Dipeptidyl Peptidase 4 Inhibitor Outcome Trials

SAVOR (SAXAGLIPTIN) EXAMINE (ALOGLIPTIN) TECOS (SITAGLIPTIN)

Participants (N) 16,500 5400 14,724

Age (years) 65 61 66

Diabetes duration (years) 12 7.2 9.4

BMI (kg/m2) 31 29 29

A1C (%) 8.0 8.0 7.3

Prior CVD (%) 78 ∼100 100

Hypertension (%) 81 83 86

Prior insulin use (%) 41 30 23

Comparator Placebo Placebo Placebo

BMI, Body mass index; CVD, cardiovascular disease.
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requiring external assistance for recovery, whereas milder 
episodes may be treated by the patient alone. Clinical tri-
als in patients with type 2 diabetes raised concerns about 
an increased risk for CV events after hypoglycemic events. 
In the previously mentioned trials, ACCORD, ADVANCE, and 
VADT, the rates of severe hypoglycemia were substantially 
higher in patients with intensive versus standard therapy. In 
ACCORD severe hypoglycemic events occurred in 16.2% 
versus 5.1%, in ADVANCE 2.7% versus 1.5%, and in VADT 
21.2% versus 9.7% in the intensive glucose target groups ver-
sus control groups.9 After publication of these data, intensive 
discussions have taken place to what extent severe hypogly-
cemic events contribute to CV events and excess mortality. 
To date it is recognized that hypoglycemia is a serious and 
common complication of diabetes treatment and is asso-
ciated with CV events and mortality. Several mechanisms 
such as cardiac arrhythmias due to abnormal cardiac repo-
larization in high-risk patients, for example, those with CAD 
or cardiac autonomic neuropathy, increased thrombotic 
tendency/decreased thrombolysis, CV changes induced by 
catecholamines, and silent myocardial ischemia, have been 
discussed to link hypoglycemia with CV events. Although 
clear causality is as yet unproven, the avoidance of hypogly-
cemia is one of the key goals in diabetes therapy. Because 
a direct causal link with death or CV events has not been 
shown so far, hypoglycemia may serve as a marker of a 
patient’s overall vulnerability to adverse clinical outcomes. 
Therefore, patients treated with SUs or insulin should be 
carefully monitored with respect to hypoglycemic events 
and, whenever possible, other agents that do not cause hypo-
glycemia should be used.9,10 Table 24.3 summarizes thera-
peutic pharmacologic options to treat type 2 diabetes.

Lipid Lowering
Dyslipidemia in Patients with Diabetes
Patients with diabetes exhibit a characteristic dyslipidemia 
with usually moderately elevated LDL-C, high triglycerides, 

and low high-density lipoprotein (HDL)-C levels.56 In 
patients with diabetes, total LDL concentrations may be mis-
leading with respect to atherogenicity because patients with 
diabetes usually exhibit a higher proportion of small dense 
LDL particles that are more susceptible to oxidation and gly-
cation, thus directly promoting atherogenesis.57 However, to 
date there are no data suggesting that therapeutic strategies 
that lead to changes in LDL particle size reduce CV events.

Both clinical and epidemiologic studies suggest that ele-
vated triglycerides and low HDL-C levels are associated with 
an increased CV risk, especially in patients with diabetes.58,59 
Despite this, therapeutic strategies to reduce triglyceride lev-
els or to raise HDL-C levels in patients with diabetes seem less 
effective for risk reduction than lowering LDL-C. For decades, 
the class of lipid-lowering fibric acid derivatives such as 
fenofibrate or gemfibrozil was seen as the ideal therapy to 
address the characteristic dyslipidemia in patients with dia-
betes because these drugs reduce triglycerides and increase 
HDL-C. However, large clinical outcome trials did not support 
this assumption: in the FIELD study fenofibrate had no signifi-
cant effect on the primary endpoint of CV death and nonfatal 
MI versus placebo, but it reduced total CV events with an RR 
reduction of 10% (HR 0.9; 95% CI 0.80–0.99; p =0.035).60–62 The 
ACCORD trial examined whether the addition of fenofibrate 
to simvastatin versus placebo would lead to reduced CV 
events in 5519 patients with diabetes. Overall, fenofibrate did 
not show a significant effect on CV outcome. In a prespeci-
fied subgroup of patients with a characteristic diabetic dyslip-
idemia (triglycerides > 2.3 mmol/L [> 204 mg/dL] and HDL-C 
< 0.9 mmol [< 34 mg/dL)] fenofibrate significantly reduced 
CV events by 27%.63 In both studies fenofibrate markedly 
reduced triglycerides but had only a minor effect on HDL-C. 
Subsequent meta-analyses of different fibrate trials showed a 
benefit on major CV events but no effect on CV mortality.64,65 
Therefore, current guidelines conclude that the combination 
therapy of statin plus fibrate provides no additional CV ben-
efit beyond a statin therapy alone and should as such not be 
recommended.9,10

TABLE 24.3 Pharmacologic Treatment Options for Type 2 Diabetes Mellitus

DRUG EFFECT WEIGHT CHANGE
HYPOGLYCEMIA 
(MONOTHERAPY) COMMENTS

Metformin Insulin sensitizer Neutral/loss No Gastrointestinal side effects, lactic acidosis, vitamin 
B12 deficiency

Contraindications: low eGFR, hypoxia, dehydration

Sulphonylurea Insulin provider Increase Yes Allergy, risk for hypoglycemia and weight gain

Meglitinides Insulin provider Increase Yes Frequent dosing, risk for hypoglycemia

α-Glucosidase 
inhibitor

Glucose absorption inhibitor Neutral No Gastrointestinal side effects, frequent dosing

Pioglitazone Insulin sensitizer Increase No Heart failure, edema, fractures, urinary bladder 
cancer

GLP-1 agonist Insulin provider Decrease No Gastrointestinal side effects, pancreatitis
Injectable

DPP4-inhibitor Insulin provider Neutral No Pancreatitis

Insulin Insulin provider Increase Yes Risk for hypoglycemia and weight gain
Injectable

SGLT2-inhibitors Blocks renal glucose 
absorption in the proximal 
tubuli

Decrease No Urinary tract infections

eGFR, Estimated glomerular filtration rate; GLP-1, glucagon-like peptide-1; SGLT2, sodium glucose cotransporter 2.
(From Ryden L, Grant PJ, Anker SD, et al. ESC Guidelines on diabetes, pre-diabetes, and cardiovascular diseases developed in collaboration with the EASD: the task force on 
diabetes, pre-diabetes, and cardiovascular diseases of the European Society of Cardiology (ESC) and developed in collaboration with the European Association for the Study of 
Diabetes (EASD). Eur Heart J. 2013;34(39):3035–3087.)
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Low-Density Lipoprotein Cholesterol 
Lowering
Studies over the last three decades have revealed that LDL-C 
lowering is among the most potent strategies to reduce CV 
events in patients with diabetes. However, to date there is 
controversy about the strategy: the American guidelines 
are in favor of a “fire-and-forget” approach,66 whereas the 
European guidelines propose a “treat-to-target” concept.67 
In patients with diabetes, the American guidelines distin-
guish two groups: those between 40 and 75 years of age and 
a high CV risk (10-year risk assessed by new pooled cohort 
equations > 7.5%) and a moderate-risk group with a 10-year 
risk less than 7.5%. In patients with diabetes in the high-risk 
group a high-intensity LDL-C reduction of at least 50% with a 
potent statin such as high-dose atorvastatin (80 mg40) or rosu-
vastatin (20 to 40 mg) is recommended, whereas subjects in 
the moderate-risk group should receive a less-intensive statin 
therapy to achieve an LDL-C reduction between 30% and 
50%. This less-intensive daily therapy includes atorvastatin 
10 to 20 mg, rosuvastatin 5 to 10 mg, simvastatin 20 to 40 mg, 
pravastatin 40 to 80 mg, pitavastatin 2 to 4 mg, or lovastatin 
40 mg. In the US guidelines no target LDL-C levels are recom-
mended. The American guidelines are based on statin RCTs 
only, whereas the European guidelines included RCTs, popu-
lation epidemiology, and genetic epidemiology as a basis for 
their recommendations. Therefore the European guidelines 
recommend that patients are categorized based on their CV 
risk, and, depending on their individual risk, LDL-C target val-
ues are recommended. All patients with diabetes belong to 
the  very-high-risk group, and ESC guidelines recommend an 
LDL-C target below 70 mg/dL (< 1.8 mmol/L) in these subjects.

Since publication of these guidelines, another large 
lipid-lowering CV outcome trial, Improved Reduction of 
Outcomes: Vytorin Efficacy International Trial (IMPROVE-IT), 
has presented results.68,69 IMPROVE-IT examined whether 
ezetimibe, an inhibitor of the cholesterol transporter NPC1L1, 
which reduces intestinal cholesterol absorption, added to 
simvastatin versus simvastatin alone may affect CV event 
incidence in a population of 18,144 post-ACS patients with 
LDL-C levels above target. After a mean follow-up of 5.7 years, 
the addition of ezetimibe to simvastatin led to a reduction 
of LDL-C to 53.7 mg/dL (1.4 mmol/L) versus 69.5 mg/dL (1.8 
mmol/L) in the simvastatin-alone group. This LDL-C reduction 
translated into a significant 6.7% RR reduction for the primary 
combined endpoint of CV death, MI, stroke, hospitalization for 
unstable angina, or revascularization with a number-needed-
to-treat of 52 to prevent 1 event. Further subgroup analyses of 
IMPROVE-IT showed that the significant benefit in the over-
all population is mainly driven by a highly significant effect 
in patients with diabetes (European Society of Cardiology 
2015 Congress. Presented August 30, 2015). Abstract 1947). 
These data challenge current lipid-lowering guidelines: first 
of all, IMPROVE-IT shows that a nonstatin lipid-lowering strat-
egy can reduce CV events in high-risk patients. In addition, it 
demonstrates that further lowering of LDL-C to levels below 
the currently recommended targets translates into a further 
reduction of CV events, raising the hypothesis that “the lower, 
the better” strategy may apply for LDL-C reduction. In sum-
mary, lowering LDL-C is a very potent strategy to reduce CV 
risk in patients with diabetes and CAD independent of a 
fire-and-forget or treat-to-target strategy. The ESC/EASD guide-
lines recommend LDL-C target values less than 70 mg/dL in 
patients with diabetes mellitus and CAD.10

Novel strategies, such as inhibition of PCSK970 with anti-
bodies such as alirocumab or evolocumab (both approved in 
Europe and the United States), have shown promising results 
in various patient populations including those with diabetes. 
In subjects with familial hypercholesterolemia, as well as in 
high-CV-risk patients with LDL-C levels not at target with cur-
rently available lipid-lowering drugs, these antibodies have 
been shown to exhibit a very potent LDL-C-lowering effect.71,72 
In patients with diabetes, subgroup analyses of phase III trials 
showed that PCSK9 inhibition is as effective as in nondiabetic 
subjects. Two large outcome trials, ODYSSEY Outcome and 
FOURIER, are examining whether the reduction of LDL-C by 
PCSK9 inhibition with alirocumab or evolocumab translates 
into a reduction of CV events. Both trials enrolled a large pro-
portion of patients with diabetes, and the results will provide 
further insights into the effect of intensive LDL-C lowering in 
the high-risk population of patients with diabetes and CVD.

Various clinical trials have shown that statin use may increase 
the risk of incident diabetes in patients without diabetes. A 
large meta-analysis suggested that statin therapy is associated 
with a slightly increased RR (9%) of development of diabetes73; 
still the risk is low in absolute terms and does not outweigh the 
benefit with respect to the reduction in coronary events.

Therapies to Increase High-Density 
Lipoprotein Cholesterol in Patients with 
Type 2 Diabetes
Current guidelines do not recommend HDL-C-raising strat-
egies in the lipid management of patients with diabetes. 
Over the last few years various approaches have been devel-
oped to increase HDL-C but no trial showed a significant 
reduction in CV events. The Atherothrombosis Intervention 
in Metabolic Syndrome with Low HDL/High Triglycerides: 
Impact on Global Health Outcomes (AIM-HIGH) trial com-
pared niacin versus placebo in statin-treated patients with 
known CV disease. It had a large subgroup of patients with 
diabetes (34%). After 2 years niacin raised HDL-C from 35 
mg/dL to 42 mg/dL, lowered triglycerides from 164 mg/dL 
to 122 mg/dL, and decreased LDL-C from 74 mg/dL to 62 
mg/dL. However, AIM-HIGH was terminated after a mean 
follow-up of 3 years because of futility.74 The primary end-
point of CV events or hospitalization for unstable angina 
did not differ among groups. In the subgroup of patients 
with diabetes the data were similar with no significant 
effect on CV outcome in niacin-treated patients. In addi-
tion, the Treatment of HDL to Reduce the Incidence of 
Vascular Events (HPS2-THRIVE) trial confirmed these data 
by showing that the addition of extended-release niacin/
laropiprant to simvastatin (or ezetimibe/simvastatin) did 
not reduce the risk of CV events.75

Inhibition of cholesteryl ester transfer protein (CETP) was 
another strategy to increase HDL levels. Two large outcome 
trials (with the CETP inhibitors torcetrapib and dalcetrapib) 
did not show a reduction of CV events despite a 30% to 40% 
increase in HDL-C.76,77 Clinical and experimental data sug-
gest that this may be due to abnormal functional charac-
teristics of HDL particles in patients with diabetes and/or 
CVD, suggesting that HDL function may be more important 
than the overall number of measured HDL particles.78–80 
Thus, current recommendations suggest that only lifestyle 
modification is indicated to address low HDL in patients 
with diabetes.
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Blood Pressure Lowering
Hypertension is one of the CV risk factors associated with 
diabetes, and in patients with type 2 diabetes more than 
60% have arterial hypertension.81,82 Various pathophysi-
ologic mechanisms such as increased renal sodium reab-
sorption due to hyperinsulinemia, increased sympathetic 
activity, and RAAS activation are thought to contribute to 
arterial hypertension in these patients.83 Both hypertension 
and diabetes are additive risk factors for CVD,84 and various 
data suggest that the presence of hypertension in subjects 
with diabetes leads to a 4-fold increase in CV risk.6 Over the 
last decades blood pressure targets in patients with diabetes 
have changed and are still a matter of debate. The first trial 
to suggest stringent blood pressure lowering in patients with 
diabetes was the High-Potential Optimal Treatment (HOT) 
Trial. It showed that diastolic targets below 80 mm Hg sig-
nificantly decreased CV risk versus a less stringent strategy 
with diastolic targets less than 100 or less than 90 mm Hg. 
Still, the mean diastolic blood pressure in the first group was 
still above 80 mm Hg and the mean systolic blood pressure 
was 144 mm Hg.85

Data from UKPDS published in 1998 showed that reduc-
tion of mean blood pressure from 154/87 mm Hg to 144/82 
mm Hg led to a 24% reduction in CV events.86 In addition, 
post-hoc UKPDS data suggest that a blood pressure drop of 
10 mm Hg decreases diabetes-related mortality by 15%. The 
lowest systolic blood pressure achieved in this context was 
approximately 120 mm Hg.87 The results from these studies 
suggested that there may be no threshold for the beneficial 
effect of BP lowering. These data were in contrast to those 
from the ACCORD trial in which 2700 patients with type 
2 diabetes were randomized to intensive (mean systolic 
blood pressure at study end: 119 mm Hg) versus standard 
therapy (mean systolic blood pressure at study end: 134 mm 
Hg) over a mean follow-up of 4.7 years. There was no signifi-
cant effect of the intensive therapy on the primary compos-
ite endpoint of nonfatal MI, nonfatal stroke, or CV death. Still, 
the incidence of fatal or nonfatal strokes was significantly 
reduced in the intensive therapy group, translating into a 
number-needed-to-treat for over 5 years of 98 to prevent 1 
stroke event.88 However, the intensive blood pressure-lower-
ing approach significantly increased serious adverse events 
from 8.3% versus 3.3% with a significant increase in hypoten-
sion, syncope, arrhythmia, and hyperkalemia, as well as renal 
failure and a decrease of glomerular filtration rate below 30 
mL/min per 1.73 m2. These data from ACCORD showing an 
increase in serious adverse events do not support a reduc-
tion of systolic blood pressure below 130 mm Hg.

A 2011 meta-analysis including 13 RCTs and 37,736 
patients with diabetes, impaired fasting glucose, or impaired 
glucose tolerance suggests that intensive blood pressure 
control (with a systolic blood pressure ≤135 mm Hg in this 
group) compared with a standard group (systolic blood 
pressure ≤140 mm Hg) leads to a 10% relative reduction in 
overall mortality and a 17% reduction of stroke incidence. 
However, this meta-analysis confirmed the ACCORD obser-
vation that more intensive blood pressure control leads to 
an up to 20% increase in serious adverse events.89 These 
trials and analyses set the basis for the ESC guideline rec-
ommendation that patients with diabetes should achieve 
a blood pressure target of less than 140/85 mm Hg. In cer-
tain subgroups, including those with nephropathy and overt 
proteinuria, further reduction of systolic blood pressure to 

targets below 130 mm Hg may be considered, but the evi-
dence to support this recommendation is scarce. In addi-
tion, the risk/benefit balance of intensive blood pressure 
management needs to be carefully considered individually 
with special attention in elderly patients and those with a 
long duration of diabetes.10

The management of blood pressure in patients with diabe-
tes, as in nondiabetic subjects, includes lifestyle intervention 
with salt restriction and weight loss, as well as pharmaco-
logic treatment. Lifestyle intervention is recommended for 
all patients with hypertension but it is often insufficient to 
adequately control blood pressure, making pharmacologic 
intervention necessary.

Pharmacologic Intervention to Lower Blood 
Pressure in Patients with Diabetes
In principle, all blood pressure--lowering agents can be used 
to treat patients with diabetes to a blood pressure target of 
less than 140/85 mm Hg. However, several RCTs enrolled 
large subgroups of patients with diabetes and demonstrated 
that blockade of the RAAS by angiotensin-converting 
enzyme (ACE) inhibitors or angiotensin receptor blockers 
provides the largest benefit in the reduction of CV events in 
these high-risk patients—in particular in patients with overt 
proteinuria.90–93 Good evidence exists that for initial therapy, 
ACE inhibitors rather than calcium-channel blockers should 
be used to prevent or retard the occurrence of microalbu-
minuria in these patients.94 A combination of ACE inhibitors 
and angiotensin receptor blockers did not show any CV 
benefit versus ACE inhibition alone in the ONTARGET tri-
als and was even associated with more adverse events, sug-
gesting that this combination therapy should not be used 
for blood pressure lowering.95 The Aliskiren Trial in Type-2 
Diabetes Using Cardio-renal Endpoints (ALTITUDE), exam-
ining the addition of the renin inhibitor aliskiren to RAAS 
blockade in patients with diabetes at high CV and renal 
events risk, did not show a reduction in CV events but an 
increase in adverse events, suggesting that this combination 
therapy should also be avoided.96,97

Other important points taken into consideration in anti-
hypertensive therapy in patients with diabetes are the meta-
bolic effects of various blood pressure–lowering agents. 
As such, thiazides and β-blockers are associated with an 
increased risk for the development of type 2 diabetes com-
pared with RAAS inhibitors or calcium-channel blockers.98 
However, it is not known whether β-blockers and/or thiazides 
have similar effects in patients with prevalent type 2 diabe-
tes, and the clinical importance of these adverse metabolic 
effects remains undetermined. Based on the unfavorable 
metabolic effects of diuretics and β-blockers, these agents 
should be avoided as first-line therapy in subjects with meta-
bolic syndromes or high risk for diabetes.10 Despite this, in 
patients with established diabetes the beneficial effect of 
blood pressure lowering seems to outweigh the potential 
negative metabolic effects by far and therefore diuretics and 
β-blockers should be used as combination therapy once 
RAAS inhibition is established. The Avoiding Cardiovascular 
Events through Complication Therapy in Patients Living 
with Systolic Hypertension (ACCOMPLISH) trial compared 
addition of the calcium-channel blocker amlodipine versus 
hydrochlorothiazide on top of an ACE inhibitor. The study 
had 11,506 patients, including 6946 patients with diabetes. 
In the diabetic subgroup, there was a significant reduction 
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of the primary endpoint of CV death and CV events in the 
amlodipine arm. These data suggest that once RAAS inhi-
bition has been established, the second-line drug should 
be a calcium-channel blocker given the neutral metabolic 
effects and favorable results seen in ACCOMPLISH.99 Overall, 
current blood pressure targets are only achieved in a sub-
set of patients with diabetes, underscoring the necessity to 
improve blood pressure lowering therapies in them.

Antiplatelet Therapy in Patients with 
Diabetes
In patients with diabetes platelet function is disturbed lead-
ing to a more frequent response to subthreshold stimuli, 
increased platelet turnover, and accelerated thrombopoiesis 
of hyperreactive platelets.100 Various factors such as hyper-
glycemia itself with glycation of platelet membrane pro-
teins, oxidative stress with increased reactive oxygen species 
production, formation of advance glycation end products, 
and endothelial dysfunction with the release of mediators 
that affect platelet activity may be crucial in this context. 
Conflicting data exist for the benefit of aspirin therapy in pri-
mary prevention in patients with diabetes: various CV out-
come trials101,102 as well as large meta-analyses103,104 suggest 
a limited net benefit of aspirin in primary prevention when 
assessing reduced CV events compared with increased 
bleeding risk. Therefore, current guidelines do not uniformly 
recommend low-dose aspirin in primary prevention. The 
most recent ACC/AHA guideline in 2015 states that low-dose 
aspirin (75 to 162 mg/day) is reasonable among those with a 
10-year CV risk of at least 10% without an increase of bleed-
ing (class II b, level of evidence B) and that low-dose aspirin 
is reasonable in adults with diabetes mellitus at intermedi-
ate risk (10-year CV risk 5% to 10% [ACC/AHA class II b level 
of evidence C]).9 In contrast, the ESC and EASD guidelines 
in 2013 state that antiplatelet therapy with aspirin in patients 
with diabetes and low risk is not recommended (class III) 
and antiplatelet therapy for primary prevention may be con-
sidered in high-risk patients with diabetes on an individual 
basis with a class II b level C recommendation.10

In secondary prevention it is recommended that 
patients with diabetes receive low-dose aspirin similar to 
what is recommended in patients without diabetes. The 
evidence for this statement stems from the Anti-platelet 
Trialists’ Collaboration (ACT) showing that aspirin leads to 
a clear CV benefit in patients with preexisting systemic CVD, 
both in the presence or absence of diabetes. This analysis 
included more than 4000 patients with diabetes in RCTs 
and showed that aspirin clearly reduced CV events (non-
fatal MI, nonfatal stroke, and CV death) in them.105 In case 
of aspirin intolerance clopidogrel is recommended as an 
alternative antiplatelet therapy. In the setting of stable CAD 
current data do not support the use of novel antiplatelet 
agents such as prasugrel or ticagrelor.

In the ACT trial of 1000 patients with diabetes, aspirin 
reduced 42 vascular events in secondary prevention. In 
addition, interesting analyses of the ACT trial suggest that 
low-dose aspirin (75 to 150 mg/day) seems to be as effec-
tive as higher doses (150 mg/day). Moreover, low-dose 
aspirin was associated with a lower risk of bleeding com-
plications than the higher dose.106 These data were sup-
ported by an observational analysis from the Clopidogrel 
for High Atherothrombotic Risk and Ischemic Stabilisation, 
Management Avoidance (CHARISMA) trial demonstrating 

that aspirin doses above 100 mg/day are not associated with 
increased efficacy compared with a lower dose. In addition, 
CHARISMA suggests an increased, albeit not significant, risk 
of CV death, MI, and stroke (adjusted HR 1.16, 95% CI 0.93–
1.14) as well as an increased risk of severe or life-threatening 
bleeding (adjusted HR 1.3, 95% CI 0.83–2.04) when aspirin 
doses above 100 mg/day were combined with clopido-
grel.107 These data were supported by a 2010 trial examining 
the optimal aspirin dose also showing that a higher aspirin 
dose is not effective in reducing CV events but may increase 
the risk of bleeding.108 Table 24.4 summarizes the current 
recommendation of the ESC/EASD on risk factor manage-
ment in diabetes.

CORONARY REVASCULARIZATION IN 
PATIENTS WITH CAD AND DIABETES

In diabetes, long-standing impaired glucose metabolism, 
as well as associated risk factors, affect the CV system at 
the level of epicardial vessels (macrovascular disease) 
and the small capillaries in the peripheral segments of 
target vessels (microvascular disease).109 The macrovas-
cular involvement results in the development of advanced 
atherosclerosis with a subsequently enhanced risk of 
CAD, cerebrovascular disease, and peripheral arterial dis-
ease. Consequently, CAD is the leading cause of death in 
patients with diabetes.6,109 The predominant therapeutic 
option in symptomatic patients with diabetes with stable 
CAD remains coronary revascularization, either by PCI or 
CABG. However, clinical outcomes in patients with diabetes 
and CAD are reported to be worse than in patients without 

TABLE 24.4 Summary of Treatment Targets for 
Managing Patients with Diabetes Mellitus or 
Impaired Glucose Tolerance (IGT) and Coronary 
Artery Disease

Blood pressure (mm Hg)
 In nephropathy

< 140/85
Systolic < 130

Glycemic control
 HbA1c (%)*

Generally < 7.0 (53 mmol/mol)
On an individual basis < 6.5–6.9% (48-

52 mmol/mol)

Lipid profile
 LDL-C

Very-high-risk patients < 1.8 mmol/L  
(< 70 mg/dL) or reduced by at least 
50%

High-risk patients < 2.5 mmol/L (< 100 
mg/dL)

Platelet stabilization Patients with CVD and DM: aspirin 75 to 
160 mg/day

Smoking
Passive smoking

Cessation obligatory
None

Physical activity Moderate to vigorous ≥ 150 min/week

Weight Aim for weight stabilization in 
overweight or obese patients based on 
calorie balance and weight reduction 
in subjects with IGT to prevent 
development of T2DM

Dietary habits
Fat intake (% of dietary energy)

Total
Saturated
Monounsaturated fatty acids
Dietary fiber intake

< 35%
< 10%
> 10%
> 40 g/day (or 20 g/1000 kcal per day)

CVD, Cardiovascular disease; DM, diabetes mellitus; HbA1c, glycated hemoglobin 
A1c; LDL-C, low-density lipoprotein cholesterol; T2DM, type 2 diabetes mellitus.
*Diabetes Control and Complication Trial standard.
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diabetes. Moreover, as previously outlined, several investiga-
tions have demonstrated that patients with diabetes with-
out a history of CV events have the same chance of MI as 
patients who do not have diabetes but who have previous 
coronary events.6 In addition, patients with diabetes are at 
a significantly higher risk of recurrent CV events after PCI, 
in particular, in-stent restenosis, target vessel revasculariza-
tion, MI, acute and subacute stent thrombosis, and death, 
and they have a poorer prognosis following ACS.6,110–112 
After CABG, patients with diabetes are particularly prone to 
sternal wound infections, acute kidney injury, heart failure, 
or death.113,114

The main aim of coronary revascularization in patients 
with diabetes with stable CAD is improvement of symptoms 
and prognosis.115 According to current guidelines the first-
line treatment is medical treatment including anti-ischemic 
drugs. However, the optimal revascularization strategy par-
ticularly in the high-risk population of diabetes patients 
remains controversial. Thus, careful evaluation of the gen-
eral treatment indication and consecutively of the optimal 
therapeutic strategy is of particular importance in this spe-
cific patient cohort.

OPTIMAL MEDICAL TREATMENT VERSUS 
CORONARY REVASCULARIZATION

Despite the growing prevalence of diabetes in Western coun-
tries, the widespread and consequent use of CV drugs for 
primary and secondary prevention has led to a reduction of 
mortality of approximately 50% during the last decades.116 
There have been dramatic improvements and evolutions in 
fundamental medical management and adjunctive therapy 
of CAD, and moreover vast advances in revascularization 
techniques and materials have been made. Optimal medi-
cal treatment (OMT) aims to target the different compo-
nents involved in the development of atherosclerosis and 
atherothrombosis with a specific focus on a strict control 
of lifestyle risk factors.117,118 These include weight control, 
cessation of smoking, diet programs, implementation of bal-
anced life rhythms, and pharmacologic control of arterial 
hypertension, hyperlipidemia, and, in the presence of diabe-
tes, adequate glucose control as previously outlined.

However, studies examining OMT versus a revascular-
ization strategy in patients with diabetes with stable CAD 
are scarce. In the Medicine, Angioplasty, or Surgery Study 
(MASS II), 611 patients with stable CAD, including 190 
patients with diabetes, were randomized into three treat-
ment arms (pharmacologic treatment, PCI, and CABG) 
with a follow-up of 5 years. Whereas mortality rates during 
the follow-up period were not different in the nondiabetic 
cohort, a revascularization approach using PCI or CABG 
led to a significantly lower mortality rate among patients 
with diabetes (p =0.039).119

In the Bypass Angioplasty Revascularization Investigation 
2 Diabetes (BARI-2D) trial, 2368 patients with diabetes and 
relevant CAD were randomized to either immediate revascu-
larization (CABG, n = 347 or PCI, n = 765) in addition to OMT 
or to OMT alone. Relevant CAD was defined as more than 
50% stenosis with positive stress test or more than 70% steno-
sis with typical chest pain. In the overall study cohort, no sig-
nificant survival difference in terms of freedom from major 
adverse cardiac and cerebrovascular events (MACCEs) or 
death was seen between revascularization and OMT groups 
(88.3% vs 87.8%, p =0.97) at 5-year follow-up. However, in 

the CABG stratum, which had more advanced CAD, a sig-
nificantly higher rate of freedom from MACCEs and death 
was observed with surgical revascularization versus OMT 
alone (77.5% vs 69.6%, p =0.01). In contrast, in the PCI stra-
tum there was no difference in freedom from MACCEs (77% 
vs 78.9%, p =0.15) between PCI and OMT.120 Thus, BARI-2D 
demonstrated that OMT is a r easonable therapeutic option 
in patients with diabetes and less advanced CAD indepen-
dent of the presence of ischemia. Moreover, regarding the 
indirect comparison between CABG and PCI in this trial, 
overall mortality was significantly lower with CABG than 
with PCI at 5-year follow-up (19.4% vs 34.5%, p =0.003) and 
after 10 years of follow-up (42.1% vs 54.5%, p =0.025), respec-
tively.120 This suggests that in patients with more extensive 
CAD and proven ischemia, CABG may be the preferred treat-
ment modality, whereas in low-risk patients with diabetes 
(less advanced CAD on angiogram, stable clinical situation, 
normal left ventricular function) and reliable compliance 
to medical therapy, a conservative pharmacologic approach 
may be rational.120 Thus both MASS II and BARI-2D outline 
superiority of CABG versus OMT alone.119,120 In consecu-
tive trials the need for consequent adherence to OMT as 
an important prerequisite to successful PCI and CABG has 
been stressed.121

In contemporary clinical practice a large number of 
patients with diabetes fail to achieve the prespecified 
OMT aims, despite the dramatic recent developments 
and the proven advantages of OMT. A pooled analysis 
of current trials with a total of 5034 patients with diabe-
tes,122 including the diabetic subgroups of the Clinical 
Outcomes Utilizing Revascularization and Aggressive 
Drug Evaluation (COURAGE),123 the BARI-2D,120 and 
the Future Revascularization Evaluation in Patients with 
Diabetes Mellitus: Optimal Management of Multi-Vessel 
Disease (FREEDOM) trial,124 investigated the achieve-
ment of the four main targets of OMT with disillusioning 
results: only 18% of patients in COURAGE, 23% of patients 
in BARI-2D, and 8% of patients in FREEDOM reached 
all four prespecified treatment targets at 1-year follow-
up. The role and modes of antithrombotic therapy in 
patients with diabetes undergoing PCI for stable CAD are 
not different from those for persons without diabetes.125 
Dual antiplatelet therapy, aspirin and a P2Y12 inhibitor, 
is an established therapy after stent implantation.126,127 
However, patients with diabetes frequently have an insuf-
ficient platelet response to clopidogrel.128 Hence, the new, 
potent P2Y12 inhibitors prasugrel and ticagrelor may 
offer an advantage especially in patients with diabetes. 
The beneficial effect of prasugrel has been shown in the 
Trial To Assess Improvement in Therapeutic Outcomes By 
Optimizing Platelet Inhibition by Prasugrel (TRITON-TIMI 
38) in patients with ACS. TRITON-TIMI 38 demonstrated 
a significant reduction of MACEs, a finding that was pro-
nounced in the subgroup of patients with diabetes.129 In 
the Platelet Inhibition and Patient Outcomes (PLATO) 
study, ticagrelor similarly indicated a benefit in terms of 
MACE reduction when compared with clopidogrel; how-
ever, the treatment benefit was not statistically significant 
in the diabetic cohort.130 Both TRITON-TIMI 38 and PLATO 
were conducted in patients with ACS. Due to the lack of 
comparable data in populations with stable CAD, elective 
PCI, and/or diabetes, clopidogrel currently remains the 
recommended antiplatelet substance in these clinical 
constellations.
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Coronary Revascularization in Patients with 
Diabetes
The concurrent presence of diabetes in patients with mul-
tivessel CAD bears an enhanced risk of in-stent restenosis 
after PCI and subsequently may result in a worse prognosis 
following CABG in contrast to patients without diabetes.131 
This refers largely to the aggressive nature of the disease 
with smaller coronary arteries affected in a diffuse manner, 
and consequently CABG has been the preferred treatment 
strategy in patients with diabetes requiring coronary revas-
cularization. Numerous trials have demonstrated an efficacy 
benefit (less repeat revascularization) and moreover a safety 
benefit (lower mortality) with CABG than with PCI in patients 
with diabetes.132–134 The advantages of CABG in patients 
with diabetes reflect reductions in CV events caused by 
both nonculprit and culprit lesions. Treatment with PCI usu-
ally focuses mainly on the coronary culprit lesion, whereas 
angiographically and/or functionally nonsignificant noncul-
prit lesions are generally not treated. However, data from the 
PROGRESS trial have indicated that particularly those lesions 
that appear rather mild angiographically have a tendency to 
rupture in the future due to enhanced plaque vulnerability 
and plaque burden.135 In contrast, CABG offers complete 
treatment of culprit and nonculprit lesions throughout the 
bypassed segments. Thus, CABG provides an effective protec-
tion against secondary CV events due to rupture of initially 
nonflow-limiting but unstable plaques and thereby avoids 
the occurrence of concomitant CV events such as MI and 
sudden cardiac death.

Percutaneous Coronary Intervention with 
Balloon Angioplasty Versus Coronary Artery 
Bypass Grafting in Patients with Diabetes
In a subgroup analysis of the Early Bypass Angioplasty 
Revascularization Investigation (BARI) including 353 
patients with diabetes mellitus, the revascularization 
strategies of CABG versus PCI with plain old balloon 
angioplasty (POBA) were compared. There was a survival 
benefit for CABG over PCI (80.6% vs 65.5%, p =0.003).136 
A more recent meta-analysis comprising 68 RCTs and a 
total of 24,015 patients with diabetes compared CABG 
with different modes of PCI (POBA, bare metal stent 
[BMS], first- and second-generation drug-eluting stents 
[DESs]). In the overall study cohort CABG was associated 
with numerically lower rates of both death (RR 0.8, 95% 
CI 0.55–1.23) and MI (RR 0.86, 95% CI 0.28–2.86); however, 
the difference was not statistically significant.137

Percutaneous Coronary Intervention Using 
Bare Metal Stent or First-Generation Drug-
Eluting Stent Versus Coronary Artery 
Bypass Graft in Patients with Diabetes
In 2005 the Arterial Revascularizaton Therapies Study 
(ARTS) compared PCI using BMS with CABG. However, 
it did not primarily focus on patients with diabetes, and 
only a small diabetic subcohort of 208 patients was avail-
able for evaluation. In this subcohort PCI using BMS com-
pared with CABG was found to have numerically, but not 
statistically significant, higher rates of overall mortality 
(13.4% vs 8.3%, p =0.27) and MI (10.7% vs 7.3%, p =0.47) at 
5-year follow-up. However, rates for repeat revascularization 

(42.9% vs 10.4%, p <0.001) and MACCE (54.5% vs 25%, p < 
0.001) were significantly higher in the PCI group than in 
the CABG group.138

As previously mentioned the BARI-2D trial addressed the 
question of revascularization in a diabetic patient cohort 
comparing OMT alone versus OMT plus revascularization 
therapy (either CABG or PCI). Within the PCI group the stent 
types were 56% BMS and 35% DES. Despite indicating a 
treatment benefit in favor of CABG over PCI, this study had 
a major limitation in that it did not directly compare CABG 
and PCI. This has subsequently led to several further RCTs 
comparing CABG with PCI with the use of first-generation 
DES.132,133,139 In the Coronary Artery Revascularization in 
Diabetes (CARDia) trial, 510 patients with diabetes were 
enrolled and randomized to either PCI or CABG. The results 
did not show any differences regarding the primary com-
posite endpoint of death, MI between the two strategies (PCI 
13.0% vs CABG 10.5%, p =0.39).133 However, when adding 
repeat revascularization to the composite endpoint, there 
was a relevant benefit favoring CABG (11.3% vs 19.3% with 
PCI, p =0.016) at 1-year follow-up.137 A relevant limitation 
of the CARDia trial was the mixed use of BMS (31%) and 
first-generation sirolimus-eluting stent (SES) within the PCI 
arm.133

In the Veterans Affairs Coronary Artery Revascularization 
in Diabetes Study (VA CARDS), a small study enrolling 198 
patients, most patients received a first-generation DES (60% 
SES or paclitaxel-eluting stent [PES]) while approximately 
20% received a second-generation cobalt-chromium evero-
limus-eluting stent (CoCr-EES). Thus, VA CARDS was consid-
ered as a trial mainly comparing CABG with first-generation 
DES. It showed a significant reduction of overall mortality 
from 21% with PCI to 5% with CABG at 2 years of follow-up.139

A subcohort of the Synergy Between Percutaneous 
Coronary Intervention with Taxus and Cardiac Surgery 
(SYNTAX) trial, consisting of 452 patients with diabetes 
with left main or 3-vessel disease, similarly demonstrated 
higher rates of MACCEs with PCI using PES compared 
with CABG at 1 year (26% vs 14.2%, p =0.003) and after 5 
years of follow-up (46.5% vs 29.6%, p <0.001). These find-
ings were predominantly related to a higher rate of repeat 
revascularization within the PCI group at 1 year (PCI 20.3% 
vs CABG 6.4%, p < 0.001) and 5 years (PCI 35.3% vs CABG 
14.6%, p <0.001).140,141 Regarding the anatomic severity 
according to the SYNTAX score, a treatment benefit with 
CABG was only seen in those patients with diabetes and 
complex disease (SYNTAX score ≥33); whereas in inter-
mediate and less complex CAD no differences in terms of 
the composite endpoint were demonstrated.132 However, 
as SYNTAX and ARTS were not performed specifically in 
a diabetic population, the limited number of patients in 
these subgroups limits conclusions that can be drawn. 
The ARTS trial only used a historic control group,134 the 
CARDia trial was stopped early due to low enrollment and 
was conclusively underpowered for true evaluation,133 
and the diabetic subgroup analysis of the SYNTAX trial 
was initially not designed to test differences in mortal-
ity.132 Hence, these studies did not provide sufficient evi-
dence to clearly endorse one of the two revascularization 
strategies.116 Moreover, apart from current clinical practice 
CARDia, VA CARDS, and the diabetic subcohort of SYNTAX 
did not use newer-generation DES. Instead, predominantly 
BMS or first-generation DES were implanted and com-
pared with CABG.132,133,139
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As a consequence of these limitations, the FREEDOM 

study was designed.124 This prospective multicenter study 
has emerged as a true landmark trial and the only RCT that 
was adequately powered to compare PCI and CABG in an 
exclusive cohort limited to patients with diabetes and multi-
vessel disease. However, as in previous trials, first-generation 
DES (SES: 51% and PES: 43%) and not second-generation 
stents were implanted, which is different than the current 
standard of care in interventional cardiology. In FREEDOM, 
which enrolled 1900 patients with diabetes, the primary com-
posite endpoint (all-cause mortality, nonfatal MI, or nonfatal 
stroke) was lower in patients treated by CABG compared 
with PCI at 1-year (CABG 18.7% vs PCI 26.6%, p =0.005)124 
and 5-year follow-up (CABG 11.8% vs PCI 16.8%, p =0.004).142 
Of note, this was related to significant differences in overall 
mortality (CABG 10.9% vs PCI 16.3%, p =0.049) and rate of MI 
(CABG 6.0% vs PCI 13.9%, p <0.001) at 5 years. Moreover, the 
incidences of repeat revascularization at 1 year after initial 
revascularization were significantly higher in the PCI than 
the CABG group (12.6% vs 4.8%, p <0.01). However, the rate 
of strokes was conversely higher in the CABG group (5.2 vs 
2.4%, p =0.03) and no difference concerning cardiac-spe-
cific mortality was found (DES 10.9% vs CABG 6.8%, p =0.12). 
FREEDOM was still limited by the relatively low inclusion 
rate of women (28.6%), patients with an ejection fraction 
below 40% (2.5%), and patients with less advanced CAD 
(35.5%), defined as a SYNTAX score less than 22.124,142

Still, prior to SYNTAX and FREEDOM, lesion anatomy 
was hardly characterized and scores for lesion severity 
were not used at all.121 Thus, stratification of patient cohorts 
according to the predescribed SYNTAX score tertiles of 
coronary lesion severity strengthens the impact of both the 
SYNTAX diabetic substudy analysis as well as the FREEDOM 
trial.124,132,140 Unlike previous trials, the baseline character-
istics in the FREEDOM cohort targeted a high-risk diabetic 
population with rather advanced and complex CAD, as char-
acterized by an 83.3% rate of multivessel disease, an average 
number of lesions of 5.7 ± 2.2, an average lesion length of 
77.6 mm ± 33.8 mm, and an average SYNTAX score of 26.2 
± 8.6. Unlike SYNTAX, FREEDOM documented good adher-
ence to concomitant medication in both groups: specifically, 
in the PCI group approximately 90% of patients received 
dual antiplatelet therapy for at least 12 months. Furthermore, 
FREEDOM showed superiority of CABG over PCI in all cat-
egories of the SYNTAX score with no significant subgroup 
interaction (p =0.58).124 Table 24.5 lists a survey of random-
ized trials on revascularization in patients with diabetes.

Consequently, the results of the FREEDOM trial had an 
important impact on clinical practice and current guideline 
recommendations. For patients with diabetes with stable 
CAD, the 2014 ACC/AHA guideline renewed its previous rec-
ommendation in favor of CABG over PCI from class II A to 
class I, in particular if a left inferior mammary artery graft 
can be anastomosed to the left anterior ascending artery, 
provided the patient is a good candidate for surgery.143 
Similarly the 2014 ESC/EACTS guideline on myocardial 
revascularization updated its previous recommendation 
of CABG over PCI in patients with diabetes and multivessel 
disease with an acceptable surgical risk to a class 1 recom-
mendation with a level of evidence A.141 Table 24.6 summa-
rizes the specific recommendations for revascularization in 
patients with diabetes.141

However, these guideline recommendations have to be 
considered differentially and carefully. Overall evidence still 

remains rare and derives mostly, with the exception of the 
FREEDOM trial,124 from observational studies and registry 
data or from diabetic subgroups of larger study cohorts with 
few RCTs. Also, despite the latest improvements in stent tech-
nologies, including the second-generation DES and most 
recently bioresorbable vascular scaffolds (BVSs), these new 
devices have not been incorporated in any trials compar-
ing DES and CABG to date.144 According to current data it 
is unquestionable that the regular use of newest generation 
DES may result in a substantial reduction of both angio-
graphic restenosis and need for repeat revascularization145 
compared with BMSs. Moreover, a hierarchical pattern 
regarding the restenosis potential of an individual compara-
tor can be observed in a large network meta-analysis with 
focus on the specific PCI modality.137 A gradual decline of 
the rate of repeat revascularization with the applied PCI 
technique from POBA (341% increase toward CABG), to 
BMS (218% increase), to first-generation PES (81% increase) 
and first-generation SES (47% increase) was observed.137 In 
contrast, second-generation CoCr-EES as a comparator for 
CABG was not associated with statistically significant excess 
repeat revascularization.137 Despite the indirect compari-
son with other stent types, the CoCr-EES was the only stent 
that was not associated with statistically significant excess 
repeat revascularization in comparison with CABG.137 Thus, 
presumably the more efficacious a certain stent is in terms 
of risk reduction, the less pronounced the resulting net ben-
efit with CABG146 may be. However, these meta-analyses may 
not fully account for between-trial differences due to the 
nature of study designs, and thus data have to be interpreted 
with caution.137 Nevertheless, this indirect comparison is at 
least hypothesis-generating and thus indicates that the effi-
cacy gap between CABG and PCI in patients with diabetes 
is probably lessened with the use of newer-generation DESs. 
This reflects the necessity for large RCTs comparing state-
of-the-art PCI and new-generation DES with current CABG 
technology.

The 2015 Bypass Surgery Versus Everolimus-Eluting Stent 
Implantation for Multi-Vessel Coronary Artery Disease 
(BEST) trial is the only randomized study that explores 
CABG with the newer-generation DES as comparator.147 
This prospective, open-label RCT was designed to prove 
noninferiority of second-generation DES (EES) compared 
with CABG. However, the trial was stopped prematurely 
after slow enrollment of only 880 of the initially planned 
1776 patients. Thus, the statistical power of the  predescribed 
primary endpoint, defined as death, MI, and repeat revascu-
larization, is inadequate. Second, the primary endpoint did 
not prove noninferiority for PCI compared with CABG (PCI 
11% vs CABG 7.9%, p =0.32 for noninferiority). Consequently, 
all of the further analysis regarding the data of the BEST 
trial would only be hypothesis-generating.147,148 In a sub-
group analysis of the BEST trial including patients with 
diabetes (n = 363), there was a significantly higher rate of 
primary endpoints among those assigned to PCI compared 
with CABG (19.2% vs 9.1%, p =0.007).147

The latest observational registry study of 18,446 propen-
sity-matched patients with multivessel disease, compared 
PCI using new-generation CoCr-EES (n = 9223) with CABG 
(n = 9223). It revealed no difference in the primary end-
point of all-cause mortality between PCI and CABG (PCI 
3.1% vs CABG 2.9%, p =0.50). In accordance with previous 
studies, the investigators found a higher need for repeat 
revascularization (PCI 7.2% vs CABG 3.1%, p <0.001) and a 
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TABLE 24.5 Randomized Trials on Revascularization in Patients with Diabetes

YEAR OF 
PUBLICATION

STUDY(REF. 

NUMBER) N

BASIC CHARACTERISTICS PRIMARY ENDPOINT MAXIMUM CLINICAL FOLLOW-UP
MEAN 
AGE 
(YEARS)

WOMEN 
(%)

MVD 
(%)

MEAN 
EF (%) DEFINITION YEARS RESULTS YEARS DEATH

CV 
DEATH M REVASC STROKE

Revascularization vs MT

2009 BARI-2D120 2368 62 30 31 57 Death 5 11.7% vs 
12.2%

5 11.7% vs 
12.2%

5.9% vs 
5.7%

11.5% vs 
14.3%

— 2.6% vs 
2.8%

CABG vs MT

2009 BARI-2D120 763 63 24 52 57 Death 5 13.6% vs 
16.4%

5 13.6% vs 
16.4%

8.0% vs 
9.0%

10.0% vs 
17.6%

— 1.9% vs 
2.6%

PCI vs MT

2009 BARI-2D120 1605 62 33 20 57 Death 5 10.8% vs 
10.2%

5 10.8% vs 
10.2%

5.0% vs 
4.2%

12.3% vs 
12.6%

— 2.9% vs 
2.9%

PCI vs CABG

2013 SYNTAXd,140 462 65 29 100 — Death, MI, stroke, 
or repeat 
revascularization

1 26.0% vs 
14.2%a

Sx score 0–22:
20.3% vs 

18.3%;
Sx-score 

23–32:
26.0% vs 

12.9%;
Sx score ≥ 33:
32.4% vs 

12.2%a

5 19.5% vs 
12.9%

12.7% vs 
6.5%a

9.0% vs 
5.4%

35.3% vs 
14.6%a

3.0% vs 
4.7%

2010 CARDia,133

(DES/BMS vs 
CABG)

510 64 26 93 — Death, MI, or 
stroke

1 13.0% vs 
10.5%

1 3.2% vs 
3.2%

— 9.8% vs 
6.0%a

11.8% vs 
2.0%a

0.4% vs 
2.8%

2012 FREEDOM124 
(DES vs 
CABG)

1900 63 29 100 66 Death, MI, or 
stroke

3.8 26.6% vs 
18.7%a

Sx score 0–22:
23% vs 17%;
Sx score 

23–32:
27% vs 18%;a

Sx score ≥ 33:
31% vs 23%

3.8 16.3% vs 
10.9%a

10.9% vs 
6.8%

13.9% vs 
6.0%a

12.6% vs 
4.8%a 
(at 1y)

2.4% vs 
5.2%

2013 VA-
CARDS139 
(DES vs 
CABG)

207 62 1 — — Death or MI 2 18.4% vs 
25.3%

2 21% vs 
5.0%a

10.8% vs 
5.0%

6.2% vs 
15.0%

18.9% vs 
19.5%

1.0% vs. 
1.2%

ap <0.05; bRandomization stratified by revascularization modality; c3-vessel disease; dsubgroup analysis.
BMS, Bare-metal stent; CABG, coronary artery bypass grafting; CV, cardiovascular; DES, drug-eluting stent; EF, ejection fraction; MI, myocardial infarction; MT, medical therapy; MVD, multivessel disease; PCI, percutaneous coronary 
intervention; PES, paclitaxel-eluting stent; Revasc, revascularization; SES, stirolimus-eluting stent; Sx score, SYNTAX score.
(Adapted from Windecker S, Kolh P, Alfonso F, et al. 2014 ESC/EACTS guidelines on myocardial revascularization: the task force on myocardial revascularization of the European Society of Cardiology (ESC) and the European Association 
of Cardio-Thoracic Surgery (EACTS): developed with the special contribution of the European Association of Percutaneous Interventions (EAPCI). Eur Heart J. 2014; 35(37):2541–2619.)
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higher rate of MI (PCI 1.9%/year vs CABG 1.1%/year, p <0.001) 
with PCI. Conversely, a higher rate of stroke (PCI 0.7% vs CABG 
1.0%, p <0.001) with CABG was documented.149 However, 
the higher rate of MI within the PCI group turned out to be 
statistically insignificant in the subgroup of patients with 
complete revascularization. This confirms previous findings 
showing that incomplete revascularization is associated 
with a significant increase of rates of MI and death.149–151 
In a subgroup analysis, 8096 patients with diabetes (39.3% 
of the entire study cohort) with propensity-matched scores 
were included. In the short term (within 30 days) EES com-
pared with CABG was associated with a lower risk of both 
death (HR = 0.58, p =0.04) and stroke (HR = 0.14, p < 0.0001), 
but a higher risk of MI (HR = 2.44, p = 0.02). In the long term, 
EES compared with CABG was associated with no differ-
ences in the risk of death (HR = 1.12, p = 0.16), a lower risk of 
stroke (HR = 0.76, p = 0.04), a higher risk of MI (HR = 1.64, p 
< 0.0001), and a higher rate of repeat revascularization (HR 
= 2.42, p < 0.0001). However, concordant with the findings in 
the general population, the higher risk of MI was only seen 
in patients undergoing incomplete coronary revasculariza-
tion with PCI.152

The currently ongoing Evaluation of the Xience 
Everolimus-Eluting Stent versus Coronary Artery Bypass 
Surgery for Effectiveness of Left Main Revascularization 
(EXCEL) trial compares CABG with PCI using CoCr-EES in 
patients with unprotected left main stenosis and may pro-
vide new insights into the role of revascularization strate-
gies in patients with left main disease (ClinicalTrials.gov 
Identifier: NCT01205776). Although this study does not focus 
exclusively on a cohort of patients with diabetes, it may fur-
ther contribute to the debate regarding the best therapeutic 
revascularization modality in patients with stable CAD.146

Advances in recent CABG technology include minimally 
invasive direct coronary artery bypass, regular use of arterial 
grafts with patency rates of more than 80% after 10 years,153 
and contemporary perioperative care. Particularly, diabetes 
does not seem to have a negative effect on the patency of 
either internal mammary artery or venous grafts.154 However, 
graft selection in patients with diabetes remains controver-
sial. Whereas nonrandomized analyses indicate an advan-
tage of bilateral internal thoracic artery in patients with 
diabetes,155 other studies pronounce the enhanced risk of 
sternal wound infections and mediastinitis, especially in 
diabetic patients on insulin therapy.156,157 The use of radial 
artery conduits in patients with diabetes versus patients 
without diabetes offers a greater risk for vascular spasm and 
may be associated with impaired endothelial function.158 
In an RCT comparing radial grafts and venous saphenous 

grafts for CABG, the investigators found a significantly lower 
patency rate of radial arterial grafts compared with venous 
saphenous grafts in patients with diabetes. In contrast, in 
patients without diabetes the results were opposite.159 
Moreover, approximately 50% of patients with moderate to 
poor glucose control after CABG had no diabetes diagno-
sis in the preoperative assessment. This may inevitably result 
in inadequate perioperative glucose control, which is an 
established predictor of more in-hospital morbidity and 
mortality.160 Despite the current evidence in favor of CABG 
in patients with diabetes and CAD, in daily clinical practice, 
in contrast to clinical trials, other parameters may substan-
tially influence a reasonable and patient-orientated deci-
sion. These factors include the individual stroke risk, frailty, 
renal and pulmonary function, patient preference, and both 
operator and center experience with the respective revascu-
larization modality.116

Bare Metal Stents Versus First- and Second-
Generation Drug-Eluting Stents in Patients 
with Diabetes
Several RCTs, registries, and pooled meta-analyses have 
compared PCI with BMS versus first-generation DES in 
chronic CAD in patients with diabetes and have thereby 
focused on both efficacy (as assessed by a reduced repeat 
revascularization rate) and safety (as assessed by the rate of 
death, MI, or stent thrombosis). The Diabetes and Sirolimus-
Eluting Stent (DIABETES)161 and the Sirolimus-Eluting Stent 
in the Treatment of Diabetic Patients with De Novo Native 
Coronary Artery Lesions (SCORPIUS)162 trials have demon-
strated a significant benefit by use of first-generation SES 
compared with BMS. In DIABETES at 270-day follow-up com-
paring SES to BMS a reduction of repeat revascularization 
(SES 6.3% vs BMS 31.3%, p <0.001) and MACCE (SES 10.0% vs 
BMS 36.3%, p <0.001) was seen.161 Similarly, 5-year follow-up 
data from the SCORPIUS trial demonstrated a reduction in 
repeat revascularization (SES 12.0% vs BMS 28.0%, p = 0.005) 
and MACCE (SES 34% vs BMS 49%, p =0.02).162 However, the 
MACCE reduction was mainly attributed to a decreased 
rate of repeat revascularization in both trials, whereas no 
significant differences in strong endpoint parameters such 
as mortality, cardiac death, MI, or stent thrombosis were 
reported.161,162 Thus, in summary SES performed better than 
BMS in patients with CAD and diabetes. However, a survival 
benefit from use of SES has not been shown. Similar results 
were also seen when comparing the other first-generation 
PES with BMS. The TAXUS-IV trial demonstrated superior-
ity of PES in terms of significantly lower rates of in-stent 

TABLE 24.6 Specific Recommendations for Revascularization in Patients with Diabetes

RECOMMENDATION(REF. NUMBER) CLASSA LEVELB

In stable patients with multivessel CAD and/or ischemia, revascularization is indicated to reduce cardiac adverse events.16 I B

In patients with stable multivessel CAD and an acceptable surgical risk, CABG is recommended over PCI.20 I A

In patients with stable multivessel CAD and SYNTAX score, PCI should be considered as an alternative to CABG.38 IIa B

New-generation DES are recommended over bare-metal stents.70 I A

Bilateral mammary artery grafting should be considered.61 IIa B

In patients on metformin, renal function should be carefully monitored for 2 or 3 days after coronary angiography/PCI.141 I C

CABG, Coronary artery bypass grafting; CAD, coronary artery disease; DESs, drug-eluting stents; PCI, percutaneous coronary intervention.
aClass of recommendation.
bLevel of evidence.
(Adapted from Windecker S, Kolh P, Alfonso F, et al. 2014 ESC/EACTS guidelines on myocardial revascularization: the task force on myocardial revascularization of the 
European Society of Cardiology (ESC) and the European Association of Cardio-Thoracic Surgery (EACTS): developed with the special contribution of the European Association 
of Percutaneous Interventions (EAPCI). Eur Heart J. 2014; 35(37):2541–2619.)

http://ClinicalTrials.gov
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restenosis and repeat revascularization versus BMS (PES 
7.4% vs BMS 20.9%).163 However, the implementation of sec-
ond-generation DESs into the current treatment standard of 
chronic CAD with an optimized safety and efficacy profile 
has dramatically changed the therapeutic approach, espe-
cially in patients with diabetes and multivessel disease.

In a large meta-analysis of 126 RCTs including 258,544 
patient-years of follow-up, the new-generation DES, the 
zotarolimus-eluting stent Resolute (ZES-R), the platinum-
chromium (PtCr EES), and the CoCr-EES have emerged as 
the most efficacious stents for reducing the risk of repeat 
target vessel revascularization (TVR) in comparison to 
PCI with BMS.164 Another large pooled analysis confirmed 
these findings in an exclusive population of patients with 
diabetes, encompassing 42 trials with 22,844 patient-years of 
follow-up: Bangalore et al demonstrated beneficial efficacy 
and safety of various first- and second-generation DES com-
pared with BMS in patients with diabetes.165 There was no 
increased risk of stent thrombosis, including very late stent 
thrombosis with any type of DES. The investigators found a 
significant reduction in TVR independent of the type of DES 
used; however, the extent of this effect varied with the dif-
ferent DES. Regarding efficacy outcomes, the different DES 
exhibited a progressive increase in TVR reduction (reduc-
tion of TVR vs BMS: ZES 37%, PES 53%, SES 62%, and EES 
69%) with the EES appearing to be the most efficacious DES. 
None of the DES revealed an increased risk of any safety 
parameters versus BMS.165

Accordingly, this largest meta-analysis in patients with 
diabetes165 confirms a previous meta-analysis comparing 
first-generation DES with BMS in 3852 patients with diabe-
tes,166 which had similarly demonstrated improved efficacy 
with comparable mortality rates for the first-generation 
DES (PES and SES) versus BMS. Hence, the data derived 
from Banaglore et al165 transfer these former findings in 
patients with diabetes into the era of new-generation DES. 
A pooled analysis of the Clinical Evaluation of the Xience V 
Everolimus Eluting Coronary Stent System (SPIRIT) trial also 
demonstrated a significant reduction in death and the com-
bination of death and MI for CoCr-EES in comparison with 
first-generation PES in a general population.167 Similarly, the 
SYNTAX trial and a pooled analysis of four trials demon-
strated lower incidences of CV events with EES versus PES in 
a general population.137,168 On the contrary, among patients 
with diabetes there were no significant differences between 
the two stent types according to any safety and efficacy 
parameters.168 Although multiple RCTs and meta-analyses 
have demonstrated superiority of newer-generation DES 
compared with first-generation DES, these findings still have 
to be interpreted carefully as data comparison between 
the different stent types and generations in these trials was 
indirect and therefore inherent to and limited by this type 
of analysis.145,165 Based on these findings, current opinion 
is that PES are inferior to the so-called limus-eluting stents 
in a general patient population. However, regarding patients 
with diabetes, the controversy is still ongoing. In this specific 
patient cohort, data from large RCTs, medium-sized trials, 
pooled analyses, and registries demonstrated efficacy and 
safety values for PES that are apparently similar to those of 
the limus-eluting stents, including SES, ZES, and EES.169,170

Because of the lack of large RCTs with direct compari-
son of the different stent types in patients with diabetes, a 
debate has arisen as to whether diabetes may actually be 
the Achilles heel of limus-eluting stents.171 This refers to 

the pathophysiologic background of limus-eluting stents, 
because in patients with diabetes an attenuation of the mam-
malian target of the rapamycin (mTOR) signaling pathway 
has been observed. This suggests that stents eluting the drug 
rapamycin (known as sirolimus) or its analogs (everolimus 
and zotarolimus)—generally termed limus-eluting stents— 
may be potentially less effective in diabetics. Theoretically, 
it may eventually make the PES an attractive option in this 
cohort.172 This hypothesis is underpinned by the observa-
tion of an increasing gradient of event rates among different 
patient cohorts treated with EES: with the lowest event rate 
in patients without diabetes, an intermediate event rate in 
non–insulin-dependent diabetes mellitus (NIDDM) patients, 
and the highest event rate in insulin-dependent diabetes 
mellitus (IDDM) patients.168 In contrast, after PES implanta-
tion a similar gradient of event rates was not apparent.

However, more recent data support the superiority of 
EES over PES in patients with diabetes. Kaul et al demon-
strated that PCI with PES is inferior to EES in a cohort of 
1830 patients with diabetes.173 In comparison to PES, EES 
was associated with significantly lower rates of the primary 
endpoint target vessel failure (EES 2.9% vs PES 5.6%, p = 
0.005) as well as the secondary endpoints of MI (EES 1.2% 
vs PES 3.2%, p =0.004), stent thrombosis (EES 0.4% vs PES 
2.1%, p =0.002), and TVR (EES 1.2% vs PES 3.4%, p =0.002) 
at 1-year follow-up. These results offer for the first time evi-
dence concerning the efficacy and safety of EES in direct 
comparison with first-generation PES in a specific patient 
population with diabetes.173 This is of particular importance 
as the existing landmark revascularization trials in patients 
with diabetes, namely FREEDOM124 and BARI-2D,120 were 
conducted predominantly with first-generation DES, namely 
PES and SES. Thus, the results of this most current investi-
gation may raise the question of whether the results of the 
FREEDOM and BARI-2D trials could have yielded different 
results if they had been performed using new-generation 
EESs.149,174

Moreover, recently the question about the most effective 
second-generation DES has arisen. To date solely two RCT 
head-to-head comparisons between the new-generation EES 
and ZES are available, and they are in a general patient pop-
ulation. In the Randomized Comparison of a Zotarolimus-
Eluting Stent with an Everolimus-Eluting Stent (RESOLUTE 
All Comers) trial175 and the Prospective Randomized Trial 
of Zotarolimus-Eluting Stents and Everolimus-Eluting Stents 
in Patients With Coronary Artery Disease (TWENTE) trial, no 
significant differences in efficacy and safety between ZES 
and EES after 2 years were seen.176 However, with a relatively 
small number of patients with diabetes in RESOLUTE All 
Comers (23.4%) and TWENTE (21.6%), both studies were 
markedly underpowered to compare clinical outcomes in 
this subgroup. Park et al presented the first head-to-head 
comparison between EES and the Resolute ZES (R-ZES) in 
1855 patients with diabetes.177 After unrestricted implanta-
tion of the two second-generation DES, both EES and ZES 
showed comparable and low incidences of target lesion fail-
ure (EES 3.7% vs ZES 3.5%, p =0.899) and stent thrombosis 
(EES 0.8% vs ZES 0.1%, p =0.1) at 1-year. Moreover, composite 
endpoints, defined as all-cause mortality, any MI, and any 
revascularization, were similar (EES 9.1% vs ZES 10.2%, p = 
0.416). This suggests an excellent efficacy and safety profile 
of both new-generation DES in patients with diabetes.177 
Current European guidelines on myocardial revasculariza-
tion have recommended the use of DES as the preferred 
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device in patients with diabetes (class 1, level of recommen-
dation A),141 whereas current American guidelines on the 
management of stable CAD do not specifically mention a 
favored stent subtype for revascularization in patients with 
diabetes.143

Second-Generation Drug-Eluting Stents and 
Bioresorbable Vascular Scaffolds in Patients 
with Diabetes
Bioresorbable vascular scaffolds (BVSs) represent a new 
and promising approach to the treatment of CAD as they 
offer temporary vessel support and drug delivery to the ves-
sel wall.178 In the ABSORB cohort B trial using the everoli-
mus-eluting BVS system, a promising incidence rate of MACE 
(10%) without any occurrence of scaffold thrombosis at the 
3-year follow-up was described in a general patient popula-
tion.179 However, to date there is still a paucity of data regard-
ing the use of BVSs in patients with diabetes. Similarly, there 
is a lack of sufficient data on head-to-head comparisons of 
the various second-generation DES, EES, ZES, and everoli-
mus-eluting BVSs in patients with diabetes. The first direct 
comparison between EES and BVS in diabetic patients was 
recently presented by Muramatsu et al, who performed a 
pooled analysis of the ABSORB and SPIRIT trials.180

First, there were no differences in terms of the primary 
endpoint, defined as a composite of death, target vessel MI, 
and TVR at 1-year between patients with (n = 136) and with-
out diabetes (n = 415) (3.7% vs 5.1%, p =0.64) treated with the 
BVS. This finding deserves specific consideration, because 
virtually every previous PCI study has demonstrated higher 
event rates in patients with diabetes than in patients without 
diabetes.168,181 Secondly, there were no differences in the 
predescribed primary endpoint within the diabetic cohort 
between those treated with a BVS and those treated with 
a new-generation EES (n = 882) (3.9% vs 6.4%, p =0.38).180 
Although these findings still need to be interpreted with 
caution due to the small sample size, they suggest that BVS 
in patients with diabetes is feasible, safe, and effective in the 
treatment of noncomplex coronary lesions.

SPECIFIC CHARACTERISTICS OF 
REVASCULARIZATION THERAPY IN PATIENTS 
WITH INSULIN-DEPENDENT AND PATIENTS 
WITH NON–INSULIN-DEPENDENT DIABETES

Currently, there is insufficient evidence whether the supe-
riority of CABG for patients with diabetes is independent 
of glucose-lowering therapy and glucose control quality. 
Approximately one-quarter of patients with diabetes in the 
United States are treated with insulin (IDDM), and they 
exhibit a higher risk for complications after any type of coro-
nary revascularization versus patients without diabetes and 
patients with NIDDM. Chronic hyperglycemia is considered 
the common denominator in both patients with IDDM and 
NIDDM.116 The pathophysiologic impact of hyperglycemia 
involves systemic inflammation, endothelial dysfunction, 
hemostatic abnormalities, and increased cellular oxidative 
stress, all resulting in changes at the macro- and microvas-
cular level.116,182 Previous data have demonstrated that 
patients with IDDM undergoing CABG bear an enhanced 
risk of in-hospital mortality and wound infections.183,184 
Post-PCI IDDM patients are at particularly high risk of PCI 
and stent thrombosis in combination with reduced 1-year 

survival versus patients with NIDDM.142 Subgroup analyses 
of patients with diabetes from two large-scale trials have 
explored the treatment benefit of CABG according to insu-
lin requirement by comparing outcomes stratified by insu-
lin treatment and using the SYNTAX score as a surrogate for 
coronary disease complexity. These studies yielded discor-
dant findings.140,142 Whereas the subgroup analysis of the 
SYNTAX trial, comprising 452 patients with diabetes, sug-
gested a greater benefit for CABG over PCI in the IDDM group 
(n = 182) than the NIDDM group (n = 270),140 a subanalysis 
of patients with diabetes in the FREEDOM trial showed a 
numerically decreased effect size of CABG over PCI in the 
IDDM group.142 The latter trial explored outcomes of 1850 
patients with diabetes categorized into an IDDM group (n 
= 602, 32.5%) and an NIDDM group.142 Irrespective of the 
assigned treatment strategy, CABG (n = 277) or PCI with a 
DES (n = 325), IDDM patients had a worse clinical prognosis 
than NIDDM patients. Within the subgroup of IDDM, a signifi-
cantly higher rate of MACE (death, MI, or stroke) occurred 
versus NIDDM patients (IDDM 28.7% vs NIDDM 19.5%, p < 
0.001) at 5-year follow-up. These findings held true even after 
adjustments for clinical demographics, angiographic com-
plexity as assessed by the SYNTAX score, and mode of revas-
cularization therapy (adjusted HR 1.35; 95% CI 1.06–1.73). 
The risk of stroke increased similarly in both groups.116,142 
These findings indicate that CABG remains superior to PCI 
after adjustment for diabetes status, need for insulin therapy, 
and SYNTAX score.116,142 However, both subanalyses were 
underpowered to reliably evaluate the hypothesis of treat-
ment effects of CABG versus PCI by insulin status.185 Thus, 
owing to the current lack of strong data, in patients with dia-
betes the use of insulin should not influence the choice of 
revascularization strategy (CABG vs PCI) as they presumably 
will derive treatment benefits that are comparable to those 
expected in the overall trial population of the FREEDOM 
and SYNTAX studies.185

The influence of insulin treatment in patients with dia-
betes regarding different DES is an additional point of inter-
est. Stone et al168 reported an increasing gradient of 2-year 
event rates among patients treated with a new-generation 
EES, with the lowest event rate in subjects without diabe-
tes, an intermediate event rate in patients with NIDDM, and 
an elevated event rate in patients with IDDM. In contrast, 
among patients treated with a first-generation PES, the 
2-year rates of adverse events were independent of diabetes 
status or insulin treatment. Furthermore, ischemia-driven tar-
get lesion revascularization (TVR) was reduced in patients 
with NIDDM assigned to EES versus PES (EES 3.7% vs PES 
6.3%, p =0.04), whereas in patients with IDDM a trend for a 
higher TVR rate was shown (EES 10.8% vs PES 5.5%, p =0.08). 
Thus, this investigation suggests a significant interaction in 
patients with diabetes between insulin requirement and 
stent type for the occurrence of ischemia-driven TVR at 2 
years (p =0.01).168

CLINICAL DECISION-MAKING IN PATIENTS 
WITH MULTIVESSEL DISEASE WITH DIABETES

Various key variables have been established that might 
influence decision-making to select the most effective 
therapeutic approach in patients with diabetes and multi-
vessel disease.145 These parameters comprise the extent, 
anatomy, and lesion characteristics of CAD as assessed 
by the SYNTAX score, the surgical risk as assessed by the 
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logistic EuroSCORE,186 the EuroSCORE II,187 or the Society 
of Thoracic Surgeons (STS) score,188 the patient’s age, pre-
existing comorbidities, and preference, and the operator’s 
experience. The level of care can be optimized by the rou-
tine implementation of multidisciplinary teams.189 The cur-
rent European and American guidelines strengthen the 
need for a local multidisciplinary “heart team,” consisting 
of a noninvasive cardiologist, an interventional cardiologist, 
and a cardiac surgeon with a class 1 recommendation (level 
of evidence C) for patients in whom therapeutic decision-
making appears to be difficult.141,143

With particular regard to patients with diabetes, decision-
making becomes even more complex and challenging. 
Diabetes is a systemic disease with rather diffuse athero-
sclerotic effects on the coronary vessels, characterized by 
smaller vessel diameters and longer lesions. As mechanical 
revascularization strategies usually address specific local 
lesions, they all have limited longevity.160 Therefore, special 
attention has to be directed to optimized glycemic control. 
Moreover, a reasonable risk stratification is necessary, differ-
entiating between low- and moderate-risk CAD and high-risk 
CAD. Thus, asymptomatic or mildly symptomatic patients 
with less severe CAD (single-vessel or 2-vessel not involving 
the proximal left anterior descending artery) are candidates 
for a conservative pharmacologic approach.120

However, if despite an optimal antidiabetic and anti-
ischemic first-line pharmacologic therapy, clinical symp-
toms persist, and/or complex or 3-vessel CAD is present, 
revascularization strategies have to be considered.143 At 
that point a pretreatment multidisciplinary team should 
discuss the individual case and consider the available 
treatment options and associated risks.189 A collaboration 
of invasive cardiologists, noninvasive cardiologists, and car-
diac surgeons is considered optimal to interpret all avail-
able information and provide a well-balanced discussion 
regarding the most effective and patient-oriented decision 
on myocardial revascularization.189 Therefore the heart 
team uses a number of risk stratification tools such as the 
STS score and the logistic EuroSCORE or the EuroSCORE II. 
Both surgical and anatomic scores (SYNTAX score) should 
be used for final decision-making before any myocardial 
revascularization procedure.189 One of the major aspects 
with respect to lesion severity and complexity is the capa-
bility to achieve complete revascularization. Complete 
revascularization in multivessel CAD is clearly associated 
with a better outcome than incomplete revascularization. 
Thus, a large meta-analysis in a general population of 37,116 
patients with multivessel disease who had either complete 
(n = 11,596) or incomplete revascularization (n = 25,520) 
demonstrated a lower risk of mortality (RR) 0.82, p = 0.05) 
and nonfatal MI (RR 0.67, p < 0.01) for complete revascular-
ization.190 Another meta-analysis with 89,883 patients dem-
onstrated that incomplete revascularization is more often 
found with PCI than with CABG (56% vs 25%, p <0.001).191 
In addition, complete revascularization was associated with 
a lower long-term mortality (RR 0.71, p < 0.001), a lower rate 
of MI (RR 0.78, p = 0.001), and a lower rate of repeat coro-
nary revascularization (RR 0.74, p < 0.001) compared with 
incomplete revascularization.191 However, once complete 
revascularization is achieved, the rate of MACCEs during 
follow-up may not be different between CABG and PCI.192 
Moreover, currently there is a lack of data regarding different 
effects of complete and incomplete revascularization in an 
exclusively diabetic cohort.

Recently the so-called functional SYNTAX score, which 
recalculates the anatomic SYNTAX score by only incor-
porating ischemia-producing lesions as determined by 
fractional flow reserve, may challenge clinical decision-
making by better discriminating the risk for adverse events 
in patients with complex CAD and particularly CV-high-risk 
patients with diabetes.193 Another development has been 
the introduction of the redefined and validated SYNTAX II 
score. The absence of an individualized approach and of 
clinical parameters to help decision-making had been con-
sidered major limitations of the standard SYNTAX score. 
Hence, on the basis of the anatomically defined SYNTAX 
score, the SYNTAX II score has recently been defined and 
validated.194 This score uses two anatomic and six clinical 
variables to predict 4-year mortality after CABG or PCI. The 
clinical variables include patient age, creatinine clearance, 
left ventricular ejection fraction, peripheral vascular dis-
ease, female gender, and chronic obstructive pulmonary 
disease.194 The integration of clinical covariables into an 
established anatomic assessment of CAD severity may offer 
a more reliable instrument of risk stratification for patients 
with complex and multivessel disease. This applies particu-
larly for the CV-high-risk population with diabetes.
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INTRODUCTION

Treatment of angina and evidence of myocardial ischemia on 
stress testing with no obstructive coronary artery disease (CAD) 
by angiography is a challenge. Previously referred to as cardiac 
syndrome X, this syndrome was believed to have a benign car-
diovascular prognosis; however data from the NHLBI-Women’s 
Ischemia Syndrome Evaluation (WISE) and other studies 
demonstrate that up to 50% of these patients have coronary 
microvascular dysfunction (CMD), which carries an adverse 
cardiovascular prognosis.1,2 Patients with CMD are more likely 
to be mid-life women, who have a high frequency of atheroscle-
rosis on intravascular coronary ultrasound (IVUS), and face a 
2.5% annual adverse cardiac event rate,3 which includes myo-
cardial infarction (MI), stroke, congestive heart failure, and sud-
den cardiac death. This rate of adverse events is notably higher 
compared with asymptomatic community controls. In addition 
to WISE, other studies in Europe and Canada have also reported 
on the elevated risk of adverse outcomes among those with 
ischemia and no obstructive CAD.4,5 Whereas coronary endo-
thelial dysfunction and impaired microvascular vasodilatory 
reserve are of particular importance in the pathophysiology of 
ischemic heart disease in women, a recent study demonstrated 
that CMD may be highly prevalent in both men and women, 
although this remains to be confirmed by larger prospective 
studies.6 In addition to microvascular dysfunction, diagnoses 
to consider in patients with persistent angina and no obstruc-
tive CAD include coronary vasospasm (Prinzmetal angina) 
with and without myocardial bridging,7 abnormal cardiac 
nociception, as well as noncardiac etiologies. It is important for 
the clinician to keep in mind the wide differential diagnosis of 
patients who present with chest pain and are found to have no 
obstructive CAD (Fig. 25.1).

Whereas CMD can be detected noninvasively by positron 
emission tomography (PET),8 stress cardiac magnetic reso-
nance (CMR) imaging,9,10 and stress echo Doppler coronary 
flow reserve (CFR), depending on individual center expertise, 
the gold standard for its diagnosis is invasive coronary reactiv-
ity testing. Therapeutic success typically anchors on diagnos-
tic certainty; coronary reactivity testing using intracoronary 

infusions of adenosine, acetylcholine, and nitroglycerin to 
assess microvascular and macrovascular (epicardial) endo-
thelial and nonendothelial function (Table 25.1) should be 
considered in patients with signs and symptoms of ischemia 
if no obstructive CAD is found. Coronary reactivity testing can 
be safely performed in catheterization laboratories with expe-
rienced operators.11–13 Both the endothelial-12 and nonendo-
thelial-dependent11 abnormalities stratify patients at risk for 
future cardiovascular events, as well as characterizing mecha-
nistic pathways to direct therapy.1

Two of the issues in diagnosis and, ultimately, treatment in 
symptomatic patients with ischemia but no obstructive CAD  
are the confusion in terminology in the literature to describe 
this group of patients, and the lack of standardized diagnostic 
criteria. To address these, the Coronary Vasomotion Disorders 
International Study Group (COVADIS) investigators have 
proposed international standards for the diagnostic criteria 
of coronary vasomotor disorders with the aim to facilitate 
research in this field and improve care in this patient popu-
lation.14 Large, randomized, placebo-controlled therapeutic 
outcome trials are lacking, and current US guidelines do not 
specifically address diagnosis and treatment of CMD.15,16

Therapeutic lifestyle change, low-dose aspirin, and lipid-
lowering therapy are recommended due to the high prev-
alence of coronary atherosclerosis and risk of adverse 
cardiac events. Evidence collected in predominantly gen-
eral cardiac syndrome X patients has investigated the use 
of β-blockers, angiotensin-converting enzyme inhibitors 
(ACE-I), l-arginine, nitrates, calcium-channel blockers, rano-
lazine, xanthine derivatives, α-blockers, enhanced external 
counterpulsation, cognitive behavioral therapy, tricyclic 
medication, and neurostimulation to improve symptoms, 
stress test parameters, and endothelial function with vari-
able results. Treatment of patients should focus on two main 
goals: (1) antiatherosclerotic and anti-ischemic therapy to 
reduce adverse cardiac event risk, and (2) relief of angina to 
improve quality of life.

This chapter provides an overview of CMD and discusses 
currently available diagnostic methods of its detection, as 
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well as pharmacologic and nonpharmacologic interven-
tions that can be utilized for these patients, with the under-
standing that the best approach is to develop a regimen 
based on individual patient needs and characteristics. Given 
the unfolding knowledge, we propose that existing unsta-
ble angina/non–ST elevation MI guidelines for the treat-
ment of cardiac syndrome X15 and chronic stable angina 
guidelines16 from the American Heart Association (AHA)/
American College of Cardiology (ACC) be modified to 
include the therapeutic strategies reviewed here (Box 25.1).

TERMINOLOGY

Cardiac syndrome X is an outdated term that described the 
triad of typical anginal chest pain, evidence of ischemia by 
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FIG. 25.1 Differential diagnosis of chest pain without obstructive coronary artery disease. Clinician should keep in mind the wide differential diagnosis for patients 
who present with chest pain and no obstructive coronary artery disease (CAD) and note that features can overlap. (From Marinescu MA, Löffler AI, Ouellette M, et al. Coronary 
microvascular dysfunction, microvascular angina, and treatment strategies. JACC Cardiovasc Imaging. 2015;8:210–220.)

TABLE 25.1 Components of Coronary Reactivity 
Testing

MICROVASCULAR 
DYSFUNCTION

MACROVASCULAR 
DYSFUNCTION

Nonendothelial 
dependent

Reduced CFR to 
adenosine (CFR ≤ 2.5)

Abnormal vasoreactivity to 
nitroglycerin (% diameter 
change < 20%)

Endothelial 
dependent

Reduced CBF to 
acetylcholine (% 
change in CBF ≤ 50%)

Abnormal vasoreactivity to 
acetylcholine (% diameter 
change < 5%)

CBF, Coronary blood flow; CFR; coronary flow reserve.

ACE-I, Angiotensin-converting enzyme inhibitors; EECP, enhanced external 
counterpulsation.

 1.  Coronary Microvascular Dysfunction
 •  Abnormal Endothelial Function
 •  ACE-I
 •  HMG CoA reductase inhibitors (statins)
 •  l-arginine supplementation
 •  aerobic exercise
 •  EECP for refractory angina
 •  Abnormal Nonendothelial Function
 •  β-blockers/medications with α- and β-blocking 

properties
 •  nitrates
 •  Antianginal
 •  ranolazine
 •  ivabradine
 •  xanthine derivatives
 •  nicorandil

 2.  Abnormal Smooth Muscle Function (Prinzmetal Angina)
 •  calcium-channel blockers
 •  nitrates

 3.  Abnormal Cardiac Nociception
 •  low-dose tricyclic medication
 •  spinal cord stimulation
 •  stellate ganglion blockade
 •  cognitive behavioral therapy

BOX 25.1 Treatment of Patients with Angina, 
Evidence of Myocardial Ischemia, and No 
Obstructive Coronary Artery Disease*

*Proposed modification of existing American College of Cardiology /American Heart 
Association unstable angina and stable angina guidelines.15,16
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a positive exercise stress testing with ≥ 0.1 mV ST-segment 
depression, and normal-appearing coronary arteries on 
angiography. In 1973, Harvey Kemp first coined “cardiac 
syndrome X” in his editorial17 on a study by Arbogast and 
Bourassa. In their study, Arbogast and Bourassa compared 
two groups of patients who developed angina with atrial 
pacing: those with angiographically normal–appearing cor-
onary arteries (group X) versus those with obstructive coro-
nary atherosclerosis.18 A stricter definition consists of the 
following criteria: (1) exercise-induced, angina-like chest 
discomfort; (2) evidence of ischemia by ST-segment depres-
sion on electrocardiography during the anginal episode; (3) 
normal appearing coronary arteries on angiography; (4) no 
evidence of spontaneous or inducible epicardial coronary 
vasospasm; and (5) absence of cardiac structural pathology 
or systemic diseases, such as left ventricular hypertrophy, val-
vular heart disease, cardiomyopathy, or diabetes.

Historically, cardiac syndrome X patients formed an ill-
defined subgroup of angina patients who were believed to 
have a benign syndrome with a good cardiovascular prog-
nosis and were often dismissed from ongoing cardiac care. 
Despite decades of work in Europe and the United States, 
cardiac syndrome X remains a challenge to the practic-
ing clinician, with no large randomized treatment or major 
adverse cardiac events (MACE) outcome trials. This is partly 
due to a lack of standardized diagnostic criteria and partly 
due to the diversity of mechanistic pathways that play a role 
in the pathophysiology of this heterogeneous disorder. Since 
the mid-2000s, with advances in diagnostic imaging modali-
ties and invasive techniques to assess coronary physiology/
flow and myocardial perfusion, it has become clear that at 
least 50% of cardiac syndrome X patients have CMD. The use 
of the term cardiac syndrome X is now considered outdated 
when referring to patients who have objective evidence of 
myocardial ischemia and no obstructive atherosclerosis.

Since 2013, the term MINOCA has been used to describe 
“myocardial infarction and no obstructive coronary artery 
disease” when the cause is not clear.19 Criteria for MINOCA 
include the universal definition of MI by troponin rise and 
ischemic symptoms or electrocardiogram (ECG) changes, 
and no significant coronary stenosis (> 50% or more in epi-
cardial coronary arteries).20 The prevalence of MINOCA is 
estimated to be anywhere from 2% to 10%19 and is more 
likely to occur in women and those younger in age com-
pared to those who present with obstructive CAD.21–23 A 
diagnosis of MINOCA should prompt the clinician to con-
sider other causes of MI such as myocarditis, cardiomyopa-
thy, coronary vasospasm, CMD, or a thrombotic disorder, as 
outlined by Pasupathy et al.20 in Table 25.2. Most recently, the 
term ANOCA has been proposed to refer to those patients 
with “angina and no obstructive coronary artery disease.”

EPIDEMIOLOGY

The finding of no obstructive CAD in the setting of acute coro-
nary syndrome (ACS), unstable angina, and stable ischemic 
heart disease is more prevalent in women compared with 
men (Table 25.3).1,24,25 In the Coronary Artery Surgery Study 
(CASS) of 25,000 men and women with signs or symptoms of 
myocardial ischemia who underwent coronary angiography, 
39% of women and 11% of men demonstrated no obstruc-
tive CAD.26 In a 2008 retrospective Canadian cohort of 32,856 
patients suspected of ischemic heart disease who underwent 
coronary angiography, 23.3% of women versus 7.1% of men 

(p < 0.001) had angiographically normal coronary arteries; 
women with no obstructive CAD were over four times more 
likely than men to be readmitted to the hospital for symptoms/
ACS within 6 months.24 In the US National Cardiovascular Data 
Registry (NCDR) of patients undergoing coronary angiogra-
phy for stable angina (n = 375,886), 51.2% of women had no 
obstructive CAD compared with 33.3% of men,27 and based 
on these NCDR data, it has been estimated that approximately 
3 million American women have CMD. Among the 168,322 
women in the NCDR, black women had the lowest rate of 
significant obstructive CAD compared with Hispanic, Native 
American, Asian, and white, non-Hispanic women (41.7% vs 
45.3%, 55%, 53%, and 50%, respectively). Numerous factors have 
been proposed to explain this sex difference in the presenta-
tion of ischemic heart disease.28 Due to a diffuse pattern of 
plaque deposition throughout the artery, and outward positive 
remodeling of the arterial wall, without having one specific 
clear area of stenosis in the artery, these lesions are not ame-
nable to percutaneous interventions, and thus the patient gets 
falsely labeled as “no significant CAD.” In the WISE study of 
women with signs and symptoms of ischemia and no obstruc-
tive CAD on angiography, intravascular ultrasound demon-
strated atherosclerotic plaque in up to 80% of the women.29

TABLE 25.2 Diagnostic Considerations in 
the Evaluation of Myocardial Infarction with 
Nonobstructive Coronary Arteries (MINOCA)

CLINICAL DISORDER DIAGNOSTIC INVESTIGATION

Noncardiac Disorders

Renal impairment Serum creatinine

Pulmonary embolism CTPA or ventilation/perfusion 
imaging

Cardiac Disorders

Myocardial Disorders

Cardiomyopathy (takotsubo, dilated, 
hypertrophic)

Left ventriculography, Echo, CMR

Myocarditis CRP, CMR, EMB

Myocardial trauma or injury History (trauma, chemotherapy), 
CMR

Tachyarrhythmia-induced infarct Arrhythmia monitoring

Coronary Disorders

Concealed coronary dissection 
(aortic dissection involving valve, 
spontaneous coronary dissection)

Echo, CT angiogram

Sympathomimetic-induced spasm Drug screen (eg, cocaine)

Epicardial coronary spasm ACh provocation testing

Microvascular spasm ACh provocation testing

Microvascular dysfunction CFR

Coronary slow flow phenomenon TIMI frame count

Plaque disruption/coronary thrombus Intravascular ultrasound

Coronary emboli Echo (left ventricular or valvular 
thrombus)

Thrombotic Disorders

Factor V Leiden Thrombophilia disorder screen

Protein C & S deficiency

Ach, Acetylcholine; CMR, cardiac magnetic resonance imaging; CRP, C-reactive 
protein; CT, computed tomography; CTPA, computed tomography pulmonary 
angiogram; EMB, endomyocardial biopsy; TIMI, Thrombolysis In Myocardial 
Infarction.
(From Pasupathy S, Tavella R, Beltrame JF. The what, when, who, why, how and 
where of Myocardial Infarction with Non-Obstructive Coronary Arteries (MINOCA). 
Circ J. 2015;80:11–16.)
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Symptoms
Stable angina is the most frequent initial manifestation of 
ischemic heart disease in women whereas acute MI and sud-
den death are more common initial presentations in men.30,31 
Women report more angina than men,31a in part due to higher 
somatic awareness in women.31b Whereas both men and 
women experience typical and atypical anginal symptoms, 
approximately half of men have typical symptoms versus 
one-third of women.31c In a recent large multi-center study 
of symptomatic men and women with suspected CAD, chest 
pain was the primary symptom in approximately three-fourths 
of both men and women, although more women character-
ized the pain as crushing, pressure, squeezing, or tightness.31d 
Patients with CMD may have both typical and atypical symp-
toms of angina. In addition to exercise-induced or exertional 
symptoms, they may report symptoms at rest and prolonged 
symptoms. Dyspnea with exertion is common, and should be 
considered an angina equivalent. Because routine cardiac 
stress testing is designed to detect obstructive CAD, CMD can 
be missed.31e Given the atypical symptoms and nondiagnos-
tic testing results, these patients may be misdiagnosed as 
having a psychiatric or gastrointestinal cause of their symp-
toms. Endothelial dysfunction, smooth muscle dysfunction, 
impaired microvascular vasodilatory capacity, elevated resting 
vasomotor tone, and abnormal cardiac nociceptive abnormal-
ity contribute to various degrees in an individual patient.31f 
Given the high burden of cardiovascular risk factors and asso-
ciated morbidity, it is reasonable to empirically treat for CMD if 
diagnostic testing for its detection is not available.31e

Persistent chest pain at 1 year after angiography in women 
with no obstructive CAD predicts cardiovascular events, 
with twice the rate of composite events [nonfatal MI, stroke, 
heart failure, and cardiovascular (CV) death] compared to 
those without persistent chest pain.32 It is estimated that 
approximately 50% of women who present for chest pain 
evaluation continue to have symptoms at 5 years.33 These 
patients present repeatedly to clinicians and emergency 
rooms seeking answers for their persistent symptoms and 
have considerable associated anxiety due to the absence 
of a clear diagnosis; they undergo repeated cardiac testing, 
contributing to high healthcare costs. In the WISE study of 
883 women, those with no obstructive CAD had an average 
lifetime cost estimate of $767,288 (95% confidence interval 
[CI] $708,480–$826,097), with expenses increasing as the 
number of vessels with CAD increased (Fig. 25.2).33

Medical conditions such as depression and anxiety can 
also contribute to angina and need to be appropriately 
addressed and managed, as patients with persistent chest 

pain but no coronary obstruction have a higher prevalence 
of depression and anxiety and are more likely to need psy-
chiatric medication.28 Along with esophageal dysmotility 
disorders, a panic disorder should also be considered in 
those with recurrent chest pain that is out of proportion 
to objective evidence of ischemia found on testing. In one 
study of symptomatic patients with angiographically normal 
coronary arteries, 34% were found to meet Diagnostic and 
Statistical Manual of Mental Disorders criteria for having 
a panic disorder.34 In a pilot study from Amsterdam of 20 
patients with chest pain and no obstructive CAD on angiog-
raphy who were screened with State Scale and Trait Scale of 
the State-Trait Anxiety Inventory, those with high anxiety had 
more ischemia on myocardial perfusion imaging compared 
to those with low anxiety.35 In 2014, Vaccarino et al. reported 
a sex difference in mental stress–related myocardial isch-
emia in patients with a history of MI. Mental stress–induced 
ischemia was more common in younger women (age ≤ 50 
years) compared to age-matched men, and this sex differ-
ence was not evident in those older than age 50 years.36 
Mental stress has been associated with coronary endothe-
lial dysfunction,37–39 and younger women may be particu-
larly susceptible to adverse cardiac effects of mental stress.

PATHOPHYSIOLOGY

Symptomatic ischemic heart disease in those with no obstruc-
tive CAD represents a heterogeneous group of disorders with 
varying pathophysiologic mechanisms that often overlap (Fig. 
25.3). The normal endothelium is a protective barrier, anti-
thrombotic and antiinflammatory, and also mediates vascular 
smooth muscle cell vasodilatation. The majority of coronary 
vascular resistance is determined by the coronary microvas-
culature; under normal physiologic conditions, only 10% of 
resistance is determined by epicardial coronary arteries.40,41 
Whereas various autonomic, neurohormonal, and metabolic 
mechanisms influence myocardial blood flow, coronary 
endothelial dysfunction plays an important role in coronary 
vasodilator reserve.42 A diagnosis of coronary endothelial 
dysfunction can help direct the clinician to currently avail-
able treatments that target the endothelium, although large 
randomized controlled trials specifically in well-phenotyped 
patients with CMD are lacking. In symptomatic women with 
no obstructive CAD who underwent coronary reactivity test-
ing, those who had a history of MI were found to have more 
coronary endothelial dysfunction compared to those with no 
history of MI.43 In addition to functional vascular abnormali-
ties related to endothelial and microvascular dysfunction, 

TABLE 25.3 Prevalence of No Obstructive Coronary Artery Disease in Women Compared to Men

NO./TOTAL (%)
Women Men p Value

Acute Coronary Syndrome

GUSTO 343/1768 (19.4) 394/4638 (8.4) < 0.001

TIMI 18 95/555 (17) 99/1091 (9) < 0.001

Unstable angina 252/826 (30.5) 220/1580 (13.9) < 0.001

TIMI IIIa 30/113 (26.5) 27/278 (8.3) < 0.001

MI without ST-segment elevation 41/450 (9.1) 55/1299 (4.2) 0.001

MI with ST-segment elevation 50/492 (10.2) 119/1759 (6.8) 0.02

GUSTO, Global Utilization of Streptokinase and t-PA for Occluded Coronary Arteries; MI, myocardial infarction; TIMI, Thrombosis In Myocardial Infarction.
From Bugiardini R, Bairey Merz CN. Angina with “normal” coronary arteries: a changing philosophy. JAMA. 2005;293:477–484.
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plaque erosion and microembolization may play a greater 
role in ischemic heart disease in women.28,44,45

Endothelial function is affected by aging, oxidative stress, 
changes in hormonal status, and conditions such as hyper-
tension and diabetes. Bone marrow–derived endothelial pro-
genitor cells have been shown to be important in vascular 

repair, and reduced numbers or regenerative capacity of 
these cells may play a role in microvascular dysfunction.46 
Patients with microvascular dysfunction are more likely to 
have hypertension, insulin resistance, and hyperlipidemia 
compared to the general population; in the WISE study, tradi-
tional cardiac risk factors appeared to be modestly related 
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p < 0.0001

Cost Nonobstructive CAD 1 vessel CAD 2 vessel CAD 3 vessel CAD
components

Outpatient 6.7% 5.8% 14.3% 14.8%

Drug 32.6% 29.5% 27.0% 25.5%

Hospitalization 60.7% 64.7% 58.7% 59.7%

FIG. 25.2 No obstructive coronary artery disease is associated with high healthcare costs. As the severity of coronary artery disease (CAD) increases, healthcare costs 
increase; however, no obstructive CAD has a high healthcare cost that is comparable to obstructive CAD. CAD, Coronary artery disease. (Shaw LJ, Merz CN, Pepine CJ, et al. The 
economic burden of angina in women with suspected ischemic heart disease: results from the National Institutes of Health–National Heart, Lung, and Blood Institute–sponsored 
Women’s Ischemia Syndrome Evaluation. Circulation. 2006;114:894–904.)

Mechanisms of myocardial ischemia

Epicardial coronary arteries Coronary dysfunction

These three mechanisms can overlap

Atherosclerotic disease Vasospastic disease

Stable plaque

Reduction in
CFR

Vulnerable plaque Focal/transient
vasospasm

Persistent
vasospasm

Plaque rupture Prinzmetal
angina

Myocardial
infarction
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ischemia
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FIG. 25.3 Mechanisms of myocardial ischemia. Various structural and functional abnormalities that lead to ischemia can overlap. CAD, Coronary artery disease; CFR, 
coronary flow reserve; CMP, cardiomyopathy. (From Crea F, Camici PG, Bairey Merz CN. Coronary microvascular dysfunction: an update. Eur Heart J. 2014;35:1101–1111.)
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to CMD when diagnosed by invasive coronary reactivity test-
ing or when diagnosed by abnormal myocardial perfusion 
reserve index (MPRI) on CMR imaging. In 100 women sus-
pected of ischemic heart disease (mean age 54 ± 10 years) 
with no obstructive CAD and with intravascular ultrasound–
measured atherosclerosis, waist circumference and systolic 
blood pressure were independently associated with plaque 
presence and severity, after adjustment for multiple factors 
including age, diabetes, family history of CAD, hyperlipid-
emia, hormone replacement, and tobacco smoking.47

Impaired sympathovagal balance determined by heart 
rate variability, and altered baroreflex sensitivity, has also 
been implicated in patients with cardiac syndrome X.48,49 
Abnormal cardiac adrenergic nerve function measured by 
123I-meta-iodobenzylguanidine (mIBG) nuclear planar imag-
ing in patients with cardiac syndrome X compared to nor-
mal patients has been reported previously.50

It has been hypothesized that CMD can lead to decreased 
subendocardial perfusion and that repetitive bouts of micro-
vascular ischemia may lead to microinfarctions, fibrosis, and 
diastolic dysfunction, with progressive myocardial injury 
and systolic dysfunction (Fig. 25.4). In 2014, acetylcholine-
induced coronary microvascular spasm was associated with 
diastolic dysfunction determined by echocardiography in 
patients with no obstructive CAD.51 We have demonstrated 
that in a cohort of women who underwent invasive coro-
nary reactivity testing for the diagnosis of CMD, over one-
third had elevated left ventricular end diastolic pressures 
> 15 mmHg.51a Given the current epidemic of heart failure 
with preserved ejection fraction, which also has a female 
predominance, a mechanistic link between CMD and heart 
failure with preserved ejection fraction (HFpEF) has been 
proposed and is under investigation.52

Coronary Microvascular Dysfunction with 
Significant Coronary Artery Disease
CMD may occur concomitantly with significant obstructive 
coronary atherosclerosis. This may become evident when 

patients remain symptomatic despite percutaneous coro-
nary intervention; in such cases, coronary vasospasm related 
to stent placement and/or CMD should be suspected. The 
phenomenon of no-reflow after intervention is associated 
with worse prognosis, and no-reflow is believed to occur 
due to abnormal microvascular function. CMD cannot be 
excluded as a cause of angina in those with obstructive 
CAD, because in the same patient, angina can occur due to 
dynamic epicardial stenosis and/or microvascular dysfunc-
tion and/or coronary spasm. This point is emphasized in 
the 2013 European Society of Cardiology (ECS) guidelines 
on the management of stable coronary artery disease. For 
the diagnosis of microvascular angina, the ECS guidelines 
provide a class IIa recommendation for dobutamine stress 
echocardiography and IIb for invasive coronary reactivity 
testing.53 In contrast, the current US ACC/AHA guidelines 
on stable ischemic heart disease do not address specifics of 
diagnostic testing for CMD.54

Coronary Microvascular Dysfunction with 
Structural and Infiltrative Myocardial 
Disease
Studies on patients with cardiac syndrome X often excluded 
patients with structural heart disease such as hypertrophic 
cardiomyopathy (HCM) or dilated cardiomyopathy. The 
WISE study also excluded those with structural heart dis-
ease and/or cardiomyopathy. CMD has been demonstrated 
in those with hypertrophic and infiltrative cardiomyopathies 
such as amyloidosis. Whereas a diagnosis of microvascular 
dysfunction is typically made in those patients where struc-
tural heart disease such as HCM is excluded, one should 
note that patients with HCM have been shown to have a 
low CFR compared to healthy individuals. HCM patients 
with a low CFR had higher 3-year event rates compared to 
those with normal flow reserve (79% vs 17%, p < 0.0001).55 
Furthermore, those HCM patients who were asymptomatic 
but had an abnormal CFR had a 10-fold increased risk 
of events (including death, unstable angina, nonfatal MI, 
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FIG. 25.4 Coronary microvascular dysfunction and ischemic cascade. It has been hypothesized that repetitive bouts of microvascular ischemia and injury trigger a cas-
cade of events over time that progress to overt manifestations of obstructive coronary artery disease and/or systolic dysfunction. (From Shaw LJ, Bugiardini R, Merz CN. Women 
and ischemic heart disease: evolving knowledge. J Am Coll Cardiol. 2009;54:1561–1575.)
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hospitalizations for heart failure, syncope, atrial fibrillation, 
and implantable cardioverter defibrillator implantations). A 
majority of HCM patients have been shown to have abnor-
mal CFR by echocardiography.55

Coronary Microvascular Dysfunction and 
Takotsubo Cardiomyopathy
Also known as stress-induced cardiomyopathy or broken 
heart syndrome, Takotsubo cardiomyopathy (TTC) is much 
more common in women compared to men, with a majority 
of cases occurring in postmenopausal women.56 Typically 
associated with a catecholamine surge due to a stressor 
(which can be emotional distress or physical stress), it 
resembles acute coronary syndrome, with troponin eleva-
tion and ECG changes. Obstructive CAD is not found on 
angiography and characteristic wall motion abnormalities 
are noted, with basal hyperkinesis and apical akinesis or 
hypokinesis. Reverse forms of TTC with apical hyperkine-
sis and basal akinesis, as well as biventricular forms, have 
also been described.57 Previously thought to have a good 
prognosis because it is a reversible cardiomyopathy, recent 
data indicate that it may not be as benign.58 Whereas vari-
ous mechanisms are under investigation in TTC, including 
cardiac adrenergic dysfunction and multivessel spasm, 
impaired coronary endothelial function and vascular reac-
tivity has been demonstrated in those patients with a his-
tory of TTC.59 Vascular disorders such as Raynaud’s and 
migraine, which tend to be more common in women, are 
also associated with TTC, implicating a more generalized 
vascular endothelial dysfunction.60

Coronary Slow Flow Phenomenon
When contrast is injected into the coronary ostia, if there 
is a delay in the opacification of the coronary artery, 
this microvascular dysfunction-related phenomenon61 
is described as coronary slow flow phenomenon, which 
occurs in 1–3% of coronary angiograms. It is generally 
defined as Thrombolytic In Myocardial Infarction (TIMI) 
grade 2 flow in the absence of obstructive CAD, with a 
transit time of three or more heart beats for contrast to 
travel to distal vessels. The TIMI frame count62 has also 
been used to define coronary slow flow,63 and this phe-
nomenon of slower opacification is more often observed 
in men when coronary angiography is performed in the 
setting of acute coronary syndrome. It can present with 
rest or exertional pain, and abnormal microvascular resis-
tance has been implicated. On endomyocardial biopsy of 
symptomatic patients with coronary slow flow, small vessel 
medial hypertrophy, myointimal proliferation, and endothe-
lial abnormalities have been reported.64 Similar to micro-
vascular angina, patients may present with recurrent chest 
pain and undergo repeat hospitalizations. In the WISE 
study of women with no obstructive CAD, a longer TIMI 
frame count independently predicted hospitalization for 
angina.65 Nitrates are not particularly helpful in slow flow 
because they are epicardial vasodilators, with little impact 
on microvascular tone.66 Dipyridamole is a vasodilator that 
has been studied in coronary slow flow,67 and the newer 
generation β-blocker nebivolol has been shown to improve 
CFR in patients with coronary slow flow. Nebivolol is a 
unique β-blocker as it potentiates nitric oxide effects lead-
ing to vasodilation and is also an antioxidant. The T-type 

calcium-channel blocker (CCB) mibrefradil (not avail-
able in the United States) has been shown to improve TIMI 
frame count and angina frequency by 56% compared to 
placebo in patients with coronary slow flow, which impli-
cates smooth muscle dysfunction in coronary slow flow 
phenomenon.68

DIAGNOSTIC TESTING

Invasive Coronary Reactivity Testing
Patients who continue to have angina and have some objec-
tive evidence of myocardial ischemia or injury (such as abnor-
mal stress testing or history of non–ST-segment elevation 
myocardial infarction [NSTEMI]),  and who are suspected to 
have CMD, can be offered invasive coronary reactivity testing 
to clarify the diagnosis and to help guide therapy. Vasoactive 
agents such as adenosine, acetylcholine, and nitroglycerin 
can be used to test endothelial and nonendothelial macro- 
and microvascular function. In response to acetylcholine 
and nitroglycerin, coronary artery diameter changes can 
be assessed by quantitative coronary angiography.  At time 
of printing, there are no guideline-recommended or standard-
ized protocols for assessing coronary microvascular func-
tion, and centers that perform coronary reactivity testing 
have their own individual protocols.

Coronary reactivity testing can be helpful to clarify the 
etiology of symptoms in patients with objective evidence 
of ischemia who do not have obstructive CAD. Briefly, a 
Doppler flow wire is placed in the epicardial coronary ves-
sel, and the hyperemic response to a potent vasodilator 
(typically adenosine) is noted by change in coronary flow 
velocity (Fig. 25.5). The intracoronary dose of adenosine 
used in the WISE study to assess myocardial flow reserve 
(18–36 μg) tests the nonendothelial-dependent microvascu-
lar response. In the WISE study of 159 symptomatic women 
(mean age 52.9 years) who underwent coronary reactivity 
testing for suspected CMD, 47% had a CFR ≤2.5 after intra-
coronary adenosine.69 We have reported that low- and high-
dose intracoronary adenosine (18 μg vs 36 μg) produced 

FIG. 25.5 Example of intracoronary Doppler wire tracing. During coronary 
physiology studies, a Doppler wire is placed in the coronary artery and coronary flow 
velocity is obtained, along with coronary flow reserve (CFR) in response to adenosine. 
Figure depicts average coronary flow peak velocity of 48 cm/s and an abnormal CFR 
of 2.2 in response to adenosine.13 APV, Doppler average peak velocity; CFR, coro-
nary flow reserve; HR, heart rate; Pa, mean aortic pressure. (From Wei J, Mehta PK, 
Johnson BD, et al. Safety of coronary reactivity testing in women with no obstructive 
coronary artery disease: results from the NHLBI-sponsored WISE (Women’s Ischemia 
Syndrome Evaluation) study. JACC Cardiovasc Interv. 2012;5:646–653.)
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similar augmentation in coronary flow velocity,70 and 47% 
of women demonstrate abnormal adenosine response with 
CFR ≤2.5.13

To test the coronary endothelial-dependent response, 
intracoronary acetylcholine in increasing concentrations is 
typically used, and coronary diameter change is noted visu-
ally and by quantitative coronary angiography.  Acetylcholine 
stimulates the healthy endothelium to release nitric oxide, 
which in turn mediates vascular smooth muscle cell relax-
ation via cyclic guanosine monophosphate (cGMP). It must 
be noted that the entire epicardial vessel should be assessed 
in response to intracoronary acetylcholine because distal 
vasoconstriction can often be missed if one is focused only 
on the proximal segments of the epicardial vessel. Failure to 
dilate in response to acetylcholine indicates impaired endo-
thelial function (Fig. 25.6). In the WISE study of women with 
no obstructive CAD who underwent coronary reactivity test-
ing, 58% of patients had epicardial coronary endothelial dys-
function.13 Coronary blood flow can be calculated by the 
following equation that incorporates the diameter change 
as well as flow velocity change to acetylcholine: Coronary 
blood flow = Pi x [vessel diameter/2]2 x (average peak 
velocity/2).2 Whereas designations of endothelial- versus 
nonendothelial-dependent responses are helpful conceptu-
ally, one must recognize that there is significant overlap in 
these mechanistic pathways. Piek et al.71 have shown that 
coronary flow capacity, which combines CFR and maximal 
hyperemic average peak flow velocity, improves prediction 
of major adverse cardiovascular outcomes, compared with 
CFR alone.71

In the Coronary Artery Spasm as a Frequent Cause for 
Acute Coronary Syndrome (CASPAR) study, approximately 
50% of patients with acute coronary syndrome with no 
obstructive CAD were found to have coronary vasospasm 
on intracoronary acetylcholine provocation testing.72 Ong 
et al.73 have also reported a high percentage of patients 
with microvascular spasm, defined in their study as electro-
cardiographic changes indicative of ischemia, and repro-
duction of patient symptoms in response to acetylcholine, 
without overt epicardial spasm seen on angiography.

In a study by Hasdai et al. in 203 patients (158 women, 
45 men; mean age 51 years) without evidence of obstruc-
tive CAD, over 50% had an abnormal coronary reactivity 

testing result (11.3% had an abnormal adenosine response, 
29.2% had an abnormal acetylcholine response, and 18% 
had abnormalities in response to both adenosine and 
acetylcholine).2

Currently, coronary reactivity testing is performed 
selectively at specialized centers. The approach used in 
our center is shown in Fig. 25.7. We have reported on the 
safety of coronary reactivity testing13 using intracoronary 
adenosine (18 μg and 36 μg), acetylcholine (graded infu-
sions of 0.364 μg and 36.4 μg over 3 min), and nitroglyc-
erin (200 μg) in the left coronary artery. When performed 
by experienced operators in 293 women in the WISE study, 
there were no reactivity testing–related deaths, and two 
serious adverse events (0.7%; one dissection and one MI 
from spasm); MACE rate at 5.4 years of follow-up in this 
study was 8.2%.13 In a European study of 921 patients 
(362 men) with no obstructive CAD who underwent intra-
coronary acetylcholine provocation testing (with graded 
doses of 2, 20, 100, and 200 μg infused over 3 min in the 
left coronary artery), no fatal or serious adverse complica-
tions were reported.73 In this study, 1% of the patients (n = 
9) had minor complications, including nonsustained ven-
tricular tachycardia, paroxysmal atrial fibrillation, symp-
tomatic bradycardia, and catheter-induced proximal right 
coronary artery spasm.73

Noninvasive Imaging Modalities
Exercise Treadmill Testing
In a 2014 consensus statement from the AHA on evaluation 
of women with suspected ischemic heart disease, exercise 
treadmill testing (ETT) remains as first-line, since it is widely 
available, relatively inexpensive, and provides excellent 
prognostic information based on metabolic equivalents of 
task (METS) achieved and functional capacity74 (Fig. 25.8). 
Reproduction of symptoms during an ETT is important to 
consider when interpreting the ETT. ST-segment depression 
on exercise ECG testing or during an anginal episode can 
indicate ischemia related to obstructive CAD or microvas-
cular dysfunction. A positive ETT with no obstructive CAD 
on angiography can lead to a conclusion of “false-positive” 
ETT; however, CMD should be considered as an etiology in 
such patients.

 Baseline Vasoconstriction Post-nitroglycerin
  to ACH

A B C

FIG. 25.6 Intracoronary provocation testing. Panel A in the Figure demonstrates a Doppler flow wire in the left anterior descending artery (red arrow). In response to 
intracoronary acetylcholine infusion, there is abnormal vasoconstriction (panel B, black arrows), which is resolved by intracoronary nitroglycerin (panel C). ACH, Acetylcholine. 
(From Wei J, Mehta PK, Johnson BD, et al. Safety of coronary reactivity testing in women with no obstructive coronary artery disease: results from the NHLBI-sponsored WISE 
(Women’s Ischemia Syndrome Evaluation) study. JACC Cardiovasc Interv. 2012;5:646–653.)
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Stress Echocardiography
CFR can be measured via Doppler echocardiography, 
although this method is typically not utilized in routine 
clinical practice in the United States. Those with low CFR on 
dobutamine stress echo have less favorable prognosis com-
pared to those with normal flow reserve on stress echo.75 In 
a study of 1660 men and women with normal stress echocar-
diograms, CFR was measured in the left anterior descending 
artery in response to dipyridamole. Those with a low CFR (≤ 
2.0) had a high annualized event rate compared to those 
with CFR ≥ 2.0 (Fig. 25.9).76

Myocardial contrast echocardiography is an additional 
tool for detection of myocardial perfusion abnormalities 
and quantification of coronary blood flow, although its 
clinical use has been limited.77,78 Myocardial contrast echo-
cardiography uses intravenous microbubbles to generate 
time versus acoustic intensity curves, allowing calculation 
of myocardial blood flow velocity.79 Myocardial contrast 
echocardiography can help evaluate microvascular vol-
ume, velocity, and coronary microvascular flow reserves in 
patients with CMD.80

Cardiac Positron Emission Tomography Imaging
In addition to detection of ischemia, rest/stress cardiac PET 
imaging can provide quantification of absolute myocardial 
blood flow and measurement of CFR for detection of CMD. 
Pharmacologic stress agents include dipyridamole, ade-
nosine, regadenoson, or dobutamine, and nuclear tracers 
include rubidium-82 or N-13 ammonia. Since PET imaging 
is combined with computed tomography (CT), a coronary 
calcium score can be calculated, which can aid in addi-
tional CV risk stratification. PET-CT is not widely available 
in the United States, and when it is available, is often not 
covered by insurance. However, because PET is less likely 
to have attenuation artifacts than single-photon emission 
computed tomography (SPECT) in patients who are obese 
[body mass index (BMI) > 40 kg/m2], have large breasts or 
breast implants, or chest wall deformity, cardiac PET imaging 
may be preferred in these populations and has been shown 
to provide incremental prognostic value in all patients irre-
spective of BMI.81

PET CFR is calculated as the ratio of absolute myocardial 
blood flow at peak hyperemia to resting myocardial blood 

Angina or anginal equivalent*

Evaluate for objective evidence of myocardial ischemia

•  Exercise treadmill testing1

•  Exercise stress echocardiography2

•  Cardiac stress magnetic resonance imaging with myocardial perfusion reserve index3

•  Cardiac position emission tomography with coronary flow reserve4  

Moderate- to high-
risk ischemia

Low-risk
ischemia

Negative or equivocal
stress testing
for ischemia

1. Assessment for obstructive CAD**
2. Discuss risks vs benefits and

offer coronary reactivity
testing if no obstructive CAD

Optimal medical
treatment and 
cardiac rehab**

Evaluate for
noncardiac

causes

Consider
repeating stress

testing with a
different modality

Follow regularly, Q4– 6 weeks

Persistent symptoms/
unsatisfactory response

Symptom resolution/
satisfactory response

FIG. 25.7 Approach to diagnose coronary microvascular dysfunction in patients with suspected ischemia, preserved ejection fraction, and no structural heart 
disease.^ This is one example of an approach that is used to help guide the clinician regarding whether or not coronary reactivity testing would be helpful in a symptomatic 
patient at our center. US guidelines that specifically address coronary microvascular dysfunction and coronary reactivity testing are not available at this time.
 1  If patient is able to exercise and no contradictions
 2  If patient is able to exercise and has good windows for ultrasonography
 3  Consider if exercise treadmill testing (ETT) and stress echo are not an option or equivocal; benefit of no radiation and expertise is available at our center
 4  Consider if ETT and stress echo are not an option or equivocal; expertise available at our center, is a low radiation testing protocol, and can provide coronary calcium score
 *  Includes atypical symptoms
 **  Follow American College of Cardiology / American Heart Association stable ischemic heart disease guidelines
 ̂   Does not apply in the acute setting or acute coronary syndrome within 4–6 weeks. Only applies to stable ischemic heart disease patients.
CAD, Coronary artery disease.
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Symptomatic women with suspected IHD 

Index IHD risk estimate

Intermediate IHD risk
No resting ST segment abnormalities

Intermediate–high IHD risk
Resting ST segment abnormalities or

functional disability

Initial ETT strategy

Assess routine ADL or
DASI

Limited

Not limited

Abnormal or indeterminate ECG
Selective
imaging
strategy

Initial imaging strategy

Stress imaging
Intermediate–high IHD risk

CCTA
Intermediate IHD risk

Standardized reporting of low- to high-
risk abnormalities

Low
risk

Non-SIHD
symptom
evaluation

Abnormal
but non-high risk

High risk

Symptom-
guided

selective
re-imaging

Symptom-
guided

deferred
angio

Initial SIHD management per clinical
practice guidelines

FIG. 25.8 Evaluation algorithm for intermediate- and intermediate- to high-risk women suspected of ischemic heart disease. For an intermediate-risk woman who  
can exercise, exercise treadmill testing remains the first-line recommended test for evaluation of ischemic heart disease in the recently proposed American Heart Association 
consensus statement. ADL, Activities of daily living; CCTA, cardiac computed tomography angiography; DASI, Duke activity score index; ECG, electrocardiogram; ETT, exercise 
treadmill testing; IHD, ischemic heart disease; SIHD, stable ischemic heart disease. (Reproduced with permission from Mieres JH, Gulati M, Bairey Merz N, et al. Role of noninvasive 
testing in the clinical evaluation of women with suspected ischemic heart disease: a consensus statement from the American Heart Association. Circulation. 2014;130:350–379. 
2014, American Heart Association, Inc.)
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FIG. 25.9 A low coronary flow reserve is associated with higher event rate in women and men. Similar to invasively determined abnormal coronary flow reserve 
(CFR) and associated adverse prognosis, cardiac positron emission testing–determined low CFR is also associated with adverse events in men and women compared to those with 
normal CFR. CFR, Coronary flow reserve. (From Cortigiani, L, Rigo F, Gherardi S, et al. Prognostic effect of coronary flow reserve in women versus men with chest pain syndrome 
and normal dipyridamole stress echocardiography. Am J Cardiol. 2010;106:1703–1708.)
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flow, using automated image analysis tools82 (Fig. 25.10A). 
PET CFR has been used to improve risk stratification in 
patients with and without obstructive CAD.83,84 In a study 
of 73 patients undergoing rest/stress cardiac PET and cor-
onary CT angiography, 38% of vessels with nonobstructive 
CAD had abnormal regional CFR of < 2.0.85 PET CFR has 
also been shown to provide prognostic information in both 
men and women with and without CAD. In a recent study of 
405 men and 813 women who underwent rest/stress cardiac 
PET for evaluation of ischemia, microvascular dysfunction 
(defined as CFR < 2.0) was highly prevalent in both men 
(51%) and women (53%); those with low CFR had worse 
CV outcomes than those with normal CFR.6 PET-determined 
flow reserve has also been used to evaluate patients with 
chronic inflammatory disorders (systemic lupus erythema-
tosus or rheumatoid arthritis) and no obstructive CAD or CV 
risk factors; CFR was found to be inversely related to disease 
duration and high-sensitivity C-reactive protein, consistent 
with the concept that inflammation is a risk factor for micro-
vascular dysfunction.86

Cardiac Magnetic Resonance Imaging
CMR imaging can provide a comprehensive assessment of 
ischemic heart disease, including function, perfusion, and 
viability, and is an emerging modality for the evaluation of 
angina in the setting of no obstructive CAD. Prior work with 
phosphorus-31 nuclear CMR spectroscopy has demonstrated 
that an abnormal phosphocreatine/adenosine triphos-
phate ratio, indicative of ischemia, predicted cardiovascular 

outcomes in women without obstructive CAD.87 Whereas 
first-pass perfusion CMR using pharmacologic stress is well 
established to have high diagnostic accuracy for obstruc-
tive CAD,88 it has also increasingly been shown to detect 
ischemia in patients without obstructive CAD.9,10,89,90 CMR 
subendocardial perfusion defects are frequently present in 
patients with abnormal stress testing and normal epicardial 
coronary arteries89,91 and are the most common finding in 
women with acute coronary syndrome and normal epicar-
dial coronary arteries.92 Although visual subendocardial 
defects can be challenging to interpret in the setting of the 
“dark rim” image artifact, high resolution CMR sequences 
have now been able to optimize this detection.93 The severity 
of ischemia can be assessed in a semiquantitative method, 
as time–intensity curves for ischemic myocardium demon-
strate a reduced upslope and peak intensity compared to 
curves for normal myocardium94,95 (Fig. 25.10B). In the WISE 
study, CMR MPRI was predictive of having an abnormal inva-
sive coronary reactivity testing; an MPRI threshold of 1.84 
predicted an abnormal coronary reactivity testing result 
with moderate sensitivity (73%) and specificity (74%).9 A 
recent randomized, placebo-controlled trial of ranolazine 
in CMD patients demonstrated that improvement in angina 
correlated with improvement in MPRI.96 Although MPRI is 
a validated semiquantitative myocardial perfusion assess-
ment, it is not a direct measure of CFR, and absolute myo-
cardial blood flow quantification methods are still being 
developed.97 Further studies are needed to demonstrate the 
prognostic and therapeutic values of CMR.

CMR First-Pass Perfusion MPRI

Stress

Rest

3.3

Stress

Rest

PET Perfusion Absolute Flow CFR

Regadenoson Stress Myocardial Perfusion PET

Adenosine Stress Myocardial Perfusion CMR  

3.0

Time-intensity
Curve

a.
u.

a.
u.

A

B

FIG. 25.10 Normal myocardial perfusion with positron emission testing and cardiac magnetic resonance. Panel A demonstrates serial short axis left ventricular slices 
from apex to base in a patient undergoing rest and regadenoson-stress myocardial perfusion positron emission testing with rubidium. Visual perfusion is normal, and coronary 
flow reserve of 3.0 is normal (stress flow 3.45 mL/g per min, rest flow 1.18 mL/g per min). Panel B demonstrates first-pass perfusion in a mid-ventricular slice in a patient undergo-
ing adenosine-stress and rest myocardial perfusion cardiac magnetic resonance with gadolinium. Visual perfusion is normal, and myocardial perfusion reserve index 3.3 is normal 
(derived from the maximum upslope of the time-intensity curves of the myocardium and left ventricular cavity at stress and rest). CFR, Coronary flow reserve; MPRI, myocardial 
perfusion reserve index; PET, positron emission tomography.
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THERAPEUTIC STRATEGIES

Antiatherosclerotic Therapy
Therapeutic Lifestyle Change
Due to a high burden of cardiac risk factors and coronary 
atherosclerosis in patients with angina,1 evidence of isch-
emia, and no obstructive CAD, lifestyle changes to aggres-
sively modify risk factors are important. Advisement for 
increased physical activity, smoking cessation, and incorpo-
rating a heart healthy diet is the cornerstone of a complete 
strategy. Physician counseling with the help of ancillary staff, 
including a nutritionist, and cardiac rehabilitation is ideal; 
angina is an approved diagnosis for cardiac rehabilitation 
for most healthcare insurers. Because patients often limit 
their physical activity to minimize their symptoms, they 
should be encouraged to work with a cardiac rehabilita-
tion program to battle their fear of precipitating angina and 
improve their exercise tolerance. Physical conditioning has 
been demonstrated to be effective for increased exercise 
capacity and symptom relief in these patients.98 Exercise 
improves endothelial function in those with CAD99 and 
improves myocardial perfusion reserve in those with history 
of MI.100 A 2015 trial in 70 nondiabetic patients with CMD 
(defined as impaired CFR in response to IV dipyridamole 
or adenosine by echocardiography) randomized to aerobic 
interval training or low calorie diet (800–1000 kcal/day) 
demonstrated that both interventions resulted in improve-
ment in CFR.101

Antiplatelet Agents
A majority of patients with CMD have endothelial dysfunc-
tion and, whereas angiography shows no significant plaque 
burden, IVUS has demonstrated coronary atherosclerosis in 
most patients.1 Therefore, ACC/AHA chronic stable angina 
guidelines16 can be extrapolated to include use of antiplate-
let agents such as aspirin in patients with evidence of isch-
emia and no obstructive CAD.

Lipid-Lowering Therapy
Therapy with statins can be used in patients who qualify 
by the presence of risk factors, evidence of atherosclero-
sis, or endothelial dysfunction. Statins have been shown to 
improve endothelial dysfunction, exercise-induced isch-
emia, and exercise tolerance, and in combination with 
ACE-I have been shown to improve angina.102,103 Due to the 
high prevalence of subclinical coronary atherosclerosis in 
patients with CMD,28 application of the current ACC/AHA104 
recommendations for low-density lipoprotein (LDL) choles-
terol lowering are appropriate; in patients with ACSs, history 
of MI, stable angina, or coronary revascularization, a moder-
ate or high-intensity statin is recommended. Additionally, in 
patients with ACS, further reduction of LDL cholesterol lev-
els with ezetimibe has been shown to reduce cardiovascu-
lar events,105 suggesting that other interventions to reduce 
LDL cholesterol may be beneficial in this population. The 
PCSK9 inhibitors alirocumab106 and evolocumab107 have 
been shown to achieve lower LDL cholesterol levels than 
statins (and augment LDL cholesterol lowering in patients 
on maximal intensity statin therapy), and can be used in 
higher-risk patients in whom statin therapy did not achieve 
sufficient LDL cholesterol lowering or who have statin intol-
erance. These novel agents are promising to reduce cardio-
vascular events, and longer-term follow-up is ongoing to 
evaluate safety and event reduction.

Antianginal Therapy
β-Blockers
β-blockers reduce the number and severity of anginal epi-
sodes and improve exercise tolerance in patients with 
CMD.108,109 For angina precipitated by heightened sym-
pathetic activity including mental stress, propranolol has 
been shown to reduce the number of ischemic episodes 
per day by a reduction in ST-segment depression.108 Newer 
generation β-blockers (carvedilol and nebivolol) stimulate 
the release of nitric oxide from the endothelial cells and, 
because of their antioxidant properties,110 lead to vasodi-
lation and decrease peripheral vascular resistance,111 and 
show promise in treatment of microvascular dysfunction. 
Carvedilol has been shown to improve CFR in those with 
dilated cardiomyopathy, and nebivolol has been shown to 
improve CFR in those with CAD.112–114 Erdamar et al. showed 
that in patients with cardiac syndrome X, nebivolol signifi-
cantly lowered serum myeloperoxidase activity, lowered 
malondialdehyde, and increased superoxide dismutase 
activity when compared to metoprolol.111 Interestingly, both 
endothelial function and exercise stress test parameters 
improved more with nebivolol than metoprolol.

In contrast, in a 2016 reported randomized trial of nebivo-
lol versus atenolol in men and women (n = 24) with angina 
and nonobstructive CAD, nebivolol did not significantly 
improve microvascular or endothelial function despite its 
known antioxidant properties. Surprisingly, those on nebivo-
lol demonstrated plaque progression and constrictive 
remodeling by intravascular ultrasound at 1 year, which was 
attributed to a higher number of low shear stress segments 
in the nebivolol arm determined by computational fluid 
dynamics.115

Angiotensin-Converting Enzyme Inhibitors
ACE-I improve CFR and exercise duration in patients with 
cardiac syndrome X.116 In a randomized trial of quinapril 
versus placebo in women with microvascular dysfunc-
tion in the WISE study, CFR improved in those women with 
lower baseline flow reserve values who were randomized 
to quinapril, and resulted in improved angina measured by 
Seattle Angina Questionnaire.117 For those who are not tol-
erant of ACE-I, the addition of angiotensin receptor block-
ers as a therapeutic benefit in patients with microvascular 
dysfunction is speculative. Aldosterone antagonists such as 
spironolactone and eplerenone may be helpful in those 
with microvascular dysfunction who are found to have high 
left ventricular end diastolic pressures, although addition of 
eplerenone to ACE-I did not result in improvement in coro-
nary microvascular function in a WISE substudy.118

l-Arginine
l-arginine is a precursor of nitric oxide, and its use over 6 
months led to improved endothelial function and symp-
toms in patients with no obstructive CAD.119 In another 
study in patients with Prinzmetal angina, l-arginine supple-
mentation was associated with improvement in angina.120 
Randomized trials of l-arginine in CMD are needed before it 
can be recommended routinely for clinical care.

Nitrates
Nitrates can have a mixed vasodilatory effect on the micro-
circulation. There are no large randomized controlled trials 
exploring the role of nitrates specifically in patients with 
CMD. An observational study in 99 patients with cardiac 
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syndrome X121 showed that nitrates were effective antiangi-
nal therapy in 40–50% of the patients; there are no clear data 
showing that one nitrate preparation is better than another. 
Even though the effects of nitrates on angina duration and 
frequency are not always predictable in patients with CMD, 
it is clear that for many patients they provide relief. Many 
patients, but not all, develop nitrate tolerance after sustained 
use of the drug, and it is important to advise the patient 
regarding a nitrate-free interval of at least 12 hours per day.

Calcium-Channel Blockers
CCBs are first-line therapy for Prinzmetal angina and are 
effective at reducing coronary vasomotor tone as well as 
myocardial oxygen demand.122 Several randomized and 
nonrandomized CCB studies have shown that diltiazem, 
verapamil, and nifedipine reduce episodes of Prinzmetal 
angina.123–125 Whereas CCBs have also been shown to 
improve angina and exercise tolerance in patients with 
CMD,126,127 in one study, diltiazem failed to improve CFR.128 
Several randomized clinical trials comparing β-blockers, 
nitrates, and CCBs1 demonstrate β-blockers are most effec-
tive overall in this patient group. Specifically, in patients with 
cardiac syndrome X, atenolol was found to improve angina 
compared to amlodipine or isosorbide-5-mononitrate, and 
propranolol was found to be more effective than verapamil 
in reducing the number of angina episodes.108,109 β-blockers 
can worsen symptoms in the minority of patients with epi-
cardial coronary spasm.15

Ranolazine
Ranolazine is an antianginal, anti-ischemic agent that alters 
the late sodium current and reduces calcium overload in 
the myocyte.129 In patients with chronic stable angina refrac-
tory to other antianginal therapy, the addition of ranolazine 
reduces angina and increases exercise time and time to 
ST-segment depression.130,131 Ranolazine has also been 
specifically tested in patients with CMD and no obstruc-
tive CAD. In a small trial ranolazine demonstrated angina 
improvement measured by the Seattle Angina Questionnaire 
compared to placebo.132 However, a larger subsequent 
mechanistic trial (RWISE) showed that ranolazine did not 
have a significant impact on angina in the overall cohort; 
nevertheless, patients with more severe CMD improved.96 
Angina and CMR myocardial perfusion reserve index were 
related in this trial, which indicated that continued investiga-
tion of other strategies to improve coronary microvascular 
function should be performed. One potential contributor to 
the null findings in RWISE is that patients were optimally 
treated with secondary prevention and antianginal medica-
tions, which is typically not the community standard of care, 
where this population of patients is often undiagnosed and 
undertreated.

Given the lack of significant hemodynamic effect, rano-
lazine can be considered in patients who have lower blood 
pressures and thus cannot tolerate the usual dosages of 
β-blockers or calcium-channel blockers.

Ivabradine
Ivabradine is a novel antianginal that selectively inhibits 
the funny channels [I(f)] in the sinoatrial node, thereby 
reducing heart rates.133–135 Approved in the United States for 
treatment of chronic stable angina in patients with normal 
sinus rhythm, it may be used in those who require heart rate 
reduction and are unable to tolerate β-blockers. It has been 

shown to be as effective as atenolol in a randomized double-
blind trial in patients with stable angina.136 Ivabradine was 
reported to be well tolerated, with the most common side 
effect of brightness in areas of the visual field (phosphenes).

α-Blockers
α1-Blockers, such as doxazosin, block α-mediated vascular 
smooth muscle cell vasoconstriction. In a study of doxazo-
sin versus placebo, there was no improvement in myocardial 
blood flow in response to dipyridamole in 28 patients with 
cardiac syndrome X.137 Doxazosin also failed to result in an 
improvement in angina or exercise duration, or to show an 
improvement in ischemia by ECG.138

Xanthine Derivatives
Commonly used to treat bronchial asthma due to its phos-
phodiesterase inhibitory actions, aminophylline is also a 
nonselective adenosine receptor antagonist, which may be 
of benefit in patients with angina and ischemia as adenos-
ine mediates cardiac pain. Emdin et al.139 showed that acute 
administration of aminophylline leads to an improvement 
in effort angina and ischemia by ECG in eight cardiac syn-
drome X patients, and additional studies are needed.

Other Agents
Various other agents have been studied in symptomatic 
patients with no obstructive CAD, and some have shown 
more promise than others. In 20 symptomatic patients 
with no obstructive CAD who received the centrally acting 
α-agonist clonidine (0.1 mg BID for 3 weeks) versus pla-
cebo, there was no significant reduction in episodes of chest 
pain.140 Nicorandil, an adenosine triphosphate–sensitive 
nitrate-potassium channel agonist, is an antianginal that has 
been shown to improve peak exercise capacity in patients 
with cardiac syndrome X, but failed to significantly improve 
exercise-induced ST changes.141,142 The Rho kinase inhibi-
tor, fasudil, has been studied in patients with chronic stable 
angina due to its ability to inhibit smooth muscle vasocon-
striction and has been shown to increase ischemic thresh-
old and exercise duration in these patients;143,144 its use is 
currently limited to Japan and China. Phosphodiesterase 
inhibitors, which inhibit cGMP degradation by blocking 
phosphodiesterase, also have a potential role in the treat-
ment of refractory angina, however there are no current 
clinical trials in microvascular patients. Phosphodiesterase 
inhibitors are contraindicated with nitrates and nicorandil 
due to hypotension. Perhexiline inhibits carnitine palmitoyl-
transferase and promotes greater myocardial carbohydrate 
utilization; it is also a vasodilatory agent with antianginal 
properties but is associated with neurotoxicity and hepato-
toxicity at high plasma doses. Within the therapeutic range, 
it is an effective antianginal that also improves exercise tol-
erance,145,146 but it is primarily used in Australia and New 
Zealand.147,148 Trimetazidine is an agent that inhibits cardio-
myocyte free fatty acid beta-oxidation and promotes glucose 
oxidation; this shift in metabolism reduces acidosis and also 
allows the ischemic cell to preserve energy.149 Whereas it is 
an anti-ischemic, antianginal agent and has shown benefit 
in chronic stable angina,150 results in cardiac syndrome X 
patients have been mixed.151–153

Enhanced External Counterpulsation
Enhanced external counterpulsation (EECP) is a nonin-
vasive, Food and Drug Administration (FDA) approved 
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treatment for management of refractory angina and consists 
of several sessions per week for optimal benefit. In several 
studies conducted in patients with CAD, EECP has been 
shown to improve functional capacity, anginal class, and 
time to ST-segment depression during exercise stress test-
ing,154–156 with sustained benefit reported.157 In a report by 
Kronhaus et al.158 in 30 patients with cardiac syndrome X 
and persistent angina, EECP therapy was effective in reduc-
ing angina as demonstrated by a reduction in Canadian 
Cardiovascular Society (CCS) angina and improved 
regional ischemia. This improvement was sustained in 87% 
of patients at almost 12 months. Diastolic augmentation of 
myocardial perfusion via inflation of pneumatic cuffs on 
lower extremities during EECP has been shown to improve 
collateral blood flow, as well as endothelial function, and a 
neurohormonal mechanism has been proposed.159–161

Stem Cell Therapy
Stem cell therapy remains experimental and has focused on 
patients with obstructive CAD and refractory angina162,163 or 
postinfarction left ventricular dysfunction.164 Stem cell stud-
ies have not targeted patients with angina and no obstruc-
tive CAD. However, preclinical stem cell therapy studies 
often consider an important treatment goal to be the res-
toration of impaired coronary microvascular function.165 
Microvascular rarefaction, which is defined as a reduced 
number of arterioles and capillaries,166 may play a role in 
coronary microvascular angina167 and may be reversed 
with intracoronary cardiosphere-derived cells as shown in 
an animal study.168

Cognitive Behavioral Therapy and Group Support
Cognitive behavioral therapy may be used as an adjunctive 
modality to treat refractory angina or for those patients who 
ask for nontraditional, nonpharmacologic ways to manage 
their angina.15 A 2009 study showed that an 8 week program 
of the cognitive behavioral approach of autogenic training 
improved symptom frequency and severity in women with 
ischemia and nonobstructive coronary arteries.169 In a study 
of 49 women with cardiac syndrome X, who were random-
ized to usual care or 12 monthly group-support meetings, 
group support helped reduce healthcare demands and 
maintained social support for these individuals.170

Abnormal Cardiac Nociception
In some patients with persistent chest pain, abnormal car-
diac nociceptive abnormality can be the dominant cause 
of pain, with enhanced pain perception to stimuli. Cannon 
et al.171 demonstrated that catheter manipulation in the 
right heart, atrial pacing, and intracoronary contrast injec-
tion reproduced chest pain in 29 out of 36 patients (81%) 
with no obstructive CAD. In this group, there was no rela-
tionship observed between cutaneous pain threshold test-
ing and cardiac sensitivity. Others have also demonstrated 
enhanced visceral pain perception in patients with chest 
pain and no obstructive CAD.172,173 It is unclear whether the 
enhanced pain sensitivity is due to abnormal cardiac nerve 
function or a problem with central pain processing.

Low-Dose Tricyclic Antidepressant Medication
Low-dose tricyclic antidepressant medication (imipramine, 
amitriptyline) can be used successfully in some patients 
with continued chest pain despite the above-mentioned 

therapies.140 The mechanism of action for tricyclic medica-
tion is not yet completely understood, but it improves symp-
toms in patients with abnormal cardiac pain perception 
(nociception) and may have an effect via its modulation 
of norepinephrine uptake; it also has anticholinergic and 
α-antagonist effects, which may contribute to its analgesic 
effect.

Neural Modulation and Left Stellate Ganglion Blockade
Neurostimulation is an alternative treatment strategy for 
those with refractory angina due to abnormal cardiac 
nociception. The mechanism of this form of therapy is not 
entirely clear, but it has been found to increase resting blood 
flow in patients with normal coronary arteries.174 Spinal 
cord stimulation is effective in reducing duration and fre-
quency of angina; its anti-ischemic effect is likely due to 
reduced myocardial oxygen consumption.175–177 Whereas it 
has not specifically been studied in a microvascular popula-
tion with no obstructive CAD, left stellate ganglion blockade 
has been shown to be effective in patients with refractory 
angina despite multiple coronary interventions.178,179

Postmenopausal Hormone Therapy
The incidence of ischemic heart disease (IHD) increases 
after menopause, along with increased prevalence of car-
diovascular risk factors such as diabetes, hypertension, and 
hyperlipidemia. In addition to declining estrogen levels, 
an altered ratio of testosterone/estrogen may contribute 
to increased risk. The majority of patients with CMD with 
no obstructive CAD are women who are of peri- or post-
menopausal age, and estrogen has been implicated in the 
pathogenesis of microvascular dysfunction. Estrogen has 
beneficial effects on the vasculature as demonstrated in 
basic science studies,180,181 and observational studies have 
suggested that hormone therapy may be of benefit in IHD.182 
Transdermal estrogen has been shown to improve coronary 
vascular reactivity in women with angina and no obstruc-
tive CAD,183 and 17-β–estradiol attenuated acetylcholine-
induced coronary vasoconstriction in the nonstenotic 
segments in women with CAD.184

However, in the Heart and Estrogen/Progestin Replace-
ment Study (HERS) in 2763 postmenopausal women with 
coronary heart disease randomized to combination estro-
gen/progesterone versus placebo, there was no benefit of 
hormone therapy on MI or heart disease mortality, and there 
was an increased risk of deep venous thrombosis and pul-
monary embolism.  In the subsequent randomized Women’s 
Health Initiative (WHI) trial,185 which tested estrogen com-
bined with progestin versus placebo, hormone therapy was 
associated with adverse cardiovascular outcomes. In 646 
postmenopausal women suspected of ischemia who under-
went coronary angiography in the WISE study, there was no 
independent relationship between estrogen exposure time 
and angiographic CAD or major outcomes.186 In the Kronos 
Early Estrogen Prevention Study (KEEPS),187 hormone ther-
apy reduced vasomotor symptoms, but there was no differ-
ence in carotid intima-media thickness or coronary artery 
calcifications in women at 4 years. The route of delivery of 
hormone therapy may also be important, since oral estrogen 
is metabolized in the liver, whereas transdermal estrogens 
bypass first-pass metabolism. Current recommendations 
by the North American Menopause Society and several 
other organizations recommend that if hormone therapy is 
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needed, it should be used for the shortest duration of time 
and for treatment of vasomotor symptoms only and not for 
primary CVD prevention.

CONCLUSIONS

Management of patients who have persistent angina, evi-
dence of myocardial ischemia, and no obstructive CAD 
can be a treatment challenge for physicians. Cardiac syn-
drome X is an outdated term that is no longer used, as it is 
now evident that CMD plays a role in at least half of these 
patients. CMD is associated with adverse cardiovascular 
outcomes, and while it can be detected with modern inva-
sive and imaging modalities, it remains underdiagnosed 
for many reasons. Invasive coronary reactivity testing can 
be performed in patients with recurrent symptoms to test 
endothelial- and nonendothelial-dependent vasomotor 
function, to help clarify the diagnosis of CMD, and to guide 
therapy. Therapeutic lifestyle change, low-dose aspirin, and 
lipid-lowering therapy are recommended due to the high 
prevalence of coronary atherosclerosis and elevated risk 
of adverse cardiac events. Limited evidence collected in 
predominantly general cardiac syndrome X patients sup-
ports the use of traditional pharmacologic antianginal, 
anti-ischemic medications, as well as strategies such as 
enhanced external counterpulsation, cognitive behav-
ioral therapy, tricyclic medication, and neurostimulation to 
improve symptoms. Whereas some intermediate outcome 
trials in patients with ischemia and no obstructive CAD 
exist, large clinical outcome trials and specific guidelines 
are needed for patients with CMD.
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INTRODUCTION

Many patients with chronic coronary heart disease (CHD) 
have clinically significant depression: a costly, disease-accel-
erating comorbidity that is associated with compromised 
health-related quality of life and reduced quality-adjusted 
life years (QALYs). Depression is also associated with an 
increased risk of recurrent acute coronary syndrome (ACS) 
events, doubled all-cause mortality, and larger healthcare 
costs. Many of these patients also have clinically significant 
anxiety and stress. Given these observational data, many 
advisory and professional societies have suggested screen-
ing patients with CHD for negative emotions and providing 
comprehensive treatment if clinical levels of distress are 
detected.

The overarching goal of this chapter is to provide cardi-
ologists with the state-of-the-art evidence for the aforemen-
tioned assertions and provide practical advice on screening, 
counseling, and treating depression, anxiety, and stress in 
patients with CHD. We begin by providing an overview of 
the professional guidelines and advisories on this topic. We 
then discuss the evidence on the epidemiology, screening, 
and treatment of these negative emotions in CHD patients. 
We end by providing some context for the current debates 
among scientists, practitioners, and professional organiza-
tions on the usefulness of managing negative emotions in 
CHD patients.1

Few cardiologists and other healthcare providers have 
implemented the recommendations to screen all patients 
with CHD for depression, anxiety, and stress, and treat these 
conditions if they are found.2,3 The top barriers in the imple-
mentation of these recommendations include lack of time 
to assess and manage depression, insufficient depression 
education networks, and lack of evidence from random-
ized controlled trials (RCTs) to support these recommen-
dations.4,5 Yet, mandatory universal screening of depression 
in patients with CHD (or any patient) is recommended. As 
of 2014, the National Quality Forum introduced universal 
depression screening as a quality metric for all patients with 
a health encounter6; successful depression management 
at 6 and 12 months are quality metrics that will take effect 

in the near future. Thus, in the United States, patients with 
CHD will soon require screening for depression, and, if they 
are found to have clinically impairing depression, they will 
need to be followed up. With these changes looming in the 
United States and many other parts of the world, we provide 
an overview of the science, tools, and controversies on this 
topic.

PROFESSIONAL SOCIETY GUIDELINES/
ADVISORIES/STATEMENTS

Depression
The strength of observational findings linking depression 
to CHD outcomes has led many professional societies to 
advise routine depression screening for CHD patients and 
referral for treatment if indicated.  However, it is important to 
note that there are no RCTs on this subject to inform these 
recommendations. Furthermore, although RCTs have shown 
that treatment can improve depression in some instances, 
it has not been clearly shown to lead to improved CHD 
outcomes.7

American Heart Association
In 2008, the American Heart Association (AHA) issued a 
science advisory endorsed by the American Psychiatric 
Association (APA) that recommended administering a depres-
sion screening questionnaire to ACS patients and referring 
those who screen positive to a professional qualified to diag-
nose and manage depression according to the algorithm in Fig. 
26.1.8 Boxes 26.1 and 26.2 detail the recommended screening 
questionnaires.8,9 The United States Preventative Services Task 
Force (USPSTF) and AHA/APA guidelines recommend the 
Patient Health Questionnaire-2 (PHQ-2) yes/no version as the 
initial screen, as it has been validated as more sensitive and 
easier to administer than the PHQ-2 multiple choice screening 
questionnaire.9 This advisory effectively expanded the scope 
of the previous year’s release of evidence-based guidelines 
for cardiovascular disease prevention in women, which sug-
gested that screening women at risk of CHD for depression 
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At a minimum, screen with 2-item PHQ-2
If “Yes” to either question

Screen with PHQ-9
If “Yes” to Q. 9 “Suicidal,”

immediate evaluation for acute
suicidality‡

Minimal symptoms of
short duration

(PHQ-9 score <10)

Mild to moderate,
uncomplicated*

(PHQ-9 score 10–19)

Major depression†

(PHQ-9 score ≥20)

Support, education,
follow-up within

1 month

If symptoms persist
or worsen

Refer for more comprehensive clinical evaluation by a professional qualified in the
diagnosis and management of depression

Determine appropriate treatment (antidepressants, cognitive
behavioral therapy, or adjunctive interventions)

Carefully monitor for treatment adherence, drug efficacy,
and safety

If safe At risk

Emergency
department

FIG. 26.1 American Heart Association’s advisory for depression detection and treatment. *Meets diagnostic criteria for major depression, has a PHQ-9 score of 10–19, has had no 
more than 1 or 2 prior episodes of depression, and screens negative for bipolar disorder, suicidality, significant substance abuse, or other major psychiatric problems. †Meets the diagnostic 
criteria for major depression and 1) has a PHQ-9 score >20; or 2) has had 3 or more prior depressive episodes; or 3) screens positive for bipolar disorder, suicidality, significant substance 
abuse, or other major psychiatric problem. ‡If “Yes” to Q.9 “suicidal,” immediately evaluate for acute suicidality. If safe, refer for more comprehensive clinical evaluation; if at risk for 
suicide, escort the patient to the emergency department. PHQ, Patient Health Quesionaire. (From Lichtman JH, Bigger JT Jr, Blumenthal JA, et al. Depression and coronary heart disease: 
recommendations for screening, referral, and treatment: a science advisory from the American Heart Association Prevention Committee of the Council on Cardiovascular Nursing, Council 
on Clinical Cardiology, Council on Epidemiology and Prevention, and Interdisciplinary Council on Quality of Care and Outcomes Research. Circ 118, 1768–1775, 2008.)

and referring/treating when indicated was a class IIa (weight 
of evidence/opinion is in favor of usefulness/efficacy), level 
B (limited evidence from single randomized trial or other 

randomized studies) recommendation.10,11 The 2008 AHA 
advisory did specifically note that, at the time of its issuance, 
there was no direct evidence linking the treatment of depres-
sion with improved cardiac outcomes.8

The AHA/American College of Cardiology (ACC) 
released secondary prevention guidelines for CHD patients 
in 2011 that provide a class IIa, level B recommendation that 
patients with recent myocardial infarction (MI) or coronary 
artery bypass graft (CABG) be screened for depression.12 
These guidelines acknowledged that treating depression 
has not been shown to improve CHD outcomes but issued 
a class IIb, level C recommendation for treating depression 
with the logic that it may have clinical benefits other than 
improved CHD outcomes.12

In 2014, the AHA issued a scientific statement formally 
recognizing depression as a risk factor for poor post-ACS 

Over the past 2 weeks, how often have you been bothered by 
any of the following problems?
 1.  Little interest or pleasure in doing things.
 2.  Feeling down, depressed, or hopeless.
 3.  Trouble falling asleep, staying asleep, or sleeping too much.
 4.  Feeling tired or having little energy.
 5.  Poor appetite or overeating.
 6.  Feeling bad about yourself, feeling that you are a failure, 

or feeling that you have let yourself or your family down.
 7.  Trouble concentrating on things such as reading the news-

paper or watching television.
 8.  Moving or speaking so slowly that other people could have 

noticed. Or being so fidgety or restless that you have been 
moving around a lot more than usual.

 9.  Thinking that you would be better off dead or that you 
want to hurt yourself in some way.

BOX 26.1 American Heart Association’s Advisory 
for Depression Detection and Treatment: Patient 
Health Questionnaire-9 (PHQ-9) Depression 
Screening Scales

Courtesy of MacArthur Foundation Initiative on Depression and Primary Care. PRIME-
MD Patient Health Questionnaire - 1999 Pfizer Inc. MacArthur Toolkit 2006 3CM, LLC. 
Used with permission. Available at http://www.depression-primarycare.org/.

During the past month, have you often been bothered by:
 1.  Feeling down, depressed, or hopeless? (yes/no)
 2.  Little interest or pleasure in doing things? (yes/no)

BOX 26.2 PHQ-2 Yes/No Version

From Whooley MA, Avins AL, Miranda J, et al. Case-finding instruments for 
depression. Two questions are as good as many. J Gen Intern Med. 1997;12(7): 
439–445.

http://www.depression-primarycare.org/
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outcomes, including all-cause mortality, cardiac mortality, 
and composite endpoints (cardiac or all-cause mortality 
and nonfatal cardiac events).13 This conclusion was based 
on a systematic review that identified prospective studies 
showing a strong and consistent observational association 
between depression and CHD outcomes, a lack of other 
explanations for this association, and the existence of a plau-
sible biologic mechanism to account for this association.13

American Academy of Family Practitioners
In 2009, the American Academy of Family Practitioners 
(AAFP) published guidelines for the detection and man-
agement of post-MI depression.14 It issued four specific 
guidelines based on review of published evidence. First, it 
recommended using any standardized symptom checklist 
to screen post-MI patients for depression during the index 
hospitalization and at regular intervals thereafter. Second, 
it recommended treating post-MI depression in order to 
improve symptoms. These recommendations were issued as 
level A with the specific note that they were based on RCTs 
showing improvement in depression outcomes but not car-
diac outcomes, “though the evidence does not yet exclude 
the possibility of a small benefit.”14 The third and fourth 
recommendations suggested selective serotonin reuptake 
inhibitors (SSRIs) (level A) and/or psychotherapy (level B) 
for treating depression.

European Societies
The European Guidelines on Cardiovascular Disease 
Prevention in Clinical Practice are issued by a task force of 
the European Society of Cardiology and other societies. In 
2012, the guidelines stated that depression contributes to 
both incident CHD and poor CHD outcomes. The guidelines 
made class IIa, level B recommendations that depression be 
assessed by a clinical interview or standardized question-
naire, and that tailored clinical management for depression 
be considered with the goal of improving CHD outcomes 
and enhancing quality of life.15

The British healthcare system,16 via the National Institute 
of Health and Care Excellence (NICE), endorses depres-
sion screening in CHD patients and referral for treatment if 
depression is detected.

Anxiety
European Societies
The 2012 European prevention guidelines also state that 
anxiety contributes to both incident CHD and poor CHD 
outcomes. The guidelines included anxiety in the class 
IIa, level B recommendations, suggesting that anxiety be 
screened for via clinical interview or standardized ques-
tionnaire and tailored clinical management should be 
given, with the goal of improving CHD outcomes and 
enhancing quality of life.15

Stress
European Societies
The 2012 guidelines also state that stress at work and in fam-
ily life increases the risk of both incident CHD and poor 
CHD outcomes. The guidelines provide a class IIa, level B 
recommendation to screen and provide tailored clinical 
management for stress, with the goal of improving CHD out-
comes and enhancing quality of life.15

Both stress and anxiety have not been the focus of guide-
lines or consensus statements; however, interest in this topic 
seems to be increasing.17,18

EPIDEMIOLOGY

Depression
Depression is the leading cause of “years of life lived with dis-
ability” worldwide and significantly compromises quality of 
life and life expectancy when it coexists with a chronic medi-
cal disorder.19 This is particularly true for CHD, as depression 
has been associated with an increased risk of developing 
CHD and worse outcomes among CHD patients.19–21 Large 
epidemiologic studies have convincingly demonstrated that 
depression is a predictor for occurrence and recurrence of 
CHD. Depressive symptoms alone also predict CHD risk, but 
stronger effect sizes have been observed for major depres-
sive disorder (MDD) compared with depressive mood, sug-
gesting a dose-response relationship.8,19

Depression and Incident Coronary Heart Disease
In many studies with varied cohorts, depressive symptoms 
were associated with an increased risk of developing CHD. 
Depressive symptoms confer a relative risk of CHD ranging 
from 0.98 to 3.5 in different studies and a combined overall risk 
ranging from 1.6 to 5.4 compared with nondepressed patients 
in systematic reviews.7,21 MDD is associated with an even 
greater risk of incident MI with an odds ratio of approximately 
4.5.21 The risk associated with depressive symptoms or clinical 
depression is perhaps even greater than that associated with 
traditional cardiovascular risk factors, as seen in Fig. 26.2.22,23

Depression among Patients with Coronary Heart 
Disease
Depression is one of the more frequently encountered 
chronic diseases among general medical patients, with 
a prevalence ranging from approximately 5% to 15%.13,19 
Depression is even more prevalent among CHD patients (Fig. 

Relative risk (random)
(95% Cl)

Age 1.05 (1.04, 1.05)

HT stage 2 1.92 (1.42, 2.59)

Smoking 1.71 (1.39, 2.10)

Diabetes 1.47 (1.04, 2.08)

LDL >160 1.74 (1.36, 2.23)

HDL <35 1.46 (1.15, 1.85)

Depressed mood 1.49 (1.16, 1.92)

Clinical depression 2.69 (1.63, 4.43)

 0 1 2 3 4 5 
 Low risk   High risk

FIG. 26.2 Risk ratios of depressive symptoms and clinical depression (for death 
due to cardiac disease and myocardial infarction [MI]) and traditional cardiovascular-
risk factors (for death due to cardiac disease, MI, coronary artery insufficiency, and 
development of angina). CI, Confidence interval; HDL, high-density lipoprotein; HT, 
hypertension; LDL, low-density lipoprotein. (From Rozanski A, Blumenthal JA, David-
son KW, et al. The epidemiology, pathophysiology, and management of psychosocial 
risk factors in cardiac practice: the emerging field of behavioral cardiology. J Am Coll 
Cardiol. 2005;45(5):637–651.)
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26.3).24 As many as 20% of CHD patients meet the diagnostic 
criteria for MDD by The Diagnostic and Statistical Manual 
of Mental Disorders (DSM) criteria and 30% to 50% have 
significant patient-reported depressive symptoms.14,19,20,25 
The increased prevalence of depression extends past the 
immediate post-MI period.14 Importantly, both clinically 
diagnosed depression and depressive symptoms predict 
increased cardiac risk. Approximately 7 million Americans 
living with CHD also have clinically significant depression, 
and half a million new such cases are added to this public 
health burden annually.19

Prognosis Associated with Depression in Patients with 
Coronary Heart Disease
Compared with nondepressed post-MI patients, depressed 
post-MI patients have more medical comorbidities and 
cardiac complications and higher mortality rates.7,8,19,21 
Observational studies show that ACS patients with depres-
sive symptoms are at a two-fold higher risk of MI recur-
rence.8,13,19,20 As seen in Fig. 26.4, depressive symptoms in 
CHD patients are at par with conventional CHD prognostic 
factors for predicting death and CHD recurrence.19

The AHA formally recognizes depression as a risk fac-
tor for poor outcomes among ACS patients based on its 

systematic literature review showing depression is a risk fac-
tor for all-cause mortality, cardiac mortality, and composite 
endpoints (cardiac or all-cause mortality and nonfatal car-
diac events) after ACS.13 Others have argued, however, that 
depression may be a risk marker rather than a risk factor 
because there is no trial evidence that treating depression 
alters the prognosis, making it more analogous to high-den-
sity lipoprotein or C-reactive protein (CRP).26

Impact of Depression on Health-Related Quality of Life
Depression is more strongly associated with health-related 
quality of life and health status than a single health condition 
such as angina, arthritis, asthma, or diabetes.27 Depression 
clearly predicts impoverished health-related quality of life 
independent of traditional predictors of quality of life, specifi-
cally among patients with stable CHD and those with a recent 
ACS. In several studies of multiple predictors of quality of life 
in CHD patients, depression was the most important even 
when other predictors such as demographic and social vari-
ables, severity of disease, ejection fraction, and ischemia were 
assessed.19,20 Recent ACS patients with a history of depres-
sion have twice the rate of angina, triple the physical limita-
tions, and almost triple the risk of diminished health-related 
quality of life.19 There have been calls to improve quality of 
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FIG. 26.3 The prevalence of depression across the patient spectrum. ACS, Acute coronary syndrome; CABG, coronary artery bypass graft. (Data from Whooley MA. Depression 
and cardiovascular disease: healing the broken-hearted. JAMA. 2006;295(24):2874–2881.)
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Beck depression inventory ≥10 (at ACS) 1.79 (1.23, 2.61)

Beck depression inventory ≥10 (3 months post-ACS) 2.25 (1.28, 3.96)

Left ventricular ejection fraction <40% 2.00 (1.30, 3.09)

Global registry of acute coronary events (per 50 points) 1.61 (1.19, 2.18)

Diabetes 2.03 (1.38, 2.99)

Previous MI 1.41 (1.15, 1.94)

 0.5 1 2 5
 Low risk  High risk

FIG. 26.4 Hazard ratios of depressive symptoms and traditional cardiovascular risk factors. ACS, Acute coronary syndrome; CI, confidence interval; MI, myocardial infarction. 
(From Davidson KW. Depression and coronary heart disease. ISRN Cardiol. 2012;2012:743813.)
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life in post-ACS patients, rather than continuing to focus on 
extending life of diminished quality. Some suggest that treat-
ing depression could answer this call.

Costs Associated with Depression
Depression has long been associated with high costs of med-
ical utilization, many lost days of productivity, and reduced 
work performance. Patients who have a chronic medical 
condition, such as CHD, with depression have significantly 
more ambulatory visits, emergency room visits, days in bed 
due to illness, and functional disability. Annual healthcare 
costs were almost 41% higher and 5-year healthcare costs 
were almost 53% higher in depressed post-MI patients com-
pared with nondepressed post-MI patients.19,20

Anxiety
Anxiety disorders are highly prevalent, with nearly 20% of 
Americans suffering from any anxiety disorder — a rate that 
is likely mirrored in CHD patients.28 Some prospective stud-
ies have shown an increased risk of cardiovascular events 
among patients with anxiety symptoms and suggest that the 
increased risk exists even with simple phobias and nonclini-
cal anxiety levels with a graded-response relationship.28

Stress
The literature relating stress and CHD is equivocal, perhaps 
due to differing definitions and conceptualizations of what 
constitutes “stress,” as well as which CHD outcomes have 

been examined.29 However, recent studies have indicated 
that stress is associated with incident CHD. Self-reported 
individual stressors are associated with incident CHD with 
risk ratios in excess of 1.6.29 A meta-analysis of six pro-
spective observational cohort studies showed that patient 
self-reported stress was associated with incident CHD at 6 
months, with an aggregate relative risk of 1.27 (95% confi-
dence interval [CI] 1.12–1.45).30

Specific stressors such as social isolation, stress at work, 
and marital problems have also been individually associ-
ated with incident CHD with risk ratios of approximately 
1.5 in individual studies. Meta-analyses have shown that job 
strain and loneliness/isolation also increase the risk of inci-
dent CHD.31 Not only is perceived stress a risk factor for CHD, 
but the perception that stress is affecting one’s health is also 
a risk factor.32

Stress may also be associated with, poor prognosis in 
established CHD patients, although the evidence is lim-
ited.31 Financial and job strains are examples of stressors 
that are related to recurrent CHD-related events.33,34

BIOLOGIC MECHANISMS

Depression
Many biologic mechanisms have been proposed to explain 
the association between depression and incident and 
recurrent CHD (Fig. 26.5 and Fig. 26.6). Dysregulations of 
several physiologic systems in depression are implicated 
in the depression–CHD link, including platelet reactivity, 

Neurochemical
alterations (↓5HT

neurotransmission)

↑ transport
of 5HT into platelets

and whole blood

Angina (stable
or unstable) Stroke Myocardial

infarction CHD

↑ atherogenesis
and plaque formation

Thrombin
generation

Platelet activation
(↑ aggregability)

↑ shear stress,
vasoconstriction, secretion of

catecholamines

Platelet release of 5HT and
intragranular products

(↑ β-TG and PF4)

Psychosocial
factors

↑ pro-
inflammatory

cytokines (IL-1, IL-6)

Initiation of
acute phase

responseDyslipidemia vascular
damage, inflammation

(↑ CRP)

↑ Leukocyte
↑ PAI-1

↑ Fibrinogen

↑ ANS
activity, ↑ BP,

↑ HR

↑ HPA
activity ↑ ACTH,

↑ CORT

FIG. 26.5 Proposed physiologic mechanisms and pathways linking psychosocial factors and atherogenesis and related outcomes. 5HT, Serotonin; ACTH, adrenocorticotropin; 
ANS, autonomic nervous system; BP, blood pressure; CHD, coronary heart disease; CORT, cortisol; CRP, C-reactive protein; HPA, hypothalamic-pituitary-adrenal; HR, heart rate; 
IL, interleukin; PAI-1, plasminogen activator inhibitor 1; PF4, platelet factor 4; TG, thromboglobulin; WBC, white blood cell. (From Everson-Rose SA, Lewis TT. Psychosocial factors 
and cardiovascular diseases. Annu Rev Public Health. 2005;26:469–500.)
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inflammation, autonomic imbalance, sleep architecture 
disruption, circadian rhythm disruption, anabolic/catabolic 
hormonal imbalance, and others. However, the evidence 
remains equivocal regarding the specific biologic dysregula-
tions responsible for the link between depression and CHD. 
Although many promising mechanisms are briefly reviewed 
hereafter, there is little direct human evidence that any of 
these are causally involved in the pathogenesis of CHD in 
depression. A recent review of animal studies35 suggests that 
most of these mechanisms are plausible, but human experi-
ments and trials are required to conclusively implicate a 
biologic mechanism in the depression–ACS recurrence 
association.19

Platelet Reactivity
Several case-controlled studies have demonstrated plate-
let hyperreactivity in CHD patients, and CHD patients with 
MDD have exhibited higher levels of platelet factor 4 and 
β-thromboglobulin (β-TG)—markers of platelet aggrega-
tion—and platelet/endothelial cell adhesion molecule-1 
when compared with CHD patients without MDD.8,19

Inflammation
Elevated levels of inflammatory biomarkers, including 
CRP, soluble intercellular adhesion molecule 1 (sICAM1), 
soluble vascular cell adhesion molecule-1, and tumor 

necrosis factor-α, are associated with an increased risk of 
cardiovascular events in patients with known CHD. Several 
cross-sectional studies have linked depression to chronic 
inflammation—as measured by CRP or sICAM1 levels—
both in otherwise healthy participants and in post-ACS 
patients shortly after the index event.8,19 Proinflammatory 
cytokines may contribute to coronary atherosclerosis.7

Autonomic Dysregulation
Autonomic dysregulation is characterized by increased 
activation of the sympathetic nervous system (SNS), which 
usually acts in concert with a reduced activation of the 
parasympathetic nervous system (PNS). Excess SNS activity 
produces many effects that contribute to CHD: high blood 
pressure, increased myocardial oxygen demand, platelet acti-
vation, increased myocyte apoptosis, and arrhythmias. Both 
elevated SNS activity and reduced PNS activity have been 
implicated in depression and CHD recurrence. Furthermore, 
CHD patients with depressive symptoms have been shown 
to have greater SNS activity as measured by higher norepi-
nephrine excretion levels compared with CHD patients 
without depressive symptoms.19

Sleep Architecture Disruption
Depression and sleep architecture disruption are closely 
linked, although the specific dysregulated polysomnographic 

DEPRESSION CARDIOVASCULAR
DISEASE

Demographic factors

Age
Sex
Socioeconomic status
Unemployment

Psychosocial factors

History of depression
Anxiety
Personality
Social isolation
Bereavement
Other stressors

Potential biological mechanisms

Autonomic nervous system
Platelet receptors and function
Coagulation factors (e.g., fibrinogen, PAI-1*)
Proinflammatory cytokines
Neurohormonal
Genetic

Potential behavioral mechanisms

Smoking
Obesity
Inactivity
Poor diet
Poor medication adherence

Perceived loss (not necessarily actual)

Health
Functional capacity
Immortality/invincibility
Independence
Sexual relationships
Employment
Financial security

FIG. 26.6 Potential factors that could explain the relationship between cardiovascular disease and depression. *PAI-1, Plasminogen activator inhibitor 1. (From Hare DL, 
Toukhsati SR, Johansson P, et al. Depression and cardiovascular disease: a clinical review. Eur Heart J. 2014;35(21):1365–1372.)
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parameters are unclear. Studies have shown that reduced 
rapid eye movement (REM) latency—the time from sleep 
onset to the first occurrence of REM—is the most frequently 
reported sleep dysregulation that distinguishes MDD patients 
from individuals without MDD. REM sleep is characterized 
by pronounced surges of SNS, which may be of sufficient 
magnitude to stimulate thrombotic processes, to increase 
hemodynamic stress on vessel walls conducive to plaque 
rupture, and to alter cardiac electrophysiologic properties. 
These autonomic surges may be responsible for cardiac 
events witnessed during REM sleep in humans. Importantly, 
this REM-induced cardiac sympathetic dominance is 
enhanced in individuals with a recent MI. Additionally, the 
total sleep time is consistently decreased in depressed 
patients and those prone to depressive episodes. Although 
there is a lack of prospective epidemiologic studies on the 
dimensions of sleep architecture and CHD recurrence, there 
is epidemiologic evidence that short sleep duration is pre-
dictive of ACS.19

Circadian Rhythm Disruption
Endogenous circadian rhythms regulate daily variations in 
most of the hormonal, physiologic, and psychologic vari-
ables implicated in depression and ACS. The systems with 
the most prominent variations are thermoregulation and 
melatonin secretion. There is evidence that the majority of 
cardiovascular events, including MIs, show a marked circa-
dian rhythmicity with a peak incidence between 6:00 am 
and 2:00 pm. However, in depressed patients, who often have 
circadian dysregulation, most MIs occur between 10:00 pm 
and 6:00 am. Thus, circadian rhythm disruption in depressed 
patients may help elucidate some of the pathways by which 
these patients are at an increased risk of recurrent cardio-
vascular events.19

Hypothalamic-Pituitary-Adrenal Axis
The hypothalamic-pituitary-adrenal (HPA) axis, the major 
stress axis through which cortisol is released by the adrenal 
gland when stimulated by adrenocorticotropin (ACTH), has 
been studied extensively in depressed patients. Depressed 
patients exhibit elevated circulating plasma levels of ACTH 
and cortisol, elevated urinary cortisol concentration, and 
altered circadian rhythm of cortisol. Prospective studies 
among acute MI patients have shown that very high levels of 
cortisol (> 2000 nmol/L) predict mortality.19

Anxiety
The neurobiology underlying anxiety has not been exam-
ined or elucidated as extensively as that of depression, but 
some biologic alterations have been identified, such as 
markers of platelet reactivity, inflammation, autonomic dys-
regulation, and HPA system hyperactivity.

Platelet Reactivity
Panic disorder patients, like depressed patients, have been 
observed to have elevated plasma platelet factor 4 and β-TG 
concentrations.28

Inflammation
Inflammatory markers, including CRP and fibrinogen, are 
elevated among patients with anxiety with a dose-response 
relationship such that increased levels of inflammatory 
markers are associated with higher levels of anxiety.28

Autonomic Dysregulation
Increased anxiety has been associated with an increased 
risk of hypertension in prospective cohort studies, which 
suggests SNS hyperactivity. However, further research is 
needed to clarify this association.28

Hypothalamic-Pituitary-Adrenal Axis
Similar to depressed patients, patients with post-traumatic 
stress disorder (PTSD), a specific anxiety disorder, exhibit 
HPA system hyperactivity. Corticotropin-releasing factor 
concentrations are increased in the cerebrospinal fluid of 
patients with anxiety and/or PTSD.28 Panic disorder patients 
do not seem to have consistent HPA system alterations, and 
there are insufficient data on HPA axis function in patients 
with other specific anxiety disorders.28

Stress
Similar to depression and anxiety, the mechanism link-
ing stress with CHD outcomes is likely multifactorial and 
includes platelet reactivity, inflammation, autonomic dys-
regulation, and increased HPA axis activity.30,31 Because 
an acute response to stress is transient hypertension, it has 
been hypothesized that a response to chronic stress is per-
sistent hypertension.31

Additionally, acute cardiac events may be triggered by 
acute emotional stress. A meta-analysis showed that ACS that 
is preceded by anger, stress, or depressed mood in the past 
24 hours has a pooled relative risk of nearly 2.5.31 The risk 
may increase further with high-intensity emotional stress-
ors such as death of a significant person or a diagnosis of 
cancer.31 Similarly, Takotsubo (or stress) cardiomyopathy, a 
transient dysfunction of the left ventricle, has been shown 
to be associated with both acute and former or chronic psy-
chiatric diagnoses.36 Up to 42.3% of Takotsubo patients had 
a psychiatric illness, and approximately half of these were 
affective disorders.36

BEHAVIORAL MECHANISMS

Depression
Depression is associated with cardiac risk factors such as 
smoking, obesity, and sedentary lifestyle.7 Depression may 
also influence post-ACS outcomes through its effects on a 
patient’s behaviors with regard to adherence to prescribed 
medications and primary or secondary prevention recom-
mendations.8,19 In addition, there may be disparities in 
the way the healthcare system behaves toward depressed 
patients, and these differences (e.g., the treatment they 
receive) may lead to worse outcomes. Although it is now 
widely accepted that post-ACS depression is associated 
with a poor medical prognosis, there remains a gap in our 
knowledge about which behavioral mechanisms under-
lie this association. See Fig. 26.6 for a schematic of the 
interplay between behavioral and biologic mechanisms 
underlying the association between depression and car-
diovascular disease.

Adherence
Poor adherence to behaviors recommended for managing 
medical illnesses is well-established as an important fac-
tor in determining outcomes for a range of diseases. For 
example, treatment adherence accounted for 26% of the 
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difference in outcomes among high adherers compared 
with low adherers in a meta-analysis.19 Nonadherence to 
cardiovascular medications such as aspirin, statins, and 
β-blockers after ACS is clearly linked with poor medical 
outcomes, including cardiac outcomes, mortality, and 
composite endpoints with hazard ratios (HRs) between 3 
and 3.8.19

Prior research shows that depression is associated with poor 
adherence among patients with a number of chronic medical 
illnesses, including ACS.8 Patients with persistent depressive 
symptoms after ACS are less likely to adhere to secondary CHD 
prevention behaviors, such as exercising regularly and quitting 
smoking.19 Although there are a number of potential behav-
ioral mechanisms linking depression and post-ACS outcomes, 
poor medication adherence specifically represents the most 
promising and best-supported mechanism explaining this 
association. In an outpatient population of CHD patients, nearly 
15% of those with MDD reported not taking their medication 
as prescribed, compared with 5% of those without depres-
sion.19 In a post-ACS population, 42% of persistently depressed 
patients took their prescribed aspirin less than 75% of the time, 
whereas only approximately 11% of nondepressed patients 
demonstrated this level of nonadherence.19

Stigma
Finally, as a result of the cognitive, affective, and social char-
acteristics of mental illnesses, patients with depression can 
be stigmatized by their illness, which may lead to lower rates 
of treatment for cardiac disease or poorer communication 
about secondary prevention behaviors.19 For example, indi-
viduals with comorbid mental disorders are less likely to 
undergo coronary revascularization procedures than those 
without mental disorders. Additionally, patients with depres-
sion tend to have flat affect and be less engaging; therefore 
they may be most susceptible to such physician bias.

Anxiety
Much less is known about the association of anxiety with 
medication adherence or with adherence to secondary 
CHD prevention behaviors. Some studies indicate that anx-
ious patients, in general, are more adherent, particularly 
when their anxiety takes the form of generalized anxiety dis-
order. However, other anxious patients with phobic or panic 
symptoms may be less likely to adhere. But, relatively little 
empiric evidence exists to strongly support any of these 
small-study findings and conjectures.

Stress
Stress may also be linked to poor CHD outcomes through 
behavioral mechanisms. For example, poor health behaviors 
that develop as a response to stress may result in obesity, hyper-
glycemia, and dyslipidemia — all of which are known cardio-
vascular risk factors.29–31 Studies have attributed a portion of 
the effect of stress on CHD to the increased risk of metabolic 
syndrome among patients with high levels of perceived stress.31

TREATMENT OPTIONS

Depression
Treatment for depression may include psychotherapy, physi-
cal activity, or antidepressant drugs (Fig. 26.7).

Psychotherapy
Three types of psychotherapy have been shown to be effec-
tive in ameliorating depression.37 Psychotherapy can be as 
effective as medication in treating depression and may be 
preferred in patients who cannot tolerate or do not want 
to take antidepressants.8,14 Many depressed patients may 
respond better to a combination of antidepressants and 

Cardiac rehabilitation and
exercise therapy

Safety– established
Efficacy– established

Disease management 
programs

Safety– established
Efficacy– variable

Pharmacotherapy

Safety– established for SSRIs, 
not TCAs
Efficacy– established for CAD
  –especially if more severe or
    previous depression
  –unclear for CHF  

Cognitive behavioral 
therapy

Safety– established
Efficacy– variable

DEPRESSION IN
CARDIAC PATIENTS

FIG. 26.7 The effects of interventional therapies on depression in cardiac patients. CAD, Coronary artery disease; CHF, congestive heart failure; SSRI, selective sero-
tonin reuptake inhibitor; TCA, tricyclic antidepressant. (From Hare DL, Toukhsati SR, Johansson P, et al. Depression and cardiovascular disease: a clinical review. Eur Heart J. 
2014;35(21):1365–1372.)
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psychotherapy, specifically cognitive behavioral therapy 
(CBT), than either treatment alone.

The most frequently used type of psychotherapy is CBT, 
which modifies thoughts and behaviors to decrease depressive 
symptoms. The second type of psychotherapy is interpersonal 
therapy, which focuses on interpersonal situations such as 
conflicts or role transitions.38 These two therapies were found 
to have only modest improvements in depression in recent 
RCTs of CHD patients, although a recent trial of CABG patients 
showed good treatment effects for CBT.39 Another study of CHD 
patients showed that 12 to 16 sessions of CBT over a period of 
12 weeks helped achieve remission of depression. 39a

Finally, problem-solving therapy teaches patients to 
improve their abilities to solve everyday problems,40,41 and, 
when used in a patient preference design (in which patients 
are educated about the benefits and limitations of each 
therapy and then choose for themselves if they prefer prob-
lem-solving therapy and/or pharmacotherapy), improves 
depression in CHD patients.42 Importantly, these psycho-
therapies can now be provided over the telephone, which 
is both cost effective and removes barriers to treatments for 
patients with mobility or transportation issues.43

Physical Activity
For patients with mild depressive symptoms, exercise can 
remediate depressive symptoms.16 Exercise can improve 
both depressive symptoms and cardiovascular fitness.8 The 
specific exercise regimen prescribed should be tailored to 
the cardiac condition and exercise capacity of each indi-
vidual patient.8

Antidepressant Drugs
Depression can be treated with a variety of antidepressant 
drugs, including SSRIs, tricyclic antidepressants (TCAs), 
and monoamine oxidase inhibitors (MAOIs). Patients initi-
ated on antidepressants should be closely monitored for 
the first 2 months of treatment and regularly thereafter to 
ensure adherence, detect adverse effects, and monitor sui-
cidal risk.8

Tailored drug selection is critical among CHD patients, 
as antidepressants have been associated (but not tested 
in active comparator trials) with both increased and 
decreased cardiac risk.8 Cardiologists should manage 
pharmacotherapy with careful consideration of each indi-
vidual patient’s cardiovascular disease and risk profile. 
Certain antidepressants may be associated with increased 
risk for arrhythmias, orthostatic hypotension, or hyperten-
sive crisis, especially when combined with certain cardio-
vascular medications. Please see Tables 26.1, 26.2, and 26.3 
for detailed information about antidepressant drug classes 
and individual drug cardiovascular side effects, potential 
interactions with cardiac medications, and pharmacoki-
netic interactions, respectively.

Selective Serotonin Reuptake Inhibitors
Treatment with an SSRI versus no antidepressant reduces 
death and recurrent MI among CHD patients who are 
depressed according to a nonrandomized, post hoc analy-
sis.8 Sertraline and citalopram are first-line antidepressant 
drugs for CHD patients as randomized clinical trials have 
shown them to be effective for the treatment of depression 
and safe for CHD patients without increasing the risk of car-
diovascular adverse events.7,8,14,44

Tricyclic Antidepressants
TCAs are contraindicated for many CHD patients due to car-
diotoxic effects and greater risk of cardiovascular adverse 
effects compared with SSRIs.7 For example, they are likely 
proarrhythmic in post-MI patients due to sodium channel-
blocking properties.7

Monoamine Oxidase Inhibitors
MAOIs are also contraindicated for many CHD patients due 
to cardiotoxic effects, such as orthostatic hypotension or 
hypertensive crisis. Given the evidence for blood pressure 
dysregulation, MAOIs have not been tested in trials of ther-
apy for CHD patients.

Mood-Stabilizing Agents
The mood stabilizer lithium should be carefully managed in 
CAD patients. Lithium can be associated with arrhythmias, 
and its plasma levels can be increased by common cardio-
vascular medications such as thiazide, loop, and potassium-
sparing diuretics, as well as angiotensin-converting enzyme 
(ACE) inhibitors (see Table 26.1).

Electroconvulsive Therapy
Depression that is refractive to antidepressant drugs may 
be treated with electroconvulsive therapy (ECT), which 
aims to incite secondary generalized tonic-clonic seizures 
while the patient is anesthetized. The APA has identified 
severe or unstable cardiovascular disease as associated with 
increased ECT-related risk.45 There is also a risk associated 
with anesthesia administration. Moreover, during the tonic 
phase, patients experience a parasympathetic discharge, 
including heart block, bradycardia, and asystole, that can 
incite arrhythmias; during the clonic phase, patients experi-
ence a catecholamine surge that can incite tachycardia and 
hypertension. ECT may cause a reduction in left ventricu-
lar ejection fraction due to either global or regional wall 
motion abnormalities that tend to be transient.46 Patients 
with cardiac disease have higher rates of cardiac complica-
tions from ECT, though most complications are transient and 
do not preclude completion of ECT.47

Anxiety
Anxiolytic Drugs
The first-line treatment for anxiety disorders—specifically, 
panic disorder, obsessive-compulsive disorder, and gener-
alized anxiety disorder—is an SSRI. Benzodiazepines were 
first-line 2 decades ago, but they are now considered more 
appropriate for temporary use to bridge patients through 
the first 6 to 8 weeks of SSRI therapy, as the anxiolytic effects 
of SSRIs are delayed. This avoids long-term use of benzodi-
azepines and the accompanying risk of oversedation and 
physiologic or psychological dependence.44

Psychotherapy
Few studies have focused on the treatment of anxiety and 
stress in the context of CHD, thereby limiting the available 
evidence from which to draw inferences about the effec-
tiveness of psychologic treatments for anxiety and stress in 
CHD.48 Indeed, in most instances, psychologic conditions 
other than depression, such as anxiety and stress, were 
treated as secondary outcomes, and the size of the improve-
ment for these conditions was not routinely reported.
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TABLE 26.1 Cardiovascular Side Effects of Specific Antidepressant and Anxiolytic Medications

CLASS
CARDIOVASCULAR  
SIDE EFFECTS

LIKELY MECHANISM  
OF SIDE EFFECT OTHER EFFECTS AND BENEFITS

Tricyclic and related cyclic 
antidepressants

Orthostatic hypotension Postsynaptic α1-receptor  
blockade

Nortriptyline (Pamelor) Lowest incidence of orthostatic hypotension with nortriptyline

Imipramine (Tofranil)

Amitriptyline (Elavil)

Desipramine (Norpramin) Tachycardia Secondary to hypotension

Clomipramine (Anafranil)

Doxepin (Sinequan) Decreased heart rate variability Postsynaptic cholinergic- 
receptor blockade

Urinary retention, dry mouth, constipation, confusion, exacerbation of 
narrow-angle glaucoma

Trimipramine (Surmontil)

Protriptyline (Vivactil) Slowing of intraventricular conduction Quinidine-like effects Avoid in patients with bifascicular block, left bundle branch block, QTc > 44 
msec, or QRS > 11 msec

Monoamine  
oxidase inhibitors

Orthostatic hypotension Inhibition of metabolism of serotonin and 
catecholamines

Fatal in overdose

Phenelzine (Nardil) Hypertensive crisis Requires adherence to tyramine-free diet and avoidance of other 
antidepressants and sympathomimetics

Tranylcypromine (Parnate)

Isocarboxazid (Marplan)

SSRIs Postsynaptic serotonin- 
receptor blockade

Fatal in overdose

Typical side effects: nausea, insomnia, sexual  
dysfunction, nervousness

Fluoxetine (Prozac) Sinus bradycardia Unknown Requires 8 weeks for complete washout
Inhibitor of CYP IID6 and CYP IIIA4 enzymes
Also FDA approved for treatment of adult and  

pediatric OCD, bulimia, pediatric depression

Paroxetine (Paxil) Clinically insignificant  
decreases in heart rate

Unknown Inhibitor of CYP IID6 enzyme

Also FDA indicated for treatment of social phobia, panic disorder, OCD, 
GAD

Sertraline (Zoloft) None known In high doses, inhibitor of CYP IID6 enzyme
Also FDA indicated for treatment of panic disorder, adult and pediatric 

OCD, PTSD

Fluvoxamine (Luvox) None known Potent inhibitor of multiple CYP enzymes
Also FDA approved for treatment of adult and pediatric OCD

Citalopram (Celexa) None known

Escitalopram (Lexapro) None known SSRI with most selective binding to serotonin transporter

Venlafaxine (Effexor) Arrhythmia or cardiac block in overdose Unknown No significant inhibition of CYP enzymes
Decreased HRV Also FDA indicated for treatment of GAD
Increased diastolic blood pressure in doses 

> 300 mg/day
Presynaptic inhibition of norepinephrine 

reuptake
Side-effect profile similar to that of SSRIs
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Presynaptic α2-receptor antagonist

Mirtazapine (Remeron) None known Postsynaptic histamine1 receptor blockade Very sedating in low doses
Weight gain
Minimal sexual side effects
No significant inhibition of CYP enzymes

Dopamine and norepinephrine reuptake 
inhibitor

Bupropion (Wellbutrin, Zyban) Significant increases in blood pressure in 
patients with preexisting hypertension 
(rare)

Presynaptic inhibition of norepinephrine 
reuptake

No significant inhibition of CYP enzymes
Minimal sexual side effects
Not proven effective in the treatment of anxiety disorders
FDA indicated for treatment of nicotine dependence

Atypical serotonergic agents

Trazodone (Desyrel) Orthostatic hypotension Postsynaptic α1 receptor blockade Sedation, confusion, dizziness
Cardiac arrhythmias rare Unknown Rare cases of priapism

Nefazodone (Serzone) Sinus bradycardia Unknown Similar side-effect profile as trazodone (except without priapism)
Minimal sexual side effects
Potent inhibitor of multiple CYP enzymes
Liver failure rare

Psychostimulants

Dextroamphetamine (Dexedrine) Rarely increases blood pressure or 
tachycardia in therapeutic doses

Release of dopamine and catecholamines Avoid in patients with hyperthyroidism, severe hypertension, severe angina, 
tachyarrhythmias

Methylphenidate (Ritalin)

Benzodiazepines Allosteric alteration of GABAA receptors Rapid relief of anxiety symptoms

Alprazolam (Xanax)

Clonazepam (Klonopin)

Lorazepam (Ativan) Hypotension Muscle relaxation of GABAA spinal cord 
receptors

Can cause fatigue, ataxia, drowsiness, amnesia, and behavioral dyscontrol

Oxazepam (Serax) Relatively safe in overdose
Physiologic and psychological dependence and withdrawal symptoms if 

dosage not gradually tapered

Partial 5-HT1A receptor agonist

Buspirone (BuSpar) None known FDA approved for treatment of GAD
Nonaddictive

Omega1 receptor agonist

Zolpidem (Ambien) None known Potentiation of GABAA receptor Sedating
Nonaddictive

Zaleplon (Sonata) None known

Lithium Sinus node dysfunction Unknown Narrow therapeutic index (1.6–1.2 mmol/L)
Sinoatrial block Many medications alter lithium plasma levels*
T-wave inversion or flattening, particularly 

in patients > 60 years
Fatal in overdose

Arrhythmias and sudden death in patients 
with cardiac disease

Mood stabilizer for patients with bipolar disorder

Yearly ECG in patients > 50 years

CYP, Cytochrome P450 enzyme; ECG, electrocardiogram; FDA, US Food and Drug Administration; GABA, gamma-aminobutyric acid; GAD, generalized anxiety disorder; HRV, heart rate variability; OCD, obsessive-compulsive disorder; 
PTSD, posttraumatic stress disorder; SSRI, selective serotonin reuptake inhibitor.
*Medications that increase lithium levels: nonsteroidal antiinflammatory drugs, diuretics (thiazides, ethacrynic acid, spironolactone, triamterene), angiotensin-converting enzyme inhibitors, metronidazole, tetracycline. Medications 
that decrease lithium levels: acetazolamide, theophylline, aminophylline, caffeine, osmotic diuretics. (From Musselman DL, Evans DL, Nemeroff CB: The relationship of depression to cardiovascular disease: epidemiology, biology, and 
treatment, Arch Gen Psychiatry 55(7):580–592, 1998.)
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TABLE 26.2 Interactions among Cardiovascular and Antidepressant Medications

CARDIO VASCULAR
CONDITION

CARDIOVASCULAR  
DRUG/DRUG GROUP

RECOMMENDED  
ANTIDEPRESSANTS ANTIDEPRESSANTS TO AVOID/USE WITH CAUTION COMMENTS

Hypertension β-adrenoceptor blocking  
drugs (e.g., propranolol, 
metoprolol, etc.)

Sertraline Avoid Effect Paroxetine and fluoxetine may 
inhibit metabolism of doxasozin

Mirtazapine and trazodone may 
antagonize effects of clonidine

Duloxetine and venlafaxine are 
unstudied in CVD patients

TCAs (amitriptyline, clomipramine, 
doxepin, imipramine, etc.) cause 
adverse cardiovascular events

MAOIs (phenelzine, isocarboxazid, 
and tranylcypromine) cause 
adverse cardiovascular events

TCAs Increased risk of  
arrhythmia with sotalol

Venlafaxine May worsen hypertension
Duloxetine May worsen hypertension
Reboxetine May worsen hypertension
Buproprion May worsen hypertension
All MAOIs Risk of hypertensive crisis
Caution Effect
TCAs Increased risk of postural hypotension; plasma  

levels increased by labetalol and propranolol
Citalopram/escitalopram Increases plasma level  

of metoprolol
Paroxetine May increase plasma levels of metoprolol
Fluvoxamine Increases plasma levels of propranolol
Mirtazapine Increased risk of postural hypotension
Trazodone Increased risk of postural hypotension

Vasodilator drugs (e.g.,  
diazoxide, hydralazine, 
prazosin, doxazosin)

Any alternative  
(e.g., SSRIs)

Avoid Effect
Venlafaxine May worsen hypertension
Duloxetine May worsen hypertension
Reboxetine May worsen hypertension
Buproprion May worsen hypertension
All MAOIs Risk of hypertensive crisis
Caution Effect
TCAs Increased risk of postural hypertension
Mirtazapine Increased risk of postural hypertension

Centrally acting antihyper-
tensives (e.g., methyldopa, 
clonidine, etc.)

Any alternative  
(e.g., SSRIs)

Avoid Effect
TCAs Antagonize effects of clonidine
Venlafaxine May worsen hypertension
Duloxetine May worsen hypertension
Reboxetine May worsen hypertension
Bupropion Hypertensive urgency when administered  

with clonidine
All MAOIs Risk of hypertensive crisis
Caution Effect
Mirtazapine Increased risk of postural hypotension
Clonidine Hypertensive urgency
Trazodone Increased risk of postural hypotension

ACE inhibitors, angiotensin-II 
antagonists: renin inhibitors 
(e.g., captopril, enalapril, 
losartan, aliskiren)

Any alternative (e.g.,  
SSRIs)

Avoid Effect
MAOIs May enhance hypotensive effects of ACE  

inhibitors and angiotensin antagonists
Venlafaxine May worsen hypertension
Duloxetine May worsen hypertension
Rexobetine May worsen hypertension
Buproprion May worsen hypertension
Lithium Plasma levels increased by ACE inhibitors
Caution Effect
TCAs Increased risk of postural hypotension
Mirtazapine Increased risk of postural hypotension
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Dyslipidemia Bile acid sequestrants (e.g., 

colestipol, holestyramine)
Any Avoid Omega-3 fatty acids may have 

antidepressant effects
MAOIs (phenelzine, isocarboxazid, 

and tranylcypromine) cause 
adverse cardiovascular events

None specifically contraindicated
Caution
None specifically contraindicated

Ezetimibe Any Avoid
None specifically contraindicated
Caution
None specifically contraindicated

Fibrates (e.g., bezafibrate) Any Avoid Effect
MAOIs with bezafibrate Risk of hepatotoxicity

Statins (e.g., atorvastatin, 
simvastatin)

Any alternative (e.g., SSRIs, 
TCAs, others)

Avoid Effect
St. John’s wort Reduces effect of simvastatin

Omega-3 fatty acids (e.g., 
MaxEPA, Omacor)

Any Avoid
None specifically contraindicated
Caution
None specifically contraindicated

Angina Nitrates (e.g., glyceryl trinitrate 
isosorbide, nononitrate)

Any alternative (e.g., SSRIs) Avoid Effect Paroxetine has mild anticholinergic 
properties

Tricyclics (amitriptyline, 
clomipramine, doxepin, 
imipramine, etc.) cause adverse 
cardiovascular events

MAOIs (phenelzine, isocarboxazid, 
and tranylcypromine) cause 
adverse cardiovascular events

MAOIs Increased hypotensive effects
Caution Effect
TCAs Dry mouth may reduce absorption of sublingual 

tablets

Heart failure Cardiac glycosides (digoxin; 
digitoxin)

Any alternative (e.g., SSRIs, 
mirtazapine)

Avoid Effect May increase risk of 
antidepressant-associated 
hyponatremia

Fluoxetine (SSRI) has a long half-
life (3–4 weeks), which may be 
increased by heart failure

Venlafaxine is unstudied in CVD 
patients

Tricyclics (amitriptyline, 
clomipramine, doxepin, 
imipramine, etc.) cause adverse 
cardiovascular events

MAOIs (phenelzine, isocarboxazid, 
and tranylcypromine) cause 
adverse cardiovascular events

St. John’s wort Reduces digoxin plasma levels
TCAs Possibly proarrhythmic in cardiac disease
Venlafaxine Not recommended in those at risk of arrhythmia
Trazodone Increases digoxin plasma levels

Thiazide diuretics 
(bendroflumethiazide, etc.)

Any alternative (e.g., SSRIs) Avoid Effect
Reboxetine Increased risk of hypokalemia
Lithium Plasma levels increased by thiazides
Caution Effect
MAOIs/tricyclics/mirtazapine Increased risk of postural hypotension

Loop diuretics (furosemide, 
bumetanide)

Any alternative (e.g., SSRIs, 
mirtazapine)

Avoid Effect
Reboxetine Increased risk of hypocalcemia
Lithium Plasma levels increased by loop diuretics
Caution Effect
MAOIs/TCAs Increased risk of postural hypotension

Other diuretics (amiloride, 
eplerenone, etc.)

Any alternative (e.g., SSRIs) Avoid Effect
St. John’s wort Reduces eplerenone plasma levels

Continued
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Cardiac arrhythmia Antiarrhythmics (e.g., 
amiodarone, disopyramide, 
flecainide, lidocaine, 
propafenone, etc.)

Sertraline*
Mirtazapine*
Moclobemide*
Mianserin*
Citalopram†

Escitalopram†

Paroxetine
Fluoxetine
*All recommended drugs 

should be used with 
caution

†QTc prolongation

Avoid Effect Venlafaxine is unstudied in CVD 
patients

Tricyclics (amitriptyline, 
clomipramine, doxepin, 
imipramine, etc.) cause adverse 
cardiovascular events

TCAs Increased risk of arrhythmia
Citalopram/escitalopram Increases plasma levels of flecainide and 

propafenone
Fluoxetine Increases plasma levels of flecainide and 

propafenone
Paroxetine Increases plasma levels of flecainide and 

propafenone
Duloxetine Increases plasma levels of flecainide
Venlafaxine Possible increased risk of arrhythmia
Caution Effect
Trazodone Possibly increased risk of arrhythmia
Reboxetine May cause hypokalemia

Conditions requiring 
anticoagulation

Parenteral anticoagulates (e.g., 
heparin, LMW heparin)

Any alternative (e.g., 
trazodone, reboxetine, 
tricyclics)

Avoid Effect Venlafaxine is unstudied in CVD 
patients

Tricyclics (amitriptyline,  
clomipramine, doxepin,  
imipramine, etc.) cause adverse  
cardiovascular events

SSRIs Probable increased risk of bleeding
Venlafaxine Probable increased risk of bleeding
Duloxetine Probable increased risk of bleeding

Oral anticoagulants (warfarin, 
phenindione)

Reboxetine
Trazodone
Mianserin
All recommended drugs 

should be used with 
caution

Avoid Effect Fluvoxamine and fluoxetine inhibit 
warfarin metabolism

Anticoagulant effects may be 
enhanced without change in INR

Venlafaxine is unstudied in CVD 
patients

SSRIs Enhanced anticoagulant effect
TCAs Enhanced or reduced anticoagulant effect
Mirtazapine Enhanced anticoagulant effect
St. John’s wort Reduced warfarin plasma levels
Caution Effect
Venlafaxine Possibly enhanced anticoagulant effect
Duloxetine Possibly enhanced anticoagulant effect

ACE, Angiotensin-converting enzyme; CVD, cardiovascular disease; GTN, glyceryl trinitrate; INR, International normalized ratio; LMW, low molecular weight; MAOIs, monoamine oxidase inhibitors; SSRIs, selective serotonin reuptake 
inhibitors; TCA, tricyclic antidepressant. (Adapted from National Institute for Health and Clinical Excellence: Depression in Adults with Chronic Physical Health Problems, London, 2009, National Institute for Health and Clinical Excellence. 
and Bradley SM, Rumsfeld JS: Depression and cardiovascular disease, Trends Cardiovasc Med 25(7):614–622, 2015.)

TABLE 26.2 Interactions among Cardiovascular and Antidepressant Medications—cont’d

CARDIO VASCULAR
CONDITION

CARDIOVASCULAR  
DRUG/DRUG GROUP

RECOMMENDED  
ANTIDEPRESSANTS ANTIDEPRESSANTS TO AVOID/USE WITH CAUTION COMMENTS
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Stress
Few interventions have been tested for stress, so this area 
is in dire need of further research. We could find no inter-
ventions that directly tested a pharmacologic interven-
tion for stress, when stress was the primary complaint and 
was not comorbid with anxiety, depression, or other more 
commonly studied emotional dysregulations. Psychologic 
interventions for stress include CBT and muscle relaxation 
techniques.30

SHOULD PROFESSIONAL SOCIETY 
GUIDELINES/ADVISORIES/STATEMENTS BE 
FOLLOWED?

To recommend screening for a condition, the condition 
should be important, prevalent, not easily detected without 
screening, and treatable with treatment benefits that out-
weigh the risks as demonstrated in RCTs.25 The AHA, AAFP, 
European societies, and NICE recommend screening for 
depression, anxiety, and stress in CHD patients. This is a large-
scale healthcare policy and a potentially expensive practice, 

but it is not based on RCTs and, therefore, does not have 
rigorous evidence of effectiveness or benefit.

Evidence-based practice guidelines are often distin-
guished from consensus-based practice guidelines or 
advisories, as the former systematically review all available 
research on the specified topic and grade the level of evi-
dence to make clinical recommendations. However, not all 
research designs are given equal weight. Standards of evi-
dence for guidelines have evolved to place greater empha-
sis on RCTs because RCTs are the most replicable and have 
the fewest sources of bias. If all other variables are equal, 
RCTs have the greatest power to detect whether a screening 
practice or treatment results in a net benefit or harm.

It is important to examine the RCT evidence regarding 
screening and treating depression in CHD patients before 
changes in policy and practice are considered. Without 
RCTs, evidence-based guidelines cannot endorse screening, 
diagnosing, and treating depression, anxiety, or stress in CHD 
patients.

A recent systematic review and meta-analysis by Thombs 
et al.25 found that there are no published RCTs investigat-
ing the effects of depression screening on either depression 
or cardiac outcomes in CAD patients. There are some RCTs 
showing that treating depression leads to modest improve-
ments in depression symptoms among post-MI and stable 
CHD patients, as seen in Fig. 26.8,25 but no RCTs show that 
treating depression improves cardiac outcomes.25

Depression
Treating Patients with Coronary Heart Disease for 
Depression: Randomized Controlled Trials
The establishment of depression as a risk marker in patients 
with CHD prompted the National Heart, Lung, and Blood 
Institute to fund the Enhancing Recovery in CHD Patients 
(ENRICHD) trial, which randomized almost 2500 patients 
to determine whether treating depression and social iso-
lation after acute MI improves event-free survival.49 There 
were no significant differences in all-cause mortality or 
nonfatal MI rates between the intervention and usual-
care arms of ENRICHD, nor in underpowered trials such 
the Sertraline Antidepressant Heart-Attack Randomized 
Trial (SADHART)50 and the Myocardial INfarction and 
Depression-Intervention Trial (MIND-IT).51 ENRICHD and 
these first-generation phase II trials yielded only modest dif-
ferences in depression between the treatment and control 
arms. Plausible reasons include: (1) the interventions were 
not efficacious, (2) the treatments were not well accepted, 
(3) the control conditions improved depression more than 
expected, and (4) the appropriate patient population was 
not studied. The ENRICHD investigators concluded that the 
next large, phase III trial should be postponed until more 
efficacious depression treatments are available and the sub-
types of depression that are most responsible for increased 
medical morbidity and mortality have been identified. 
Progress since then includes the Sequenced Treatment 
Alternatives to Relieve Depression (STAR*D) trial,52 which 
demonstrated that aggressive, algorithm-based delivery of 
existing therapies achieves better depression outcomes, sev-
eral phase II clinical trials—described in the following sec-
tion—that have demonstrated better depression outcomes 
in cardiac populations, and advances in our understanding 
of the characteristics of high-risk depression subtypes.

Freedland et al.53 conducted an RCT involving 123 
patients with major or minor depression who had recently 

TABLE 26.3 Pharmacokinetic Interactions of 
Antidepressant, Anxiolytic, and Cardiovascular 
Medications

CYP4501A2 CYP4502C9/19 CYP4502D6 CYP4503A4

Inhibited by: Inhibited by: Inhibited by: Inhibited by:

Cimetidine Cimetidine Chlorpromazine Amprenavir

Ciprofloxacin Delavirdine Duloxetine Delavirdine

Erythromycin Fluoxetine Fluoxetine Erythromycin

Fluvoxamine Fluvoxamine Fluphenazine Fluoxetine

Paroxetine Sertraline Haloperidol Fluvoxamine
Paroxetine Ketoconazole
Ritonavir Nelfinavir
Sertraline Paroxetine
Tricyclics Saquinavir

Sertraline
Tricyclics

Metabolizes: Metabolizes: Metabolizes: Metabolizes:

Caffeine Diazepam Clozapine Benzodiazepines

Clozapine Omeprazole Codeine Calcium blockers

Duloxetine Phenytoin Donepezil Carbamazepine

Tolbutamide Flecainide Cimetidine Haloperidol

Mirtazapine Tricyclics Haloperidol Clozapine

Warfarin Metoprolol Mirtazapine Olanzapine

Propranolol Phenothiazines Donepezil

Theophylline Pimozide Erythromycin

Tricyclics Propafenone Galantamine
Risperidone Methadone
Tricyclics Mirtazapine
Tramadol Reboxetine
Trazodone Risperidone
Venlafaxine Steroids

Terfenadine
Trazodone
Tricyclics
Valproate
Venlafaxine
Z-hypnotics

Medications indicated in red are psychiatric medications and those highlighted in 
yellow are cardiac medications. (Adapted from National Institute for Health and 
Clinical Excellence: Depression in Adults with Chronic Physical Health Problems, 
London, 2009, National Institute for Health and Clinical Excellence.)
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undergone CABG surgery.  The trial’s primary purpose was 
to determine the efficacy of two behavioral treatments 
(CBT and supportive stress management) compared with 
usual care. The depression effect size for CBT at the end of 3 
months yielded a Beck Depression Inventory (BDI) depres-
sion effect size of 0.85 (95% CI, 0.41–1.32). This effect was 
maintained 6 months after the end of the trial.

Huffman et al.54 recently completed an RCT of 175 hos-
pitalized depressed cardiac patients.  They compared usual 
care with a low-intensity depression collaborative care treat-
ment. The care was initiated in the hospital and continued 
by telephone. Depression was assessed by the PHQ-9 using 
the DSM-IV MDD criteria. All patients in the treatment arm 
received behavioral activation and, then, by patient prefer-
ence and/or prior treatment history, received psychother-
apy or pharmacotherapy.  At 3 months (treatment end), 
treatment group patients had improved more than control 
patients, but this was not maintained at 6 months (when no 
treatment was offered).

The Coronary Psychosocial Evaluation Studies (COPES) 
II42,55 post-ACS trial compared the acceptability and efficacy 
of 6-month stepped depression care, a patient preference-
driven, stepped algorithm depression intervention, with 
referred depression care, in which depression screening 
was followed by physician notification and encouragement 
to initiate depression treatment. The protocol included 157 
CHD patients with depressive symptoms, but was not limited 
to those who met DSM-IV criteria for MDD. This strategy tar-
geted ACS patients who were at greatest mortality risk based 
on recent studies of depression and cardiac outcomes, 
namely those with postdischarge depressive symptoms. 
COPES II employed an aggressive, stepped-care, patient-
preference, symptom-driven approach that increased the 
acceptability and efficacy of the depression intervention. 
Depression treatment acceptability was three times higher 
in the stepped depression care group than in the referred 
care group. The differential improvement in depression 

between groups was significantly larger in the stepped care 
arm (HR 0.59, 95% CI 0.18–1.00).

Whether the COPES intervention can be delivered as 
intended in multiple clinical centers was then addressed 
by Comparison of Depression Interventions after Acute 
Coronary Syndrome (CODIACS) I, a feasibility/vanguard 
study conducted at five US sites that showed significant 
improvement in depressive symptoms as measured by BDI 
scores with active treatment versus usual care.56 In this van-
guard, the COPES protocol was streamlined, case-finding 
made more efficient, and treatment delivery centralized 
and conducted by a web-based interface and then by tele-
phone. Patients were randomized to 6 months of centralized 
depression care (patient preference for problem-solving 
treatment given via telephone or the Internet, pharmaco-
therapy, both, or neither), stepped every 6 to 8 weeks (active 
treatment group, n = 73) or to locally determined depres-
sion care after physician notification about the patient’s 
depressive symptoms (usual care group, n = 77). The main 
outcomes were change in depressive symptoms during 
6 months and total healthcare costs. The trial found that 
depressive symptoms were decreased significantly more 
in the active treatment group than in the usual care group 
(differential change between groups, −3.5 BDI points; 95% CI 
−6.1 to −0.7; p = 0.01). Although mental healthcare estimated 
costs were higher for active treatment than for usual care, 
overall healthcare estimated costs were not significantly dif-
ferent (difference adjusting for confounding, −$325; 95% CI 
−$2639 to $1989; p = 0.78).57

The CODIACS trial concluded that for patients with post-
ACS depression, active treatment had a substantial benefi-
cial effect on depressive symptoms. Experts have concluded 
that it is time to conduct the next phase III depression trial 
in CHD patients.58–61 To date, treating depression after ACS 
has not resulted in improved cardiovascular outcomes,49,51 
primarily because we do not have large RCTs that actually 
test this question.
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SADHART (Post-ACS)
Sertraline

SADHART-CHF (HF)
Sertraline

Strik (Post-AMI)
Fluoxetine

–0.8 –0.6 –0.4 –0.2 0 0.2 0.4 0.6 0.8 1 1.2

Effect size (Hedges’s g)

FIG. 26.8 Forest plot of effect sizes of depression treatment studies. ACS, Acute coronary syndrome; AMI, acute myocardial infarction; CHD, coronary heart disease; HF, heart 
failure. (From Thombs BD, Roseman M, Coyne JC, et al. Does evidence support the American Heart Association’s recommendation to screen patients for depression in cardiovas-
cular care? An updated systematic review. PLoS One. 2013;8(1):e52654.)
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Providing Patients with Coronary Heart Disease with 
the American Heart Association’s Depression Screen and 
Treat Algorithm
There is a paucity of information from observational trials 
or RCTs on the costs and benefits of screening and treat-
ing depression in post-ACS patients. Only one randomized 
placebo-controlled trial of sertraline, SADHART50 (n = 369), 
has been used to estimate costs, but this did not include 
cost-effectiveness and was not a depression screening 
RCT.62 Many costs were not represented, as they were not 
collected.

A meta-analysis of RCTs testing depression screening 
with only notification of depression severity to primary care 
providers for primary care patients (not post-ACS patients) 
found that this strategy did not lead to increased detection or 
treatment of depression, and it showed no impact on health-
related quality of life, depressive symptoms, or other patient 
outcomes, including cost-effectiveness.63 An update of this 
Cochrane review found essentially the same disappointing 
results.64 In a 2001 study examining the costs of screening 
for depression, the costs per QALY were unacceptable for 
screening annually, once a lifetime, or once every 5 years: 
the expected annual cost was $192,444/QALYs.65 A nonsta-
tionary Markov model, using published literature, found that 
no depression screening was preferable over annual depres-
sion screening, and in the vast majority (99%) of scenarios, 
the cost per QALY was more than $50,000, with little expecta-
tion of patient benefit.65 This low value of screening makes 
sense in a primary care setting in which the association of 
depression with clinical outcomes is less robust than in a 
post-ACS population and in which the prevalence of depres-
sion is lower. Thus, the evidence from RCTs in a primary 
care population is that screening and treating primary care 
patients for depression has minimal quality of life improve-
ments and/or is cost ineffective.

The reasons for little positive effects of depression screen-
ing include high rates of false-positive results, small treat-
ment effects, preexisting antidepressant use among CHD 
patients, and poor quality of routine mental healthcare.

Anxiety
Similar to the findings for the treatment of comorbid depres-
sion in CHD, pooled analyses of RCTs testing the effective-
ness of psychologic interventions for anxiety (including 
cognitive techniques, relaxation training, and social support) 
indicate effect sizes for anxiety that are of equal magnitude 
to those observed for depression among patients with CHD 
(standardized mean differences = 0.25).48 Although there 
are some small, single trials for stress reduction in patients 
with CHD, there are no systematic reviews of this evidence 
base.66,67

Stress
RCTs of stress interventions and cardiac outcomes have 
shown efficacy for treating “stress,” even though definitions 
of stress have varied. A recent meta-analysis of 43 studies 
showed that psychological interventions targeted to stress 
reduction (including CBT, yoga, and muscle relaxation 
techniques) decreased 2-year mortality in men and event 
recurrence in all CHD patients by 27%.68 No trials have yet 
examined the effects of stress reduction on CHD incidence.

PRACTICAL CONSIDERATIONS FOR TREATING 
COMORBID CORONARY HEART DISEASE AND 
DEPRESSION, ANXIETY, OR STRESS

Screening for Depression, Anxiety, or Stress
Staff-Assisted Depression Care Supports
Some patients who are screened for depression, anxiety, or 
stress will screen positive. Primary care providers or cardio-
vascular disease specialists who screen patients should be 
prepared to follow a practice-specific algorithm such as 
those executed by “staff-assisted depression care supports” 
for diagnosing, treating, and following-up patients identified 
as exhibiting symptoms of depression, anxiety, or stress.69 
According to the USPSTF (and formally recommended by 
the AAFP and American College of Physicians), such an 
algorithm should include referral for more complete inter-
view and evaluation to confirm the diagnosis of depression 
according to DSM-IV.69,36

If a clinical practice does not have staff-assisted depres-
sion care supports, the net benefit of depression screening 
is likely minimal and is not recommended.69,70 The AHA/
ACC secondary prevention guidelines for CHD patients spe-
cifically recommend depression screening if patients have 
access to case management with collaborating primary 
care physicians and mental health specialists.12

Adverse Effects of Screening
Adverse effects of depression or anxiety screening include 
false-positive results, stigma of diagnosis, and management 
that leads to treatment of mild or transitory depression or 
anxiety with diversion of resources from patients who have 
more severe psychiatric conditions.

Further Evaluation of Depression, Anxiety, 
or Stress
Suicidality Screening
In one study of routine depression screening occurring 
over the course of 1 year among patients admitted with sus-
pected CHD, 12% of patients reported suicidal ideation; all 
these patients underwent immediate psychiatric evaluation 
and upon formal assessment, 0.5% required hospitalization 
for imminent harm.71 Depression screening in CHD patients 
should therefore be undertaken only if there is a system in 
place to treat or refer patients who are found be at risk of 
imminent harm.22

Screening for Manic Episodes
Depressive symptoms often occur as part of the clinical pre-
sentation of bipolar disorder.22 Screening questions about 
current or previous manic or hypomanic episodes are 
needed to determine the appropriate psychiatric treatment 
course.

Assessment of Other Psychiatric Comorbidities
Subtle or overt psychotic processes, comorbid anxiety symp-
toms, personality disorders, dementia, illicit drug or alco-
hol dependence/abuse, and a number of other psychiatric 
comorbidities complicate the management of depression.22 
Clinicians should have a system in place for the immedi-
ate referral and follow-up with an appropriate mental health 
professional or setting, if any of these other comorbidities 
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are discovered, as many of these conditions require close 
monitoring and follow-up.

Depression Caused by a General Medical Condition or 
Substance
When facing a positive depression screen result, clinicians 
should ensure that a coexisting medical condition or a cur-
rent medication or substance is not causing the depressive 
symptoms. Examples of culprits include hypo- or hyper-
thyroidism, sleep apnea, vitamin B12 deficiency, vitamin D 
deficiency, and a variety of prescribed medications.22 These 
conditions should be treated,  after which depression should 
be reevaluated.
β-Blockers are a mainstay class of drugs for a variety of 

cardiac conditions, and there has been a historic concern 
that β-blocker use is associated with worse depressive symp-
toms. However, most studies supporting this concern had 
small sample sizes were not prospective in design, or did 
not use direct, validated measures of depression.72 A recent 
prospective study of post-MI patients taking β-blockers com-
pared with matched patients not taking β-blockers found 
that the groups did not significantly differ with regard to 
depressive symptoms as measured by the validated BDI after 
1 year of follow-up.72 A prospective study of patients under-
going implantable cardioverter-defibrillator placement did 
not find an association between β-blocker use and depres-
sive symptoms.73 Furthermore, a prospective study among 
post-cardiac catheterization patients found that β-blockers 
were associated with fewer depressive symptoms in a dose-
response relationship.74 Therefore, despite historic concerns, 
rigorously designed studies do not support that β-blockers 
are associated with depression.

Formal Evaluation
A mental health professional should confirm the diagnosis 
of depression or anxiety with a thorough evaluation based 
on standardized, semistructured interview or DSM criteria.

Managing Depression, Anxiety, or Stress
Patients diagnosed with depression, anxiety, or stress should 
be referred for management by a professional with the qual-
ifications and experience to manage these conditions with 
psychotherapy and/or medical therapy.

Box 26.3 gives some key reminders of the best practices 
for managing depression.75 If the patient does not meet 
the medical condition/risk rule-outs detailed previously 
and does not require immediate mental health/psychiatric 

attention, there are many evidence-based depression 
treatment options to consider. There is currently no pre-
ferred order or sequencing of treatments. Therefore, use 
of the modified IMPACT algorithm (Fig. 26.9) seems rea-
sonable.76 This algorithm was tested in an RCT of 157 
post-ACS patients, and patients reported high satisfaction 
with depression care, a significant reduction in depres-
sive symptoms, and a signal of decreased adverse cardiac 
events.42 Patient preference for psychotherapy versus 
antidepressant medication may play a role in adherence 
to depression treatment regimen.77 This suggests that if a 
patient reports a strong preference for either psychother-
apy or antidepressant medication, the preference should 
be honored when possible.

Medical Management
Medical management offers benefits as well as adverse 
events to patients. Treating depression and anxiety with 
medical therapy risks both drug side effects and drug inter-
actions that are detrimental to health, including cardiovas-
cular health. Clinicians should be aware of these practical 
considerations, because the risks of treating depression or 
anxiety may outweigh any potential benefits.

Cardiovascular Side Effects of Psychotropic Drugs
Various antidepressants and anxiolytics are associated with 
increased cardiovascular side effects, ranging from elevated 
blood pressure to hypertensive crisis, bradycardia, tachycar-
dia, and malignant arrhythmias (see Table 26.1).

Literature published over the past 15 years has suggested 
that SSRIs affect hemostasis by inhibiting serotonin uptake 
in platelets and thus weakly diminish platelet aggregation.78 
Gastrointestinal (GI) bleeding has been a frequently studied 
adverse effect of SSRIs, with a systematic literature review 
estimating that SSRI use is associated with an approximately 
two-fold increase in GI bleeds.7 A systematic review showed 
that bleeding risk associated with SSRIs is increased with liver 
cirrhosis, portal hypertension, or liver failure.79 Concomitant 
SSRI and nonsteroidal antiinflammatory drug or aspirin use, 
in particular, increases GI bleeding risk,  according to system-
atic reviews.78,80 Nearly all of the studies included in these 
reviews are observational, retrospective studies with matched 
control subjects that add rigor, though there were no RCTs.

SSRI use also increases general (not necessarily limited to 
GI) bleeding risk when combined with warfarin use among 
medicine and cardiac patients.81 This phenomenon has 
been attributed to SSRIs’ effect on the hepatic cytochrome 
P450 (CYP) isoenzyme system, resulting in inhibited war-
farin metabolism. Fluvoxamine and fluoxetine seem most 
likely to enhance the anticoagulant effect of warfarin; parox-
etine seems to have low-to-moderate risk; sertraline and cita-
lopram appear to be least likely to interact with warfarin.82 
Patients initiating SSRI use when already using warfarin, or 
vice versa, should have their international normalized ratio 
levels carefully monitored.

The literature is more equivocal with regard to any 
increased risk of bleeding attributed to SSRI use among CHD 
patients. Kim et al.83 found that CABG patients who received 
SSRIs did not have any increase in bleeding events com-
pared with propensity-matched control subjects even when 
the SSRIs were used in combination with antiplatelet or 
anticoagulant drugs.83 Labos et al.84 found in a retrospective 
cohort study that acute MI patients who were taking an SSRI 
with aspirin or dual antiplatelet therapy were at increased 

 1.  Make a diagnosis.
 2.  Educate and recruit the patient as a partner in treatment.
 3.  Start with the best possible treatment.
 4.  Use an adequate dose.
 5.  Treat long enough (patients often take 6 to 10 weeks to 

respond).
 6.  Follow outcomes and adjust treatment as needed. Consider 

consultation if patient is not improving.
 7.  Prevent relapse (50% risk after 1 episode, 70% after 2 

episodes, and 90% after 3 episodes).

BOX 26.3 Seven Key Challenges in Managing 
Depression

Adapted from Unützer J, Oishi S. IMPACT Late-Life Depression Treatment Manual. 
Los Angeles: UCLA NPI, Center for Health Services Research; 1999, 2004.
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FIG. 26.9 Depression treatment algorithm to follow for depressed patients with coronary heart disease. ECT, Electroconvulsive therapy; PST, problem-solving therapy; SSRI, 
selective serotonin reuptake inhibitor. (From Davidson KW. Depression and comorbid coronary heart disease. Medscape Education Psychiatry and Mental Health. 2011.)

risk of bleeding.84 It is therefore prudent to be aware of this 
potential risk; SSRIs should be used thoughtfully and cau-
tiously among cardiovascular patients requiring antiplatelet 
and/or anticoagulation agents who may already be at an 
increased bleeding risk.7

Drug Interactions
Depending on an individual patient’s cardiovascular con-
dition and medication regimen, specific psychotropic 
medications should be used with caution or avoided out of 
concern for side effects or drug-drug interactions. Table 26.2 
details recommended antidepressants and those to be used 
with caution or avoided altogether according to cardiovas-
cular conditions and cardiovascular medications.

Psychotropic drug pharmacokinetic interactions largely 
center on inhibition of hepatic CYP pathways, which can 
affect the metabolism of cardiovascular medications, as 
shown in Table 26.3. Most SSRIs inhibit CYP pathways in a 
dose-related fashion, leading to reduced metabolism of some 
cardiovascular medications and subsequent increased drug 
levels and side effects.7,44

The pharmacokinetic interaction concerns regarding 
lithium relate to its renal excretion. Cardiovascular medica-
tions such as ACE inhibitors or diuretics that alter renal func-
tion can reduce lithium excretion and lead to an increase in 
lithium levels as great as four-fold.7 Renal function and lith-
ium levels should be monitored regularly in such patients.7

The pharmacodynamic interactions of psychotropic 
medications are varied. SSRIs can increase the risk of 
hyponatremia, especially when diuretics that also reduce 
serum sodium are used.7 TCAs antagonize α1-adrenergic 
receptors and can, therefore, cause postural hypotension 
that can be additive with other α-blockers or antihyperten-
sive agents.7

Other Considerations
When medical therapy is initiated for depression, there can 
be an initial increased risk of suicide. Patients and caregiv-
ers should be aware of this issue and be provided with a 
plan if suicidal ideation occurs or worsens.22

Psychotherapy
Most types of psychotherapy require professional training 
to be effective. Clinicians must take stock of the resources 
available for their patients and the system by which referrals 
would be made. Cost (lack of coverage by medical insur-
ance plans) and waiting lists are barriers to the receipt of an 
effective treatment for depression.

Depression Is a Relapsing, Remitting Disorder
Relapse prevention and regular assessment should be 
planned at the end of a successful treatment course. There 
are three steps that can minimize depression relapses and 
partial remissions:22
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 1.  Educate patients at the beginning of treatment, and par-
ticularly when depression is remitting, that relapses hap-
pen to everyone and that adherence to treatment and 
follow-up appointments is required to ensure continu-
ing progress. Patients should also be taught at the start of 
treatment that treatment response is not immediate, that 
symptoms of depression may wax and wane, and that the 
clinician will work with them to augment or switch medi-
cation until remission has been achieved.

 2.  Maintain treatment. A systematic review has shown that 
those who continue their antidepressants have a 70% 
decreased chance of a depression relapse; therefore, 12 
months of antidepressant treatment is commonly recom-
mended, even when there is a good initial response.85

 3.  Reassess often. Regular depression assessment assures 
that early relapse and partial remission will be noted in 
the patient’s progress, so that treatment can be tailored 
accordingly. A lack of initial response to treatment may 
be due to an incorrect diagnosis, insufficient psycho-
tropic drug dose, insufficient duration of treatment, 
problems with medication adherence, and compli-
cating factors such as comorbid psychiatric diseases, 
substance abuse, or medical conditions that cause 
depressive symptoms.
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INTRODUCTION

Angina is first and foremost a pain signal that originates 
from the heart to reach the brain. Typically, angina is trig-
gered by myocardial ischemia. In addition to advanced 
coronary artery disease (CAD), microvascular dysfunc-
tion and vasospastic angina are well-described etiologies 
of myocardial ischemia resistant to medical therapy (Fig. 
27.1). Angina is often simplified as the mere reflection of 
myocardial ischemia resulting from an imbalance between 
oxygen supply and demand (Fig. 27.2). However, the poor 
correlation between angina and the extent of coronary dis-
ease suggests that there is more than fixed epicardial coro-
nary stenoses and oxygen deprivation to refractory angina. 
Angina becomes refractory when defective neurologic, psy-
chogenic, or mitochondrial functions overlap with tissue 
ischemia to inappropriately maintain or enhance a persis-
tent cardiac pain syndrome. Refractory anginas are there-
fore not a single disease but rather a mosaic of different 
systemic dysfunctions. Success in the treatment of refractory 
angina is unlikely to be achieved by addressing myocardial 
ischemia alone. Instead, the contemporary treatment of 
refractory angina also specifically addresses the neurogenic, 
psychogenic, and mitochondrial components of angina and 
cardiac pain (Fig. 27.3).

Angina can be considered refractory for several reasons. 
Refractory angina is a complex interaction between symp-
toms, myocardial perfusion, and coronary anatomy (Fig. 
27.4). In some cases, patients with advanced CAD unsuit-
able for revascularization will experience persistent angina 
despite optimal doses of β-blockers, calcium-channel block-
ers (CCBs), and long-acting nitrates.1 In other cases, angina 
caused by microvascular dysfunction or vasospasm can go 
unrecognized before a proper diagnosis is finally made and 
an adequate treatment is implemented. In North America 
alone, up to 500,000 Canadians and more than 1.8 million 
Americans are estimated to have refractory angina.2 In 
Europe and the United States, it is estimated that between 
5% and 15% of patients undergoing cardiac catheterization 
have refractory angina.3,4 Whereas the annualized mortality 
rates among patients with refractory angina range between 
2% and 4%,5 the rates of ischemic endpoints (myocardial 
infarction [MI], stroke, cardiovascular rehospitalization, and 

revascularization) are approximately 50% in the 3 years 
following the diagnosis.5a The management of refractory 
angina is challenging, yet the condition is insufficiently stud-
ied and poorly covered by national practice guidelines. In 
this review, we discuss the pharmacologic, noninvasive, and 
interventional treatments of refractory angina in the context 
of past, present, and future innovations likely to influence 
how we treat refractory angina for the years to come.

DRUG THERAPY

The approach to refractory angina varies across different 
regions in the world, reflecting the local regulatory, organiza-
tional, and financial culture.6 The choice of an add-on drug 
when symptoms persist despite β-blockers, CCBs, or long-acting 
nitrates can seem empirical, but some principles are available 
to help guide the selection of a new drug, such as the blood 
pressure (BP) and heart rate, the lack of tolerance to nitrates, 
and the presumptive defective system responsible for refrac-
tory angina. In a 2015 systematic review and meta-analysis, 
Belsey et al. studied the relative efficacy of adding ranolazine, 
trimetazidine, or ivabradine to patients with angina, despite 
treatment with β-blockers or CCBs (no comparative study 
was available for nicorandil)6 (Fig. 27.5). The results suggest 
that the addition of ranolazine, trimetazidine, or ivabradine 
can delay the ischemic threshold and does improve the con-
trol of angina. The use of traditional therapies—β-blockers, 
nitrates, and CCBs—has been reviewed elegantly by Husted 
and Ohman7 (see also Chapter 20). This section will focus on 
the evidence supporting the use of add-on antianginal drugs 
in patients with refractory angina.

Late Sodium Current Inhibitors
The tradition of treating angina with late sodium (Na) cur-
rent inhibitors dates back to the 1960s when amiodarone 
was used in Europe.8,9 Nowadays, amiodarone is anecdot-
ally used for refractory angina.10 Ranolazine, another late 
Na current inhibitor, has been extensively studied for stable 
angina with obstructive CAD and is considered in certain 
regions of the world to be on par with long-acting nitrates, 
ivabradine, or nicorandil as a second-line treatment after 
β-blockers or nondihydropyridine CCBs.11 Ranolazine is 
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well suited for patients with persistent symptoms despite 
maximal tolerable doses of first-line antianginal agents, as 
its anti-ischemic effect is not related to heart rate or systemic 
BP lowering. The reason ranolazine is effective is debated, 
but likely involves an improved excitation-contraction cou-
pling at the ventricular level and/or improved usage of oxy-
gen at the mitochondrial level.12 In the diseased heart, the 
exaggerated influx of Na+ and calcium (Ca2+) in the myo-
cytes impairs relaxation, which increases diastolic stiffness 
and begets ischemia by preventing adequate ventricular 
perfusion. Ranolazine inhibits the late sodium current in 
cardiomyocytes and prevents the accumulation of Na+ ions 
in the myocytes,13 which in return prompts the sodium/
calcium exchanger to expel calcium outside the myo-
cytes to improve diastolic relaxation and coronary perfu-
sion.14 In experimental models, ranolazine also inhibits the 
β-oxidation of fatty acid in mitochondria.12 This inhibition 
favors the oxidation of glucose, which requires less oxygen 
to yield similar amounts of adenosine triphosphate (ATP) 
production.15

Ranolazine improves total exercise duration and 
increases ischemic threshold in patients with chronic sta-
ble angina. In the Combination Assessment of Ranolazine 
In Stable Angina (CARISA) trial,16 ranolazine (750 mg or 
1000 mg for 12 weeks) compared to a placebo on top of 
amlodipine, atenolol, or diltiazem increased total exer-
cise duration and times to angina and to ischemia (1 mm 
ST-segment depression). Ranolazine decreased angina (by 
approximately one episode per week) and reduced the use 
of nitroglycerin. Similar results were observed in the Efficacy 
of Ranolazine in Chronic Angina (ERICA) trial, where rano-
lazine (500 mg twice daily) or placebo for 1 week, fol-
lowed by ranolazine (1000 mg twice daily) or placebo for 
6 weeks, was added to amlodipine.17 In the Type 2 Diabetes 
Evaluation of Ranolazine in Subjects with Chronic Stable 
Angina (TERISA) trial,18 patients with type 2 diabetes mel-
litus and persistent angina despite one or two antianginal 
drugs experienced fewer angina episodes per week com-
pared to placebo (3.8 vs. 4.3 episodes; p < 0.01) and con-
sumed less sublingual nitroglycerin (1.7 vs. 2.1 doses; p < 
0.01).

In a post hoc subgroup analysis of the Metabolic 
Effi ciency with Ranolazine for Less Ischemia in Non–
ST-Segment Elevation Acute Coronary Syndromes (MER-
LIN-TIMI 36) trial,19 3565 participants who had a history 
of chronic angina prior to their index acute coronary 
syndrome experienced a significant reduction of the pri-
mary endpoint (cardiovascular death, MI, and recurrent 
ischemia) with ranolazine compared to placebo (hazard 
ratio [HR], 0.86; 95% confidence interval [CI], 0.75–0.97; 
p = 0.02). This reduction was mostly driven by a drop in 
the number of recurrent ischemic episodes (HR, 0.78; 
95% CI, 0.67–0.91; p < 0.01). Similar results were observed 
when the analysis was restricted to patients with a his-
tory of moderate-to-severe angina before enrollment (HR, 
0.75; 95% CI, 0.63–0.91; p < 0.01), but ranolazine had no 
impact on the occurrence of cardiovascular death or MI. 
This antiischemic effect persisted in a 30-day landmark 
analysis, for up to a year (HR, 0.80; 95% CI, 0.67–0.96; p = 
0.02). Of note, patients in this substudy were treated with 
2.9 antianginal agents on average over the entire duration 
of the follow-up.

The favorable results seen in the MERLIN subgroup analy-
sis fueled the enthusiasm for the Ranolazine in patients 
with incomplete revascularization after percutaneous coro-
nary intervention (PCI) (RIVER-PCI) trial,20 which assessed 
whether ranolazine 1000 mg twice daily was superior to pla-
cebo in 2651 participants with a history of chronic angina 
and incomplete revascularization post-PCI (residual lesions 
with diameter stenosis ≥ 50% in large coronary artery) at 
preventing the occurrence of ischemia-driven hospitaliza-
tion with or without revascularization. Over a median fol-
low-up of 643 days, the primary endpoint occurred in 345 
participants (26%) assigned to ranolazine versus 364 partici-
pants (28%) assigned to placebo (HR, 0.95; 95% CI, 0.82–1.10; 
p = 0.48). Of note, the treatment effect of ranolazine for the 
primary endpoint remained the same in participants pre-
scribed two to three anti-ischemic drugs, such as β-blockers, 
CCBs, or long-acting nitrates (HR, 1.04; 95% CI, 0.82–1.32; p 
interaction = 0.36). A safety subgroup analysis suggested that 
patients older than 75 years of age experienced higher rates 
of major adverse cardiovascular events (MACE) when given 
ranolazine compared to placebo. In this population, ranola-
zine provided no additional benefit to angina-related qual-
ity of life compared to placebo,21 as quality of life improved 
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FIG. 27.1 The refractory anginas. Advanced coronary artery disease caused by 
fixed epicardial stenoses is the most frequently acknowledged etiology for refrac-
tory angina, but microvascular dysfunction and coronary vasospasm can also result 
in severe myocardial ischemia. Neurogenic, psychogenic, and mitochondrial dysfunc-
tions can overlap with these ischemic substrates to trigger or enhance the cardiac 
pain signal seen in refractory angina. CAD, Coronary artery disease.
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FIG. 27.2 Therapeutic principles of myocardial ischemia. Once described as a simple imbalance between oxygen supply and demand, myocardial ischemia is now also 
understood to result from an inefficient usage of oxygen and metabolites in the diseased myocardium. Therapeutic principles (represented in red) have been tested in refractory 
angina with varying success in the hope of increasing oxygen supply, reducing demand, and improving efficiency. Specific mechanisms of action and treatments are represented 
in blue and green, respectively. CABG, Coronary artery bypass graft; CCB, calcium-channel blocker; CPT1/2, carnitine O-palmitoyltransferase 1 and 2; EECP, enhanced external 
counterpulsation; Fio2, fraction of inspired oxygen; GGBH, γ-butyrobetaine hydroxylase; Hb, hemoglobin; 3-KAT, mitochondrial long-chain 3-ketoacyl-CoA thiolase; LV, left 
ventricle; NO, nitric oxide; PCI, percutaneous coronary intervention; pFOX, partial fatty acid oxidation.
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FIG. 27.3 Treatment options for refractory angina. The treatment of refractory angina starts with the management of risk factors (yellow steps) and the implementation 
of evidence-based therapy for chronic stable angina (pink steps). Available options for refractory angina include medical therapies and devices (green steps). The blue and orange 
steps display experimental and palliative options, which should be considered after lower options have been attempted. CABG, Coronary artery bypass graft; CTO, chronic total 
occlusion; EECP, enhanced external counterpulsation; ESWT; extracorporeal shock wave therapy; PCI, percutaneous coronary intervention; SCS, spinal cord stimulation; TMLR, 
transmyocardial laser revascularization. (Reprinted from Henry TD, Satran D, Jolicoeur EM. Treatment of refractory angina in patients not suitable for revascularization. Nat Rev 
Cardiol. 2014;11:78–95, courtesy of Nature Publishing Group.)
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drastically in both groups following the PCI. Overall, patients 
enrolled in RIVER-PCI had a low angina burden at baseline 
and follow-up, leaving little room for the quantification of 
an improvement, once the effect of the index PCI and the 
regression to the mean22 were taken into account.

Ranolazine has been associated with favorable out-
comes in small pilot studies of microvascular angina,23,24 
and it was hypothesized that ranolazine could improve 
regional coronary in-flow in areas of myocardial isch-
emia.25 Bairey Merz et al. (2016) reported the results of a 
trial in participants with microvascular dysfunction but 
without obstructive CAD who were randomized to either 
short-term oral ranolazine 500 to 1000 mg twice daily for 2 
weeks or placebo, then crossed over to the alternate treat-
ment arm.26 The majority of patients were women treated 
with at least one antianginal drug, angiotensin convert-
ing enzyme inhibitors, and statins, and all participants 
had symptoms related to myocardial ischemia. Compared 
to placebo, ranolazine did not significantly improve the 
angina-related quality of life (measured by the Seattle 
Angina Questionnaire [SAQ]). In a mechanistic substudy, 
ranolazine failed to improve the myocardial perfusion 
reserve index (MPRI) measured by cardiac magnetic 
resonance imaging. One interesting finding was that the 
change in MPRI correlated with the change in SAQ score, 
suggesting that a modulation of microvascular dysfunction 
could lead to a new therapeutic avenue in patients with 
refractory angina. The suboptimal results in incompletely 
revascularized patients and those with microvascular dis-
ease might be a barrier to widespread use of ranolazine in 
this population.

Symptoms Myocardial
perfusion

Coronary
anatomy

FIG. 27.4 Refractory angina is a complex interaction between symptoms, 
myocardial perfusion, and coronary anatomy.

ETT: Total time. Standardized mean difference. Random effects model

Study N N SMD (95% CI)
 monotherapy dual therapy

Ranolazine added to BB or CCB

  Chaitman a 269 279 0.21 (0.20; 0.22)
  Chaitman b 269 275 0.20 (0.18; 0.21)

  Combined 538 554 0.20 (0.19; 0.21)

Test for heterogeneity: Q = 1.7; Chi2 = 0.20; I2 = 39.9%
Test for effect: SMD = 0.20; 95% CI = 0.19–0.21; p <0.0001

Trimetazidine added to BB or CCB

  Chazov 87 90 0.31 (0.26; 0.35)
  Szwed 168 179 0.21 (0.19; 0.23)
  Danchin a 653 654 0.07 (0.07; 0.08)
  Danchin b 653 655 0.05 (0.05; 0.06)
  Manchanda 32 32 –0.04 (–0.16; 0.08)
  Sellier 106 117 –0.07 (–0.11; –0.04)
  Levy 35 32 –0.31 (–0.43; 0.19)

  Combined 1734 1759 0.06 (0.02; 0.11)

Test for heterogeneity: Q = 395; Chi2 <0.0001; I2 = 98.5%
Test for effect: SMD = 0.06; 95% CI = 0.02–0.11; p  = 0.006

Ivabradine added to BB

  Tardif 440 449 0.10  (0.09; 0.11)

Test effect: SMD = 0.10; 95% CI = 0.09–0.11; p <0.0001

Favors monotherapy Favors dual therapy
–0.50 –0.30 –0.10 0.10 0.30 0.50 0.70 0.90

FIG. 27.5 Relative efficacy of ranolazine, trimetazidine, and ivabradine as add-on therapy on total exercise duration in patients with stable angina. Total 
exercise duration on exercise treadmill test. Data presented as standardized mean difference with a random effects model. BB, β-Blocker; CCB, calcium-channel blocker; CI, 
confidence interval; ETT, exercise treadmill test; N, number; SMD, standardized mean difference. (Modified from Belsey J, Savelieva I, Mugelli A, Camm AJ. Relative efficacy of 
antianginal drugs used as add-on therapy in patients with stable angina: a systematic review and meta-analysis. Eur J Prev Cardiol. 2015;22:837–848.)
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Due to pharmacologic interaction, ranolazine should 
not be used concomitantly with nondihydropyridine CCBs, 
ketoconazole, or macrolide antibiotics.

Partial Fatty Acid Oxidation Inhibitors
Trimetazidine
Trimetazidine (TMZ) is frequently presented as the arche-
type of partial fatty acid oxidation (pFOX) inhibitors. TMZ 
is proposed to modulate the mitochondrial metabolism by 
blocking the long-chain 3-ketoacyl-CoA thiolase (KAT), a 
key enzyme in the β-oxidation of fatty acids.27 This blockade 
is thought to shift the mitochondrial substrate utilization 
toward glycolysis, which requires 10% to 15% less oxygen 
than the oxidation of fatty acid to yield the same energy. A 
partial inhibition of fatty acid oxidation has the potential to 
prevent the intracellular accumulation of lactate and pro-
tons, both of which are associated with impaired contrac-
tion–relaxation coupling in ischemic myocytes.28 Although 
appealing, this presumptive mechanism of action is chal-
lenged by evidence suggesting that TMZ does not alter 
metabolic substrate oxidation in the human cardiac mito-
chondria but rather acts via an unidentified intracardiac 
mechanism,29 possibly involving the adenosine monophos-
phate (AMP)-activated protein kinase (AMPK) and extracel-
lular signal-related kinase (ERK) signaling pathway,30 and 
the activation of p38 mitogen-activated protein kinase and 
Akt signaling.31

In the TRIMetazidine in POLand (TRIMPOL II) trial,32 
426 participants with stable CAD and an abnormal tread-
mill stress test despite metoprolol 50 mg twice daily were 
randomized to either TMZ (20 mg three times daily over 
12 weeks) or matching placebo. TMZ markedly improved 
the time to ST-segment depression compared to placebo 
(+ 86 s vs. + 24 s; p < 0.01). Likewise, TMZ reduced the 
weekly angina count (– 1.9 episodes vs. – 0.9 episode;  
p < 0.01).

In a recent meta-analysis of 1628 participants involved 
in 13 randomized trials from 1997 to 2013, TMZ in addi-
tion to antianginal medication was shown to be superior 
to antianginal medications at reducing the weekly angina 
count (weighted mean difference [WMD] = –0.95 episode; 
95% CI, –1.30 episode to –0.61 episode; p < 0.001), the 
weekly nitroglycerin use (WMD = –0.98; 95% CI, –1.44 to 
–0.52; p < 0.001), and the time to 1-mm ST-segment depres-
sion (WMD = 0.30; 95% CI, 0.17 to 0.43; p < 0.001). Of note, 
only four of the trials included in the pooled analyses were 
appropriately blinded. These results contradict a previous 
meta-analysis that detected no benefit.33 Importantly, TMZ 
has not been associated with a reduction in mortality or 
cardiovascular events.33 TMZ is associated with adverse 
extrapyramidal reactions such as restless leg syndrome and 
parkinsonism.34

In summary, data supporting the use of TMZ are con-
flicting and further clinical trials are required. The 
European Medicines Agency (EMA) has restricted the use 
of TMZ as add-on therapy for patients who remain symp-
tomatic or are intolerant to first-line antianginal treat-
ments. The efficAcy and safety of Trimetazidine in Patients 
with angina pectoris having been treated by Percutaneous 
Coronary Intervention (ATPCI) trial (EudraCT Number: 
2010-022134-89) is examining the efficacy of TMZ in 
patients with post-PCI angina. Results of this large trial are 
expected in 2017.

Perhexiline Maleate
Perhexiline is one of the oldest known antianginal drugs 
and was extensively studied in the 1970s before β-blockers 
and CCBs became mainstream therapies.35,36 Despite its 
seeming efficacy, perhexiline was removed from the market 
in several countries due to cases of hepatotoxicity and neu-
rotoxicity with chronic therapy,37 predominantly explained 
by drug accumulation in slow CYP2D6 metabolizers.38–41

Perhexiline is a pFOX inhibitor that modulates mito-
chondrial metabolism by inhibiting the enzymes carnitine 
O-palmitoyltransferase (CPT) 1 and 2, which are respon-
sible for the transfer of free fatty acids from the cytosol to 
the mitochondria.42 These effects are systemic and not lim-
ited to the heart. Similar to TMZ, perhexiline is thought to 
shift the mitochondrial substrate utilization toward glucose 
oxidation, which is more energy efficient as it requires less 
oxygen to produce the same amount of ATP.42 Based on stoi-
chiometric models, an approximate 11% to 13% increase in 
oxygen efficiency would be expected by entirely blocking 
fatty acid metabolism in favor of an exclusive carbohydrate 
metabolism.43 In practice, a predominant mitochondrial 
carbohydrate oxidation has been reported to be at least 
30% to 40% more efficient than free fatty acid oxidation.44 
Animal metabolomic studies suggest that perhexiline may 
also favor lactate and amino acid uptake by the heart.45 
Perhexiline is also a weak L-type CCB,46 a sodium channel 
blocker,47 and a vasodilator, but these possible antianginal 
properties have never been fully delineated.48

In a systematic review counting 26 small, randomized, 
mostly cross-over, double-blind, controlled trials and 696 
participants, perhexiline monotherapy was associated with 
a consistent reduction in the frequency of angina attacks 
and nitroglycerin consumption,49 although there were con-
cerns around the quality of reporting of the available trials. 
In a small, double-blind, controlled crossover trial (n = 17 
participants), perhexiline was associated with a greater pro-
portion (65%) of responders (measured by a reduction in 
angina as measured in a dedicated diary over 3 months) 
compared with placebo (18%, p < 0.05) in patients with 
refractory angina, despite the combination of β-blockers, 
nitrates, and CCBs. Likewise, all patients improved their per-
formance on a treadmill stress test, compared with none 
when treated with placebo.50 Five of 17 (29%) patients devel-
oped significant side effects despite plasma concentration 
monitoring, including four cases of transient ataxia. Similar 
findings were reported in patients treated with adequate 
β-blockade.51 Of note, few trials have tested the efficacy of 
perhexiline at dosages deemed to be safe in most patients 
(100 to 200 mg/day). In a large 5-year retrospective series 
from two centers, perhexiline was associated with angina 
relief in most patients with otherwise refractory symptoms. 
However, the treatment was discontinued in 20% of patients 
due to side effects or out of safety concerns, despite careful 
therapeutic drug level monitoring.52

Therapeutic plasma monitoring opens the door to the 
personalized perhexiline administration in selected cases 
to avoid excessive drug accumulation. Short-term dizziness, 
nausea, vomiting, lethargy, and tremors are acute adverse 
effects observed with perhexiline. Perhexiline may be safely 
started at a dose of 100 mg twice daily and monitored at 1, 
4, and 8 weeks to maintain plasma concentrations between 
0.15 and 0.60 mg/L.53 Perhexiline has been associated with 
occasional QT interval prolongation,54 especially in patients 
with K+-channel mutations (KCNQ1), and additional safety 
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information will be required before it can be widely rec-
ommended in clinical practice. The genetic screening of 
allelic variants associated with slow cytochrome P450 2D6 
hydroxylation may obviate the need for plasma monitoring 
in the future.40 Mutations in CYP2D6 are present in 7% to 
10% of Caucasians versus 2% of African Americans and less 
than 1% in Chinese and Japanese populations. Perhexiline 
is used for refractory angina in Australia and New Zealand.

Mildronate
Mildronate (better known as meldonium) has recently 
drawn a lot of attention after the suspension of a high-pro-
file tennis player for doping.55 Mildronate indirectly acts as 
a pFOX inhibitor by blocking the enzyme γ-butyrobetaine 
hydroxylase (GGBH), which catalyses the biosynthesis of 
carnitine.56 Carnitine is essential for the transfer of long-
chain fatty acids across the mitochondrial inner membrane 
for oxidation and ATP synthesis.57 Mildronate also inhibits 
the activity of carnitine acetyltransferase (CAT), an enzyme 
that regulates the level of acetyl coenzyme A (acetyl-CoA) in 
the mitochondria, which plays a key role in several aspects 
of intermediary metabolism, including the oxidation of free 
fatty acids. In the phase II dose-finding MILSS (a dose-depen-
dent improvement in exercise tolerance in patients with sta-
ble angina treated with mildronate) trial, 512 patients with 
chronic stable Canadian Cardiovascular Society (CCS) class 
II–III angina, despite β-blockers (> 94%), long-acting nitrates 
(> 70%), or CCB (35–50%), were blindly randomized to either 
mildronate (one of four doses: 100 mg, 300 mg, 1000 mg, or 
3000 mg) or placebo for 12 weeks.58 Mildronate resulted in a 
dose-related improvement in total exercise duration, as mea-
sured on a standard bicycle ergometer. Patients assigned to 
the 1000-mg dose (given as 500 mg twice daily) obtained 
the best effect compared to placebo (+35.2 s ± 53.3 s vs. –7.1 
s ± 81.8 s, p = 0.002). No significant difference in the time to 
onset of angina was noted between the groups. Mildronate 
was developed in the former Soviet Union for the treatment 
of MI and stroke and has never been approved elsewhere. 
Mildronate is conceptually interesting for refractory angina, 
but insufficient evidence exists to support its use in clinical 
practice.

Nitric Oxide Donors
Nicorandil
Nicorandil is a coronary vasodilator with cardioprotective 
properties.59 The nicotinamide-nitrate ester acts as an ATP-
sensitive potassium channel (KATP) opener at the mito-
chondrial level to mimic ischemic preconditioning and 
prepare the myocytes against injury.7 Similar to long-acting 
nitrates, nicorandil is a nitric oxide (NO) donor which 
directly vasodilates coronary arteries.60 Unlike nitrates how-
ever, nicorandil does not impair endothelial function and is 
not associated with tachyphylaxis and tolerance.61 Besides 
vasodilation, some evidence suggests that nicorandil may 
also have an intrinsic analgesic activity and may reduce 
the nociceptive response to angina.62 Likewise, nicorandil 
may also improve the myocardial fatty acid metabolism.63 
For these reasons, nicorandil is conceptually appealing 
in patients with severe angina and advanced CAD, and in 
patients with vasospastic angina.

Nicorandil exerts effects similar to β-blockers,64,65 long-
acting nitrates,66 and CCBs67 in patients with stable CAD with 
no other background treatment. The Impact Of Nicorandil 

in Angina (IONA) trial compared nicorandil versus placebo 
in 5126 patients with chronic angina despite nitrates (87%), 
β-blockers (57%), or CCBs (55%). Nicorandil reduced the 
combined occurrence of cardiovascular death, nonfatal MI, 
or unplanned admissions to hospital for chest pain (13.1% 
vs. 15.5%; p = 0.02) and confirmed the cardioprotective 
effect of nicorandil in patients with CAD.68 From this trial, 
no data were reported on the effect of nicorandil on angina 
symptoms or quality of life. At 6 months, 29.6% of patients 
assigned to nicorandil discontinued their study drug due to 
adverse effects, compared with 19.5% in patients assigned 
to placebo. No study has yet described the potential merit 
of nicorandil in patients with refractory angina despite clas-
sical antianginal drugs administered at maximal tolerable 
dose.69

The European Society of Cardiology (ESC) practice 
guidelines recommend nicorandil as a second-line treat-
ment for the relief of angina/ischemia (class IIa indication), 
on par with long-acting nitrates, ivabradine, and ranolazine, 
according to heart rate, BP, and tolerance.11 Surprisingly, no 
studies have been reported that describe the efficacy of 
nicorandil in an add-on role in angina.6 Nicorandil is only 
available by special-access programs run by regulatory 
agencies in Canada and the United States. As is the case with 
all NO donors, nicorandil can cause headaches and hypo-
tension. Not infrequently, nicorandil can induce oral, anal, 
or gastrointestinal ulceration, which typically subsides upon 
drug discontinuation.70

Molsidomine
Molsidomine is similar to long-acting nitrates, both in terms 
of mechanism of action and efficacy.71,72 Molsidomine medi-
ates its effect via NO and increases myocardial perfusion by 
vasodilating the coronary arterial system,73 and reduces 
oxygen demand by increasing the peripheral venous capac-
itance, cardiac preload, and wall tension. Like long-acting 
nitrates, molsidomine could also be associated with tachy-
phylaxis and tolerance.72

Molsidomine has not been tested in refractory angina.74 
Two different formulations of molsidomine (8 mg twice 
daily vs. 16 mg daily) were compared to a placebo in a ran-
domized trial of 533 patients with new onset angina pec-
toris where β-blockers, CCBs, and long-acting nitrates were 
prescribed.75 Both formulations of molsidomine were bet-
ter than placebo at reducing the weekly angina count (2.3 
± 3.2 episodes vs. 3.8 ± 3.7 episodes, p < 0.001) and reduc-
ing the use of short-acting nitrates, and resulted in a signifi-
cantly improved total exercise duration. In the 2015 Effect 
of Molsidomine on the Endothelial Dysfunction in Patients 
with Angina Pectoris (MEDCORE) randomized controlled 
trial (RCT), molsidomine 16 mg once a day for 12 months as 
an add-on treatment to best of care medical therapy failed 
to improve endothelial dysfunction over placebo in patients 
who underwent a PCI for stable angina pectoris.76 In real-
world settings, molsidomine is well tolerated with only 
9.1% of patients treated over the course of 1 year reporting 
drug-related adverse events (mostly headaches and hypo-
tension).77 Given the lack of evidence specific to refractory 
angina and the lack of safety data, molsidomine should 
probably be used cautiously in this population.

l-Arginine
The amino acid l-arginine is transformed by the NO syn-
thases into NO, which mediates the endothelium-dependent 
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vasodilatation.78 Supplemental oral l-arginine (1 g TID) 
improves small-vessel coronary endothelial function in 
healthy individuals.79 Whereas l-arginine has been shown 
to be better than a placebo at improving the total exer-
cise duration on treadmill stress test in patients with stable 
CAD,80 it has not been adequately investigated in refractory 
angina.80 In a small factorial trial, Ruel et al. suggested that 
l-arginine (6 g per day) may potentiate the effect of vas-
cular endothelial growth factor (VEGF)-165 plasmid DNA 
in patients with advanced CAD. Participants who received 
the combination of VEGF-165 plasmid DNA and l-arginine 
had improved anterior wall perfusion on positron emission 
tomography.81

I(f) Current Inhibitors
Ivabradine selectively inhibits the I(f) current which regu-
lates the intrinsic chronotropic properties of the pace-
maker cells in the sinoatrial node and lowers the heart rate. 
Ivabradine does not reduce BP nor does it exert a negative 
effect on the excitability of the heart and the conductive 
properties of the atrioventricular (AV) node.82

In the Efficacy and Safety of Ivabradine on Top of Atenolol 
in Stable Angina Pectoris (ASSOCIATE) trial, ivabradine up 
to 7.5 mg twice daily for 4 months was superior to placebo 
at improving the total exercise duration compared to pla-
cebo (+24.3 s ± 65.3 s vs. 7.7 s ± 63.8 s; p < 0.001) in patients 
with persistent angina despite atenolol 50 mg daily.83 In 
small pilot trials performed in patients suffering microvascu-
lar angina, ivabradine (5 mg twice daily) has been superior 
to placebo at improving angina-related quality of life.23,24 
Ivabradine did not improve cardiovascular outcomes in 
patients with stable CAD and left ventricular systolic dys-
function.84 However in the ivabradine for patients with 
stable coronary artery disease and left-ventricular systolic 
dysfunction (BEAUTIFUL) trial, the subgroup of participants 
who had limiting angina at baseline experienced a 24% 
reduction in cardiovascular death and hospitalization for 
MI or heart failure (HF). The majority of these patients were 
treated with β-blockers and long-acting nitrates.

In the Study assessInG the morbidity-mortality beNefits 
of the I(f) inhibitor ivabradine in patients with coronarY 
artery disease (SIGNIFY) trial,85 a dose of ivabradine 
adjusted to reach a heart rate of 55 to 60 beats per minute 
(bpm) on top of guideline-directed medical therapy was 
not superior to placebo at improving the occurrence of 
cardiovascular death or MI in 19,102 patients with stable 
CAD and a heart rate of 70 bpm or greater (6.8% vs. 6.4%, 
respectively; HR, 1.08; 95% CI, 0.96–1.20; p = 0.20; median 
follow-up of 27.8 months). In the subgroup of patients with 
symptomatic angina (CCS class II or higher), a greater 
proportion of ivabradine-treated patients experienced an 
improvement in their CCS angina class (24.0% vs. 18.8%, 
p = 0.01). Despite these favorable findings, ivabradine was 
associated with a small yet significant increase in car-
diovascular death and MI (HR, 1.18; 95% CI, 1.03–1.35; p 
interaction = 0.02) in this subgroup. Based on these results, 
caution has been advised regarding the prescription of 
ivabradine in patients with angina without HF.86 Ivabradine 
might be considered in individuals with a heart rate of 70 
bpm or greater who do not tolerate doses of β-blockers or 
when CCBs are contraindicated. Ivabradine has also been 
associated with new-onset atrial fibrillation, bradycardia, 
and blurred vision.87

Miscellaneous Pharmacologic Agents
Allopurinol
Allopurinol reduces oxygen wastage by inhibiting xan-
thine oxidase, an enzyme involved in the oxidative stress 
response.88 Allopurinol may also improve endothelial func-
tion in patients with CAD.89 In a small cross-over randomized 
trial, participants with stable CAD assigned to allopurinol 
(300 mg twice daily) did better than those assigned to pla-
cebo at improving their time to 1-mm ST-segment depression 
(+58 s; 95% CI, 45–77 s) and their time to chest pain (+43 s; 
95% CI, 31–58 s) on exercise treadmill test.90 The trial lacked 
power to detect a variation in angina burden, quality of life, 
or clinical outcomes. These findings are yet to be replicated 
independently. Allopurinol is cheap and could represent an 
interesting option in some regions of the world. At high dose 
(600 mg daily), toxic effects are possible and close monitor-
ing is advised in patients with chronic renal failure.

Intermittent Thrombolytic
Intermittent thrombolytic is of historic importance as the 
case example of the principle of improved blood rheology 
to treat myocardial ischemia.91 Poiseuille’s law indicates that 
a reduced blood viscosity should translate into a superior 
flow in the coronary microcirculation. Because fibrinogen 
is a major determinant of plasma viscosity, its reduction by 
fibrinolysis should theoretically translate into reduced myo-
cardial ischemia and angina. In a small randomized trial, a 
high dose of intermittent urokinase was better than a lower 
dose (500,000 IU vs. 50,000 IU IV, three times a week over 12 
weeks) at improving the weekly angina count.92

Testosterone and Estrogen
Testosterone administration has been linked to an increased 
risk of adverse cardiovascular events.93 However, it has been 
hypothesized that testosterone might improve the endothe-
lium-dependent vasodilation of coronary arteries.94 In small 
clinical studies, testosterone administration has been linked 
to improved angina threshold in men with chronic stable 
angina.95–97 The recent US Food and Drug Administration 
(USFDA) restrictions on testosterone replacement therapy 
reinforce the notion that it should probably be avoided 
in high-risk patients until additional evidence becomes 
available. Similar to testosterone, estrogen has been inves-
tigated in patients with stable angina despite concern about 
increased cardiovascular risk in healthy postmenopausal 
US women.98 Estrogen has been linked to improved endo-
thelial function.99 Estradiol-drospirenone hormone replace-
ment therapy has been shown to improve myocardial 
perfusion reserve in postmenopausal women with angina 
pectoris.100 In a small randomized double-blind trial, estra-
diol plus norethindrone acetate therapy for 16 weeks out-
performed placebo at improving the total exercise duration 
(+32.7 s vs. 2.5 s, p < 0.05) and the time to 1-mm ST-segment 
depression (+99.1 s vs. 22.9 s, p < 0.05) compared to placebo 
in 74 Chinese postmenopausal women with established 
CAD.101 Neither testosterone nor estrogen supplementation 
has been properly investigated in patients with advanced 
CAD and refractory angina.

Omapatrilat
The vasopeptidase inhibitor omapatrilat inhibits both the 
angiotensin-converting enzyme (ACE) and the neutral endo-
peptidase (NEP). NEP catalyses the breakdown of natriuretic 
peptides (atrial natriuretic peptide, brain-derived natriuretic 
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peptide, and C-type natriuretic peptide) and of bradyki-
nine.102 The natriuretic peptides antagonize the sympathetic 
nervous system and the renin-angiotensin-aldosterone sys-
tem, which might be beneficial in patients with significant 
myocardial ischemia. The concept of NEP inhibition in 
patients with chronic angina pectoris was tested in a proof-of-
principle study where 348 participants with stable β-blocker 
monotherapy were blindly randomized to either omapatrilat 
(titrated up to 80 mg daily over 4 weeks) or matching pla-
cebo.103 Participants assigned to omapatrilat significantly 
improved their total exercise duration in an exercise tread-
mill test compared to those assigned to placebo (76.6 s ± 
84.2 s vs. 28.7 s ± 82.2 s, difference from baseline, p < 0.001). 
Likewise, omapatrilat also resulted in a significant improve-
ment in the time to onset of 1-mm ST-segment depression 
(84 s ± 7 s vs. 34 s ± 7 s, p < 0.001). The anti-ischemic effect 
of omapatrilat was likely mediated by a blunting effect in 
systolic BP, as the rate–pressure product at peak exertion was 
lower in patients treated with the active drug compared to 
placebo (Δ – 609 ± –1254 to 36, p = 0.06). Omapatrilat was not 
approved by the USFDA due to concern over angioedema, 
possibly caused by an excessive bradykinin accumulation 
resulting from NEP inhibition. Sacubitril, a neprilysin neutral 
peptidase inhibitor combined with an angiotensin receptor 
antagonist to minimize angioedema, yielded favorable out-
comes in patients with HF in the Prospective comparison 
of AR (angiotensin receptor) and NI (neprilysin inhibition) 
with ACE Inhibition to Determine Impact on Global Mortality 
and morbidity in Heart Failure (PARDIGM-HFT) trial.104 The 
results are likely to revive the interest in the concept of broad 
vasopeptidase inhibition in angina.

Traditional Chinese Medicine
Traditional Chinese herbal medicines may be a valuable 
option to treat angina. Dantonic (T89) is a water extract 
of Danshen (Radix et Rhizoma Salviae Miltiorrhizae) and 
Sanqi (Radix et Rhizoma Notoginseng) combined with 
Bingpian (Borneol) to enhance absorption. Dantonic is 
currently being tested in a formal USFDA phase III placebo-
controlled trial for efficacy in patients with CCS class II or 
III stable angina despite a β-blocker or a CCB and short-act-
ing nitroglycerin. Enrollment ended in 2015 and results are 
expected in late 2016 (NCT01659580). Several mechanisms 
of action have been proposed to explain how dantonic may 
relieve angina, including improved blood rheology and anti-
oxidant properties.105–107 Other than Danshen and Sanqi, 
several traditional Chinese medicines have been tested in 
patients with angina, with inconsistent results. Other non-
traditional methods such as herbal acupoint application108 
and acupuncture109 have been advocated but have not 
been adequately tested.

INTERVENTIONAL THERAPIES

Chronic Total Occlusions
Chronic total occlusions (CTOs), once the last frontier of 
interventional cardiology, are now routinely recanalized in 
the hope of improving long-term outcomes and symptoms.110 
Current practice guidelines recommend that the percutane-
ous recanalization of CTOs should be considered in patients 
with symptoms or in the presence of objective evidence of 
viability/ischemia in the territory of the occluded artery.111 
The appropriate use criteria for coronary revascularization 

deem the recanalization of an isolated CTO appropriate if, 
despite maximal anti-ischemic medical therapy, moderate 
symptoms persist (angina CCS II or higher) and high-risk 
features are present on noninvasive testing, or severe symp-
toms persist (angina CCS III or more) with at least moder-
ate risk features on noninvasive testing.112 Pooled estimates 
from observational studies consistently report a lower mor-
tality (odds ratio [OR], 0.52; 95% CI, 0.43–0.63), a lower risk 
of MACE (OR, 0.59; 95% CI, 0.44–0.79), and a lower need 
for subsequent coronary artery bypass graft (CABG) (OR, 
0.18; 95% CI, 0.14–0.22)113 in successfully recanalized CTO 
patients, compared to patients with failed recanalization. It 
is important to note that these observational comparisons of 
successful versus failed CTO PCIs are not sufficient to dem-
onstrate the efficacy of this procedure on clinical outcomes.

The association between CTO PCIs and angina also 
remains controversial. In a recent meta-analysis with nine 
nonrandomized studies and 2536 patients covering 25 
years, a successful CTO PCI was associated with a reduction 
in the risk of residual angina (OR, 0.38; 95% CI, 0.24–0.60) 
compared to a failed CTO PCI. Few of these observational 
studies used appropriate research tools to quantify post-
PCI angina, and a sizable portion of the evidence originates 
from the pre-stent era. Olivari et al. reported a reduction in 
ischemic burden in patients with a successful CTO PCI, as 
they were more likely to have a normal exercise treadmill 
time at 12 months than were those with a failed CTO PCI 
(73% vs. 47%; p < 0.001).114 Jolicoeur et al. failed to show 
an improvement in the rates of self-reported angina (20% 
vs. 24%; p = 0.50) and good-to-excellent quality of life (73% 
versus 68%; p = 0.52) 6 months after a successful and a failed 
CTO PCI, respectively.115 Borgia et al. used the SAQ in 302 
consecutive patients who underwent an attempt of CTO PCI 
at their center. Overall, a successful CTO PCI was associated 
with less limitation in physical activity and improved treat-
ment satisfaction (53%), compared to 31% of patients with 
a failed CTO PCI.116 Importantly, more than 75% of patients 
in the former group reported symptomatic improvement at 
late follow-up.

CTO PCIs are complex interventions with the potential 
for microvascular plugging and distal bed embolization.117 
In addition, patients with a CTO may have microvascular 
dysfunction118 in addition to epicardial disease that can 
persist despite a successful recanalization. In a series of 120 
consecutive patients with a successfully recanalized CTO, 
microvascular dysfunction quantified by coronary flow 
velocity reserve (CFVR) was measured immediately after 
the index PCI and repeated 5 months later.119 On average, 
CFVR increased from 2.01 ± 0.58 at baseline to 2.50 ± 0.79 
at follow-up (p = 0.001). Microvascular dysfunction, which 
in that study was defined as a CFVR < 2.0, was observed in 
46% of patients after recanalization and persisted in 17% at 
follow-up. Diabetes mellitus was a major determinant of per-
sistent microvascular dysfunction.

There are no reported RCTs comparing CTO PCI to medi-
cal therapy, but at least two large trials are under way that 
are expected to provide important new data to inform the 
field—the Drug-Eluting Stent Implantation Versus Optimal 
Medical Treatment in Patients with Chronic Total Occlusion 
(DECISION CTO) trial (n = 1300; NCT01078051) and the 
European Study on the Utilization of Revascularization 
Versus Optimal Medical Therapy for the Treatment of 
Chronic Total Coronary Occlusions (EURO-CTO) trial 
(NCT01760083).
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Reduction of the Coronary Sinus
Before CABGs were routinely performed to treat angina, 
Beck and Leighninger proposed in the mid-20th cen-
tury a surgery to restrict the venous drainage of the 
heart.120,121 The surgical narrowing of the coronary sinus 
(CS) was meant to favor a redistribution of the oxygen-
ated blood into ischemic territories and was associated 
with a remarkable efficacy.122 A contemporary exploi-
tation of this concept is the percutaneous reduction of 
the CS in patients with refractory angina unsuitable for 
revascularization. The phase II Coronary Sinus Reducer 
for Treatment of Refractory Angina (COSIRA) trial tested 
a balloon-expandable stainless steel hourglass-shaped 
metal stent called Reducer in patients with severe refrac-
tory angina due to advanced CAD unsuitable for revas-
cularization.123 The device is implanted in the CS and 
creates a focal narrowing leading to an increase in CS 
pressures (Fig. 27.6A). In COSIRA, the Reducer was associ-
ated with a greater proportion of patients who improved 
by two CCS angina classes, compared to a blinded sham 
implantation (35% vs. 15%, p = 0.02).130

Other interventions that modulate the CS pressure 
have been investigated, including the pressure-controlled 
intermittent coronary sinus occlusion (PICSO) in diverse 
ischemic settings, including during CABG124 and STEMI.125 

How exactly the modulation of the CS pressure can relieve 
angina is not clear. Experimental evidence supports the 
notion that pressure elevation in the CS favors the recruit-
ment of collateral flow toward the ischemic myocar-
dium.126 A reduction of the coronary sinus is thought to 
apply a backward pressure to the venules and capillar-
ies,127,128 which is thought to recruit arterioles and pref-
erentially reduce the resistance to flow in the ischemic 
subendocardium129 (see Fig. 27.6B).

In the healthy heart, the subendocardium is preferen-
tially perfused during stress due to a physiologic vaso-
constriction in the subepicardial layers. In the diseased 
heart, this compensatory mechanism is impaired, leading 
to a relative hypoperfusion of the subendocardium (see 
Fig. 27.6B, red arrows) and a proportional reduction in 
venous drainage (see Fig. 27.6B, purple arrows). In addi-
tion, any increase in the left ventricular (LV) end-diastolic 
pressure (LVEDP) further compromises the flow in the 
subendocardial capillaries. In response to a narrowing 
of the CS, the backward pressure applied to the venules 
and capillaries (see Fig. 27.6B, green arrows) is thought 
to recruit arterioles and preferentially reduce the resis-
tance to flow in the ischemic subendocardium,129 which 
improves perfusion, contractility, and reduces LVEDP and 
breaks the vicious cycle of ischemia.130
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FIG. 27.6 (A) Coronary sinus reducer system. The complete system for the coronary sinus reducing device is comprised of a metal mesh device that is premounted on a 
balloon catheter and is shaped like an hourglass when expanded. After the device is implanted in the coronary sinus, local flow disruption and vascular reaction lead to a hyper-
plastic response in the vessel wall, with occlusion of the fenestrations in the metal mesh. The central orifice of the device remains patent and becomes the sole path for blood 
flow through the coronary sinus, leading to the development of an upstream pressure gradient that results in the redistribution of blood from the less ischemic epicardium to 
the ischemic endocardium. (B) Coronary in-flow redistribution. ([A] Courtesy of Verheye S, Jolicoeur EM, Behan MW, et al. Efficacy of a device to narrow the coronary sinus 
in refractory angina. N Engl J Med. 2015;372:519–527. Copyright © 2015 Massachusetts Medical Society.)
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Therapeutic Angiogenesis
Protein and Gene Therapy
Recombinant growth factors and gene therapy have been 
tested in the hope of enhancing the natural angiogenesis 
process in patients with advanced CAD. The intracoronary 
delivery of angiogenic proteins VEGF and fibroblast growth 
factor (FGF) both failed to meet their primary endpoint 
(total exercise duration) in large, randomized, placebo-con-
trolled trials, although there were positive secondary end-
points.131,132 To address the lack of efficacy of short half-life 
protein therapy, cardiac gene therapy has been developed in 
the hope of allowing a sustained expression of angiogenic 
factors in ischemic territories. The efficacy signal observed 
with the intracoronary (IC) delivery of an adenovirus 
encoding FGF5 (Ad5FGF) in the early-phase Angiogenic 
Gene Therapy (AGENT) and AGENT-II trials133,134 prompted 
the phase III trials AGENT-III and AGENT-IV, which compared 
different doses of Ad5FGF-4 (up to 1 × 1010 viral particles) 
to placebo. A pooled analysis of both trials (n = 532 par-
ticipants) revealed no significant change in total exercise 
duration 12 weeks after therapy with Ad5FGF-4 compared to 
placebo.135 Post-hoc analyses suggested a substantial exer-
cise benefit in high-risk patients (aged > 55 years, angina 
class III or higher, and baseline exercise duration inferior to 
300 s). Likewise, a significant beneficial effect was observed 
in women, who improved their total exercise duration and 
functional class. These findings await prospective validation 
in a dedicated trial. The direct intramyocardial injection 

of VEGF-165 gene therapy in patients with advanced CAD 
failed to improve the perfusion of ischemic myocardium in 
two distinct placebo-controlled trials.136,137 Other smaller, 
open-label trials have reached discordant results.138,139 
The ongoing KAT301 trial testing endocardial VEGF-D gene 
therapy in patients with advanced CAD is likely to bring 
additional information to the discussion (NCT01002430). 
The future of gene-based therapeutic angiogenesis may lie 
in the use of multiple growth factor therapies embedded in 
biologic scaffolds.

Cell Therapy
Besides the potential direct dependent of collaterals, cell 
therapy is hypothesized to locally release proangiogenic 
cytokines that promote angiogenesis and improve blood 
supply to the ischemic myocardium. Cell therapy is also 
thought to favorably alter myocardial function, reduce apop-
tosis, and recruit both resident and circulating stem cells.140 
Some evidence links cell therapy to reduced mortality and 
improved functionality in the long term in patients with isch-
emic heart disease141 (Fig. 27.7). At this time, fewer than 10 
randomized placebo-controlled trials have been conducted 
to assess cell therapy specifically in patients with intractable 
or refractory angina.142–148 A pooled analysis of 331 partici-
pants enrolled in five phase I/II trials has suggested that cell 
therapy (either autologous CD34+ cells or bone marrow 
mononuclear cells) may be better than a placebo delivery 
at decreasing the weekly angina count (by seven episodes 

Myocardial infarction
 Stem cell Control Odds ratio Odds ratio
Study or subgroup Events Total Events Total Weight M-H, fixed, 95% CI Year M-H, fixed, 95% CI

Losordo 2007 0 6 0 18  Not estimable 2007
PROTECT-CAD 2007 0 19 1 9 12.9% 0.15 (0.01, 3.94) 2007
Wang 2010 0 56 0 56  Not estimable 2010
ACT34-CMI (High) 2011 3 56 7 56 43.8% 0.40 (0.10, 1.62) 2011
ACT34-CMI (Low) 2011 3 55 7 56 43.3% 0.40 (0.10, 1.65) 2011

Total (95% CI)  192  195 100.0% 0.37 (0.14, 0.95)
Total events 6  15

Heterogeneity: Chi2 = 0.33, df = 2 (p = 0.85); F = 0%
Test for overall effect Z = 2.07 (p = 0.04) 

Death
 Stem cell Control Odds ratio Odds ratio
Study or subgroup Events Total Events Total Weight M-H, fixed, 95% CI Year M-H, fixed, 95% CI

Losordo 2007 0 6 0 18  Not estimable 2007
PROTECT-CAD 2007 0 9 0 19  Not estimable 2007
Ramshorst 2009 1 25 0 25 6.4% 3.12 (0.12, 80.39) 2009
Wang 2010 0 56 0 56  Not estimable 2010
ACT34-CMI (High) 2011 0 58 3 56 47.0% 0.14 (0.01, 2.68) 2011
ACT34-CMI (Low) 2011 0 55 3 56 46.6% 0.14 (0.01, 2.73) 2011

Total (95% CI)  207  230 100.0% 0.33 (0.08, 1.39)
Total events 1  6

Heterogeneity: Chi2 = 2.51, df = 2 (p = 0.28); F = 20%
Test for overall effect Z = 1.51 (p = 0.13) 

Favors stem cell Favors control
0.01 0.1 1 10 100

Favors stem cell Favors control
0.01 0.1 1 10 100

A

B
FIG. 27.7 Cell therapy is associated with improved clinical outcomes in patients with refractory angina. Forest plot of odds ratio for myocardial infarction (A) and 
death (B) in the stem cell group compared with the control group. ACT34-CMI (High), High-dose CD34+ cell group; ACT34-CMI (Low), low-dose CD34+ cell group; CI, confi-
dence interval; df, degree of freedom; M-H, Mantel-Haenszel; PROTECT-CAD, Prospective Randomized Trial of Direct Endomyocardial Implantation of Bone Marrow Cells for 
Treatment of Severe Coronary Artery Diseases. (Courtesy of Li N, Yang YJ, Zhang Q, et al. Stem cell therapy is a promising tool for refractory angina: a meta-analysis of random-
ized controlled trials. Can J Cardiol. 2013;29:908–914.)
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per week; 95% CI, 1–13; p = 0.02), at increasing the total exer-
cise duration on a stress test (by 61 s; 95% CI, 18–104 s; p = 
0.005), and at reducing the odds of experiencing an MI (OR 
= 0.37; 95% CI, 0.14–0.95; p = 0.04).149

Autologous CD34+ cells are endothelial progenitors iso-
lated from granulocyte colony-stimulating factor (G-CSF)-
mobilized peripheral blood, which may be partially effective. 
Wang et al. assessed the efficacy of autologous CD34+ cells 
(mean dose of 5.6 × 107 cells) compared to a placebo trans-
fused in the coronary arteries of 112 patients with refractory 
angina. At 6 months, the weekly angina count was signifi-
cantly reduced in patients treated with autologous CD34+ 
cells (–15.6 ± 4.0 episodes) compared with placebo (–3.0 
± 1.2 episodes; p < 0.01).145 Likewise, Lee et al. found that 
the intracoronary transfusion of CD34+ cells was superior 
to a sham delivery at improving left ventricular ejection 
fraction (LVEF), possibly via an improved neovasculariza-
tion. However, exercise tolerance and symptoms remained 
similar in both groups.150 The largest experience is with 
intramyocardial CD34+ cell therapy that included phase I/
IIa,143 IIb,142 and III147 trials. In the phase IIb ACT34+ trial, 
intramyocardial CD34+ cells (1 × 105 cells per kg) improved 
weekly angina count compared to a sham placebo inter-
vention (–6.8 ± 1.1 episodes vs. –10.9 ± 1.2 episodes; p = 
0.02). Similar results were found for total exercise duration 
in a treadmill stress test (139 s ± 115 s versus 69 s ± 122 s; 
p = 0.01).142 CD34+ cell therapy was associated with a per-
sistent improvement in angina at 2 years.151 These favor-
able results prompted the phase III Efficacy and Safety of 
Targeted Intramyocardial Delivery of Auto CD34+ Stem Cells 
for Improving Exercise Capacity in Subjects with Refractory 
Angina (RENEW) trial,147 which stopped after 112 partici-
pants (of the 444 initially planned) had been randomized 
due to a financial decision by the sponsors. Although under-
powered, the results seen in RENEW were consistent with 
those observed in the phase II trial.152

In an uncontrolled study, autologous mesenchymal stro-
mal cells (MSCs) injected directly into the ischemic myocar-
dium of patients with advanced CAD have been associated 
with improved total exercise duration and angina class up 
to 3 years.153 In a phase I/II RCT, CD133 cells injected directly 
into the myocardium reduced significantly the monthly 
angina count (−8.5 episodes; 95% CI, −15.0 episodes to −4.0 
episodes) and the angina functional class compared to no 
cell therapy.148 Mechanistic studies even suggest that repeat-
ing the intramyocardial injection of bone marrow mono-
nuclear cells in previous responders can further improve 
ischemia and relieve angina.154 Although the results are 
promising, cell therapy is an investigational product and its 
use should remain confined to formal clinical investigations.

Neuromodulation
The heart muscle does not ache.155 The genesis of angina 
is a complex neurogenic phenomenon that involves both 
the receptors of the sympathetic and vagal afferent path-
ways. How ischemia triggers a pain signal is still unclear 
and likely results from a multitude of substances such as 
lactates, adenosine, bradykinin, and potassium that irritates 
the chemosensitive endings of unmyelinated (C) fibers and 
of myelinated (Aδ) fibers embedded in the myocardium. 
Sympathetic fibers coalesce toward the cardiac sympathetic 
afferent nerve and reach the paravertebral sympathetic gan-
glia, which form the sympathetic cervical chain, including 

the stellate ganglia. Excitation of the sympathetic afferent 
fibers at the myocardial level stimulates the spinothalamic 
tract cells in the cervico-thoracic spinal segments and medi-
ates the angina located in the chest and arm. Excitation of 
the vagal afferent fibers mediates the angina located in the 
neck and jaw.156

The nervous system has several points of convergence 
where specific information transits (such as the cardiac 
pain impulse). In the peripheral nervous system, some of 
these points are readily accessible for targeted interven-
tions, such as the stellate ganglia or the spinal tract. However, 
because of the duplicity of the afferent pathways involved 
in the transmission of noxious cardiac signals, it is unlikely 
that single interventions—however targeted they may be—
may entirely suppress angina. The cardiac nociceptive sig-
nal is also processed centrally by the thalamus, which plays 
the role of a gate,157 and the cortex. The latter seems to be 
amenable to modulation by interventions such as self-man-
agement training or selective serotonin-reuptake inhibitor 
(SSRI).

Cardiac neuromodulation involves the deception or the 
interruption of a nociceptive signal using chemical, electri-
cal, or mechanical means that can be applied at any level 
in the transmission pathway from the heart to the central 
nervous system. Conceptually, neuromodulation is appeal-
ing for the relief of cardiac pain with a prominent neuro-
genic component, as is the case with inappropriate cardiac 
pain perception. Because neuromodulation can potentially 
alter any cardiac pain signal, regardless of the pathophysiol-
ogy, neuromodulation may be useful in patients with refrac-
tory angina. Neuromodulation may also favorably alter the 
sympathetic afference responsible for coronary artery vaso-
constriction. The evidence available to support the various 
possible declinations of neuromodulation is still suboptimal.

Spinal Cord Stimulation
Spinal cord stimulation (SCS) achieves electroanalgesia 
after a multipolar electrode is positioned in the epidural 
space near the dorsal column between the C7 and T4 verte-
brae where the cardiac afferent sympathetic fibers synapse 
with second-order sensory neurons in the dorsal horns. The 
electrodes stimulate the dorsal horn and blur the transmis-
sion of the nociceptive impulse en route toward the spi-
nothalamic tract. The main effect of SCS is to replace the 
unpleasant experience of angina with more tolerable pre-
cordial paresthesias.158 How SCS mediates its effect is not 
entirely elucidated, but it has been hypothesized to change 
the dorsal horn chemistry by promoting the release of 
γ-aminobutyric acid (GABA) and of β-endorphins, which 
antagonizes the descending inhibitory pathways, otherwise 
known to favor the transmission of nociceptive impulses.159 
In addition to an analgesic effect, SCS may have an anti-
ischemic effect by downmodulating the autonomic nervous 
system through a partial sympatholysis160 with ensuing vaso-
dilation and improved flow in the coronary microcircula-
tion.161,162 Although appealing, this association has not been 
consistent in the literature.163

SCS has been tested in several small clinical trials against 
various comparators, such as optimal medical therapy, trans-
myocardial laser, and even CABG. The available trials were 
frequently interrupted prematurely due to poor enrollment, 
and were unblinded due to the obvious paresthesia caused 
by SCS once activated. A meta-analysis with seven RCTs 
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and 270 patients suggested that SCS significantly improved 
the total exercise duration (standardized mean difference 
[SMD] 0.76; 95% CI 0.07–1.46; p = 0.03) and health-related 
quality of life (SMD 0.83; 95% CI, 0.32–1.34; p = 0.001).164 SCS 
in patients with advanced CAD has also been associated 
with an improvement in LVEF.165 The potential benefits of 
SCS are now being explored in patients with chronic HF, but 
the efficacy is uncertain.166 Small studies have suggested 
that SCS plus medical therapy is cost-effective despite the 
higher costs at the initiation of therapy.167,168 Randomized 
trials from 2015169 and real-life observational studies170 sup-
port these findings.

An interesting variation to SCS is subcutaneous electrical 
nerve stimulation (SENS) where two multipolar electrodes 
are subcutaneously implanted in each side of the sternum 
at the level where the retrosternal pain radiates during an 
angina episode. SENS targets subcutaneous nerve end-
ings and has been associated with improved angina and 
reduced sublingual nitrate consumption in a small study.171

Based on moderate-quality evidence, most cardiology 
practice guidelines weakly recommend SCS, suggesting 
it may be considered to improve exercise capacity172 and 
quality of life11 in patients with refractory angina. When con-
sidered, SCS requires a multidisciplinary approach includ-
ing a discussion regarding the safety and timing of stopping 
oral anticoagulants and antiplatelet agents to avoid epidural 
bleeding. SCS is generally performed as a minor surgical 
procedure under local anesthesia. SCS elevates the angina 
threshold, but breakthrough angina episodes are still pos-
sible despite active stimulation, such as when the signal is 
particularly intense. The concerns around silencing life-
threatening ischemic episodes are therefore unsubstanti-
ated.169 Interactions between SCS pulse generators and 
implantable defibrillators are possible and warrant proper 
surveillance.173

Cardiac Sympathectomy
In addition to allowing the retropropagation of cardiac 
nociceptive impulses to the brain, the sympathetic nervous 
system can cause myocardial ischemia directly by favor-
ing vasoconstriction and indirectly by favoring systemic 
humoral activation leading to higher catecholamine con-
centrations. It therefore appears logical that interventions 
that specifically downmodulate the sympathetic system 
would effectively relieve angina. However, due to the lack 
of appropriate studies, cardiac sympathectomy is not regu-
larly performed in cardiology and its use remains largely 
empirical.

Stellate Ganglion Blockade
The left stellate (cervicothoracic) sympathetic ganglion is a 
point of convergence for sympathetic fibers before they syn-
apse to the intermediolateral gray column in the thoracic 
spinal cord. Neuroanatomy provides compelling arguments 
in favor of stellate ganglion blockades to relieve angina, yet 
the evidence to support this practice is lacking.11,172

The left stellate ganglion is typically located between the 
carotid artery and the cricoid cartilage at the level of C6, 
although anatomic variants and right-sided duplicity are 
possible. The left stellate ganglion can be safely accessed 
under ultrasound guidance and injected with various anes-
thetic substances to temporarily block (in theory) the trans-
mission of nociceptive afference signals to the brain.174 In a 
case series of 59 consecutive patients, the mean period for 

angina relief was 3.5 weeks with stellate ganglion blockades 
with 15 mL of 0.5% bupivacaine, compared to 2.80 weeks 
for paravertebral blockades. These procedures could be per-
formed serially with complication rates of approximately 
3% (mostly reversible episodes of vertigo and hypoten-
sion, but also hematoma).175 The Horner syndrome is also 
another complication described as a result of the interven-
tion. Permanent effects have been described with the direct 
ablation of the stellate ganglion using radiofrequency for 
angina,176 and other complex regional pain syndromes.177

High Thoracic Epidural Analgesia
In a case series of 152 consecutive patients with refractory 
angina, serial epidural analgesia with bupivacaine through 
a permanent epidural catheter inserted at thoracic level 2 to 
5 was associated with improved angina symptoms and qual-
ity of life for up to 6 years.178 Whereas there were no central 
nervous system infections, some patients developed cutane-
ous infection, a temporary drop in BP, and Horner syndrome.

Surgical Thoracic Sympathectomy
Surgical thoracic sympathectomy is a historic interven-
tion that has been anecdotally used in refractory angina 
with varying success rates despite permanent sequelae.179 
If considered, surgical thoracic sympathectomy should be 
preceded by temporary sympathetic blockade to establish 
the suspected contribution of sympathetic mediation to the 
cardiac pain.

Imipramine
Imipramine is a tricyclic antidepressant that has been tested 
in a small, randomized, cross-over, placebo-controlled trial 
in patients (predominantly female) with normal coronary 
angiogram, negative ergonovine provocation test, and prom-
inent cardiac pain, despite previous attempt of β-blockers, 
CCBs, or long-acting nitrates. Unlike any other medications 
given to treat angina related to myocardial ischemia, imipra-
mine was shown to reduce the sensitivity to cardiac pain trig-
gered by either right ventricle (RV) pacing or IC adenosine 
(2.2 mg/min for 2 min). Patients treated with imipramine (50 
mg nightly for 3 weeks) not only experienced a reduction 
in their angina count compared to placebo (–52% ± 25% vs. 
–1% ± 86%, p = 0.03) but were also more likely to report an 
improvement of their repeated RV pacing/IC adenosine car-
diac pain sensitivity tests (60% vs. 12.5%, p = 0.01).180 These 
findings were confirmed by a group of independent inves-
tigators, who also reported a lack of efficacy on quality of 
life, likely due to the high incidence of side effects (mostly 
anticholinergic) associated with imipramine.181 Despite its 
unique effect on cardiac sensitivity, imipramine remains 
inadequately studied in patients with advanced CAD and 
refractory angina. The drug should probably be reserved for 
patients with a prominent neurogenic component to their 
angina, such as patients with sensitive heart syndrome.

MENTAL STRESS–INDUCED MYOCARDIAL 
ISCHEMIA

Mental stress–induced myocardial ischemia (MSIMI) des-
cribes the objective evidence of myocardial ischemia 
during a mental stress task. Mental stress tests are rarely per-
formed in clinical practice but typically include elements 
such as mental arithmetic, mirror trace, and public speak-
ing with anger recall. During a mental stress test, subjects 
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are monitored for the occurrence of ischemic markers such 
as ST-segment depression on electrocardiogram (ECG), any 
development of regional wall motion, or a drop in LVEF on 
echocardiogram.

The available evidence suggests that MSIMI may be asso-
ciated with a twofold increase in the risk of death and car-
diac events.182 The underlying pathophysiology of MSIMI is 
unknown but is likely to be multifactorial. Microvascular dys-
function,183 cardiac autonomic nervous system imbalance, 
and even enhanced platelet aggregation184 have all been 
suggested as possible contributory factors. Mental stress is 
an effective inducer of coronary vasospasm,185 and MSIMI 
has been classified by some groups as a subtype of vaso-
spastic angina.186 Besides ischemia, angina is a nocicep-
tive signal and its perception can be centrally modulated 
by affects.187 MSIMI is typically evoked in patients without 
epicardial coronary disease (see Chapter 25) but is thought 
to be much more prevalent among patients with established 
CAD.183

In the Responses of Mental Stress Induced Myocardial 
Ischemia to Escitalopram Treatment (REMIT) trial, more 
patients with MSIMI treated with escitalopram (5 mg daily) 
were free of the disease after 6 weeks of treatment com-
pared to placebo (34.2% vs. 17.5%; OR, 2.62; p = 0.04).188 
Escitalopram was not associated with a significant change 
in scores of symptoms of depression, trait anxiety, or per-
ceived stress compared to placebo, nor did it alter exercise 
capacity. SSRIs may modulate the hypothalamic-pituitary-
adrenal axis and its ensuing effect on coronary microvas-
cular function. Escitalopram should not to be confused with 
citalopram, which can prolong the QT interval. Escitalopram 
should be administered under the guidance of psychiatrists 
in patients with major depression, as its use has been associ-
ated with suicidal hazard.

Other nonpharmacologic approaches, such as patient 
self-management training, can help to mitigate the impact 
that emotions and stress may have on symptom perception 
and quality of life189 (see also Chapter 26).

REFRACTORY VASOSPASTIC ANGINA

Recurrent chest pain with normal coronary angiogram is 
a common reason for consultation in specialized refrac-
tory angina clinics. Vasospastic angina is often referred to 
as atypical when compared to the angina resulting from 
fixed atherosclerotic lesions, but still presents with its own 
typical pattern: angina occurs at rest, particularly between 
the night and the early morning, and is associated with a 
considerable variation of exercise capacity during the day, 
especially pronounced in the morning. In addition, epi-
sodes can be provoked by hyperventilation.186 Vasospastic 
angina is often overlooked because of the lack of demon-
strable ischemia with most standard noninvasive diagnostic 
approaches, in the presence of seemingly normal coronary 
arteries. The Prinzmetal variant angina is a subtype of acute/
unstable vasospastic angina that associates nitrate-respon-
sive rest angina with transient ST-segment elevation on the 
ECG.190 The Coronary Vasomotion Disorders International 
Study Group (COVADIS) defines vasospastic angina as the 
combined occurrence of nitrate-responsive episodes of 
angina with either transient ischemic ECG changes (such 
as 1-mV ST-segment depression or elevation, or new nega-
tive U waves) or coronary artery spasms (transient total or 
subtotal [90%] coronary artery occlusion)191 in response to 

IC acetylcholine or ergonovine. The definition of vasospastic 
angina has been refined to include the notion of microvas-
cular spasm that combines angina with transient ischemic 
ECG changes but no or incomplete coronary spasms (less 
than 70% luminal occlusion).192,193 Nosologists are yet to 
clarify the overlap that may exist between microvascular 
spasms and endothelium-dependent microvascular dys-
function194,195 (see Fig. 27.2). Both diagnoses can also coex-
ist with advanced CAD.196

Invasive provocative coronary artery spasm testing should 
be performed whenever the diagnosis is suspected, espe-
cially in high-risk patients or those who are severely symp-
tomatic.186 Acknowledgment of the diagnosis is important 
and is a necessary step in the differentiation from other con-
ditions such as sensitive heart syndrome or microvascular 
dysfunction, which may actually respond to the appropriate 
treatments. Most cases of vasospastic angina will respond to 
short- and long-acting nitrates, CCBs,197 and to the avoidance 
of noxious stimuli (e.g., smoking, alcohol, β-blockers, ergot 
derivatives, cocaine, and other sympathomimetics), but it is 
estimated that 10% to 20% of patients are poor responders 
to first-line therapies.198,199 In addition to a poor quality of 
life due to recurrent angina, these patients are at increased 
risk of sudden cardiac death, syncope, and MI with sequelae.

The lack of immediate response to nitrates strongly sug-
gests that the diagnosis of vasospastic angina is unlikely.186 
However, nitrate tolerance following chronic administration 
remains a possibility,61 although some patients will not tol-
erate nitrates due to side effects (e.g., headaches, hypoten-
sion). As per the Guidelines for Diagnosis and Treatment of 
Patients with Vasospastic Angina by the Japanese Circulation 
Society, nicorandil receives a class IIa recommendation for 
the treatment of vasospastic angina.186 Nicorandil exerts a 
strong vasodilatory effect on coronary arteries60 and has 
been successfully used in small case series of patients with 
persistent rest angina despite the combination of CCBs and 
nitrates.200

The field of refractory vasospastic angina has not been 
studied with large, adequately powered clinical trials. 
Instead, the best available evidence often stems from small 
case series and uncontrolled trials. In refractory cases, high 
doses of CCBs can be attempted (such as verapamil or dil-
tiazem 960 mg/day; nifedipine 100 mg/day). Both nondihy-
dropyridine and dihydropyridine CCBs can be combined 
to maximize the vasodilatory effects.201 β-Blockers are 
proscribed as theoretically they might exacerbate spasms 
by leaving α-mediated vasoconstriction unopposed by 
β-mediated vasodilatation.

Fasudil is an IV/IC Rho-kinase inhibitor, which possibly 
decreases the calcium sensitization of vascular smooth 
muscle to prevent vasospasm.202 Fasudil has a limited avail-
ability outside Japan and is of limited utility for patients 
requiring long-term oral therapy.203 Oral Rho-kinase inhibi-
tors with better bioavailability may eventually become use-
ful to treat this indication.

Cilostazol is a selective inhibitor of phosphodiesterase III 
(PDE III) with pleiotropic properties, including vasodilation 
and platelet inhibition. Cilostazol is thought to mediate vaso-
dilation via a reduction in cytosolic calcium concentration 
in vascular smooth muscle cells.204 Cilostazol has been used 
with relative success in patients with symptomatic periph-
eral arterial disease. In the Study to evaluaTe the Efficacy 
and safety of Pletal (ciLostazoL) in subjects with vasospastic 
Angina (STELLA) randomized, double-blind trial, 50 patients 
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with newly diagnosed vasospastic angina who had at least 
one angina episode per week despite amlodipine therapy (5 
mg/day) were randomly assigned to either cilostazol (50 mg 
twice daily for 2 weeks, then 100 mg twice daily for 2 weeks) 
or placebo for 4 weeks. Patients assigned to cilostazol expe-
rienced a greater drop in their weekly angina count (–3.7 ± 
0.5 episodes vs. –1.9 ± 0.6 episodes, respectively, p = 0.03).205 
Headache was the most common adverse event.

In a small nonrandomized study (n = 73), the peroxisome 
proliferator-activated receptor gamma (PPAR-γ) activator 
pioglitazone (15–30 mg/day) added to CCBs was associated 
with a better suppression of acetylcholine-induced coronary 
spasm compared to CCBs alone (50% vs. 21.6%, p < 0.001).206 
Cardiac rehabilitation performed with aerobic interval exer-
cise training in the afternoon (when vasospastic episodes 
are less likely) may also help to improve symptoms.207

Anecdotal successes have been reported with estra-
diol (in postmenopausal women),208 left stellate ganglion 
blockade,209 thoracic sympathectomy,210 vitamin C,211 glu-
tathione212 (antioxidant), guanethidine (antiadrenergic 
drug that reduces the release of norepinephrine in the sym-
pathetic nerve) with clonidine,213 and corticosteroids.214 
Magnesium sulfate (IV infusion of 0.27 mM/kg)215,216 and 
complete cardiac denervation by autotransplantion217,218 
have been used historically but yielded questionable results.

Optical coherence tomography (OCT) studies indicate 
that intimal erosion, fibrous cap disruption, and lumen 
irregularity are more frequently found at the site of focal 
spasm.219 If true, this observation opens the door to selective 
PCI in spasmodic coronary segments, which has been his-
torically performed in highly symptomatic individuals.220,221

REFRACTORY ANGINA IN PATIENTS WITH 
CORONARY MICROVASCULAR DYSFUNCTION

Beyond the readily visible epicardial coronary stenoses, 
coronary microvascular dysfunction is likely an attendant 
break to blood flow in most patients with advanced CAD. 
Whereas diagnostic algorithms222,223 have been proposed 
for coronary microvascular dysfunction in the absence 
of obstructive CAD, the documentation of abnormal coro-
nary reactivity, vasospasm, or myocardial perfusion index 
in patients with advanced CAD can be challenging (see 
Fig. 27.3). Patients with chest pain and nonobstructive CAD 
have a high prevalence of coronary microvascular abnor-
malities.224 Recognizing that angina, ischemia, and cardiac 
pain are all possible with nonocclusive coronary arteries 
is an important step in the treatment of a large contingent 
of patients with persistent chest pain. Microvascular dys-
function may not result in detectable myocardial ischemia 
when standard scintigraphic diagnostic methods are used, 
because of the scattered distribution of perfusion defects in 
the microvasculature, and may not result in measurable con-
tractile dysfunction because of the preserved contractile 
function of the surrounding nonischemic myocardial tissue.

Xanthine Derivatives
Therapeutic options for microvascular dysfunction are 
reviewed in detail in Chapters 5 and 25. Regarding patients 
with refractory symptoms, xanthine derivatives offer a con-
ceptually appealing treatment option, as they antagonize the 
effect of adenosine, which theoretically favors the redistribu-
tion of coronary blood flow toward areas of microvascular 
dysfunction.225 Adenosine achieves maximal vasodilation 

independently from the endothelium. In response to adenos-
ine, dysfunctional microvascular segments fail to vasodilate, 
while healthy microvascular segments do. Adenosine antag-
onists are thought to selectively constrict nondysfunctional 
coronary microcirculation and to prevent norepinephrine 
reuptake in sympathetic nerve endings.226 Adenosine antag-
onists may also have an analgesic effect by preventing the 
sensitizing effect of adenosine on the nociceptors involved 
in cardiac pain.227 Pentoxifylline,228 bamiphylline,229 and 
amoniphylline230,231 have been tested in patients with syn-
drome X, with varying success. In a small double-blind 
cross-over trial, 13 patients were randomized to either oral 
aminophylline (225–350 mg twice daily) or placebo for 3 
weeks. Aminophylline resulted in a better total exercise dura-
tion compared to placebo (632 s ± 202 s vs. 522 s ± 264 s) but 
failed to improve angina episode.230 Insufficient evidence 
exists to support the use of xanthine derivatives in refrac-
tory angina. Xanthine derivatives have been given a class IIb 
(level of evidence B) by the ESC for the treatment of patients 
with microvascular angina.11

Endothelin-1 Receptor Blockade
Endothelin (ET) is a peptide that mediates vasoconstric-
tion. Endothelin-1 (ET-1) receptor blockade has been tested 
in patients with acute MI under the premise that it would 
improve microvascular function.232 Experimental evidence 
suggests that ET-1 is essential to mediate coronary vaso-
spasm and that ET-1 receptor blockage may indeed pre-
vent vasospasm233 and improve microvascular function.234 
Selective ET-1 receptor blockade is a promising strategy but 
has not been properly tested in patients with angina due to 
microvascular dysfunction.235

NONINVASIVE THERAPIES

Extracorporeal Shock Wave Therapy
Extracorporeal shock wave therapy (ESWT) employs brief, 
low-energy, high-amplitude acoustic pressure pulses deliv-
ered focally in ischemic cardiac segments. In response to the 
acoustic field, the naturally occurring microbubbles inside 
and outside the myocytes oscillate and collapse to exert a 
focal shear stress that favors the in situ release of proangio-
genic cytokines, such as stromal cell-derived factor 1 and 
VEGF,236,237 and the recruitment of progenitor cells.238,239 As 
observed in other conditions, such as orthopedic and soft 
tissue diseases, ESWT may exert an early vasodilatory effect 
in the ischemic heart that may explain the early onset of 
angina relief associated with ESWT in refractory angina.240

ESWT is applied during diastole via electrocardiographic 
R-wave gating to avoid theoretical malignant ventricular 
arrhythmias and is delivered noninvasively under echo-
graphic guidance to target the border zone between the 
ischemic and the healthy myocardium in the hope of pro-
moting angiogenesis. Although protocols vary, ESWT is typi-
cally administered over nine sessions lasting approximately 
20 minutes each, over 3 months, divided in three clusters of 
three sessions per week followed by a treatment-free inter-
val of 3 weeks (to allow the neovascularization effect to 
take place). During each session, up to 10 focal spots are 
repeatedly pulsed (up to 200 times) with low-energy shock 
waves (0.09 mJ/mm2, which is approximately one-tenth of 
the energy delivered for renal lithotripsy).241 The treatment 
is generally well tolerated with no evidence of discomfort, 
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side effects, or myocardial injury.240–242 Patients with a poor 
acoustic window are equally poor candidates for ESWT. 
ESWT is considered safe even at a high-energy level (as is 
the case for renal lithotripsy) as it exerts a differential effect 
on resilient and calcified tissues.

In nonrandomized studies, ESWT has been associated 
with an improvement in symptoms and hospitalization 
rates in patients with advanced CAD. Whether or not ESWT 
improves myocardial perfusion is still controversial.240,242,243 
Shock wave therapy has been inadequately studied in refrac-
tory angina. A 2015 meta-analysis summarized the clinical 
experience in ischemic heart disease and included six ran-
domized trials (total n = 307 participants) and eight non-
randomized studies (total n = 209 patients). In this analysis, 
shock wave therapy was associated with an improvement in 
CCS angina class (–0.86; 95% CI, –1.2 to –0.65; p < 0.001), a 
reduced weekly nitrate intake (–0.71; 95% CI –1.08 to –0.33; 
p < 0.01), and an improved angina-related quality of life 
(measured with the SAQ; 5.64, 95% CI, 3.12–8.15; p < 0.001), 
compared to a sham intervention or standard medical ther-
apy.244 Only one trial used proper random sequence gen-
eration and blinding.245 In their trial, Wang et al. compared 
two ESWT protocols (accelerated over 1 month vs. standard 
over 3 months) to a sham intervention in 55 patients with 
refractory angina unsuitable for revascularization. Both the 
accelerated and the standard ESWT protocols improved the 
mean 6-min walking test distance at 12 months compared to 
the sham intervention (329 m ± 134 m to 452 m ± 117 m vs. 
344 m ± 106 m to 478 m ± 105 m vs. 364 m ± 151 m to 348 m ± 
132 m, respectively; p = 0.02). ESWT was also associated with 
a significant improvement in CCS angina class. Additional 
evidence is required before this treatment can be widely 
adopted in clinical practice.

Enhanced External Counterpulsation
Enhanced external counterpulsation (EECP) uses three 
sets of pneumatic cuffs around the lower extremities, which 
mimics externally what an intra-aortic balloon pump does 
internally.246 The prompt inflation of cuffs at the onset of 
diastole augments coronary blood flow, while the defla-
tion immediately before systole decreases afterload and 
increases venous return.247 The augmented diastolic coro-
nary perfusion is thought to recruit coronary collaterals248 
and favor the release of proangiogenic cytokines.249,250 
EECP has been associated with improved endothelial func-
tion and peripheral training effect.251 EECP also improves 
systolic BP in patients with refractory angina.5a

In refractory angina, EECP has been tested in a single 
randomized trial, Multicenter Study of Enhanced External 
Counterpulsation (MUST-EECP), which compared standard 
EECP (with cuff inflation up to 350 mm Hg) to an inactive 
counterpulsation (cuff inflation lower than 75 mm Hg) in 
139 patients with advanced CAD and refractory angina. 
Treatments were administered as 35 sessions of 1 h each 
over 4 to 7 weeks. The inactive counterpulsation was meant 
as a control to preserve the appearance and feel of a real 
counterpulsation without augmenting the diastolic BP 
and increasing the coronary perfusion. Objectively, EECP 
improved the time to 1-mm ST-segment depression com-
pared to the sham intervention (+37 s ± 11 s vs. –4 s ± 12 s; 
p = 0.01) but did not significantly improve the total exercise 
duration.253 The variation in daily angina count was numeri-
cally but not statistically improved in patients treated with 

EECP (–0.11 ± 0.21 episodes vs. 0.13 ± 0.22 episodes; p = 
0.09), whereas the daily use of short-acting nitrates showed 
no significant difference. A meta-analysis that included 18 
nonrandomized prospective studies and 1768 patients sug-
gested that angina class improved by at least one CCS class 
in 85% of patients treated with EECP (95% CI, 0.81–0.88).254 
EECP has also been associated with improved quality of 
life,255 myocardial perfusion,256 and persistent reduction 
of MACEs.254 Because EECP relies on ECG gating, it may be 
challenging to use in patients with rapid atrial fibrillation 
or with frequent ventricular ectopy. EECP is contraindicated 
in patients with abdominal aortic aneurysm, aortic insuffi-
ciency, and decompensated HF. Patients with severe periph-
eral arterial disease may derive less benefit from EECP given 
the reduced augmentation transmitted to the heart. EECP 
has been given a class IIb indication in the United States and 
Canada and a class IIa in Europe for the management of 
CCS class III and IV refractory angina. In the future, endovas-
cular counterpulsation devices may help amplify coronary 
flow in patients with advanced CAD.257

Cardiac Rehabilitation
The idea of exercising patients with CCS class III/IV angina 
appears counterintuitive to most clinicians due to the fear of 
triggering ischemia-related malignant arrhythmias or acute 
coronary syndromes. However, rehabilitation has been 
shown to improve the quality of life of several populations 
with ischemic heart disease. At the present time, practice 
guidelines do not address the concept of cardiac rehabilita-
tion in patients with refractory angina.172,258 Most patients 
with refractory angina are reasonably stable and not at 
immediate risk of an adverse event.5,259

In a small study, 42 patients with refractory angina were 
randomized to an 8-week outpatient cardiac rehabilita-
tion exercise program or no exercise at all.260 The program 
involved supervised aerobic conditioning sessions in a 
dedicated center combined with home exercises and was 
aimed at improving functional capacity and muscular 
strength. During exercise, patients were asked to exercise at 
60% to 75% of their age-predicted heart rate reserve (when 
LVEF was preserved), or 40% to 60% (when LVEF was less 
than 40%). Participants randomized to cardiac rehabilita-
tion experienced no deterioration of their angina frequency 
and severity and were able to increase their walked distance 
by approximately 50 m. No difference was seen however in 
the severity or frequency of angina between groups, pos-
sibly due to an ischemic threshold adaptation in patients 
assigned to rehabilitation.261 A validation of the safety of car-
diac rehabilitation in an appropriately powered trial should 
be performed before it can be widely recommended in 
patients with refractory angina.

In a related trial, aerobic interval exercise training in 
the afternoon reduced the number of angina episodes in 
26 patients with documented vasospastic angina.207 The 
authors hypothesized that exercise reduced the coronary 
spastic angina by improving endothelial function and 
reducing oxidative stress.

HOW TO APPROACH PATIENTS WITH 
REFRACTORY ANGINA

The concept of refractory angina has evolved from a con-
cept of advanced CAD that cannot be controlled by a 
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FIG. 27.8 Refractory anginas united. Box color scheme: Blue, presenting condition; white, diagnostic algorithm; green, diagnoses; pink, specific treatments.
 a,  Y syndrome is a disputed clinical entity defined as the presence of angina with nonobstructive coronary arteries and a marked delayed opacification of the distal vasculature.263

 b,  Ischemic electrocardiogram (ECG) changes recorded in at least two contiguous leads on the 12-lead ECG and defined as a transient ST-segment elevation of 0.1 mV or more, an ST depression of 0.1 mV or more, or new negative U 
waves.

 c,  Defined as occurring in more than one Collaborative Study in Coronary Artery Surgery coronary segment, or in more than one coronary artery.
 d,  Long-acting nitrates and calcium-channel blockers (CCBs) should be withheld for 48 h or longer. Invasive intracoronary ergonovine or acetylcholine should be reserved for high-risk or for highly symptomatic patients. Hyperventilation 

testing has been proposed as an alternative test in patients suspected of having vasospastic angina with low frequency of episodes.186

 e,  Catheter-induced spasm is not considered diagnostic for vasospastic angina.
 f,  Various diagnostic coronary flow reserve (CFR) cut-offs have been proposed in the literature, with 2.5 and lower being more sensitive and 2.0 and lower being more specific. Invasive CFR measurements (intracoronary Doppler, ther-

modilution) are considered the gold standard, but invasive myocardial perfusion reserve has also been proposed, notably with the use of positron emission tomography scan and by cardiac magnetic resonance imaging. Noninvasive 
imaging does not allow the discrimination of epicardial and microvascular disease and correlates poorly with invasive quantification methods.224 Likewise, noninvasive tests relying on contractility (such as echocardiography) may not 
be adequate to detect microvascular perfusion defects because of the sparse nature of ischemia combined with the preserved contractile function of the surrounding nonischemic myocardial tissue.

 g,  Cold pressor test has been proposed as an alternative to acetylcholine to assess endothelium-dependent microvascular dysfunction. However, a cold pressor test is generally not recommended for the detection of epicardial spasm.186

 h,  Epicardial spasm, or the lack of an increased coronary blood flow of at least 50% in response to intracoronary nitrate, is also suggestive of macrovascular nonendothelial dysfunction.
ACE-I, Angiotensin-converting enzyme inhibitor; aPL, antiphospholipid syndrome; ATP, adenosine triphosphate; CABG, coronary artery bypass graft; CAD, coronary artery disease; CBF, coronary blood flow; CCB, calcium-channel blockers; 
CFR, coronary flow reserve; CIHD, chronic ischemic heart disease; CMP, cardiomyopathy; CTO, chronic total occlusion; ECG, electrocardiogram; EECP, enhanced external counterpulsation; FFR, fractional flow reserve; 5HT1, 5-hydroxytryp-
tamine receptor; HTN, hypertension; IC, intracoronary; ICD, implantable cardioverter defibrillator; IVUS, intravascular ultrasound; LVEF, left ventricular ejection fraction; MI, myocardial infarction; Na+, sodium; NO, nitric oxide; OCT, optical 
coherence tomography; PCI, percutaneous coronary intervention; pFOX, partial fatty acid oxidation; R/O, rule out; RV; right ventricle; SIHD, stable ischemic heart disease.
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combination of medical therapy, angioplasty, and coro-
nary bypass surgery3 to a concept of cardiac pain caused 
by ischemia secondary to advanced CAD, microvascular 
dysfunction, or spasm and perpetuated because of a neu-
rogenic, psychological, or mitochondrial dysfunction. Fig. 
27.8 proposes an algorithmic approach to a wide range of 
presentations for refractory angina. When obstructive CAD is 
considered the main explanation for myocardial ischemia, 
second-line antianginal medications such as ranolazine, 
nicorandil, or ivabradine should be added to maximal tol-
erable doses of β-blockers, long-acting nitrates, and CCBs. 
The unsuitability of further revascularization is a dynamic 
decision that may change in time in response to patient-
specific characteristics and available medical expertise. PCI 
or bypass surgery should be withheld when they cannot be 
reasonably attempted or are not expected to improve per-
fusion, as determined by a consensus decision by a heart 
team with interest in the field of refractory angina.196 If 
needed, the coronary angiogram should be repeated peri-
odically, even in patients previously deemed unsuitable for 
revascularization, as the disease may have progressed in 
new coronary segments now amenable to revascularization. 
This is frequently seen in patients who experience an abrupt 
deterioration of their angina. When revascularization is not 
possible, EECP and supervised rehabilitation can be con-
sidered. When symptoms persist despite multiple anti-isch-
emic therapies, the neurogenic component of the cardiac 
pain can be mitigated with imipramine, SCS, and ultimately 
narcotics.

One key message of Fig. 27.8 is that refractory angina is 
possible in patients with seemingly normal coronary arter-
ies. When no significant obstructive coronary arteries are 
present, vasospastic angina and microvascular dysfunction 
should be formally ruled out. The noninvasive diagnosis of 
vasospastic angina is difficult as most modalities will not 
discriminate between epicardial and microvascular disease 
and will not document the dynamic nature of the coronary 
blood flow. Intracoronary ergonovine and acetylcholine 
provocation tests can be attempted in patients with seem-
ingly normal coronary arteries to document the presence 
of epicardial or microvascular spasm. Depending on the 
response observed (focal vs. diffuse), different therapies 
have been proposed. In all instances, tobacco should be 
discouraged and vasospastic drugs discontinued. CCBs and 
nitrates are the mainstay in treatment of vasospastic angina, 
but nicorandil and cilostazol have been successfully used in 
selected cases. In the presence of life-threatening vasospas-
tic angina, an implantable cardioverter defibrillator (ICD) 
should be considered.262

In the absence of vasospastic angina and endothelial 
dysfunction, nonendothelial-dependent microvascular dys-
function can be diagnosed by measuring the variation in 
coronary flow reserve in response to IC adenosine. Whenever 
an invasive assessment is not possible or is not desired, the 
noninvasive quantification of myocardial perfusion reserve 
(MPR) by positron emission tomography (PET) scan and 
by cardiac magnetic resonance (CMR) imaging can be 
considered. When detected, microvascular dysfunction 
should be approached as a primary disorder except when 
a systemic heart disease is concomitantly diagnosed, as is 
the case with various storage diseases or with hypertrophic 
cardiomyopathy.

Finally, when neither epicardial disease nor microvascu-
lar dysfunction can be objectified, consideration should be 

given to disorders of inappropriate cardiac pain perception 
and to nonischemic cardiac pain. In such instances, psychi-
atric disease, substance abuse, and drug-seeking behavior 
should all be considered as alternate diagnoses. Dealing 
with these various complex presentations often requires 
interdisciplinary, specialized clinics with advanced clinical 
care and the implementation of psychological and self-
management approaches.189
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The atherosclerotic process begins in childhood and mani-
fests clinically in adulthood as an acute atherothrombotic 
event (acute coronary syndrome or stroke) or as symptom-
atic obstructive disease (angina or claudication) (Fig. 28.1).1 
The major risk factors for atherosclerotic cardiovascular dis-
ease (ASCVD) are well characterized in populations around 
the world (advancing age, male sex, increased total and low-
density lipoprotein cholesterol [LDL-C], low high-density 
lipoprotein cholesterol [HDL-C], smoking, elevated blood 
pressure, and diabetes mellitus) and are largely driven by 
unhealthy lifestyle habits over the life course.2–4

Adherence to healthy lifestyle habits should be encour-
aged for all children and adults. Avoidance of smoking, a 
Mediterranean-type diet, regular physical activity, and avoid-
ance of obesity are all associated with a lower risk of ASCVD 
events.4 Drug treatment is recommended to reduce an 
increased risk of ASCVD events in many higher-risk individu-
als with advancing age and in those with familial or genetic 
hypercholesterolemia.5 After age 75, trajectories of comor-
bidity begin to widely differ among individuals, and preven-
tive efforts may be of less importance for some patients.
Thus, the priorities for clinical intervention shift throughout 
the lifespan (Table 28.1).

This chapter will focus on the primary prevention of ASCVD 
in adults of 20 years of age or older. Recommendations from 
the 2013 prevention guidelines from the American College 
of Cardiology (ACC)/American Heart Association (AHA) 

are the focus because they were based on a rigorous sys-
tematic evidence review performed under the direction of 
the National Heart, Lung, and Blood Institute (NHLBI).5–9 
A similar approach to statin initiation is recommended 
by current cholesterol treatment guidelines from the 
American Diabetes Association and the United Kingdom 
National Institute for Health and Care Excellence.10,11 The 
2013 ACC/AHA recommendations are contrasted with the 
2016 European Society of Cardiology (ESC)/ European 
Atherosclerosis Society (EAS), which are similar to the previ-
ous 2012 ESC/EAS prevention guidelines. Additional recom-
mendations from other groups are also discussed, including 
recent guidelines from the Centers for Disease Control and 
Prevention (CDC) and the US Preventive Services Task Force.

Those interested in ASCVD prevention in children and 
adolescents are referred to the NHLBI pediatric guide-
lines.12 However, clinicians should be aware that if a parent 
has an LDL-C of 190 mg/dL or higher, the offspring, as well as 
other first-degree relatives, should be screened for familial 
hypercholesterolemia.

ENCOURAGE LONG-TERM ADHERENCE

As part of an ongoing therapeutic relationship with the 
patient, adherence to lifestyle and drug therapy should be 
reinforced at each visit.5 Blood pressure and body mass 
index (BMI) should be assessed regularly.9,13 A fasting lipid 
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panel should be performed at the initial visit, every 4–6 years 
as part of ASCVD risk assessment in patients who are not 
receiving statins, and annually in those receiving statins, or 
more frequently as needed.5

Barriers to adherence should be addressed. Adverse 
effects during drug therapy often occur and should be 
addressed in a systematic fashion as outlined in Box 28.1.

OVERVIEW OF PRIMARY PREVENTION 
PRIORITIES BY AGE GROUP

Lifestyle and drug treatment priorities may be different in 
those 20–49 years, 50–75 years, and over age 75 years (see 
Table 28.1). Therefore, the main recommendations from 
the US and European guidelines are summarized by age. 

Guideline recommendations and randomized trial evidence 
are discussed in more detail in the respective sections on 
cholesterol, blood pressure, and aspirin therapy. ASCVD risk 
prediction is discussed in more detail in the cholesterol sec-
tion, and links to online resources are provided.

Before Age 50
Lifestyle
Adherence to healthy lifestyle habits should be strongly 
encouraged as the foundation for ASCVD prevention. 
Changes in lifestyle habits have been shown to slow pro-
gression of atherosclerosis in this age group.14 Smoking 
cessation is a necessity and should be addressed at every 
visit.

TABLE 28.1 Lifestyle and Drug Therapy Recommendations for Prevention. The Strongest Randomized Trial 
Evidence for Drug Therapy Is Highlighted in Bold

20–49 YEARS 50–75 YEARS > 75 YEARS

HEALTHY LIFESTYLE HABITS
Avoid smoking – Healthy diet – Regular physical activity – Control obesity

Moderate sodium intake – Alcohol in moderation

Statins
 –  LDL-C ≥ 190 mg/dL
 –  Diabetes 40–79 years
 –  Consider in selected other high-

risk patients

Statins
 –  LDL-C ≥ 190 mg/dL
 –  Diabetes age 50–75 years
 – �≥ 7.5% 10-year ASCVD risk
 –  Consider 5–< 7.5% 10-year ASCVD risk  

in selected lower-risk patients

Statins
 –  Consider in selected primary prevention patients

Antihypertensive drugs
 –  Consider in selected patients with 

BP ≥ 140/or ≥ 90 mm Hg

Antihypertensive drugs
 –  Goal BP < 140/90 mm Hg
 –  Consider SBP goal < 120 mm Hg in selected 

patients

Antihypertensive drugs
 –  Goal < 150/90 mm Hg unless frail or orthostatic
 –  Goal SBP < 140 mm Hg is reasonable
 –  Consider goal SBP < 120 mm Hg in selected 

patients

Aspirin
50–59 years: Low-dose aspirin if ≥ 10-year ASCVD 
risk at low risk for bleeding
60–69 years: Consider in selected patients with ≥ 10 
year ASCVD risk at low risk for bleeding

EMPHASIZE ADHERENCE TO LIFESTYLE AND DRUG THERAPY

ASCVD, Atherosclerotic cardiovascular disease; BP, blood pressure; LDL-C, low-density lipoprotein cholesterol; SBP, systolic blood pressure.

FIG. 28.1 Progression of atherosclerosis throughout the lifespan, which can manifest clinically as acute or chronic cardiovascular events. (From Libby P. Circulation. 
2001;104:365–372. FIG. 1.)
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Cholesterol
Statin therapy is recommended for primary prevention in 
high-risk patients older than 50 years if they have:5,15

 •  Familial or other genetic hypercholesterolemia (cut-off 
in the United States, LDL-C ≥ 190 mg/dL; in Europe, total 
cholesterol > 8 mmol/L or 310 mg/dL).

 •  Diabetes (in the United States, age ≥ 40 years; in Europe, 
depends on LDL-C level).

 •  Multiple or severe risk factor elevations (in Europe, this 
includes moderate chronic kidney disease).
For lower-risk primary prevention patients, 10-year cardio-

vascular risk should be estimated using calculators appro-
priate to the population under treatment. In the United 
States, the 2013 ACC/AHA Pooled Cohort Equations should 
be used as the starting point for estimating 10-year ASCVD 
risk for those aged 40–75 years if LDL-C is greater than 190 
mg/dL.5,7 Statin therapy should be considered for those with 
a 7.5% or higher 10-year ASCVD risk and may be reasonable 
for those with a 5% to < 7.5% 10-year ASCVD risk. Selected 
lower-risk patients may also benefit from statin therapy.

In Europe, the Systematic Coronary Risk Estimation 
(SCORE) equations should be the starting point for esti-
mating 10-year risk of fatal ASCVD in Caucasians who are 

not otherwise characterized as high risk.15 The calculated 
SCORE 10-year fatal ASCVD risk can then characterize 
patient risk in individuals aged 40–65 years and be used 
to identify an LDL-C treatment goal: very high risk (≥ 10%; 
LDL-C goal < 1.8 mmol/L or 70 mg/dL), high risk (5 to < 10%; 
LDL-C goal < 2.6 mmol/L or 100 mg/dL), moderate (≥ 1% to 
< 5%; LDL-C goal < 3.0 mmol/L or 115 mg/dL), or low (< 1%; 
LDL-C goal < 3.0 mmol/L or 115 mg/dL).

Race/ethnic-specific equations (QRISK2) for major car-
diovascular disease have been developed for the United 
Kingdom.16,17

Blood Pressure
Elevated blood pressure should first be addressed 
through lifestyle modification, including weight loss, 
increasing regular physical activity, and reducing sodium 
intake. Although there is little clinical trial evidence in 
individuals under 50 years of age, antihypertensive drug 
therapy can be considered if systolic blood pressure 
remains greater than 140 mm Hg or diastolic blood pres-
sure remains higher than 90 mm Hg on multiple occa-
sions both in and outside the office, especially if other 
risk factors are present.6,15

BOX 28.1 Management of Symptoms During Statin Therapy (2013 ACC/AHA Cholesterol Guideline)

Choice of statin and dose
To maximize the safety of statins, selection of the appropriate 
statin and dose in men and nonpregnant/nonnursing women 
should be based on patient characteristics, level of ASCVD* risk, 
and potential for adverse effects. Moderate-intensity statin ther-
apy should be used in individuals in whom high-intensity statin 
therapy would otherwise be recommended when characteris-
tics predisposing them to statin-associated adverse effects are 
present.
Characteristics predisposing individuals to statin adverse effects 
include but are not limited to:

 • Multiple or serious comorbidities, including impaired renal 
or hepatic function.

 • History of previous statin intolerance or muscle disorders.
 • Unexplained ALT elevations >3 times ULN.
 • Patient characteristics or concomitant use of drugs affect-

ing statin metabolism.
 • Age >75 years.

Additional characteristics that could modify the decision to use 
higher statin intensities might include but are not limited to:

 • History of hemorrhagic stroke.
 • Asian ancestry

Management of symptoms
The large majority of patients with symptoms during statin 
therapy can be successfully rechallenged with statin therapy. It 
is reasonable to evaluate and treat muscle symptoms, including 
pain, tenderness, stiffness, cramping, weakness, or fatigue, in 
statin-treated patients according to the following management 
algorithm:

 • To avoid unnecessary discontinuation of statins, obtain a 
history of prior or current muscle symptoms to establish a 
baseline before initiation of statin therapy.

 • If unexplained severe muscle symptoms or fatigue 
develop during statin therapy, promptly discontinue the 
statin and address the possibility of rhabdomyolysis by 
evaluating CK and creatinine and performing urinalysis 
for myoglobinuria.

 • If mild to moderate muscle symptoms develop during 
statin therapy:

 ○ Discontinue the statin until the symptoms can be 
evaluated.

	○ Evaluate the patient for other conditions that might 
increase the risk for muscle symptoms (e.g., hypothyroid-
ism, reduced renal or hepatic function, rheumatologic dis-
orders such as polymyalgia rheumatica, steroid myopathy, 
vitamin D deficiency, or primary muscle diseases).

 ○ If muscle symptoms resolve, and if no contraindication 
exists, give the patient the original or a lower dose of the 
same statin to establish a causal relationship between the 
muscle symptoms and statin therapy.

	○ If a causal relationship exists, discontinue the original 
statin. Once muscle symptoms resolve, use a low dose of a 
different statin.

	○ Once a low dose of a statin is tolerated, gradually increase 
the dose as tolerated.

	○ If, after 2 months without statin treatment, muscle 
symptoms or elevated CK levels do not resolve completely, 
consider other causes of muscle symptoms listed above.

 ○ If persistent muscle symptoms are determined to arise 
from a condition unrelated to statin therapy, or if the 
predisposing condition has been treated, resume statin 
therapy at the original dose.

Other symptoms are very unlikely to be due to statin therapy and 
can be managed using a similar strategy of discontinuation and 
rechallenge.

Monitoring
 • Creatine kinase

Do not routinely measure creatine kinase levels (although base-
line levels may be helpful in patients with a history of statin intol-
erance, or if muscle symptoms develop)

 • Hepatic transaminases
Do not routinely measure hepatic transaminases (unless baseline 
alanine aminotransferase (ALT) is elevated or symptoms of hepa-
toxoicity develop)

 • Glucose and hemoglobin A1c
Do not routinely monitor glycemic parameters. Patients should be 
monitored as recommended by expert guidelines.

From Stone NJ, Robinson JG, Lichtenstein AH, et al. 2013 ACC/AHA Guideline on the Treatment of Blood Cholesterol to Reduce Atherosclerotic Cardiovascular Risk in Adults: 
A Report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines. J Am Coll Cardiol. 2014;63:2889-2934.
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Aspirin
There is no indication for aspirin therapy in individuals 
under 50 years of age.18

Age 50-75 Years
Lifestyle
Smoking avoidance and healthy lifestyle habits should con-
tinue to be encouraged. However, the primary clinical focus 
should turn to consideration of preventive drug therapies. 
The largest body of evidence for preventive drug therapy 
comes from randomized trials in those aged 50–75 years.

In this age group, atherosclerosis is usually well advanced 
(see Fig. 28.1), with extensive fibrocalcific plaque develop-
ment in most individuals.1 The risk of clinical events is signif-
icantly increased, and more aggressive risk factor reduction 
is needed. The randomized trials of drug therapy were all 
performed on a background of advice to maintain a healthy 
diet and regular physical activity.5 However, the modest 
changes in risk factor levels associated with these lifestyle 
interventions have not been shown to reduce ASCVD events 
in this age group.19,20

Cholesterol
Statin therapy is strongly recommended for individuals aged 
50–75 years with:5,15

 •  Familial or other genetic hypercholesterolemia (cut-off 
in the United States, LDL-C ≥ 190 mg/dL; in Europe, total 
cholesterol > 8 mmol/L or 310 mg/dL).

 •  Diabetes (in the United States, age ≥ 40 years; in Europe, 
depends on LDL-C level).

 •  Multiple or severe risk factor elevations (in Europe, this 
includes moderate chronic kidney disease).

 •  Increased ASCVD risk based on risk prediction equations.
In the United States, statins should be considered in indi-

viduals up to age 75 years with a 7.5% or greater 10-year 
ASCVD risk and may be reasonable in those with 5% to < 
7.5% 10-year ASCVD risk.5 Lower-risk patients in the 50–75-
year age group may also benefit from statin therapy.

In Europe, SCORE charts can be used for estimating 
10-year risk of fatal ASCVD in Caucasians aged 40–65 years 
who are not otherwise characterized as high risk.15 The cal-
culated SCORE 10-year fatal ASCVD risk can then character-
ize patient risk in individuals aged 40–65 years and be used 
to identify an LDL-C treatment goal: very high risk (≥ 10%; 
LDL-C goal < 1.8 mmol/L or 70 mg/dL), high risk (5 to < 10%; 
LDL-C goal < 2.6 mmol/L or 100 mg/dL ), moderate (≥ 1% to 
< 5%; LDL-C goal < 3.0 mmol/L or 115 mg/dL), or low (< 1%; 
LDL-C goal < 3.0 mmol/L or 115 mg/dL).

Blood Pressure
Antihypertensive drug therapy is recommended in those aged 
50 or older if systolic blood pressure remains at 140 mm Hg 
or higher or diastolic blood pressure remains at 90 mm Hg or 
higher on multiple occasions both in and outside the office.6,15 
Greater absolute risk reduction occurs from antihypertensive 
therapy in higher-risk individuals, and there are little data for 
those without cardiovascular risk factors less than 80 years of 
age. In selected high-risk individuals tolerating the current drug 
regimen, another antihypertensive drug could be considered 
if systolic blood pressure remains greater than 120 mm Hg.22

Aspirin
Aspirin therapy can be considered for those aged 50–59 
years at low risk of bleeding and is reasonable to consider 

in those 60–69 years, with a 10-year or greater ASCVD risk at 
low risk of bleeding.18

Age over 75 Years
Lifestyle
Smoking avoidance and healthy lifestyle habits should con-
tinue to be encouraged. Observational evidence suggests 
health benefits occur from smoking cessation at any age.23 
Regular physical activity, although not shown to reduce 
ASCVD events or mortality, may be beneficial for improving 
quality of life.24

Cholesterol
Persons in good to excellent health at age 75 are likely to 
live at least another 10–15 years and so may benefit from 
preventive drug therapy.25 Less evidence for primary preven-
tion with statins is available for individuals greater than 75 
years, and the randomized trials that are available have con-
flicting results.5 The absolute risk of ASCVD events is highest 
after age 75, but high rates of competing causes of mortality 
and morbidity may alter the potential net benefit from statin 
therapy.

In the United States, after age 75 years, there are no strong 
recommendations for primary prevention statin therapy.5 
Patient preferences for prevention, and concerns about 
safety, should contribute to the decision to initiate (or con-
tinue) statin therapy.

In Europe, age over 75 years is not mentioned as a factor 
in the decision to initiate statin therapy.  The SCORE charts 
do not estimate 10-year fatal ASCVD risk after age 65 years.15

Blood Pressure
Numerous randomized trials have evaluated the effect of 
antihypertensive therapy on ASCVD outcomes, heart failure, 
and mortality in generally healthy persons over 75 years. The 
strongest evidence for those over 75 years supports treat-
ing blood pressure greater than 150/or greater than 90 mm 
Hg, but recent evidence suggests a benefit from treating to 
blood pressure levels less than 140/<90 mm Hg in persons 
75 years of age or older.6,22

Aspirin
Few randomized trial data are available for aspirin in per-
sons over 75 years of age, and aspirin therapy is generally not 
recommended for primary prevention in this age group due 
to the excess risk of bleeding in older individuals.18

LIFESTYLE RECOMMENDATIONS

A healthy lifestyle is the foundation of health promotion and 
disease prevention efforts and should be addressed at every 
visit (Table 28.2).5,8,15 Regular counseling to improve diet 
or increase physical activity changes health behaviors and 
is associated with small improvements in adiposity, blood 
pressure, and lipid levels.27 Smoking cessation is discussed 
in Chapter 18.

Lifestyle Interventions
Diet
The 2013 ACC/AHA lifestyle guideline, ESC/EAS prevention 
guidelines, and other guidelines recommend a dietary pat-
tern rich in fruits, vegetables, and whole grains that includes 
low-fat dairy products, poultry, fish, legumes, nuts, and 
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non-tropical vegetable oils (see Table 28.2).8,15,28 Intake of 
sweets,  sugar-sweetened beverages, and red meats should 
be limited. Saturated fat intake should be limited to 5% to 
6% of calories and trans fats should be avoided. The caloric 
content of the diet should be based on the need of the 
patient to lose, maintain, or gain weight. Alcohol consump-
tion should be limited to two glasses per day (20 g/day of 
alcohol) for men and one glass per day for women (10 g/
day).15 This dietary pattern can be achieved by following 
plans such as the Dietary Approaches to Stop Hypertension 
(DASH) dietary pattern, the United States Department of 
Agriculture (USDA) Food Pattern, or the American Heart 
Association Diet.

Randomized trials of the DASH dietary pattern have been 
shown to reduce blood pressure, and the effect of this diet is 
enhanced by reducing sodium intake.8 Restricting sodium 
to no more than 2400 mg daily is advised for those who 
would benefit from lowering blood pressure, and greater 
restriction may be beneficial for some patients.

Physical Activity
For important health benefits, the CDC and the ESC/EAS 
prevention guidelines recommend at least 150 minutes of  
moderate-intensity physical activity (e.g., walking) every 
week, along with muscle strengthening activities on two or 
more days a week that work all major muscle groups (legs, 
back, abdomen, chest, shoulders, and arms) (see Table 
28.2).15,24 Alternatively, more vigorous activity (such as jog-
ging or running) can be performed for 75 minutes each 
week. Activity can be performed throughout the day, as long 

as moderate to intense effort occurs for at least 10 minutes. 
Even greater health benefits accrue by increasing moderate- 
intensity physical activity to 300 minutes per week or 
 vigorous-intensity physical activity to 150 minutes per week.

The 2013 ACC/AHA lifestyle guideline recommends that 
adults in general should be advised to engage in regular 
aerobic physical activity to reduce LDL-C, non–HDL-C, and 
blood pressure.8 The systematic review of randomized trials 
performed by the guideline panel found that three to four 
sessions of moderate-to vigorous-intensity physical activ-
ity lasting on average 40 minutes significantly reduced all 
three risk factors. Reducing sedentary activity, independent 
of physical activity levels, also appears to have benefits for 
cardiovascular health.15,29

Obesity Prevention and Control
Maintenance of a healthy weight is recommended by all 
primary prevention guidelines.5,9,15 Obese or overweight 
individuals may aim to reduce weight in order to lower 
blood pressure, improve lipid levels, and reduce the risk of 
developing type 2 diabetes mellitus.15 Recommendations 
from the 2013 AHA/ACC/The Obesity Society (TOS) obesity 
guideline are summarized in Table 28.3.9

BMI (weight in kilograms divided by height in meters 
squared) should be assessed annually. A BMI of 25.0–29.9 
kg/m2 is considered overweight and a BMI of 30 kg/m2 or 
greater is considered obese. The higher the BMI above 25 kg/
m2, the greater the risk of ASCVD, diabetes, other morbidities, 
and mortality from all causes. However, cut-points for BMI 
may not apply to nonwhite racial groups. BMI cut-points that 

TABLE 28.2 Recommendations to Reduce LDL-C, Non–HDL-C, and Blood Pressure and General Physical Activity 
Recommendations from the 2013 ACC/AHA Lifestyle Guideline, Centers for Disease Control, and ESC/EAS 
Prevention Guideline

DIET CLASS/LOE

 1.  Consume a dietary pattern that:
 •  Emphasizes intake of vegetables, fruits, and whole grains
 •  Includes low-fat dairy products, poultry, fish, legumes, non-tropical vegetable oils, and nuts
 •  Limits intake of sweets, sugar-sweetened beverages, and red meats
 •  Adapts appropriate calorie requirements, personal and cultural food preferences, and nutrition therapy for other medical 

conditions (including diabetes mellitus)
 •  Follows plans such as the DASH dietary pattern, the USDA Food Pattern, or the AHA Diet

I A

 2.  Aim for a dietary pattern that achieves 5% to 6% of calories from saturated fat I A

 3.  Reduce percent calories from saturated fat I A

 4.  Reduce percent calories from trans fat I A

 5.  For those who would benefit from blood pressure lowering, reduce sodium intake I A

Sodium intake ≤ 2400 mg daily is advised
Sodium intake ≤ 1500 mg daily can result in greater blood pressure reduction
Reducing sodium by at least 1000 mg daily can lower blood pressure

IIa B

Physical Activity

 1.  For important health benefits, adults should:
 •  Engage in at least 150 minutes’ moderate aerobic activity (e.g., brisk walking) each week
 •  Alternatively, engage in 75 minutes of vigorous-intensity aerobic activity (e.g., jogging or running) each week
 •  Aerobic activity sessions should be at least 10 minutes in duration
 •  For even greater health benefits, increase moderate-intensity physical activity to 300 minutes per week or vigorous-intensity 

physical activity for 150 minutes per week
 •  Engage in muscle strengthening activities at least twice a week that engage all major muscle groups

CDC

 2.  In general, advise adults to engage in aerobic physical activity to reduce LDL-C, non–HDL-C, and blood pressure
 •  3–4 sessions a week
 •  Lasting on average 40 minutes per session
 •  Involving moderate to vigorous physical activity

IIa A

LOE, Level of evidence; CDC, Centers for Disease Control and Prevention.
Modified from Eckel RH, Jakicic JM, Ard JD, et al. 2013 AHA/ACC guideline on lifestyle management to reduce cardiovascular risk: a report of the American College of 
Cardiology/American Heart Association Task Force on practice guidelines. J Am Coll Cardiol. 2014;63:2960–2984; Physical Activity Guidelines Advisory Committee. Physical 
Activity Guidelines Advisory Committee Report, 2008. Washington, DC: US Department of Health and Human Services. 2008; Piepoli MF, Hoes AW, Agewall S, et al. 2016 
European guidelines on cardiovascular disease prevention in clinical practice: Eur Heart J. 2016;37(29):2315–2381. pii: ehw106.
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confer increased ASCVD risk may be higher for individuals 
of African ancestry due to greater muscle mass, and lower 
in individuals of Asian, Pacific Islander, or Native American 
ancestry.30

Increasing waist circumference and waist/hip ratio also 
confers an increased risk of ASCVD.9 These indices may 

be a better measure for identifying at-risk individuals (see 
Table 28.3). Waist circumference cut-points may differ for 
various racial/ethnic groups.30

Overweight and obese adults with cardiovascular risk 
factors should be advised to lose and sustain a 3% to 
5% reduction in body weight.9 The systematic review of 

TABLE 28.3 2013 ACC/AHA/TOS Obesity Guideline Recommendations

OBESITY CLASS/LOE

 1.  Identifying those who need to lose weight

 1a.  Measure height and weight and calculate BMI at annual visits or more frequently I C

 1b.  Use categories for BMI to identify individuals at increased risk
 •  Overweight 25.0–29.9 kg/m2 – at increased CVD risk
 •  Obesity ≥ 30 kg/m2 – at increased of all-cause mortality risk

I B

 1c.  Advise overweight and obese individuals that the greater the BMI, the greater the risk of CVD, type 2 diabetes, and all-cause 
mortality

I B

 1d.  Measure the waist circumference at annual visits or more frequently in overweight and obese adults
 •  Advise adults that the greater the waist circumference, the greater the risk of CVD, type 2 diabetes, and all-cause mortality. 

Use the NIH/NHLBI or WHO/IDF cut-points for now.

IIa B

 2.  Matching the treatment benefits with risk profiles

Counsel overweight and obese adults with CVD risk factors that lifestyle changes that produce modest, sustained weight loss of 
3–5% produce meaningful health benefits, and greater weight loss causes greater benefits

 •  Reductions in blood glucose, hemoglobin A1c, triglycerides
 •  Reduced risk of diabetes
 •  > 5% weight loss – reductions in blood pressure & antihypertensive medications, LDL-C, increases in HDL-C, and further 

reductions in blood glucose and triglycerides

I A

 3.  Diets for weight loss

 3a.  Prescribe a diet to achieve reduced calorie intake for overweight or obese individuals who would benefit from weight loss, as 
part of a comprehensive lifestyle intervention. Any of the following methods can be used:

 •  1200–1500 kcal/day for women; 1500–1800 kcal/day for men
 •  500–750 kcal/day energy deficit
 •  Evidence-based diet that restricts certain food types (such as high carbohydrate foods, low fiber foods, or high fat foods) to 

create a calorie deficit

I A

 3b.  Base prescription on patient preferences and health status, preferably referring to a nutrition professional for counseling I A

 4.  Lifestyle intervention and counseling

 4a.  Advise overweight and obese individuals who would benefit from weight loss to participate for ≥ 6 months in a comprehensive 
lifestyle program that assists participants in adhering to a lower calorie diet and increasing physical activity

I A

 4b.  Prescribe on-site, high-intensity (i.e., ≥ 14 sessions in 6 months) comprehensive weight loss interventions provided in individual 
or group sessions by a trained interventionist

I A

 4c.  Electronically delivered weight loss programs (including by telephone) that include personalized feedback from a trained 
interventionist (although may be less effective than in-person interventions)

IIa A

 4d.  Some commercial programs that provide comprehensive lifestyle interventions that have peer-reviewed published evidence of 
their efficacy and safety are an option

IIa A

 4e.  Avoid very low calorie (< 800 kcal/day) diets, except in limited circumstances and administered by a trained practitioner in a 
medical setting

IIa A

 4f.  Advise overweight and obese individuals who have lost weight to participate in a long-term (≥ 1 year) weight loss maintenance 
program

I A

 4g.  For weight loss maintenance, face-to-face or telephone-delivered programs with monthly or more frequent contact with a 
trained interventionist who helps participants engage in high levels of physical activity (i.e., 200–300 min/week), monitor body 
weight weekly or more frequently, and consume a reduced calorie diet to maintain body weight

I A

 5.  Selecting patients for bariatric surgical treatment for obesity

 5a.  Advise adults with BMI ≥ 40 kg/m2 with obesity-related comorbid conditions, who are motivated to lose weight, and who have 
not responded to behavioral treatment with or without pharmacotherapy with sufficient weight loss to achieve targeted health 
outcomes, that bariatric surgery may be an appropriate option to improve health

 •  Offer referral to an experienced bariatric surgeon for consultation and evaluation

IIa A

 5b.  For individuals with BMI < 35 kg/m2, there is insufficient evidence to recommend for or against bariatric surgical procedures --

 5c.  Advise patients that choice of a bariatric surgical procedure may be affected by patient factors, including age, severity of obesity, 
obesity-related comorbid conditions, other operative risk factors, risk of short- and long-term complications, behavioral and 
psychosocial factors, and patient tolerance for risk, as well as provide factors (surgeon and facility)

IIb C

ACC, American College of Cardiology; AHA, American Heart Association; BMI, body mass index; CVD, cardiovascular disease; IDF, International Diabetes Federation; LDL-C, 
low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; NHLBI, National Heart, Lung, and Blood Institute; NIH, National Institutes of Health; TOS, The 
Obesity Society; WHO, World Health Organization. From Jensen MD, Ryan DH, Apovian CM, et al. 2013 AHA/ACC/TOS guideline for the management of overweight and 
obesity in adults: a report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines and The Obesity Society. J Am Coll Cardiol. 
2014;63:2985–3023.
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randomized trials performed by the 2013 AHA/ACC/TOS 
guideline panel found numerous randomized trials dem-
onstrating that this amount of weight loss reduces blood 
glucose, hemoglobin A1c, and triglycerides, and reduces 
the risk of developing type 2 diabetes mellitus. A greater 
than 5% weight loss results in further reductions in blood 
pressure, down-titration of antihypertensive medications, 
further reductions in blood glucose and triglycerides, and 
increases in HDL-C.

Once it has been determined that a patient may benefit 
from weight loss, a comprehensive lifestyle program should 
be advised.9 Participation in structured weight loss programs, 
whether provided though healthcare systems or community, 
commercial, or internet or phone-based programs, has been 
shown to be helpful. Once the patient achieves the desired 
weight loss, participation in weight maintenance programs 
should be encouraged.

Compared with nonsurgical treatment of obesity, bar-
iatric surgery leads to greater body weight loss and higher 
remission rates of type 2 diabetes and metabolic syndrome, 
although long-term follow-up data are sparse.31,32 Based on 
this evidence, the 2013 ACC/AHA obesity guideline recom-
mended consideration of bariatric surgery for patients with 
BMI of 40 kg/m2 or greater and obesity-related comorbid 
conditions who have not responded to behavioral treatment 
with or without pharmacotherapy with sufficient weight loss 
to achieve targeted health outcomes, who are motivated to 
lose weight.9 They considered there to be insufficient evi-
dence to support bariatric surgery in those with BMI less 
than 40 kg/m2. In 2016, however, the American Diabetes 
Association recommended consideration of bariatric sur-
gery in adults with type 2 diabetes whose BMI is greater 
than 35 kg/m2, especially if their diabetes is difficult to con-
trol or associated comorbidities are difficult to control with 
lifestyle and pharmacologic therapy.10 Bariatric surgery and 
its complications are costly, and outcomes vary depending 
on the procedure and experience of the surgeon. Long-term 
disadvantages may include weight regain, dumping syn-
drome, and vitamin and mineral deficiencies.

CHOLESTEROL MANAGEMENT

Overview
Total cholesterol and LDL-C levels are associated with an 
increased risk of ASCVD events across the adult lifespan.33 
Family and genetic epidemiology studies show that indi-
viduals with high LDL-C levels are at high risk of premature 
ASCVD and, conversely, those with low LDL-C are at low life-
time ASCVD risk.34–37 Support for a causal role for LDL-C in 
ASCVD comes from Mendelian randomization studies that 
have shown that elevated LDL-C levels due to genetic poly-
morphisms are associated with increased ASCVD risk.34,38 
Long-term epidemiologic studies have shown that individu-
als whose non–HDL-C level remains below 130 mg/dL dur-
ing young adulthood through middle age are at minimal risk 
of developing advanced atherosclerosis.39 This correlates 
with an LDL-C below 100 mg/dL.

The causal role of LDL-C is now conclusively established 
through the numerous cardiovascular outcomes trials of 
statin therapy and in a cardiovascular outcomes trial with 
ezetimibe.40,41 Although statins have non–LDL-C effects 
(often called pleiotropic), these effects are not associated 
with cardiovascular risk reduction beyond that expected 

from the magnitude of LDL-C lowering.42,43 LDL-C lowering 
with statin therapy is the most effective method of reducing 
cardiovascular risk over a period of 2 to 5 years.5 However, 
it is critical to consider the potential for a net benefit from 
statin or nonstatin therapy when deciding whom to treat. The 
magnitude of ASCVD risk reduction, adverse effects, cost, 
and patient preferences all need to be considered before 
initiating drug therapy to reduce ASCVD risk.

Limited controversy still exists regarding the use of 
statins for primary prevention. However, recent analyses 
overwhelmingly support the use of statins for cardiovas-
cular prevention even in low-risk adults, who experience 
an even greater reduction in the relative risk of cardio-
vascular events than do higher-risk patients.44,45 Statins 
also reduce total mortality in both high-risk and low-risk 
individuals.

Although muscle and other symptoms are common 
in statin-treated patients, the rates of muscle, hepatic, and 
other adverse effects were similar in placebo and statin-
treated patients in randomized trials. Notably, double-blind 
placebo-controlled trials have found that the large major-
ity of patients intolerant to two or more statins are able to 
tolerate a moderate-intensity statin on rechallenge.46,47 An 
approach to the management of symptoms on statins is out-
lined hereafter.

Screening
Systematic cardiovascular risk assessment, including a 
lipid panel, is recommended in the United States starting 
at age 21, and in Europe after age 40 in men and age 50 
in women.5,7,15 Screening should be repeated every 4 to 6 
years thereafter. Although a fasting lipid panel is preferred, 
a nonfasting lipid panel will identify those with total cho-
lesterol over 200 mg/dL who should then undergo further 
assessment with a fasting lipid panel.48

In the United States, screening for familial hypercholes-
terolemia should begin in childhood (universal screening 
at age 9–11 years and again at age 17–20 years; targeted 
screening at age 2 if a family history of premature ASCVD 
or familial hypercholesterolemia).12,49 Once an individual 
with suspected familial hypercholesterolemia, or an LDL-C 
of 190 mg/dL or greater, is identified, cascade screening of 
family members is recommended by familial hypercholes-
terolemia experts around the world.49–51

Overview of the 2013 ACC/AHA Cholesterol 
Guideline
The 2013 ACC/AHA guideline on the treatment of blood 
cholesterol to reduce atherosclerotic cardiovascular dis-
ease risk in adults was based on a rigorous systematic 
review of randomized drug therapy trials with cardiovas-
cular outcomes.5 Recommendations were based on the 
strength of evidence for a net ASCVD risk-reduction ben-
efit from a drug therapy. Consequently, statins were recom-
mended for four groups of patients: those with (1) clinical 
ASCVD, (2) untreated LDL-C of 190 mg/dL or greater, (3) 
diabetes and aged between 40 and 75 years, and (4) a 
7.5% or greater 10-year ASCVD risk (Fig. 28.2). Moderate 
evidence supports the use of statins in those with a 5% to < 
7.5% 10-year ASCVD risk.

The focus on the reduction in nonfatal and fatal ASCVD 
risk is an important advance over previous guidelines that 
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Heart-healthy lifestyle habits are the foundation of ASCVD prevention
(See 2013 AHA/ACC Lifestyle Management Guideline)

Age ≥ 21 years and a candidate
for statin therapy

Yes

Yes

Yes

Yes

Yes

Yes

No

No

No

Clinical
ASCVD

LDL-C ≥190
mg/dL

Diabetes
LDL-C 70–189 mg/dL

age 40–75 years

Definitions of High- and Moderate-
intensity statin therapy*

(See Table 28–5)

High
Daily dose lowers

LDL-C approximately
≥ 50%

Moderate
Daily dose lowers

LDL-C by approximately
30% to < 50%

Regulary monitor adherence to
lifestyle and drug therapy with
lipid and safety assessments

(See Figure 28–10)

Age ≤75 years
High-intensity statin

(moderate-intensity statin if not
candidate for high-intensity statin)

Age >75 years OR if not candidate for
high-intensity statin

Moderate-intensity statin

High-intensity statin
(moderate-intensity statin if not

candidate for high-intensity statin)

Moderate-intensity statin

Estimated 10-year ASCVD risk ≥7.5%†

High-intensity statin

Primary prevention
(No diabetes, LDL-C 70 to 189 mg/dL, and not receiving statin therapy)

Estimate 10-year ASCVD risk every 4–6 years
using Pooled Cohort Equations†

DM age <40
or >75 years or

LDL-C <70
mg/dL

Age <40 or >75 Years
and LDL-C <190

mg/dL‡

<5%
10-year ASCVD

risk‡

7.5%
10-year ASCVD risk
(moderate- or high-

intensity statin)

5% to <7.5%
10-year ASCVD risk
(moderate-intensity

statin)

In selected individuals, additional
factors may be considered to inform

treatment decision making§

Emphasize adherence to lifestyle
Manage other risk factors
Monitor adherence

No to statin

Yes to statin

Encourage adherence to lifestyle
Initiate statin at appropriate intensity
Manage other risk factors
Monitor adherence* 

Clinician-Patient Discussion

Prior to initiating statin therapy, discuss: 
1. Potential for ASCVD risk-reduction benefitsll

2. Potential for adverse effects and drug– drug interactions¶,§

3. Heart-healthy lifestyle
4. Management of other risk factors
5. Patient preferences
6. If decision is unclear, consider primary LDL-C ≥ 160 mg/dL, family history of premature
    ASCVD, lifetime ASCVD risk, abnormal CAC score or ABI, or hs-CRP ≥ 2 mg/L§

FIG. 28.2 2013 ACC/AHA cholesterol guideline recommendations for initiation of statin therapy. Colors correspond to the Classes of Recommendation (I, green, IIa, yellow, IIb, 
orange). *Percent reduction in LDL-C can be used as an indication of response and adherence to therapy, but is not in itself a treatment goal. †The Pooled Cohort Equations can be 
used to estimate 10-year ASCVD risk in individuals with and without diabetes. The estimator within this application should be used to inform decision-making in primary prevention 
patients not on a statin. ‡Consider moderate-intensity statin as more appropriate in low-risk individuals. §For those in whom a risk assessment is uncertain, consider factors such 
as primary LDL-C ≥ 160 mg/dL or other evidence of genetic hyperlipidemias, family history of premature ASCVD with onset < 55 years of age in a first-degree male relative or < 
65 years of age in a first-degree female relative, hs-CRP ≥ 2 mg/L, CAC score ≥ 300 Agatston units, or ≥ 75th percentile for age, sex, and ethnicity (for additional information, see 
http://www.mesa-nhlbi.org/CACReference.aspx), ABI < 0.9, or lifetime risk of ASCVD. Additional factors that may aid in individual risk assessment may be identified in the future. 
‖Potential ASCVD risk-reduction benefits. The absolute reduction in ASCVD events from moderate- or high-intensity statin therapy can be approximated by multiplying the estimated 
10-year ASCVD risk by the anticipated relative risk reduction from the intensity of statin initiated (∼30% for moderate-intensity statin or ∼45% for high-intensity statin therapy). The 
net ASCVD risk-reduction benefit is estimated from the number of potential ASCVD events prevented with a statin, compared to the number of potential excess adverse effects. 
¶Potential adverse effects. The excess risk of diabetes is the main consideration in ∼0.1 excess cases per 100 individuals treated with a moderate-intensity statin for 1 year and ∼0.3 
excess cases per 100 individuals treated with a high-intensity statin for 1 year. In RCTs, both statin-treated and placebo-treated participants experienced the same rate of muscle 
symptoms. The actual rate of statin-related muscle symptoms in the clinical population is unclear. Muscle symptoms attributed to statin therapy should be evaluated (see Table 8, 
Safety Recommendation 8 in the 2013 ACC/AHA cholesterol guideline report). ABI, Ankle-brachial index; ASCVD, atherosclerotic cardiovascular disease; CAC, coronary artery cal-
cium; hs-CRP, high-sensitivity C-reactive protein; LDL-C, low-density lipoprotein cholesterol; MI, myocardial infarction; RCT, randomized controlled trial. (Reprinted with permission of 
the authors of Stone NJ, Robinson JG, Lichtenstein AH, et al. 2013 ACC/AHA guideline on the treatment of blood cholesterol to reduce atherosclerotic cardiovascular risk in adults: 
a report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines. J Am Coll Cardiol. 2014;63(25, Part B):2889–2934).

http://www.mesa-nhlbi.org/CACReference.aspx


Prim
ary Preven

tio
n

 o
f A

th
ero

sclero
tic C

ard
io

vascu
lar D

isease
441

28

addressed only coronary heart disease risk.48 The risk of 
stroke increases with advancing age, especially in white 
women and African-American women and men.53,54 In addi-
tion to reducing coronary events, statins also reduce the risk 
of ischemic and total stroke, as well as peripheral arterial 
disease events.40

The 2013 ACC/AHA cholesterol guideline was a major 
paradigm shift from previous guidelines, as well as the recent 
2016 ESC/EAS guidelines, which focus on achieving specific 
cholesterol targets. Multiple analyses have confirmed that 
the 2013 ACC/AHA cholesterol guideline approach, when 
compared to the National Cholesterol Education Program 
Adult Treatment Panel III (NCEP ATP III) guidelines and the 
2012 ESC/EAS guidelines, better identifies individuals at 
high ASCVD risk for the appropriate intensity of statin ther-
apy and avoids statin treatment in lower-risk patients.54,56–60 
Comparisons with the 2016 ESC/EAS guideline have not yet 
been performed.

An important consequence of the LDL-C goal approach 
used in previous guidelines is that these goals may turn into 
LDL-C thresholds for treatment. Thus, higher-risk patients 
who are “at goal” are unlikely to be treated, despite evidence 
of benefit from additional LDL-C lowering from randomized 
cardiovascular outcomes trials (Fig. 28.3).

There appears to be additional ASCVD risk-reduction ben-
efit when LDL-C levels below the previously recommended 
targets (<30, <100, or <70 mg/dL) are achieved with statin 
therapy (Figs. 28.4 and 28.5).61,62 Thus, it is not clear what the 
optimal target should be. Nor is there sufficient data to deter-
mine the potential for net benefit (e.g., benefits − adverse 
effects) from adding nonstatin therapies to maximal statin 
therapy to achieve a specific cholesterol goal. Additional 
rationales supporting the move away from LDL-C goals are 
provided in Box 28.2.

For primary prevention in individuals aged between 40 
and 75 years with LDL-C below 190 mg/dL, assessment of 
10-year ASCVD risk is recommended to inform the deci-
sion to initiate statin therapy. The 2013 ACC/AHA risk 
assessment guideline recommends the use of the Pooled 
Cohort Equations for white and African-American men and 
women.7 Other factors such as premature family history of 
ASCVD, lifetime ASCVD risk, coronary artery calcification, 
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FIG. 28.3 Probability of assigning statin therapy versus plaque burden: 2013 ACC/
AHA cholesterol guideline (GL) versus the National Cholesterol Education Program 
(NCEP) Adult Treatment Panel 3 guideline. ACC, American College of Cardiology; 
AHA, American Heart Association; CT, computed tomography; LDL, low-density lipo-
protein. (Adapted from Johnson KM et al. JACC 2014;64:910–919.)
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reduced ankle-brachial index, and elevated C-reactive pro-
tein, race, and ethnicity may be considered for informing 
risk assessment.

The potential for an ASCVD risk-reduction benefit from 
adding a nonstatin to further lower LDL-C is of particular 
importance in lower-risk primary prevention in patients 
with LDL-C below 190 mg/dL, where the margin of ASCVD 
risk-reduction benefit may be smaller, yet the burden 
of additional therapy, costs, and risk of adverse effects is 
unchanged.5 Ezetimibe is the preferred nonstatin due to 
clear demonstration that it reduces ASCVD events when 
added to background statin therapy with an excellent mar-
gin of safety.

Overview of the 2016 ESC/EAS Cholesterol 
Guideline
The 2016 ESC/EAS prevention guideline continues to use 
the risk stratification and LDL-C goal paradigm of previous 
ESC/EAS guidelines (Box 28.3).15,63 Patients are stratified 
into four groups: (1) very high risk (documented cardio-
vascular disease), diabetes with target organ damage or a 
major cardiovascular risk factor, severe chronic kidney dis-
ease, or a calculated SCORE greater than or equal to 10%; 
(2) high risk (marked elevation of single risk factors, in par-
ticular total cholesterol > 8 mmol/L or > 310 mg/dL), other 
people with diabetes mellitus, moderate chronic kidney 

 1.  The difficulty of giving up the treat-to-goal paradigm was 
deliberated extensively over a 3-year period. Many clinicians 
use targets such as LDL-C < 70 mg/dL and LDL-C < 100 mg/
dL for secondary and primary ASCVD prevention (non–HDL-C 
targets are 30 mg/dL higher). However, the RCT evidence 
clearly shows that ASCVD events are reduced by using the 
maximum-tolerated statin intensity in those groups shown 
to benefit. After a comprehensive review, no RCTs were 
identified that titrated drug therapy to specific LDL-C or 
non–HDL-C goals to improve ASCVD outcomes. However, one 
RCT was identified that showed no additional ASCVD event 
reduction from the addition of nonstatin therapy to further 
treat non–HDL-C levels once an LDL-C goal was reached. In 
AIM-HIGH,68b the additional reduction in non–HDL-C levels 
(as well as additional reductions in Apo B, Lp(a), and triglyc-
erides in addition to HDL-C increases) with niacin therapy DID 
NOT further reduce ASCVD risk in individuals treated to LDL-C 
levels of 40–80 mg/dL.

 2.  Use of LDL-C targets may result in under treatment with 
evidence-based statin therapy or overtreatment with non-
statin drugs that have not been shown to reduce ASCVD 
events in RCTs (even though the drug may additionally lower 
LDL-C and/or non–HDL-C). Implications of treating to an 
LDL-C goal may mean that a suboptimal intensity of statin is 
used because the goal has been achieved, or that adding a 
nonstatin therapy to achieve a specific target results in down-
titration of the evidence-based intensity of statin for safety 
reasons. However, when RCT evidence is available that a 
nonstatin therapy further reduces ASCVD events when added 
to statin therapy, the nonstatin therapy may be considered.

 3.  Modest physiologic or laboratory measurement variations in 
LDL-C and non–HDL-C with little impact on the pathophysi-
ology of atherosclerosis may result in excursions above or 
below goal, resulting in therapeutic changes that may pro-
vide little or no additional net ASCVD risk reduction benefit 
to the patient.

 4.  Some examples comparing a strategy based on the four statin 
benefit groups to a strategy using LDL-C/non–HDL-C targets:
 A.  Secondary prevention – evidence supports high-intensity 

statin therapy for this group to maximally lower LDL-
C. It does not support the use of an LDL-C target. For 
example, if a secondary-prevention patient achieves an 
LDL-C of 78 mg/dL on a dose of 80 mg of atorvastatin, 
the patient is receiving evidence-based therapy. As of yet, 
there are no data to show that adding nonstatin drug(s) 
to high-intensity statin therapy will provide incremental 
ASCVD risk-reduction benefit with an acceptable margin 
of safety. Indeed, AIM-HIGH68b demonstrated the futility 
of adding niacin in individuals with low HDL-C and high 
triglycerides, and ACCORD126 demonstrated the futility of 

adding fenofibrate in persons with diabetes. Although an 
ACCORD subgroup analysis of those with high triglyc-
erides and low HDL-C levels suggested that fenofibrate 
may reduce ASCVD events in patients with diabetes, this 
is hypothesis generating and needs further testing in 
comparison to the evidence-based use of a high-intensity 
statin. In addition, not having a goal of < 70 mg/dL for 
LDL-C means that the patient who is adhering to opti-
mal lifestyle management and receiving a high-intensity 
statin avoids additional, non–evidence-based therapy just 
because his/her LDL-C is higher than an arbitrary cut-point. 
Indeed, the LDL-C goal approach can make this patient 
unnecessarily feel like a failure.

 B.  Familial hypercholesterolemia with LDL-C ≥ 190 mg/dL – In 
many cases, individuals with familial hypercholesterol-
emia are unable to achieve an LDL-C goal < 100 mg/dL. 
For example, an individual with familial hypercholester-
olemia may achieve an LDL-C of only 120 mg/dL despite 
use of three cholesterol-lowering drugs. Although this 
individual may have fallen short of the 100 mg/dL goal, 
he/she has decreased his/her LDL-C by > 50% (starting 
from an untreated LDL-C level of ∼325–400 mg/dL). These 
patients are not treatment failures, as observational data 
has shown significant reductions in ASCVD events without 
achieving specific LDL-C targets. This is an area where 
observational data supports the recommended approach.

 C.  Type 2 diabetes – For those 40–75 years of age with risk 
factors, the potential benefits of LDL-C lowering with a 
high-intensity statin are substantial. Because those with 
diabetes often have lower LDL-C levels than those without 
diabetes, “goal”-directed therapy often encourages use 
of a lower statin dose than is supported by the RCTs, and 
nonstatin drugs may be added to address low HDL-C or 
high triglycerides, for which RCT evidence of an ASCVD 
event reduction is lacking. Giving a maximally tolerated 
statin intensity should receive primary emphasis because 
it most accurately reflects the data that statins reduce 
the relative risk of ASCVD events similarly in individuals 
with and without diabetes, and in primary and secondary 
prevention in those with diabetes, along with evidence 
that high-intensity statins reduce ASCVD events more than 
moderate-intensity statins.

 D.  Estimated 10-year ASCVD risk ≥ 7.5% – data have shown 
that statins used for primary prevention have substantial 
ASCVD risk-reduction benefits across the range of LDL-C 
levels of 70–189 mg/dL. Moreover, the Cochrane meta-
analysis,15 as well as a meta-analysis by the Cholesterol 
Treatment Trialists confirms that primary prevention with 
statins reduces total mortality as well as nonfatal ASCVD 
events.44

BOX 28.2 2013 ACC/AHA Cholesterol Guideline: A New Perspective on LDL-C and/or Non–HDL-C Goals

ACC, American College of Cardiology; ACCORD, Action to Control Cardiovascular Risk in Diabetes; AHA, American Heart Association; AIM-HIGH, Atherothrombosis Intervention 
in Metabolic Syndrome with Low HDL/High Triglycerides: Impact on Global Health Outcomes; ASCVD, atherosclerotic cardiovascular disease; HDL-C, high-density lipoprotein 
cholesterol; LDL-C, low-density lipoprotein cholesterol; RCT, randomized controlled trial. From Stone N, Robinson J, Lichtenstein A, et al. 2013 ACC/AHA guideline on the 
treatment of blood cholesterol to reduce atherosclerotic cardiovascular risk in adults. Circulation. 2014;129[suppl 2]:S1–S45. Reprinted with permission of the author JG Robinson.
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disease, or a calculated SCORE of 5% to less than 10%; (3) 
moderate risk (SCORE ≥ 1% and < 5%); and (4) low risk 
(SCORE < 1%) (see Table 28.4). Premature family history 
of ASCVD, psychosocial factors, coronary artery calcium, 
carotid plaque, ankle-brachial index, and the presence of 
autoimmune disease can also be considered as part of the 
risk assessment.

The level of patient risk identifies LDL-C treatment goal: 
very high risk (≥ 10%; LDL-C goal < 1.8 mmol/L or 70 mg/dL); 
high risk (5 to < 10%; LDL-C goal < 2.6 mmol/L or 100 mg/
dL); moderate risk (≥ 1% to < 5%; LDL-C goal < 3.0 mmol/L 
or 115 mg/dL); or low risk (< 1%; LDL-C goal < 3.0 mmol/L or 
115 mg/dL) (see Table 28.4).

Statins are recommended as the first choice in 
patients with hypercholesterolemia or combined hyper-
lipidemia. Nonstatins are recommended as combination 
therapy with statins in selected patients when a specific 
goal is not reached with the maximal tolerated dose of 
statin. Ezetimibe may be preferred based on IMProved 
Reduction of Outcomes: Vytorin Efficacy International Trial 
(IMPROVE-IT). Niacin and bile acid sequestrants are not 
recommended. Fenofibrate may be useful in some patients 
with hypertriglyceridemia, with the excess risk of myopathy 
clearly communicated.

Non–HDL-C is considered a reasonable alternative treat-
ment goal, although it has not been an endpoint in car-
diovascular outcomes trials. Non–HDL-C is calculated by 
subtracting HDL-C from total cholesterol, thus reflecting all 
the circulating apolipoprotein B–containing atherogenic lipo-
proteins, including LDL-C. Non–HDL-C is particularly helpful 
in hypertriglyceridemic patients and can be calculated when 
triglycerides are above 400 mg/dL (unlike calculated LDL-C). 
Non–HDL-C does not require fasting and is approximately 0.8 
mmol/L (30 mg/dL) higher than the LDL-C level. Non–HDL-C 
treatment goals are: very high risk less than 2.6 mmol/L (< 100 
mg/dL), high risk less than 3.3 mmol/L (< 130 mg/dL), and in 
moderate–low risk less than 3.8 mmol/L (< 145 mg/dL).

The remainder of this section will focus on the 2013 ACC/
AHA cholesterol guideline recommendations, with addi-
tional information from the shorter cholesterol treatment 
section of the 2016 ESC/AHA prevention guideline provided 
as needed.

Statin Intensity
The 2013 ACC/AHA cholesterol guideline recommends  
moderate- or high-intensity statin therapy based on the 
strength of evidence and likelihood of a net ASCVD risk-
reduction benefit. Statin intensity is defined in Table 28.5.5 
High-risk patients up to age 75 years should receive a high-
intensity statin, unless safety concerns are present. Three tri-
als have demonstrated high-intensity statins reduce ASCVD 
events more than moderate-intensity statins and are well 
tolerated in high-risk patient populations aged 75 years or 
older.64–66 In lower-risk patients (< 7.5%), and in those over 
75 years, moderate-intensity statins are preferred. In those 
unable to tolerate high- or moderate-intensity statins, the 
maximally tolerated statin dose should be used.

Primary Prevention with LDL-C of 190 mg/dL 
or Higher
When a patient is first identified with an LDL-C of 190 mg/dL 
or higher (or triglycerides ≥ 500 mg/dL), secondary causes 
of hypercholesterolemia should be ruled out (Table 28.6).5 
Management of hypertriglyceridemia is discussed briefly 
later in this section. Readers are referred to the AHA triglyc-
eride statement for a more detailed discussion.67

Individuals of any age with a primary elevation of LDL-C 
of 190 mg/dL or higher have a strong genetic contribution 
to their hypercholesterolemia and are at increased risk of 
premature ASCVD.5 Healthy lifestyle habits, avoidance of 
smoking, and control of blood pressure are all very impor-
tant. However, substantial LDL-C reduction in LDL-C levels 
is required to significantly reduce the premature risk of 
ASCVD in these patients.

The 2013 ACC/AHA cholesterol guideline recommends 
that all individuals with primary LDL-C of 190 mg/dL or 
higher be treated with a high-intensity statin. LDL-C should 
be reduced by at least 50%. Because high-intensity statins 
reduce LDL-C more than moderate-intensity statins,64–66 a 
high-intensity statin should be initiated unless safety consid-
erations are present.5 Many patients with untreated LDL-C 
levels of 190 mg/dL or higher will require the addition of a 
nonstatin to further lower LDL-C to desirable levels.

Although no evidence is available for nonstatins added 
to statin therapy in patients with genetic hypercholesterol-
emia, the 2013 ACC/AHA cholesterol guideline panel con-
sidered the potential benefit of additional LDL-C reduction 
in these patients to be significant based on extrapolation 
of the Cholesterol Treatment Trialists meta-analysis of statin 
therapy, where each 1 mmol/L (39 mg/dL) reduction in 
LDL-C was associated with a 21% reduction in major car-
diovascular events (Fig. 28.6).68a Therefore, an expert recom-
mendation was made to add nonstatin therapy to achieve 
the desired level of LDL-C, preferably a nonstatin(s) shown 
to reduce ASCVD events.51 The recommended treatment 
strategy is outlined in Fig. 28.7.

The 2016 ESC/EAS guideline recommends an LDL-C 
goal below 100 mg/dL for high-risk primary prevention 
patients with total cholesterol greater than 8 mmol/L  

Suspicion of white-coat or masked hypertension
 •  High office BP in individuals without organ damage and at 

low total CV risk.
 •  Normal office BP in individuals with organ damage or at 

high total CV risk.
 •  Considerable variability of office BP over the same or dif-

ferent visits.
 •  Autonomic, postural, postprandial, siesta- and drug-

induced hypotension.
 •  Elevated office BP or suspected pre-eclampsia in pregnant 

women.
 •  Identification of true and false resistant hypertension.

Specific indications for ABPM
 •  Marked discordance between office BP and home BP.
 •  Assessment of dipping status.
 •  Suspicion of nocturnal hypertension or absence of dipping, 

such as in patients with sleep apnea, CKD, or DM.
 •  Assessment of BP variability.

BOX 28.3 2016 ESC/EAS Prevention Guideline 
(Clinical Indications for Out-of-Office Blood 
Pressure Measurements)

From Piepoli MF, Hoes AW, Agewall S, et al. 2016 European guidelines on 
cardiovascular disease prevention in clinical practice. Eur Heart J. 2016;37(29):2315–
2381. pii: ehw106.

ABPM, Ambulatory blood pressure monitoring; BP, blood pressure; CKD, chronic 
kidney disease; CV, cardiovascular; DM, diabetes mellitus.
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TABLE 28.4 2016 ESC/EAS Prevention Guidelines: Patient Risk Categories and Lipid Treatment 
Recommendations

RISK LEVEL CHARACTERISTICS RECOMMENDATION CLASS LEVEL

Very high risk  •  Documented CVD, clinical or unequivocal on imaging. Documented 
clinical CVD includes previous AMI, ACS, coronary revascularization 
and other arterial revascularization procedures, stroke and TIA, aor-
tic aneurysm and PAD. Unequivocally documented CVD on imaging 
includes significant plaque on coronary angiography or carotid 
ultrasound. It does NOT include some increase in continuous imag-
ing parameters such as intima-media thickness of the carotid artery

 •  DM with target organ damage such as proteinuria or with a major 
risk factor such as smoking or marked hypercholesterolemia or 
marked hypertension

 •  Severe CKD (GFR < 30 mL/min per 1.73 m2)
 •  A calculated SCORE ≥ 10%

An LDL-C goal < 1.8 mmol/L (< 70 
mg/dL), or a reduction of at least 
50% if the baseline is between 
1.8 and 3.5 mmol/L (70 and 135 
mg/dL) is recommended

I B

High risk  •  Markedly elevated single risk factors, in particular cholesterol > 8 
mmol/L (> 310 mg/dL) (e.g., in familial hypercholesterolemia) or BP 
≥ 180/110 mm Hg

 •  Most other people with DM (with the exception of young people 
with type 1 DM and without major risk factors that may be at low 
or moderate risk)

 •  Moderate CKD (GFR 30–59 mL/min per 1.73 m2)
 •  A calculated SCORE ≥ 5% and < 10%

LDL-C goal < 2.6 mmol/L (< 100 
mg/dL), or a reduction of at least 
50% if the baseline is between 
2.6 and 5.1 mmol/L (100 and 200 
mg/dL) is recommended

I B

Moderate risk SCORE is ≥ 1% and < 5% at 10 years. Many middle-aged subjects 
belong to this category

In the remaining patients on LDL-C 
lowering treatment, an LDL-C 
goal < 3.0 mmol/L (< 115 mg/dL) 
should be considered

IIa C

Low risk SCORE < 1%.

AMI, Acute myocardial infarction; ACS, acute coronary syndrome; BP, blood pressure; CKD, chronic kidney disease; CVD, cardiovascular disease; DM, diabetes mellitus; GFR, 
glomerular filtration rate; LDL-C, low-density lipoprotein cholesterol; PAD, peripheral artery disease; TIA, transient ischemic attack. From Piepoli MF, Hoes AW, Agewall S, et al. 
2016 European Guidelines on cardiovascular disease prevention in clinical practice. Eur Heart J. 2016;37(29):2315–2381.

(> 310 mg/dL).15 The National Lipid Association has rec-
ommended achieving an LDL-C below 100 mg/dL for 
these patients.

Familial Hypercholesterolemia Diagnosis
Individuals with familial hypercholesterolemia are at par-
ticularly high risk of premature ASCVD due to exposure 
to high LDL-C levels from birth.35,51 In adulthood, familial 
hypercholesterolemia can be diagnosed as an untreated 
LDL-C of 190 mg/dL or higher and a family history of 

familial hypercholesterolemia or premature-onset ASCVD 
in a first-degree relative (before age 55 years in men; before 
age 65 years in women).35 The presence of an LDL-C–rais-
ing gene defect (LDL receptor, apolipoprotein B, or PCSK9) 
is also diagnostic, although not present in all cases of 
familial hypercholesterolemia. Once a patient with famil-
ial hypercholesterolemia is diagnosed, cascade screening 
of relatives should be performed, including in children age 
2 or older. Early treatment with statins markedly reduces 
the premature risk of ASCVD in patients with genetic 
hypercholesterolemia.50

TABLE 28.5 High-, Moderate-, and Low-Intensity Statin Therapy*

STATIN THERAPY

DAILY DOSE
High Intensity
↓LDL-C ≥ 50%

Moderate Intensity
↓LDL-C 30-< 50%

Low Intensity
↓LDL-C < 30%

Atorvastatin (40)–80 mg|| 10 (20) mg

Rosuvastatin 20 (40) mg (5) 10 mg

Simvastatin 20–40 mg¶ 10 mg

Pravastatin 40 (80) mg 10–20 mg

Lovastatin 40 mg 20 mg

Fluvastatin 80 mg (Fluvastatin XL) 20–40 mg

Fluvastatin 40 mg**

Pitavastatin 2–4 mg 1 mg

*Individual responses to statin therapy varied in randomized, controlled trials and vary in clinical practice. A less-than-average response may have a biologic basis. Statins and 
dosages in bold were reduced in major cardiovascular events in randomized, controlled trials. Statins and doses in italics were approved by the FDA but were not tested in 
randomized, controlled trials.
||Evidence from one randomized, controlled trial only; down-titration if patient is unable to tolerate atorvastatin, 80 mg.
¶Although simvastatin 80 mg was evaluated in randomized, controlled trials, the FDA recommends against initiation of or titration to 80 mg of simvastatin because of 
increased risk for myopathy and rhabdomyolysis.
**Twice daily.

From Stone NJ, Robinson JG, Lichtenstein AH, et al. 2013 ACC/AHA guideline on the treatment of blood cholesterol to reduce atherosclerotic cardiovascular risk in adults: a 
report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines. J Am Coll Cardiol. 2014;63(25, Part B):2889–2934. Reprinted with 
permission of the author JG Robinson.

FDA, US Food and Drug Administration; LDL-C, low-density lipoprotein cholesterol; XL, extended-release.
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Primary Prevention in Patients with 
Diabetes
Individuals with type 1 or 2 diabetes are also at very high life-
time risk of ASCVD events.5 These patients often have dyslip-
idemia characterized by lower LDL-C and HDL-C and higher 
triglyceride and non–HDL-C levels than patients without dia-
betes.69 However, for ASCVD risk reduction, the focus remains 
on LDL-C lowering with statin therapy, which reduces risk 
across the spectrum of other lipid abnormalities and patient 
characteristics in patients with diabetes (Fig. 28.8).68 Primary 
prevention patients with diabetes experience the same relative 
reduction in cardiovascular risk as those with clinical ASCVD.

Based on a strong body of evidence from multiple clini-
cal trials, the 2013 ACC/AHA cholesterol guideline recom-
mends statin therapy for all patients with diabetes aged 
between 40 and 75 years.5 Only moderate-intensity statins 
have been evaluated in primary prevention populations of 
patients with diabetes. However, as in other patient groups, 
the reduction in cardiovascular risk is proportional to the 
magnitude of LDL-C reduction.68 Therefore, the 2013 ACC/
AHA cholesterol guideline recommends consideration of 
high-intensity statin therapy in patients with diabetes who 
have a 7.5% or higher 10-year ASCVD risk. Ten-year and life-
time ASCVD risk can be estimated using the ACC/AHA risk 
calculator Pooled Cohort Equations.7

Statin therapy for primary prevention can also be consid-
ered in patients with diabetes younger than age 40 or older 
than age 75. The American Diabetes Association recom-
mends statin therapy in individuals under 40 years who have 
cardiovascular risk factors (defined as LDL-C ≥ 100 mg/dL, 
high blood pressure, smoking, or overweight/obesity).10 Statin 
therapy is also recommended for patients with diabetes over 
age 75: moderate intensity if no risk factors and moderate or 
high intensity if cardiovascular risk factors are present.

Primary Prevention among Individuals 
Without Diabetes and with LDL-C Less Than 
190 mg/dL
Whether the first clinical manifestation of ASCVD occurs 
prematurely or in advanced old age largely depends on 
genetic susceptibility and the risk factor burden over the 

TABLE 28.6 Secondary Causes of Hyperlipidemia

SECONDARY CAUSE ELEVATED LDL-C OR NON–HDL-C ELEVATED TRIGLYCERIDES

Diet Saturated or trans fats, large weight 
gain, anorexia

Large weight gain, high fat intake, high refined carbohydrate intake, 
excessive alcohol intake, very low fat diets if high in refined carbohydrates

Drugs Glucocorticoids, cyclosporine, 
anticonvulsants, oral contraceptives, 
anabolic steroids, diuretics, sirolimus, 
amiodarone

Glucocorticoids, oral estrogens, anabolic steroids, bile acid sequestrants, highly 
active retroviral therapy, retinoic acid (isotretinoin), sirolimus, tacrolimus, 
raloxifene, tamoxifen, β-blockers (not carvedilol), thiazides, cyclophosphamide, 
L-asparaginase, second-generation antipsychotics (clozapine and olanzapine)

Diseases Biliary obstruction, nephrotic syndrome, 
gammaglobulinopathy

Proteinuria, nephrotic syndrome, chronic renal failure, glomerulonephritis, 
Cushing syndrome, HIV, lipodystrophies, gammaglobulinopathy, systemic lupus 
erythematosus, automimmune chylomicronemia, chronic idiopathic urticaria

Disorders and altered states 
of metabolism

Obesity, hypothyroidism, pregnancy* Diabetes (poorly controlled), obesity, lipodystrophy, hypothyroidism, 
pregnancy,* polycystic ovarian syndrome

Common causes of secondary hyperlipidemia (most common causes in bold; leading causes underlined).
*Cholesterol and triglycerides rise progressively throughout pregnancy.

Secondary causes of hyperlipidemia should be evaluated in patients with:
 •  Newly identified LDL-C ≥ 160 mg/dL or non–HDL-C ≥ 190 mg/dL.
 •  Newly identified triglycerides ≥ 500 mg/dL.
 •  Worsening LDL-C, non–HDL-C, or triglyceride levels despite adherences to lifestyle and drug therapy.
Initial laboratory tests should include:
 •  Fasting glucose or hemoglobin A1C (HbA1C).
 •  Thyroid-stimulating hormone (TSH).
 •  Alkaline phosphatase, bilirubin, and alanine aminotransferase (ALT).
 •  Creatinine/glomerular filtration rate (GFR).
 •  Urinary albumin.
Additional tests include:
 •  Total protein
 •  Women of childbearing age – beta human chorionic gonadotropin (β-hCG).
Used with permission of Robinson JG. Clinical Lipid Management. Professional Communications Inc, West Islip, NY, 2015.
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FIG. 28.6 Relationship between the reduction in LDL-C and relative reduction in 
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(Cholesterol Treatment Trialists, C. Efficacy and safety of cholesterol-lowering treat-
ment: prospective meta-analysis of data from 90,056 patients in 14 randomized trials 
of statins. Lancet 2005;366:1267–1278.)
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lifetime.70,71 Unfortunately, currently available tools cannot 
accurately predict risk for an individual patient but must 
rely on probabilistic estimates derived from epidemiologic 
population data. With this framework in mind, the clinical 
approach to statins for primary prevention relies heavily on 
shared decision-making with patients without diabetes who 
have an LDL-C below 190 mg/dL.

Clinical Trial Evidence
The 2013 ACC/AHA cholesterol guideline developed pri-
mary prevention recommendations based on evidence 
from three purely primary prevention cardiovascular out-
comes trials.72–74 Strong evidence supports a net ASCVD 
risk-reduction benefit in individuals aged between 40 and 
75 years with a 7.5% or higher 10-year ASCVD risk for mod-
erate- or high-intensity statins. Moderate evidence supports 
the use of moderate-intensity statins in individuals aged 
between 40 and 75 years with 5% to less than 7.5% 10-year 
ASCVD risk.74

The clinical trial evidence for those aged under 40 years 
and over 75 years is insufficient. No primary prevention tri-
als enrolled individuals under 40 years. The evidence for pri-
mary prevention statin therapy in individuals over 75 years 
is equivocal. One trial found a cardiovascular risk-reduction 
benefit with high-intensity statin therapy, but another trial 

found no benefit with moderate-intensity statin therapy.75,76 
Therefore the decision to initiate statin therapy in these age 
groups must be individualized with particular consideration 
of patient preferences.

Statin Safety
When compared with higher-risk secondary prevention 
patients, safety considerations more strongly influence the 
decision to initiate statins for lower-risk primary prevention 
patients, where the margin of ASCVD risk-reduction benefit 
may be smaller. The most serious adverse effects of serious 
myopathy and hemorrhagic stroke are rare.40

Although muscle symptoms are commonly reported by 
statin-treated patients, they occurred no more commonly in the 
moderate- and high-intensity statin-treated groups than in the 
placebo group in the cardiovascular outcomes trials (manage-
ment of symptoms in statin-treated patients is discussed here-
after).5 Of course, these trials excluded patients with serious 
comorbidities or conditions requiring complex drug regimens 
that could influence safety (such as HIV or organ transplan-
tation). It should be noted, however, that moderate-intensity 
statins had a rate of adverse events comparable to placebo in 
two trials of in patients with Class II–IV heart failure and in two 
trials of patients receiving maintenance hemodialysis.78–81

Heart-healthy lifestyle habits are the foundation of ASCVD prevention
(See 2013 AHA/ACC Lifestyle Management Guideline)

Age ≥ 21 years and a candidate
for statin therapy

LDL-C ≥190
mg/dL

High-intensity statin
(moderate-intensity statin if not

candidate for high-intensity statin)

Yes

Yes

Yes

Each follow-up
visit

Consider addition of nonstatin to
further lower LDL-C

(Nonstatin shown to reduce ASCVD
events preferred) 

Reinforce continued adherence
to drug therapy

and lifestyle

Anticipated
therapeutic
response?

Assess medication and
lifestyle adherence

Fasting lipid panel*

Indicators adequacy of therapy

• LDL-C >50% reduction*

• LDL-C <100 mg/dl**      

No

FIG. 28.7 Treatment strategy genetic hypercholesterolemia when LDL-C ≥190 mg/dl. [Green Class 1 recommendation – “should do”; Yellow Class II a recommendation – 
“reasonable to do”]  Adapted with permission of author from Stone NJ, Robinson JG, Lichtenstein AH, et al. 2013 ACC/AHA Guideline on the Treatment of Blood Cholesterol to 
Reduce Atherosclerotic Cardiovascular Risk in Adults: A Report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines. J Am Coll 
Cardiol. 2014;63(25, Part B):2889-2934). *For patients with familial combined hyperlipidemia (FCH) and non–HDL-C≥ 220 mg/dL and/or severe hypertriglyceridemia, a 50% 
reduction in non–HDL-C and non–HDL-C<130 mg/dL may be used as indicators of adequacy of therapy. ** Per the National Lipid Association Familial Hypercholesterolemia 
statement. (Goldberg AC, Hopkins PN, Toth PP, et al. Familial hypercholesterolemia: screening, diagnosis and management of pediatric and adult patients: clinical guidance from 
the National Lipid Association Expert Panel on Familial Hypercholesterolemia. J Clin Lipidol 2011;5:S1–S8.)
(From Cholesterol Treatment Trialists. Efficacy and safety of cholesterol-lowering treatment: prospective meta-analysis of data from 90,056 patients in 14 ran domized trials of 
statins. Lancet 2005;366:1267–1278.)
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A modest excess of statin-associated diabetes has been 
observed in cardiovascular outcomes trials of moderate-
intensity statins, with somewhat higher rates observed with 
high-intensity statins.82,83 However, this observation is likely 
to be of little clinical significance because only patients 
with diabetes risk factors experienced the excess risk of 
statin-associated diabetes, and the statin-treated patients 
were diagnosed with diabetes only 2 to 4 months earlier 
than patients in the placebo groups.84

The 2013 ACC/AHA cholesterol guideline evaluated the 
number needed to treat to prevent an ASCVD event (NNT) 
and the number needed to treat to cause one adverse event 
(harm; NNH) across the range of 10-year ASCVD risk.85 
Considering the risk of serious myopathy, hemorrhagic 
stroke, and the excess of statin-associated diabetes com-
bined, the NNT exceeded the NNH for moderate-intensity 
statins even for very low-risk patients (Fig. 28.9). The margin 
of benefit for high-intensity statins was narrower. However, if 
the excess risk of diabetes is excluded from the calculation 
of harm, the NNH of 1000 is well below the NNT for moder-
ate- and high-intensity statins.84 This suggests there may be 

additional benefit (with no significant excess of harm) from 
using high-intensity statins for primary prevention.

Statin Initiation—Age 40 to 75 Years
In patients between 40 and 75 years without diabetes, the 
2013 ACC/AHA cholesterol guideline recommends a multi-
step process of shared decision-making (see Fig. 28.2):5
 1.  Start by estimating 10-year ASCVD risk in those who 

are not on a statin and have an LDL-C below 190 mg/
dL. Use the ACC/AHA risk calculator. Download from 
http://my.americanheart.org/professional/StatementsGu
idelines/Prevention-Guidelines_UCM_457698_SubHome
Page.jsp or http://tools.acc.org/ASCVD-Risk-Estimator.

 2.  Determine whether the patient has the potential to expe-
rience a net ASCVD risk-reduction benefit. Strong evi-
dence: ≥7.5% 10-year ASCVD risk, moderate evidence: 
5% to <7.5% 10-year ASCVD risk. In patients with <5% risk, 
statin therapy can still be considered in selected patients.

 3.  Consider other characteristics that may influence safety, 
including drug–drug interactions.

  Events (%)   Test for heterogeneity
Groups Treatment  Control RR (CI) or trend

Type of diabetes:

Type 1 diabetes 147 (20.5%) 196 (26.2%) 0.79 (0.62–1.01)
Type 2 diabetes 1318 (15.2%) 1586 (18.5%) 0.79 (0.72–0.87)

Sex:
Men 1082 (17.2%) 1332 (21.4%) 0.78 (0.71–0.86)
Women 383 (12.4%) 450 (14.6%) 0.81 (0.67–0.97)

Age (years):
≤65 701 (13.1%) 898 (17.1%) 0.77 (0.68–0.87)
>65 764 (18.9%) 884 (21.8%) 0.81 (0.71–0.92)

Currently treated hypertension:

Yes 1030 (16.3%) 1196 (19.1%) 0.82 (0.74–0.91)
No 435 (14.2%) 586 (19.3%) 0.73 (0.63–0.85)

Body-mass index:

<25.0 276 (15.7%) 362 (20.4%) 0.78 (0.64–0.95)
≥25.0–<30.0 639 (15.9%) 774 (19.8%) 0.77 (0.68–0.88)
≥ 30.0 532 (15.1%) 628 (17.6%) 0.82 (0.71–0.95)

Systolic blood pressure (mmHG):

<160 993 (15.0%) 1276 (19.1%) 0.76 (0.69–0.85)
≥160 472 (17.1%) 505 (19.2%) 0.83 (0.71–0.96)

Diastolic blood pressure (mmHG):

≤90 1176 (16.5%) 1417 (19.8%) 0.81 (0.73–0.89)
>90 288 (12.9%) 364 (17.1%) 0.73 (0.61–0.87)

Smoking status:

Current smokers 266 (17.5%) 347 (22.5%) 0.78 (0.64–0.96)
Non-smokers 1199 (15.2%) 1435 (18.5%) 0.79 (0.72–0.87)

Estimated GFR (mL/min/1.73m2):

<60 415 (20.6%) 477 (24.0%) 0.83 (0.71–0.97)
≥ 60–<90 816 (15.5%) 961 (18.4%) 0.81 (0.72–0.91)
≥ 90 194 (12.5%) 286 (18.7%) 0.65 (0.50–0.84)

Predicted risk of major vascular event (per year):

<4.5% 474   (8.4%) 631 (11.2%) 0.74 (0.64–0.85)
≥ 4.5–<8.0% 472 (23.2%) 540 (27.3%) 0.80 (0.66–0.96)
>8.0% 519 (30.5%) 611 (35.8%) 0.82 (0.70–0.95)

All diabetes 1465 (15.6%) 1782 (19.2%) 0.79 (0.74–0.84)

Global test for heterogeneity within subtotals: χ2
13=13.9; p=0.4 

         RR (99% CI)
         RR (95% CI)  

 0.5 1.0 1.5
Treatment better  Control better

χ2
1=0.0; p=1.0

χ2
1=0.1; p=0.7

χ2
1=0.5; p=0.5

χ2
1=2.7; p=0.1

χ2
1=0.5; p=0.5

χ2
1=1.3; p=0.3

χ2
1=1.7; p=0.2

χ2
1=0.0; p=0.9

χ2
1=2.9; p=0.09

χ2
1=1.8; p=0.2

FIG. 28.8 CTT individual level meta-analysis of 14 statin trials—cardiovascular event reduction for various subgroups of persons with diabetes. CI, Confidence interval; RR, 
relative risk. (From Cholesterol Treatment Trialists Collaborators CTT, Kearney P, Blackwell L, et al. Efficacy of cholesterol-lowering therapy in 18,686 people with diabetes in 14 
randomised trials of statins. Lancet 2008;371:117–125.)

http://my.americanheart.org/professional/StatementsGuidelines/Prevention-Guidelines_UCM_457698_SubHomePage.jsp
http://my.americanheart.org/professional/StatementsGuidelines/Prevention-Guidelines_UCM_457698_SubHomePage.jsp
http://my.americanheart.org/professional/StatementsGuidelines/Prevention-Guidelines_UCM_457698_SubHomePage.jsp
http://tools.acc.org/ASCVD-Risk-Estimator
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 4.  Elicit the preferences of the informed patient.
 5.  If the decision is unclear, other factors can be considered 

to refine the risk estimate (see following).

Initial Risk Assessment
The ACC/AHA risk calculator Pooled Cohort Equations 
should only be used in patients who do not have ASCVD 
and whose LDL-C is below 190 mg/dL.5,7 The 10-year 
ASCVD risk can be estimated in individuals between 40 
and 79 years.

The ACC/AHA risk calculator also estimates lifetime risk 
in individuals aged between 20 and 59 years. After age 60 
years, 10-year and lifetime risk converge. Lifetime risk may 
inform the clinician–patient discussion. In younger patients 
with risk factors, 10-year ASCVD risk may be low, but lifetime 
risk may be very high.7 These patients should address life-
style and risk factor control and may wish to initiate statin 
therapy to decrease the lifetime ASCVD risk.

In the United States, estimation of 10-year ASCVD risk 
should start with the Pooled Cohort Equations, developed 
as part of the 2013 ACC/AHA risk assessment guideline.7 The 
Pooled Cohort Equations were developed from five epide-
miologic cohorts supported by the National Heart, Lung, 
and Blood Institute. These cohorts include non-Hispanic 
white and African Americans from young adulthood to old 
age. The Pooled Cohort Equations predict nonfatal and fatal 
myocardial infarction and stroke. By including stroke, these 
race- and sex-specific equations perform better in white 
women and African-American women and men than does 
the Framingham Score used in earlier cholesterol guidelines, 
which was derived from a white population and predicted 
only coronary heart disease.54

According to the 2016 ESC/EAS guideline, in Europe, 
the SCORE equations for low- and high-risk countries 
should be used to estimate the 10-year risk of fatal ASCVD 

in primary prevention individuals aged over 40 years who 
are not otherwise categorized as high or very high risk 
(e.g., clinical ASCVD, diabetes, chronic kidney disease, or 
highly elevated single risk factor) (http://www.escardio.org/ 
Guidelines-&-Education/Practice-tools/CVD-prevention 
-toolbox/SCORE-Risk-Charts).15 The performance of these 
equations in non-Caucasians has not been evaluated. 
However, race/ethnic specific equations have been devel-
oped for the United Kingdom (QRISK2) (http://www.qrisk 
.org/).16,17

Revising the Risk Assessment
The 2013 ACC/AHA risk assessment guideline also recom-
mends starting with the Pooled Cohort Equations, and then 
considering revising the risk estimate downward in individu-
als from populations known to be at lower ASCVD risk (East 
Asians and Mexican Americans).7 Upward revision of risk 
should also be considered for individuals from populations 
known to be at higher ASCVD risk (south Asians from India, 
Pakistan, Bangladesh, Pacific Islanders, some Hispanics of 
Puerto Rican origin, and Native Americans).

Not surprisingly, the Pooled Cohort Equations have 
been shown to over-predict ASCVD risk in low-risk popu-
lations such as health professionals who volunteered for 
a clinical trial, Chinese or Hispanic Americans, individu-
als whose risk factors were well-treated after entry into 
the study, individuals enrolled in a health maintenance 
organization in Northern California, or people from low-
risk European countries.86–89 When applied to the general 
US population of African-American and white men and 
women who might be considered candidates for statin 
therapy, the Pooled Cohort Equations perform quite well.90 
Thus, it appears that information on socioeconomic status 
and race/ethnicity may be informative when revising the 
risk estimate.
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FIG. 28.9 Comparison of the number needed to treat to prevent one ASCVD event (NNH) and the number needed to treat to cause one adverse event (harm; NNH) across 
the range of 10-year ASCVD risk for moderate- and high-intensity statin therapy. If the excess risk of diabetes is excluded, the NNH is 1000 based on the excess risk of seri-
ous myopathy and hemorrhagic stroke. Moderate-intensity statin treatment assumes a 35% relative risk reduction in ASCVD from moderate-intensity statin treatment NNT to 
prevent one ASCVD event varies by baseline estimated 10-year ASCVD risk. NNH based on one excess case of incident diabetes per 100 individuals* treated with statins for 10 
years. High-intensity statin treatment assumes a 45% relative risk reduction in ASCVD from high- intensity statin treatment NNT to prevent one ASCVD event varies by baseline 
estimated 10-year ASCVD risk NNH based on three excess cases of incident diabetes* per 100 individuals treated with statins for 10 years. *A conservative estimate of adverse 
events includes excess cases of incident diabetes, myopathy, and hemorrhagic stroke. The NNH is dominated by excess cases of diabetes, with minimal contribution by myopa-
thy (approximately 0.01 excess case per 100) and hemorrhagic stroke (approximately 0.01 excess case per 100 for hemorrhagic stroke). ASCVD, Atherosclerotic cardiovascular 
disease. (Adapted from Stone N, Robinson J, Lichtenstein A, et al. 2013 ACC/AHA guideline on the treatment of blood cholesterol to reduce atherosclerotic cardiovascular risk 
in adults. Circulation. 2014;129[suppl 2]:S1-S45. Full Report online supplement.)

http://www.escardio.org/Guidelines-%26-Education/Practice-tools/CVD-prevention-toolbox/SCORE-Risk-Charts
http://www.escardio.org/Guidelines-%26-Education/Practice-tools/CVD-prevention-toolbox/SCORE-Risk-Charts
http://www.escardio.org/Guidelines-%26-Education/Practice-tools/CVD-prevention-toolbox/SCORE-Risk-Charts
http://www.qrisk.org/
http://www.qrisk.org/
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The 2013 ACC/AHA risk assessment guideline also evalu-

ated other biomarkers and patient characteristics to deter-
mine if they added sufficient new information to revise the 
initial risk assessment based on risk factor levels.7 They 
identified a number of characteristics that could be con-
sidered when the decision to initiate statin therapy for pri-
mary prevention is uncertain. A family history of premature 
ASCVD, elevated coronary artery calcium, a C-reactive pro-
tein greater than or equal to 2 mg/L, and low ankle-brachial 
index were all found to add risk prediction information. 
Lifetime risk may also be a consideration deciding to initi-
ate statin therapy. LDL-C of 160 mg/dL or higher was added 
by the 2013 ACC/AHA cholesterol guideline as a charac-
teristic that may indicate increased net benefit from statin 
therapy due to the greater magnitude of LDL-C reduction as 
well as likelihood of long-term exposure to genetically high 
LDL-C levels.91

Emerging evidence suggests elevated lipoprotein(a) 
(Lp[a]) levels may improve risk prediction, especially if 
there is a family history of premature ASCVD.92–94 An Lp(a) 
of 50 mg/dL or higher for non-Hispanic white and an Lp(a) 
of 30 mg/dL or higher in African Americans may indicate 
increased ASCVD risk.95 Some evidence suggests a coro-
nary artery calcium score of zero may modestly downclas-
sify coronary heart disease and ASCVD risk in white men 
in the 55–65-year age group.96 However, there is insufficient 
evidence to determine if this is true for white women, non-
white adults, and individuals under 55 years.

Characteristics that may be considered when a treatment 
decision is uncertain are summarized in Box 28.4.

Statin Initiation—Age under 40 Years
Healthy lifestyle habits and avoidance of smoking should be 
the primary emphasis in patients under 40 years. Although 
no randomized trial evidence is available to guide the deci-
sion to initiate statin therapy in patients under 40 years, 
statin therapy may still be considered in selected patients at 
increased ASCVD risk.5 Characteristics that might influence 
the decision to initiate statin therapy for the primary preven-
tion of ASCVD before age 40 years:
 1.  An LDL-C ≥ 160 mg before age 40 years indicates a high 

genetic burden contributing to increased ASCVD risk.
 2.  The ACC/AHA risk calculator can be used to estimate life-

time ASCVD risk in individuals aged 20–59 years.
 3.  The 10-year ASCVD risk estimator could also be used 

to demonstrate the risk at age 40 if risk factors remain 
unchanged.

 4.  Family history of premature ASCVD (onset before age 55 
years in a first-degree male relative or before age 65 years 
in a first-degree female relative).
Lipoprotein(a) may be helpful, as previously summa-

rized, especially if a family history of premature ASCVD is 
present.92 Coronary artery calcium is unhelpful in this age 
group, and a score of zero may give a false reassurance 
regarding ASCVD risk, especially if there is a family his-
tory of premature ASCVD.97 There are few data regarding 
C-reactive protein or ankle-brachial index and ASCVD risk 
prediction in this age group.

Statin Initiation—Age over 75 Years
Although the absolute risk of ASCVD events and death is 
highest after age 75, the decision to initiate statins for primary 

prevention is less clear.5 Aging trajectories begin to diverge after 
age 75 years, and prevention may be less of a clinical or patient 
priority.98,99 Nonetheless, even patients in average health at age 
75 years are likely to live at least 10 more years, a time frame 
over which statins might be expected to provide an ASCVD 
risk-reduction benefit.25 However, the randomized trial data are 
equivocal for primary prevention patients over 75 years and no 
clear evidence-based recommendation can be made.

The ACC/AHA risk calculator can be used to estimate risk 
up to age 79 years. After age 60 years, 10-year risk estimates 
converge with lifetime ASCVD risk estimates, so lifetime risk 
is not calculated.7 Noninvasive assessment of atherosclerosis 
may be helpful in those over 75 years, in that a zero or very 
low coronary artery calcium score may reflect a low 10-year 
coronary heart disease risk (albeit not zero risk).100 Stroke 
risk may still be increased, however, because coronary artery 
calcium is a weaker predictor of stroke than coronary artery 
disease.96,100 An ankle-brachial index greater than 0.90 indi-
cates an individual at high ASCVD risk.101 A C-reactive pro-
tein greater than 2 mg/L may also be helpful because this was 
an eligibility criterion for the primary prevention Justification 
for the Use of Statins in Prevention: an Intervention Trial 
Evaluating Rosuvastatin (JUPITER) trial, where high-intensity 
statin therapy (rosuvastatin 20 mg) was shown to reduce 
ASCVD risk in those aged 70 years or older with similar 
adverse events rate as placebo.75

Women
Statins are pregnancy category X and should not be used 
during pregnancy or by nursing mothers.5 Nonstatin 

Recommended indicators of increased ASCVD risk—
2013 ACC/AHA risk assessment guideline
 1.  Family history of premature cardiovascular disease (first-

degree relative: male < 55 years or female < 65 years).
 2.  High sensitivity C-reactive protein ≥ 2.0 mg/L.
 3.  Coronary artery calcium score ≥ 300 Agatston units or 75th 

percentile for age/sex/ethnicity.
 4.  Ankle-brachial index < 0.9.

Other factors to consider—2013 ACC/AHA risk 
assessment guideline
 1.  May be at increased ASCVD risk—South Asian ancestry 

(e.g., India, Pakistan, Bangladesh), some Hispanic groups 
(e.g., Puerto Rican), Pacific Islander ancestry, Native Ameri-
can ancestry.

 2.  May be at lower ASCVD risk—East Asian ancestry (China, 
Japan, etc.), some Hispanic groups (Mexican Americans).

Other factors to consider—2013 ACC/AHA cholesterol 
guideline
 1.  LDL-C ≥ 160 mg/dL.
 2.  Lifetime ASCVD risk.

Other factors that could be considered
 1.  Lower risk if health professional, high socioeconomic status 

or educational level.
 2.  Higher risk of Lp(a) ≥ 50 mg/dL in white or ≥ 30 mg/dL in 

African Americans.
 3.  Citizen of a European country with low cardiovascular risk.

BOX 28.4 Characteristics That May Be 
Considered to Refine ASCVD Risk Estimation

ACC, American College of Cardiology; AHA, American Heart Association; ASCVD, 
atherosclerotic cardiovascular disease.
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lipid-lowering agents other than bile acid sequestrants 
should also be avoided in these women. This consideration 
primarily affects women with untreated LDL-C of 190 mg/dL 
or higher and women with diabetes. A woman with genetic 
hypercholesterolemia should begin statin therapy no later 
than age 21, so she can experience the maximum potential 
impact on atherosclerosis progression earlier in the course 
of the disease, and discontinue therapy during the reproduc-
tive period with minimal concern.35

The best approach is to counsel the woman and her part-
ner on the potential for harm to the fetus and baby and to 
confirm that effective contraceptive measures will be under-
taken.102 Statin and nonstatin therapy should be discontin-
ued 2 to 3 months before conception efforts begin. Drug 
therapy can be resumed after nursing is completed.

White women without diabetes who have LDL-C less than 
190 mg/dL are at relatively lower ASCVD risk before age 75 
compared to white men and African-American women and 
men.4 Fewer women have been enrolled in primary preven-
tion cardiovascular outcomes trials, but the available evi-
dence suggests that women experience similar relative risk 
reduction to that experienced by men.103 The Pooled Cohort 
Equations work particularly well for predicting ASCVD risk 
in both white and African-American women.7,54

Special Clinical Populations
Patients with heart failure and end-stage renal failure are at 
high risk of cardiovascular events and death. However, statins 
have not been shown to reduce ASCVD events in patients 
with Class II–IV heart failure of ischemic or non-ischemic 
origin,78,79 nor do statins reduce ASCVD events in patients 
receiving maintenance hemodialysis.80,81 The decision to 
initiate statin therapy in these patients needs to be consid-
ered on an individual basis. Notably, moderate-intensity 
statins were well-tolerated in these trials.

The lack of benefit from statin therapy in these two high-
risk groups of patients with serious comorbidities, and the 
potential for drug–drug interactions, has brought into ques-
tion the potential for a net ASCVD risk reduction from statins 
used for primary prevention in other groups of patients with 
serious comorbidities. Patients with HIV infection, chronic 
inflammatory or rheumatologic conditions, organ transplan-
tation, and cancer survivors may all be at increased ASCVD 
risk.85,104 Statins can certainly be considered for primary 
prevention, but the statin and dose should be carefully con-
sidered to enhance safety.

Monitoring
The success of primary prevention efforts can be enhanced 
through an ongoing therapeutic relationship between clini-
cians, patients, and their families. Adherence to lifestyle and 
medications needs to be assessed regularly. The 2013 ACC/
AHA cholesterol guideline recommends regular follow-
up visits to assess response to therapy, adverse effects, and 
adherence (Fig. 28.10).5 The panel noted that the reduc-
tion in cardiovascular events and excellent safety record 
of statins in the cardiovascular outcomes trials occurred 
within the context of regular clinical visits.

Although the 2013 ACC/AHA cholesterol guideline 
moved away from the treat-to-target approach, it did pro-
vide some benchmarks for assessing therapeutic efficacy.5 
On average, a 50% or greater reduction in LDL-C will occur 

with a high-intensity statin, and a 30% to less than 50% 
reduction will occur with a moderate-intensity statin. When 
the baseline LDL-C is unknown, it was noted that an LDL-C 
below 100 mg/dL was observed in the high-intensity statin 
trials. If, after several visits, it is determined that the patient 
might benefit from additional LDL-C reduction, the statin 
dose can be intensified or the addition of a nonstatin can 
be considered.

Nonstatin Therapy
Nonstatins such as niacin, bile acid sequestrants, and 
fibrates were shown to reduce ASCVD events in trials per-
formed in highly select high-risk populations in the prestatin 
era.5 However, until recently, there was little evidence that 
nonstatins further reduced ASCVD events when added to 
background statin therapy.

The 2013 ACC/AHA cholesterol guideline recommended 
consideration of the addition of a nonstatin in selected high-
risk patients who might benefit from additional LDL-C lower-
ing, such as those with LDL-C of 190 mg/dL or higher, those 
with clinical ASCVD, those with diabetes aged between 40 
and 75 years who were unable to tolerate a high-intensity 
statin, or those who had a less than 50% reduction in LDL-C.5 
Nonstatins shown to reduce ASCVD events were preferred. 
Ezetimibe would be the preferred nonstatin on the basis of 
cardiovascular outcomes trial data, although this will likely 
change as ongoing cardiovascular outcomes trials are com-
pleted. The 2016 ESC/EAS guideline recommends the con-
sideration of added nonstatin therapy to achieve risk-based 
LDL-C or non–HDL-C targets (see Table 28.4).15

Ezetimibe
Ezetimibe lowers LDL-C by 15% to 25% when added to back-
ground statin therapy.105,106 The IMPROVE-IT trial for the 
first time provided clear evidence that adding a nonstatin, 
ezetimibe, further reduced ASCVD events in statin-treated 
patients.41 This trial provides support for the addition of 
ezetimibe for further lowering LDL-C to reduce ASCVD risk 
in very high-risk patients such as those with acute coronary 
syndromes and an additional high-risk characteristic such 
as diabetes. For lower-risk primary prevention, the addition 
of ezetimbe is unlikely to have the potential for a meaning-
ful reduction in ASCVD risk unless LDL-C levels are very 
high, as in patients with familial hypercholesterolemia or 
high-risk statin-intolerant patients.107

One approach that has been suggested for the lower-
risk primary prevention setting is to reserve nonstatins for 
patients most likely to benefit.108,110-111 This might include 
those with familial or other genetic hypercholesterolemia 
whose LDL-C remains above 100 mg/dL on maximally toler-
ated statin therapy.51 Patients with a 10-year ASCVD risk of 
15% to 20% or greater (with or without diabetes) may ben-
efit from the addition of a nonstatin to further lower LDL-C 
if LDL-C remains at 130 mg/dL or higher on maximally toler-
ated statin therapy. The margin of benefit is likely narrower if 
the LDL-C level is below 130 mg/dL.

PCSK9 Inhibitors
Several cardiovascular outcomes trials are ongoing for 
proprotein convertase subtilisin-like/kexin type 9 (PCSK9) 
monoclonal antibodies.112–114 These drugs lower LDL-C by 
45% to 70% and lipoprotein(a) by approximately 25%, with 
minimal effects of triglycerides and HDL-C.115,116 Preliminary 



Prim
ary Preven

tio
n

 o
f A

th
ero

sclero
tic C

ard
io

vascu
lar D

isease
451

28

data from 11–18-month efficacy/safety trials suggest that 
PCSK9 mAbs may further reduce ASCVD events and mor-
tality in patients receiving background statin therapy.115,116 
However, the magnitude of risk reduction and long-term 
safety of these has yet to be determined.

In 2015, the PCSK9 monoclonal antibodies alirocumab 
and evolocumab received Food and Drug Administration 
(FDA) approval for patients with heterozygous familial 
hypercholesterolemia and for patients with clinical ASCVD, 
who are receiving maximally tolerated statin therapy and 
require additional LDL-C lowering.117,118 Evolocumab was 
also approved for use in patients with homozygous famil-
ial hypercholesterolemia. These expensive drugs are not 

considered cost-effective at current wholesale pricing, 
which has limited patient access.119

Other Lipid-Modifying Nonstatins
Other LDL-C lowering drugs include niacin and bile acid 
sequestrants. Both niacin and bile acid sequestrants used 
as monotherapy have been shown to reduce ASCVD events 
in hypercholesterolemic male patients with and without 
coronary heart disease, respectively.120,121 Niacin should be 
avoided in primary prevention. Niacin has not demonstrated 
added ASCVD event reduction efficacy when added to back-
ground statin therapy in patients with ASCVD and has a num-
ber of serious adverse effects limiting its use.68b,122 Niacin 

Assess medication and
lifestyle adherence

Fasting lipid panel*

Anticipated
therapeutic
response?

Anticipated
therapeutic
response?

Reinforce continued adherence

Follow-up 3–12 months
Less-than-anticipated
therapeutic response

Yes

Yes

Yes

No

No

No

Intolerance to
recommended
dose of statin

therapy?

Management of
statin intolerance

(Table 8, rec 8 in 
2013 ACC/AHA 

report)

Follow-up 4–12 weeks and
thereafter as indicated

Follow-up 4–12 weeks

Reinforce improved adherence

Increase statin intensity‡

OR

Consider addition of nonstatin drug therapy
Reinforce medication adherence

Reinforce adherence to intensive lifestyle changes
Exclude secondary causes of hypercholesterolemia

(Table 28–6)

Indicators of anticipated therapeutic response and
adherence to selected statin therapy:

•  High-intensity statin therapy† reduces LDL-C
   approximately ≥ 50% from the untreated baseline.

•  Moderate-intensity statin therapy reduces LDL-C
   apporoximately 30% to <50% from untreated baseline.

FIG. 28.10 Monitoring therapeutic response and adherence. Colors correspond to the Classes of Recommendation (I = green, IIa = yellow, IIb = orange). *Fasting lipid panel 
preferred. In a nonfasting individual, a nonfasting non–HDL-C level > 220 mg/dL may indicate genetic hypercholesterolemia that requires further evaluation or a secondary etiol-
ogy. If nonfasting triglycerides are > 500 mg/dL, a fasting lipid panel is required. †In those already on a statin, in whom baseline LDL-C is unknown, an LDL-C < 100 mg/dL was 
observed in most individuals receiving high-intensity statin therapy in RCTs. ‡See Section 6.3.1 of 2013 ACC/AHA cholesterol guideline report. (Reprinted with permission of the 
authors–Stone NJ, Robinson JG, Lichtenstein AH, et al. 2013 ACC/AHA guideline on the treatment of blood cholesterol to reduce atherosclerotic cardiovascular risk in adults: a 
report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines. J Am Coll Cardiol. 2014;63(25, Part B):2889–2934).
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should not be used in patients with diabetes and increases 
the risk of diabetes even in normoglycemic individuals.

No cardiovascular outcomes trials have evaluated bile 
acid sequestrants added to statin therapy. Bile acid seques-
trants should not be used when triglycerides are 300 mg/dL 
or higher and have numerous drug interactions.5

Fibrates do not consistently lower LDL-C and, in fact, may 
increase it in hypertriglyceridemia patients.123 They should 
be reserved for patients at increased ASCVD risk with a 
history of triglycerides greater than 1000 mg/dL or hyper-
triglyceridemia-induced pancreatitis, who cannot achieve 
triglyceride levels lower than 500 mg/dL with lifestyle and 
maximal statin therapy.67,124 Fenofibrate monotherapy has 
been shown to reduce ASCVD events in primary preven-
tion patients with diabetes, but not when added to back-
ground statin therapy.125,126 Subgroup analysis in the Action 
to Control Cardiovascular Risk in Diabetes (ACCORD) trial 
suggests fenofibrate may have reduced ASCVD events in 
patients with low HDL-C and high triglycerides but also 
showed it increased ASCVD events in women.126 Gemfibrozil 
monotherapy has been shown to reduce ASCVD events 
in primary prevention hypercholesterolemic men and in 
men with coronary heart disease and low LDL-C, HDL-C, 
and high triglycerides.127,128 However, gemfibrozil dramati-
cally increases the risk of serious myopathy when used 
with statins, and concomitant use should be avoided.129 
Fenofibrate has a lower risk of myopathy when used with 
low-to moderate-intensity statins.126 The safety of fenofibrate 
has not been evaluated with high-intensity statins.

Hypertriglyceridemia
Mild to moderate hypertriglcyeridemia (150–499 mg/dL; 1.7–
5.6 mmol/L) is common. Hypertriglyceridemia results from 
the interaction between hypertriglyceridemic gene expres-
sion and environmental stimuli from the diet, excess adiposity, 
physical inactivity, and other factors. Severe hypertriglyceride-
mia of 1000 mg/dL or greater (> ≈10 mmol/L) usually results 
from an autosomal recessive monogenetic disorder coupled 
with environmental stimuli.130

Triglyceride levels above 150 mg/dL are associated with 
increased ASCVD risk in univariate analyses.67 But in the 
majority of studies, hypertriglyceridemia does not appear to 
be independently associated with increased ASCVD risk once 
adjusted for other risk factors, including low HDL-C levels.

Drug therapy to lower triglycerides per se has not been 
shown to reduce ASCVD risk.132 Hypertriglyceridemic 
patients with triglyceride levels below 500 mg/dL are man-
aged with the appropriate intensity of statin therapy to 
reduce their ASCVD risk.5 High-intensity statin therapy may 
reduce triglycerides by up to 30%. Patients with triglycer-
ides of 500 mg/dL or higher (5.6 mmol/L) are often treated 
to reduce their risk of pancreatitis, although pancreatitis 
is more likely once triglycerides are above 1000 mg/dL  
(> ≈ 10 mmol/L).15,131 No cardiovascular outcomes trials or 
pancreatitis prevention trials have been performed in this 
population.

Regardless of the genetic etiology, the treatment approach 
is the same. Lifestyle habits and secondary causes are the 
major contributors and should be the primary focus of 
treatment. Although randomized outcomes trials are lack-
ing, triglyceride-lowering therapy is often considered rea-
sonable by experts if triglycerides remain above 500 mg/dL 
(5.6 mmol/L) despite maximal lifestyle efforts and control 

of secondary causes, such as diabetes or excessive alcohol 
or refined carbohydrate consumption (see Table 28.6).67 All 
patients with triglycerides above 500 mg/dL (5.6 mmol/L) 
should be referred to a nutritional therapist for counseling 
for a low-fat (< 15% total fat), low refined carbohydrate diet 
and counseled to lose weight and engage in regular, aerobic 
physical activity.

Fibrates are considered first-line therapy for reducing 
triglycerides to prevent pancreatitis.15,67,131 Fenofibrate and 
gemfibrozil lower triglycerides by 20% to 50%, with vari-
able effects on other lipids depending on the lipid disor-
der.111 Gemfibrozil should not be used with statin therapy 
due to myotoxicity concerns. Marine omega-3 fatty acids, 
eicosapentaenoic acid (EPA) and docosahexaenoic acid 
(DHA), reduce triglycerides in a dose-dependent fashion. A 
3.5-g to 4-g dose of EPA + DHA will lower triglycerides by 
approximately 25%.133 Omega-3 fatty acids appear to have 
no interactions with statins and thus are safer to use with 
higher-intensity statin therapy.

BLOOD PRESSURE

Overview
High blood pressure is a leading risk factor for chronic 
disease burden and premature death around the world.134 
Hypertension affects 30% to 45% of adults.4,134 After age 65 
years, over 65% of men and women will have hypertension. 
Systolic and diastolic blood pressure levels are associated 
with an increased risk of ASCVD events, as well as heart fail-
ure, chronic renal failure, atrial fibrillation, and eye disease. 
In the United States, despite high levels of patient awareness 
of the diagnosis of hypertension, only approximately 75% 
are treated, and of those treated, 50% or less are controlled 
to blood pressure levels below 140/90 mm Hg.4

A wide range of drugs with differing blood pressure 
lowering mechanisms have been shown to reduce the 
risk of stroke, coronary heart disease, and heart failure 
in primary and secondary prevention and in individuals 
with and without diabetes or chronic renal disease (Fig. 
28.11).6,15,135–137 For primary prevention patients, diuretics, 
angiotensin-converting enzyme inhibitors/angiotensin 
receptor blockers, and calcium-channel blockers appear 
to be more effective overall than β- or α-blocking agents.138 
The benefits of treatment are mainly driven by the magni-
tude of blood pressure reduction, not by type of drug.15

Blood Pressure Measurement
Office blood pressure measurement can be performed 
manually or with an automated sphygmomanometer. The 
proper protocol is to use the mean of two blood pressure 
measurements taken while the patient is seated, allowing for 
5 minutes or more between entry into the office and blood 
pressure measurement.139 An appropriate-sized arm cuff 
should be used, with the patient’s arm at the level of the 
right atrium. Ambulatory and home blood pressure monitor-
ing can be used to confirm a diagnosis of hypertension, or 
exclude “white coat” hypertension, after the initial screening.

Screening
The United States Preventive Services Task Force (USPTF) 
recommends screening for high blood pressure in adults 
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aged 18 or older.139 Adults aged 40 years or older and per-
sons at increased risk for hypertension (including those 
with systolic blood pressure ≥130 mm Hg or diastolic blood 
pressure ≥85 mm Hg) should be screened annually. Others 
should be rescreened every 3 to 5 years. Multiple measure-
ments over time are better than a single measurement. Blood 
pressure measurements outside the clinical setting may be 
needed for diagnostic confirmation, including ambulatory 
and home blood pressure monitoring.

The 2016 ESC/EAS guideline recommends office blood 
pressure for screening and diagnosis of hypertension, with 
at least two blood pressure measurements per visit and at 
least two visits.15 Repeated measures over several months 
are needed to identify the patient’s “usual” blood pressure 
and determine treatment. See Box 28.3 for clinical indica-
tions for out-of-office blood pressure measurements.

Hypertension Diagnosis
The ESC/EAS and previous Joint National Commission 
(JNC) 7 guidelines use the same definitions and classifica-
tion of blood pressure levels, with hypertension defined as 
a systolic blood pressure of 140 mm Hg or higher and/or a 
diastolic blood pressure of 90 mm Hg or higher (Table 28.7). 
The 2016 ESC/EAS guideline identifies different blood pres-
sure thresholds for hypertension diagnosis based on out-of-
office measurements (Table 28.8).

Randomized trial evidence now supports a treatment 
threshold below 140 mm Hg in moderate-risk primary pre-
vention patients. Recent data from the Heart Outcomes 
Prevention Evaluation (HOPE)-3 trial supports the treat-
ment of systolic blood pressure between 140 and 160 mm 
Hg in moderate-risk persons.140 HOPE-3 enrolled an interna-
tional population of men aged 55 years or over and women 
aged 65 years or over with at least one additional risk factor 
(elevated waist-hip ratio, low HDL-C, smoking, dysglycemia 
without diabetes, premature family history of coronary heart 
disease, or mild renal dysfunction). However, antihyperten-
sive treatment was of no benefit and caused an excess of 
adverse events in those with systolic blood pressure below 
140 mm Hg at baseline.

Hypertension Treatment
The 2016 ESC/EAS prevention guideline recommendations 
for the treatment of hypertension are listed in Table 28.9. 
Although a blood pressure goal below 140/90 mm Hg can 

be considered for all patients under 60 years old if lifestyle 
measures fail to reduce blood pressure, the strongest recom-
mendations are for initiation of drug therapy in those aged 
60 years or older or with severe hypertension (≥ 180/and 
or ≥110 mm Hg). In patients 60 years of age or older, with 
systolic blood pressure of 160 mm Hg or higher, reducing 
systolic blood pressure to between 140 and 150 mm Hg is 
recommended, unless the patient is frail or there are con-
cerns about safety.

Patients with and without ASCVD

          Coronary heart disease events Strokes

 No. of No. of Relative risk Relative risk No. of No. of Relative risk Relative risk
Blood pressure difference trials  trials events (95% CI) (95% CI) trials events (95% CI) (95% CI)

 No history of vascular disease 26 3429  0.79 (0.72–0.86) 25 2843  0.54 (0.45–0.65)
 History of coronary heart disease 37 5815  0.76 (0.68–0.86) 12 984  0.65 (0.53–0.80)
 History of stroke 13 567  0.79 (0.62–1.00) 13 1593  0.66 (0.56–0.79)

All trials 71 9811  0.78 (0.73– 0.83) 45 5420  0.59 (0.52–0.67)

Cohort studies 61 10,450  0.75 (0.73–0.77) 61 2939  0.64 (0.62–0.66)  

0.5 0.7 1 1.4 2
Treatment  Placebo
better   better

0.5 0.7 1 1.4 2
Treatment  Placebo
better   better

FIG. 28.11 Association of each 10-mm Hg reduction in systolic blood pressure and reduction in events from meta-analyses of antihypertensive drug trials. (From Law M, 
Morris J, Wald N. Use of blood pressure lowering drugs in the prevention of cardiovascular disease: meta-analysis of 147 randomised trials in the context of expectations from 
prospective epidemiological studies. BMJ 2009;338:b1665.)

TABLE 28.7 Definitions and Classification of ESC/EAS 
Prevention and JNC 7 Hypertension Guidelines

CATEGORY
SYSTOLIC BP 
(mm Hg)

DIASTOLIC BP 
(mm Hg)

Optimal < 120 and < 80

Normal 120–129 and/or 80–84

High-normal 130–139 and/or 85–89

Grade 1 hypertension 140–159 and/or 90–99

Grade 2 hypertension 160–179 and/or 100–109

Grade 3 hypertension ≥ 180 and/or ≥ 110

Isolated systolic 
hypertension

≥ 140 and < 90

Modified from Piepoli MF, Hoes AW, Agewall S, et al. 2016 European guidelines on 
cardiovascular disease prevention in clinical practice. Eur Heart J. 2016;37(29):2315–
2381; Chobanian AV, et al. The Seventh Report of the Joint National Committee on 
Prevention, Detection, Evaluation, and Treatment of High Blood Pressure: The JNC 7 
Report. JAMA. 2003;289:2560–2571.

TABLE 28.8 2016 ESC/EAS Prevention Guideline 
(Blood Pressure Thresholds for Defining Hypertension 
with Different Types of Blood Pressure Measurement)

SBP (mm Hg) DBP (mm Hg)

Office or clinic 140 90

24-hour 125–130 80

Day 130–135 85

Night 120 70

Home 130–135 85

DBP, diastolic blood pressure; SBP, systolic blood pressure.
From Piepoli MF, Hoes AW, Agewall S, et al. 2016 European Guidelines on 
cardiovascular disease prevention in clinical practice: Eur Heart J. 2016;37(29):2315–
2381. pii: ehw106.
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Updated US hypertension guidelines were in develop-
ment at the time this chapter was prepared. The JNC 8 hyper-
tension guideline panel was convened at the same time as 
the updated previously mentioned cholesterol guideline.6 
The JNC 8 panel performed a similarly rigorous systematic 
review of randomized cardiovascular outcomes trials. Based 
on the trials available at the time, they did not find sufficient 
evidence to treat everyone to blood pressure levels below 
140/90 mm Hg, as recommended in the earlier JNC 7 guide-
line, although an expert recommendation was made to treat 
blood pressure to below 140/90 mm Hg.141

Interpreting SPRINT
After the JNC 8 recommendations were completed, impor-
tant data from the Systolic Blood Pressure Intervention 
Trial (SPRINT) has become available.22 SPRINT random-
ized primary and secondary prevention US patients at 
increased cardiovascular risk (age ≥ 50 years without 
diabetes and at least one of the following: clinical or sub-
clinical cardiovascular disease other than stroke, chronic 
kidney disease with glomerular filtration rate [GFR] 20–60 
mL/min per1.73 m2 of body surface area, 10-year cardio-
vascular risk ≥ 15 on the basis of the Framingham Score, or 
age 75 years or older) and with a systolic blood pressure 
130–180 mm Hg to a systolic BP below 120 mm Hg treat-
ment target, compared to those randomized to a systolic 
BP below 140 mm Hg.  SPRINT ended early due a mortal-
ity benefit emerging in those after 3.26 years of treatment 

(hazard ratio 0.73, 95% confidence interval [CI] 0.60–0.90, 
p = 0.003). The mean blood pressure in the less than 140 
mm Hg arm was 136 mm Hg, and in the less than 120 mm 
Hg arm was 121 mm Hg. This means approximately half of 
the participants randomized to the less than 120 mm Hg 
goal group had systolic blood pressure greater than 120 
mm Hg during the trial. The mean number of antihyper-
tensive drugs was two drugs in the less than 140 mm Hg 
group and three drugs in the less than 120 mm Hg group. 
An excess of serious adverse events was observed in the 
less than 120 mm Hg treatment group: hypotension, syn-
cope, electrolyte abnormalities, and acute kidney failure 
or injury. Injurious falls were similar in both groups.

A straightforward interpretation of SPRINT22 and the 
HOPE-3 trial,140 described previously, may support:
 1.  Initiation of drug therapy when blood pressure levels are 
≥ 140/or ≥ 90 mm Hg in patients ≥ 50 years with one or 
more risk factors.

 2.  Consideration of adding another antihypertensive drug if 
systolic blood pressure is closer to 140 mm Hg than to 
120 mm Hg in those who are tolerating current antihy-
pertensive drug therapy.  This is because less than half of 
the participants in the intensive treatment arm achieved 
a systolic BP less than 120 mm Hg, and adverse events 
were higher in the greater than 120 mm Hg group.

Age over 75 Years
The European hypertension guidelines address hyperten-
sion treatment after age 75 in a thoughtful evidence-based 

TABLE 28.9 2016 ESC/EAS Prevention Guideline (Recommendations for the Management of Hypertension)

RECOMMENDATIONS CLASSa LEVELb

Lifestyle measures (weight control, increased physical activity, alcohol moderation, sodium restriction, and increased 
consumption of fruits, vegetables, and low-fat dairy products) are recommended in all patients with hypertension and in 
individuals with high normal BP

I A

All major BP-lowering drug classes (i.e., diuretics, ACE-I, calcium antagonists, ARBs, and β-blockers) do not differ 
significantly in their BP-lowering efficacy and thus are recommended as BP-lowering treatment

I A

In asymptomatic subjects with hypertension but free of CVD, CKD, and DM, total CV risk stratification using the SCORE 
model is recommended

I B

Drug treatment is recommended in patients with grade 3 hypertension irrespective of CV risk, as well as in patients with 
grade 1 or 2 hypertension who are at very high CV risk

I B

Drug treatment should be considered in patients with grade 1 or 2 hypertension who are at high CV risk IIa B

In patients at low to moderate total CV risk and with grade 1 or 2 hypertension, lifestyle measures are recommended I B

In patients at low to moderate total CV risk and with grade 1 or 2 hypertension, if lifestyle measures fail to reduce BP, drug 
treatment may be considered

IIb B

SBP < 140 mm Hg and DBP < 90 mm Hg are recommended in all treated hypertensive patients < 60 years old I B

In patients > 60 years old with SBP ≥ 160 mm Hg, it is recommended to reduce SBP to between 150 and 140 mm Hg I B

In fit patients < 80 years old, a target SBP < 140 mm Hg may be considered if treatment is well tolerated. In some of these 
patients a target SBP < 120 mm Hg may be considered if at (very) high risk and tolerate multiple BP-lowering drugs

IIb B

In individuals < 80 years and with initial SBP ≥ 160 mm Hg, it is recommended to reduce SBP to between 150 and 140 mm 
Hg, provided they are in good physical and mental condition

I B

In frail elderly patients, a careful treatment intensity (e.g., number of BP-lowering drugs) and BP targets should be 
considered, and clinical effects of treatment should be carefully monitored

IIa B

Initiation if BP-lowering therapy with a two-drug combination may be considered in patients with markedly elevated 
baseline BP or at high CV risk. Combination of two drugs at fixed doses in a single pill may be considered because of 
improved adherence

IIb C

β-blockers and thiazide diuretics are not recommended in hypertensive patients with multiple metabolic risk factors,c due 
to the increased risk of DM.

III B

aClass of recommendation. bLevel of evidence. cOverweight, obesity, dyslipidemia, impaired glucose tolerance.

From Piepoli MF, Hoes AW, Agewall S, et al. 2016 European guidelines on cardiovascular disease prevention in clinical practice: Eur Heart J. 2016;37(29):2315–2381. pii: 
ehw106.

ACE-I, Angiotensin-converting enzyme inhibitor; ARBs, angiotensin receptor blockers; BP, blood pressure; CKD, chronic kidney disease; CV, cardiovascular; CVD, cardiovascular 
disease; DBP, diastolic blood pressure; SBP, systolic blood pressure; SCORE, Systematic Coronary Risk Estimation.
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set of recommendations that incorporate consideration of 
differences in aging trajectories after age 75 (Table 28.10).142 
As in the JNC 8 guideline, strong evidence supports treating 
systolic blood pressure of 160 mm Hg or higher to between 
140 and 150 mm Hg in elderly patients, with the further pro-
vision that the patient should be in good physical and men-
tal condition. SPRINT suggests treating to a systolic blood 
pressure below 140 mm Hg may be reasonable in these 
patients.26 However, treatment of hypertension in frail elderly 
patients needs to be individualized, with careful monitoring 
for adverse effects, including orthostatic hypertension.142

Lifestyle
Lifestyle measures are recommended for all individuals 
with hypertension (systolic blood pressure ≥ 140 mm Hg 
or diastolic blood pressure ≥ 90 mm Hg) or high normal 
blood pressure (systolic blood pressure 130–139 mm Hg or 
diastolic blood pressure 85–89 mm Hg).8,15 Diet and physi-
cal activity recommendations are listed in Table 28.4. This 
pattern can be achieved by plans such as the DASH dietary 
pattern, the American Heart Association Diet, or the US 
Department of Agriculture (USDA) Food Pattern. Along with 
weight control and regular physical activity, these lifestyle 
changes may be sufficient to control modest blood pressure 
elevations.15 Reducing sodium intake to 2400 mg/day, or a 
1000 mg/day reduction, is recommended, and further reduc-
tion in sodium to 1500 mg/day can be considered.8

Choice of Antihypertensive Drug Therapy
The JNC 8, USPTF, and ESC/EAS guidelines all recom-
mend initial treatment with a thiazide diuretic, calcium-
channe l blocker, angiotensin-converting enzyme inhibitor, 
or angiotensin receptor blocker for non–African-American 
patients.6,15,139 For African-American patients, initial treat-
ment is a thiazide or a calcium-channel blocker. For 
patients with chronic kidney disease, either an a ngiotensin-
convertin g enzyme inhibitor or angiotensin receptor blocker 
(but not both) should be initial or add-on treatment.

Antihypertensive therapy can be continued into 
advanced age as long as it is well tolerated.6,139,142 Diuretics 
and calcium antagonists may be preferred in isolated sys-
tolic hypertension, although all agents can be used in the 
elderly.

Monitoring
Generally, antihypertensive therapy should be maintained 
indefinitely. JNC 8 recommended a clinic follow-up visit 
within 1 month, with intensification of therapy if needed.6 
In SPRINT, medications were up-titrated to the randomized 
goal on a monthly basis based on an average of three auto-
mated blood pressure measurements taken at the office visit 
after the patient had been sitting quietly for 5 minutes. On 
this basis, the 2016 Canadian hypertension guideline rec-
ommends the use of automated office blood pressure mea-
surements to guide intensification of drug therapy.143 Once 
the desired blood pressure level is achieved, a visit interval 
of every 3 to 6 months is reasonable.15 With proper patient 
instruction and device calibration, home-based blood pres-
sure monitoring may improve blood pressure control.15

ASPIRIN

ASCVD remains the leading cause of death in the United 
States, and colorectal cancer is the third most common 
cancer.4,144 The effects of aspirin for reducing the risk of 
myocardial infarction and stroke are considered primarily 
due to aspirin’s antiplatelet effects, as is the increased risk 
of bleeding.145

The clinical trial evidence for aspirin in primary preven-
tion is much weaker and more inconsistent than the data 
supporting statins for primary prevention. In a meta-analysis 
performed to support the 2016 USPTF aspirin recommenda-
tions, aspirin modestly reduced the relative risk of nonfatal 
myocardial infarction by 22% and all-cause mortality by 
6%.146 Only aspirin in doses of 100 mg/day or less reduced 
the risk of nonfatal stroke (−14%); however, all-cause mortal-
ity was not reduced at these doses. In a ddition, a 2014 trial 
in a Japanese population found no benefits from aspirin 
and only an excess of bleeding.147 Aspirin had no effect 
on colorectal cancer incidence in the first 10 years of treat-
ment, but reduced colorectal cancer by 40% after 10 years of 
continuous treatment.148 Across all primary prevention tri-
als, aspirin increases the risk of major gastrointestinal bleed-
ing by 58% and hemorrhagic stroke by 27%.149 Estimated 
excess risk of a major bleeding event was 0.02% per year for 
a community-based sample taking aspirin.

The ESC/EAS prevention does not recommend aspirin 
for primary prevention due to the increased risk of major 
bleeding.15

TABLE 28.10 ESH/ASC Guidelines for the Management of Arterial Hypertension in the Elderly

RECOMMENDATIONS CLASSa LEVELb

In elderly hypertensives with SBP ≥ 160 mm Hg there is solid evidence to recommend reducing SBP to between 
150 and 140 mm Hg

I A

In fit elderly patients < 80 years old antihypertensive treatment may be considered at SBP values ≥ 140 mm Hg 
with a target SBP < 140 mm Hg if treatment is well tolerated

IIb C

In individuals older than 80 years with an initial SBP ≥ 160 mm Hg it is recommended to reduce SBP to between 
150 and 140 mm Hg, provided they are in good physical and mental condition

I B

In frail elderly patients, it is recommended to leave decisions on antihypertensive therapy to the treating 
physician, and based on monitoring of the clinical effects of treatment

I C

Continuation of well-tolerated antihypertensive treatment should be considered when a treated individual 
becomes an octogenarian

IIa C

All hypertensive agents are recommended and can be used in the elderly, although diuretics and calcium 
antagonists may be preferred in isolated systolic hypertension

I A

aClass of recommendation. bLevel of evidence. SBP, Systolic blood pressure.
From Mancia G, et al. Eur Heart J. 2013;31:1281–1357.
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Based on the systematic review of the evidence of 
cardiovascular benefits and bleeding harms previously 
described, the USPTF considered aspirin of moderate ben-
efit for reducing the risk of nonfatal myocardial infarction 
and stroke in adults aged between 50 and 69 years with 
a 10% or greater 10-year ASCVD risk.18 Aspirin was also 
found to reduce the incidence of colorectal cancer after 
10 years of use. Counterbalancing the potential benefits of 
aspirin are the risk of gastrointestinal bleeding and hem-
orrhagic stroke. These risk are small before age 60 years 
and small to moderate in those aged 60 to 69 years. There 
was insufficient evidence to support aspirin for primary 
prevention in those under 50 years or those 70 years or 
older.  The USPTF risk-benefit analysis used the 2013 ACC/
AHA risk assessment guideline’s Pooled Cohort Equations, 
previously described.7

Among US adults without cardiovascular disease, 47% take 
aspirin for primary prevention.150 Clinicians may consider 
counseling primary prevention patients who are already on 
aspirin about the potential benefits and harms of continued 
aspirin use.

Age 50 to 59 Years
The USPTF made a moderate recommendation for low-dose 
aspirin for the primary prevention of ASCVD and colorec-
tal cancer in adults aged 50 to 59 years who have a 10% or 
greater 10-year ASCVD risk provided they have a life expec-
tancy of at least 10 years and are willing to take low-dose 
aspirin daily for at least 10 years.

Age 60 to 69 Years
The USPTF recommends consideration of low-dose aspi-
rin on an individual basis in persons aged 60 to 69 years 
with a 10% or greater 10-year ASCVD risk who have a life 
expectancy of at least 10 years, are at low risk of bleed-
ing, and are willing to take low-dose aspirin daily for at 
least 10 years. Patient preferences for the potential to ben-
efit versus the potential for harm play an important role 
due to the narrow margin of benefit versus harm from 
bleeding.

Age Under 50 or Age 70 Years or Older
Aspirin is not recommended for primary prevention in indi-
viduals under 50 years or over 70 years due to insufficient 
evidence to assess the balance of benefits and harms. The 
ongoing ASPirin in Reducing Events in the Elderly (ASPREE) 
trial is evaluating the potential benefits and harms of enteric-
coated aspirin (100 mg) for primary prevention in individu-
als over 65 years of age.151

Aspirin Dosage
The optimal aspirin dose is unknown.18 Primary preven-
tion trials have demonstrated benefits with doses of 75 
and 100 mg/day, and 100 and 325 mg every other day. The 
75-mg dose seems to be as effective as higher doses but 
may have a lower risk of bleeding. A pragmatic approach 
is to use 81 mg/day in the United States and 75 mg in 
countries outside the United States, as these are the most 
widely available low- dose preparations.

Bleeding Risk Factors
The USPTF identified numerous risk factors for gastrointes-
tinal bleeding with low-dose aspirin: aspirin dose, history 
of gastrointestinal ulcers or upper gastrointestinal pain, 
bleeding disorders, renal failure, severe liver disease, and 
thrombocytopenia.18 A meta-analysis of trials that included 
patients with chronic kidney disease found no reduction 
in cardiovascular risk but an excess of harm with aspirin 
treatment.152 Risk factors for intracranial bleeding include 
concurrent anticoagulation or nonsteroidal antiinflamma-
tory drug (NSAID) therapy, uncontrolled hypertension, male 
sex, and older age.

CONCLUSIONS

Healthy lifestyle habits are the foundation of cardiovascular 
prevention. An extensive body of evidence supports statins 
and antihypertensive drug therapy for the primary preven-
tion of ASCVD in adults between 50 and 75 years of age. 
Younger individuals with severe risk factor elevations also 
benefit from risk factor control. With advancing age, patient 
preferences and comorbidities may influence preventive 
therapy.
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INTRODUCTION

Despite a 31% decline in the death rate from atheroscle-
rotic cardiovascular disease (ASCVD) (i.e., coronary heart 
disease [CHD] or stroke) between 2001 and 2011, ASCVD 
remains the cause of approximately one of three deaths in 
the United States.1 More than a third of deaths attributed to 
ASCVD occur among individuals aged less than 75 years, 
which is younger than the current life expectancy of 79 
years.1 ASCVD exists on a spectrum, with many high-risk 
primary prevention patients having ASCVD event rates simi-
lar to lower-risk secondary prevention patients (those who 
have had a prior ASCVD event).

As over half of major ASCVD events occur in previously 
asymptomatic people, it is critical to identify “at-risk” indi-
viduals for early implementation of preventive strategies 
and treatments. The long incubation period of atheroscle-
rosis allows for such intervention. Indeed, intensive risk 
factor modification via both lifestyle improvements and 
pharmacologic treatments of cholesterol, blood pressure, 
and glycemic control has been shown to modestly regress 
and stabilize existing atherosclerotic plaques and ultimately 
reduce ASCVD events.2

Unfortunately, unhealthy lifestyle habits and suboptimal 
risk factor control remain unacceptably high in most popu-
lations. Some of the most effective interventions for ASCVD 
risk reduction are lifestyle modifications. Emphasis must be 
placed on both preventing ASCVD risk factor development 
(primordial prevention) and treating existing risk factors 
(primary prevention).

In 1985, Geoffrey Rose wrote a seminal article entitled 
“Sick individuals and sick populations.” It conveyed the key 
message that, despite the fact that high-risk individuals gain 
the most from preventive measures, the greatest number of 
deaths from ASCVD occur among individuals at the low- or 
medium-risk end of the risk distribution, simply because 
many more people fall into these categories.3 This became 
known as the classic Rose paradox and highlights that both 
“high-risk” and “population-based” preventive strategies 
are needed and are in fact complementary.4 It is therefore 

imperative to employ both population-based and individu-
alized approaches for comprehensive ASCVD prevention 
(Fig. 29.1). The purpose of individualized risk assessment 
is to identify persons at a stage when interventions could 
effectively alter the course of the disease and reduce ASCVD 
morbidity and/or mortality.

In this chapter, we discuss various tests that can be poten-
tially used for “screening” the asymptomatic individual for 
the detection of ASCVD. We will distinguish between the roles 
of traditional population-based screening and individualized 
risk assessment as strategies for reducing ASCVD risk and 
optimizing cardiovascular health. There are other tests more 
commonly used for diagnostic purposes in the evaluation 
and management of patients with CHD or symptoms sug-
gestive of CHD (e.g., echocardiography, pharmacologic stress 
testing, coronary computed tomography angiography, cardiac 
magnetic resonance imaging, and coronary angiography). 
They are not discussed here in much detail as we will focus 
on assessment of the asymptomatic individual. Table 29.1 out-
lines our conceptual distinction between true screening, indi-
vidualized risk assessment, and diagnostic testing.

Distinction Between Traditional Screening 
and Individualized Risk Assessment
Traditional screening is defined as the routine evaluation of 
a general population with the goal of detection of disease 
among people without signs or symptoms of the disease, 
not exclusion of disease.5 In 1968, Wilson and Jungner out-
lined 10 criteria for a valid screening program for the World 
Health Organization (WHO) (Box 29.1)5 that still hold true 
today. Briefly, a screening program should be targeted at a 
disease that is an important health problem, a disease that 
has a long latent phase where early detection is possible, 
where treating in an early stage is more beneficial than treat-
ing at a later stage, and where potential benefits of screening 
outweigh the costs.

Thus, screening for ASCVD meets all of these WHO cri-
teria and has great appeal due to the long disease latency, 
emerging technologies for early detection, and existence of 
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proven therapies that slow its natural history. Nonetheless, 
various experts have pointed to potential problems with 
ASCVD screening due to false-positive test results, inappropri-
ate downstream testing, and creation of “pseudodisease.”6 
Pseudodisease means that some individuals with subclinical 
atherosclerosis may not be destined to have an ASCVD event 
and there is a risk of overtreatment with medications.

One of the WHO criteria is that costs should be bal-
anced against potential benefits. For ASCVD screening, costs 
include not only the direct cost of the screening test itself but 
downstream costs from additional testing, specialty referrals, 
and treatments; sometimes screening can even lead to more 
invasive procedures such as coronary angiography and 
revascularization, which have their own associated risks and 
expense.7 In addition, there might be psychological harm 
from anxiety or being labeled as “diseased” because of sub-
clinical atherosclerosis or mild left ventricular dysfunction.

Several organizations have issued guidelines on ASCVD 
screening, including the United States Preventive Service Task 

P
ro

po
rt

io
n 

of
 p

op
ul

at
io

n

Level of risk factor

Population-based approach

Low level Optimal Elevated Very
elevated

A B

P
ro

po
rt

io
n 

of
 p

op
ul

at
io

n

Level of risk factor

Individual-based approach

Low level Optimal Elevated Very
elevated

Identify via screening,
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FIG. 29.1 (A) Population-based approach to control of risk factors. (B) Individual-based approach to control of risk factors. (From Blaha MJ, Gluckman T, Blumenthal RS. 
Chapter 1 – Preventive cardiology: past, present, and future. In: Blumenthal RS, Wong N, Foody D, editors. Preventive Cardiology: A Companion to Braunwald’s Heart Disease. 
2011: Chapter 1.)

TABLE 29.1 Interpretations of the Term Screening for Atherosclerotic Cardiovascular Disease

GOAL
TARGET 
POPULATION

SCREENING 
OUTCOMES

PARAMETERS 
OF EFFICACY

EXAMPLE OF 
POTENTIALLY 
EFFECTIVE 
STRATEGY GUIDELINES

Traditional 
screening

Early detection of 
unheralded disease

Healthy people
General 

asymptomatic 
population

Identify high-risk 
cases

Sensitivity
Specificity
PPV
NPV

Population-based 
screening for total 
cholesterol and blood 
pressure

USPSTF

Individual risk 
assessment

Individualize risk 
to inform clinical 
decision-making

Individual patients
“Intermediate” risk
Those in whom 

“treatment 
decisions 
uncertain”

Identify lower than 
expected risk 
(“derisk”)

AND
Identify higher than 

expected risk

C-statistic
NRI
NNT
NNH

Global risk scoring
Coronary artery calcium 

scoring

ACC/AHA
ESC/EAS

Diagnostic testing Confirm clinical 
suspicion, make 
diagnosis

Symptomatic patients Make clinical 
diagnosis

Sensitivity
Specificity
Negative and 

positive 
likelihood ratios

Stress 
echocardiography

ACC/AHA

ACC, American College of Cardiology; AHA, American Heart Association; EAS, European Atherosclerosis Society; ESC, European Society of Cardiology; NNH, number need to 
harm; NNT, number needed to treat; NPV, negative predictive value; NRI, net reclassification index; PPV, positive predictive value; USPSTF, US Preventive Services Task Force.

 1.  The condition being screened for should be an important 
health problem.

 2.  The natural history of the condition should be adequately 
understood.

 3.  There should be a latent stage of disease where early 
detection is possible.

 4.  Treatment at an early stage should be of more benefit 
than at a later stage.

 5.  A suitable test should be devised for the early stage.
 6.  The test should be acceptable to the population.
 7.  Intervals for repeating the test should be determined.
 8.  Adequate health service provision should be made for the 

extra clinical workload resulting from screening.
 9.  The risks, both physical and psychological, should be less 

than the benefits.
 10.  The costs should be balanced against the benefits.

BOX 29.1 The Wilson–Jungner Criteria for a 
Screening Program

From Wilson JMG, Jungner G. Principles and Practice of Screening for Disease. 
Geneva: World Health Organization; 1968.
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Force (USPSTF), the American College of Cardiology (ACC)/
American Heart Association (AHA), and the European Society 
of Cardiology (ESC)/European Atherosclerosis Society (EAS). 
Interestingly, these guidelines often reach different conclu-
sions, owing in large part to different interpretations of the 
role of screening in routine clinical care. Table 29.2 outlines 
potential screening or risk assessment tools and the recom-
mendations for or against their use in asymptomatic individu-
als by these major guideline bodies.

The USPSTF has consistently advised against routine 
screening for ASCVD beyond measurement of traditional 
ASCVD risk factors such as total cholesterol and blood 
pressure.8  The recommendations from the USPSTF are best 
understood in the context of our definition of traditional 
screening. Because most current tests for the diagnosis of 
CHD are limited by a low positive predictive value for future 
CHD events (thus, there is concern for false-positive tests 
and overtreatment), these tests fail as broad-based popula-
tion-wide screening tests per the USPSTF criteria.

The ACC/AHA guidelines9,10 and the ESC guidelines11 
take a different approach to screening, targeting their recom-
mendations at the individual patient rather than the larger 
population. This approach is commonly referred to as clini-
cal risk assessment. The goal of individual risk assessment is 
to inform therapy decisions,  particularly in intermediate-risk 
patients or in patients in whom treatment decisions are oth-
erwise uncertain. As opposed to traditional screening, which 
focuses exclusively on disease detection, when conducting 
individual risk assessment, the identification of low ASCVD 
risk (and, therefore, persons not in need of the aggressive 
pharmacologic prevention treatment) is equally important. 
The hallmark of individual risk assessment is that patients 
may move both up and down the risk spectrum after testing 
(i.e., risk reclassification). Clinical risk assessment offers the 
opportunity to rule out high-risk states (and the potential to 
reduce the intensity of preventive interventions and avoid or 
withdraw pharmacologic therapy) in a patient who would 
otherwise have qualified for aggressive treatment based 
purely on risk factor--based ASCVD screening.

Population-Based Prevention: Is Screening 
Needed?
Several strategies for ASCVD prevention do not require any 
type of screening. Foremost among these are purely population-
based strategies, which seek to modify risk for everyone across 
an entire population and are a primary tool for primordial 
ASCVD prevention. Examples of successful population-based 
prevention strategies include public smoking bans, trans-fat 
bans, and salt reduction in packaged and prepared foods.

Some experts have advocated for dismissal of formal 
screening and adoption of a simple “treat-all” approach to 
ASCVD prevention. For example, some cost-effectiveness 
analyses have suggested that treating all adults aged 55 
years and over with a low-cost statin may be more cost-effec-
tive than any currently available screening strategy.12  A related 
strategy adapted to populations with less healthcare resources 
is the polypill, where all older patients are treated with a com-
bination pill including a statin, aspirin, angiotensin-converting 
enzyme inhibitor or angiotensin receptor blocker, and thia-
zide diuretic.13 Interestingly, the 2013 ACC/AHA Cholesterol 
Guidelines,14 which lowered the threshold for recommend-
ing statin therapy, have inched closer toward a modified age-
based treat-all approach with statin therapy for men over the 

age of 60 and women over the age of 65. As a general rule, 
when treatment thresholds are lowered, the importance of 
traditional population-based screening decreases (because 
most people will already have qualified for pharmacologic 
treatment) and the importance of individual risk assess-
ment increases (to determine which individuals might 
avoid pharmacologic treatment at that point in time and for 
the next few years).

As a result, in most industrialized countries with greater 
healthcare budgets, there is an increasing push for greater 
personalization of preventive therapy. A fundamental goal 
of individual risk assessment is to limit overtreatment by 
matching the intensity of preventive therapy to the absolute 
risk of the patient, thereby maximizing potential benefit 
while minimizing the potential for harm (Fig. 29.2).

Individualized Screening Starts with Global 
Risk Assessment
The typical initial approach to screening is ascertainment of 
traditional ASCVD risk factors, and for specific age-groups 
(generally excluding the young and the elderly), to estimate 
one’s 10-year global risk for ASCVD. Multiple risk prediction 
models have been developed (Table 29.3). Most models 
include age, sex, smoking status, systolic blood pressure (as 
well as antihypertensive treatment), total cholesterol, high-
density lipoprotein cholesterol, and diabetes mellitus. Some 
additionally consider family history of ASCVD (Reynolds 
risk score,15,16 QRISK,17 ASSIGN,18 PROCAM19) or markers 
of inflammation (Reynolds risk score), and some of the 
European risk scoring models (QRISK, ASSIGN) are unique 
by including measures of social deprivation.

The ESC/EAS guidelines recommend using the SCORE20 
system, which estimates 10-year risk of fatal ASCVD, with 
separate risk estimations for high- and low-risk regions in 
Europe.21 In the ESC/EAS guidelines, recommendations for 
drug treatment of dyslipidemia (vs lifestyle alone) are based 
on both one’s estimated 10-year risk of fatal ASCVD using 
SCORE (with < 1% being low risk, 1–4% moderate risk, 5–10% 
high risk, and ≥ 10% very high risk) and one’s low-density 
lipoprotein cholesterol (LDL-C) level.21 In general, individu-
als at higher predicted fatal ASCVD risk are recommended 
for drug treatment at much lower LDL-C levels.

In the United States, the 2013 ACC/AHA guideline on 
the assessment of cardiovascular risk10 endorses risk factor 
screening every 4 to 6 years for those aged 20 to 79 years 
and application of the pooled cohort equations in asymp-
tomatic adults aged 40 to 79 years to estimate 10-year risk 
for a first “hard” ASCVD event (myocardial infarction [MI] 
or stroke). The ACC/AHA risk estimator was not designed 
to be used in those already on statin therapy. In contrast to 
previous cardiovascular risk scores, there are now separate 
models by race (e.g., non-Hispanic whites and blacks) and 
by sex for more refined risk prediction. These guidelines are 
linked to the ACC/AHA cholesterol guidelines,14 which state 
that higher-risk individuals (10-year predicted risk of ASCVD 
≥ 7.5%) are recommended for statin treatment, after a clini-
cian-patient discussion.22 Moreover, those persons with a 5% 
to 7.4% risk over the next decade can also be considered 
for moderate-intensity statin therapy after a clinician-patient 
discussion. In addition, the ACC/AHA guidelines support 
estimating a 30-year or lifetime ASCVD risk based on tradi-
tional risk factors for adults aged 20 to 59 who are not at 
high short-term (i.e., 10-year) risk.
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TABLE 29.2 Potential Atherosclerotic Cardiovascular Disease (ASCVD) Screening or Risk Assessment Tools and Their Recommended Use by the 
USPSTF, ACC/AHA, and ESC/EAS Guidelines

USPSTF ACC/AHA ACC/AHA ESC/EAS

Grading of  
recommendations

Grade A: Recommend. High certainty of significant 
benefit.
Grade B: Recommend. High certainty of moderate 
benefit or moderate certainty of moderate to 
significant benefit.
Grade C: May be considered in select patients. For 
most, only small benefit likely.
Grade D: Not recommended. Moderate to high 
certainty that there is no benefit or harms outweigh 
benefits.
Grade I: No recommendation. Insufficient evidence 
to balance benefits and harms.

Class I: Recommend. Benefits much 
greater than risk.
Class IIa: Reasonable. Benefit generally 
greater than risk.
Class IIb: May be considered. 
Usefulness less well established.
Class III: No benefit or harm. Not 
recommended.

Class I: Recommend. Benefits much 
greater than risk.
Class IIa: Reasonable. Benefit generally 
greater than risk.
Class IIb: May be considered. Usefulness 
less well established.
Class III: No benefit or harm. Not 
recommended.

Class I: Recommend. Benefits much 
greater than risk.
Class IIa: Reasonable. Benefit generally 
greater than risk.
Class IIb: May be considered. Usefulness 
less well established.
Class III: No benefit or harm. Not 
recommended.

USPSTF
ACC/AHA 2010 Risk 
Assessment9 ACC/AHA 2013 Risk Assessment10 ESC/EAS

Global risk  
assessment

20098

Clinicians should use the Framingham risk model to 
assess CHD risk and to guide risk-based therapy 
until further evidence is obtained.

2010
Global risk scores (such as FRS) should 

be performed in all asymptomatic 
adults without known CHD (class I).

2013
Apply race-/sex-specific pooled cohort 

equations to predict 10-year risk of 
ASCVD events among non-Hispanic 
blacks and whites, age 40 to 79 years 
old (class I) and consider using for 
other race/ethnic populations (class IIb).

Measure ASCVD risk factors every 4 to 6 
years in adults aged 20 to 79 years and 
estimate 10-year ASCVD risk every 4 to 
6 years in adults aged 40 to 79 without 
known ASCVD (IIa).

Assess 30-year or lifetime risk in adults 
aged 20 to 59 without ASCVD who are 
not at high short-term risk (IIb).

201121

Lipid screening is recommended in 
those with established ASCVD, 
diabetes, hypertension, smoking, 
obesity, family history of ASCVD, 
family history of dyslipidemias, 
chronic inflammatory diseases, and 
chronic kidney disease (class I) and in 
men over age 40 and women over 
age 50 (class IIb).

201211

Global risk estimation using multiple risk 
factors such as the SCORE estimator 
is recommended for asymptomatic 
adults without evidence of ASCVD 
(class I, level of evidence [LOE] C).

Electrocardiogram  
(ECG) at rest

201283

Recommend against use of a resting ECG for 
screening asymptomatic adults at low risk for 
CHD events (grade D).

Insufficient evidence for the use of a resting ECG for 
screening asymptomatic adults at intermediate to 
high risk for CHD events (grade I).

2010
May be reasonable in asymptomatic 

adults with hypertension and 
diabetes (IIa) or among those 
without hypertension/diabetes (IIb).

2013
Not addressed.

Treadmill  
stress ECG

201283

Recommend against the use of an exercise ECG 
for screening asymptomatic adults at low risk for 
CHD events (grade D).

Insufficient evidence for the use of an exercise ECG for 
screening asymptomatic adults at intermediate to 
high risk for CHD events (grade I).

2010
May be reasonable for risk assessment 

of intermediate-risk asymptomatic 
adults, especially if non-ECG factors 
are considered as exercise capacity 
(IIb).

2013
No recommendation for or against 

measuring cardiorespiratory fitness.

201211

Exercise ECG may be considered for 
ASCVD risk assessment in moderate-
risk asymptomatic adults (including 
sedentary adults considering starting 
a vigorous exercise program), 
particularly when attention is 
paid to non-ECG markers, e.g., 
cardiorespiratory fitness (class IIB, 
LOE B).
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Coronary artery calcium 

(CAC)
20098

Insufficient evidence for using CAC screening  
among intermediate-risk adults (grade I).

2010
May be reasonable for risk assessment 

among intermediate-risk adults (10% 
to 20% ATP III FRS) (IIa) or could be 
considered for low to intermediate risk 
(6% to 10%) (IIb).

2013
If risk-based treatment decision is uncertain, 

CAC ≥ 300 or ≥ 75th age/gender/race 
percentile may prompt consideration of 
revising risk assessment upward (IIb).

201211

Measurement of CAC should be 
considered for ASCVD risk assessment 
in asymptomatic adults at moderate 
risk (class IIa, LOE B).

Carotid intima-media 
thickness (cIMT)

2014155

Do not screen for carotid stenosis in general 
population (grade D).

20098

Insufficient evidence for using cIMT for risk  
assessment of intermediate-risk adults (grade I).

2010
May be reasonable for risk assessment 

among intermediate-risk adults (IIa).

2013
Not recommended (class III).

201211

Measurement of cIMT and/or screening 
for carotid plaques should be 
considered for ASCVD risk assessment 
in asymptomatic adults at moderate 
risk (class IIa, LOE B).

Ankle-brachial index 
(ABI)

2013164

Insufficient evidence to recommend for or against 
screening in general population (grade I); if any 
benefit, it would be among those at increased risk 
for peripheral artery disease who are not already 
receiving interventions for ASCVD risk reduction.

20098

Insufficient evidence for using ABI for risk assessment 
of intermediate-risk adults (grade I).

2010
May be reasonable for intermediate risk 

(IIa).

2013
If risk-based treatment decision is uncertain, 

ABI < 0.9 may promote consideration of 
revising risk assessment upward (IIb).

201211

Measurement of ABI should be 
considered for ASCVD risk assessment 
in the asymptomatic adult at 
moderate risk (class IIa, LOE B).

High-sensitivity 
C-reactive protein 
(hs-CRP)

20098

Insufficient evidence for using for risk stratification 
among intermediate-risk adults (grade I).

2010
Among men ≥ 50 or women ≥ 60 

years of age with LDL-C < 130 mg/
dL not already on statins (i.e., JUPITER 
eligibility criteria), may be useful for 
selecting statin therapy (IIa).

Among intermediate-risk asymptomatic 
men < 50 and women < 60 years 
of age, may be reasonable for risk 
assessment (IIb).

Not recommended for high-risk or low-
risk adults (men < 50, women < 60 
years) (class III).

2013
If risk-based treatment decision is 

uncertain, hs-CRP ≥ 2 mg/L may promote 
consideration of revising risk assessment 
upward (IIb).

201211

hs-CRP may be considered to refine risk 
assessment in patients with unusual 
or moderate ASCVD risk profile (class 
IIb, LOE B).

hs-CRP should not be measured in 
asymptomatic low-risk individuals and 
high-risk individuals to assess 10-year 
ASCVD risk (class III, LOE B).

Coronary CT 
angiography (CTA)

2010
Not recommended for risk assessment 

among asymptomatic adults (class III).

2013
Not addressed.

2013190

Not recommended as a screening test 
in asymptomatic individuals without a 
clinical suspicion of CHD (class II ).

ACC, American College of Cardiology; AHA, American Heart Association; CHD, coronary heart disease; CT, computed tomography; EAS, European Atherosclerosis Society; ESC, European Society of Cardiology; FRS, Framingham risk 
score; LDL-C, low-density lipoprotein cholesterol; USPSTF, US Preventive Services Task Force.
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FIG. 29.2 Population-based versus individual-based approaches to preventive therapy: selection of target groups. The number needed to treat (NNT) decreases and resource 
utilization increases as the treatment spectrum narrows from population-based to individual-based approaches.

TABLE 29.3 Comparison of Global Cardiovascular Risk Prediction Estimators

REGION VARIABLES INCLUDED OUTCOMES PREDICTED NOTES ON SUBGROUP

SCORE20 (2003) Europe Age, sex, smoking, SBP, and total 
cholesterol

10-year risk of fatal* total 
ASCVD (MI, stroke, 
occlusive arterial disease, 
sudden cardiac death)

Separate equations for low- 
and high-risk regions of 
Europe

Diabetics already considered 
high risk

Framingham  
CHD191 (1998)

Framingham,  
MA, USA

Age, sex, total cholesterol or LDL-C, 
HDL-C, SBP, diabetes, smoking

10-year risk for total CHD 
(angina, unstable angina, 
MI, CHD death)

Framingham global  
CVD192 (2008)

Framingham,  
MA, USA

Age, sex, total cholesterol, HDL-C, SBP, 
BP treatment, diabetes, smoking

10-year risk of hard ASCVD 
plus cardiac failure (MI, 
CHD death, stroke, stroke 
death, heart failure)

ATP III193 (2001) Framingham,  
MA, USA

Age, sex, total cholesterol, HDL-C, SBP, 
BP treatment, smoking

10-year risk of hard CHD (MI 
or CHD death)

Diabetics already considered 
high risk

Reynolds risk score  
(2008, men;16 2007, 
women15)

USA Men: age, total cholesterol, HDL-C, 
hs-CRP, SBP, smoking, family history of 
premature CHD

Women: age, total cholesterol, HDL-C, 
hs-CRP, SBP, hemoglobin A1c, family 
history of premature CHD

Total CHD including 
revascularizations (MI, 
CHD death, stroke, 
stroke death, coronary 
revascularizations)

Separate equations for men 
and women, and for non-
Hispanic whites and non-
Hispanic blacks

QRisk17 (2007) United Kingdom Age, sex, smoking, SBP, BP treatment, 
ratio of total cholesterol to HDL-C, 
body mass index, family history of 
premature CVD, social deprivation

10-year risk of total CHD 
including revascularizations 
(angina, unstable angina, 
revascularizations, MI, 
CHD death, stroke, stroke 
death, TIA)

ACC/AHA pooled  
cohort equations10 
(2013)

USA Age, sex, race, total cholesterol, HDL-C, 
SBP, BP treatment, smoking, diabetes

10-year risk of hard ASCVD 
(MI, CHD death, stroke, 
stroke death)

Races other than white and 
black should use equation 
for white race/ethnicity

PROCAM19 (2002) Germany Age, LDL-C, HDL-C, SBP, diabetes, 
smoking, family history of CVD

10-year risk of hard CHD (MI 
and CHD death)

Equation for men only

ASSIGN18 (2007) Scotland Age, sex, postal code (geography), 
social deprivation, smoking status and 
cigarette dosing, family history of CVD, 
total cholesterol, HDL-C, SBP, diabetes

10-year ASCVD (CHD, 
cerebrovascular 
disease, ASCVD death, 
revascularization)

*To estimate risk for nonfatal + fatal ASCVD, multiply by 3 in men, by 4 in women, and slightly less for older adults.
ASCVD, Atherosclerotic cardiovascular disease; CHD, coronary heart disease; HDL-C, high-density lipoprotein cholesterol; hs-CRP, high sensitivity C-reactive protein; LDL-C, low-
density lipoprotein cholesterol; MI, myocardial infarction; SBP, systolic blood pressure; TIA, transient ischemic attack.
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The USPSTF also recently posed draft recommendations 

on statin use for the primary prevention of ASCVD in adults 
on its website.23 They recommended that the people who 
benefit most from statin use are 40 to 75 years of age with 
at least one other risk factor for ASCVD and have a 10-year 
ASCVD risk estimate of 10% or greater (grade B recommen-
dation). They advise that those with a 7.5% to 10% estimated 
10-year risk are less likely to benefit and should talk to their 
doctor (grade C recommendation).

Risk Uncertainty Often Remains After 
Global Risk Assessment
In contrast to the ASCVD risk estimation tools developed 
for the United States and Europe, there are many areas of 
the world such as the BRICS countries (Brazil, Russia, India, 
China, and South Africa) where accurate tools have not 
been developed; yet these countries have a large burden of 
cardiovascular disease.24 Current risk estimation calculators 
may over- or underestimate risk in these populations. Caution 
should be used when applying the ACC/AHA pooled cohort 
equations to groups outside the United States and to groups 
that are neither white nor black within the United States. 
This may result in overestimation of ASCVD risk among 
those of Chinese/East Asian descent and underestimation in 
American Indians and those of South Asian descent.

In addition, in the context of epidemiologic trends point-
ing toward continually decreasing ASCVD rates in the United 
States25 and in many developed countries, there remains a 
concern that risk scores such as the ACC/AHA pooled cohort 
equations that are based on historic data may systematically 
overestimate ASCVD risk in modern populations.26,27

Furthermore, with all risk calculators, applying the results 
from population-based estimators to clinical decision-making 
at the individual level can be problematic. Specifically, these 
calculators estimate the average risk in a group of individu-
als who have similar risk factor profiles; however, a given risk 
score is far more accurate for this group than it is for any 
individual within the group. Indeed, with respect to the indi-
vidual, each estimate has a theoretical confidence interval 
that is unknown and that may overlap personalized treat-
ment thresholds.28

A critical feature of the 2013 ACC/AHA guidelines is the 
acknowledgment that in many cases after initial 10-year risk 
estimation, the treatment decision about statin therapy will 
still remain uncertain to either the patient or the clinician. 
The guidelines allow for revising one’s risk status upward if 
one of the following is present: elevated lifetime risk, fam-
ily history of premature ASCVD, high-sensitivity C-reactive 
protein (hs-CRP) ≥ 2.0 mg/L, LDL-C ≥ 160 mg/dL, abnormal 
coronary artery calcium (CAC) score (Agatston score ≥ 300 
or ≥ 75th percentile for one’s age and sex), or ankle-brachial 
index (ABI) < 0.9.10,29

The ESC/EAS guidelines, which endorsed the SCORE esti-
mator as a starting point, also acknowledged uncertainty by 
including many important “qualifiers” in their document 
where risk estimation may need to be adjusted upward or 
downward based on an individual’s pretest probability.21 
These guidelines state that (1) risk will be overestimated in 
countries with falling ASCVD mortality rates and underes-
timated in countries where mortality is increasing; (2) at a 
given age, women will have a lower predicted 10-year ASCVD 
risk than men, but this may be misleading because eventu-
ally similar numbers of women will die of ASCVD compared 
to men; (3) risk will be higher in individuals with social 

deprivation; (4) risk will be higher among those who are sed-
entary and have central obesity; (5) risk will be higher among 
those with low high-density lipoprotein (HDL)-C, increased 
triglycerides, increased apolipoprotein B, or increased hs-
CRP; (6) risk will be higher among asymptomatic individu-
als with evidence of subclinical atherosclerosis; (7) risk will 
be higher among those with impaired renal function; (8) risk 
will be higher among those with a family history of prema-
ture ASCVD; and (9) risk will be lower among those with high 
HDL-C or a family history of longevity.

Despite these limitations, global risk estimation tools 
are helpful in initiating a risk-based discussion of preven-
tive pharmacologic therapy, and we strongly endorse their 
routine use as a starting point. But, given these caveats of 
risk underestimation among certain patient subgroups (i.e., 
potential for undertreatment) alongside concerns for risk 
overestimation in other populations combined with much 
lower treatment thresholds (i.e., potential for overtreat-
ment), the need for further individualized risk assessment 
has become increasingly important.

With their extensive safety data and the availability of 
low-cost generic statins, combined with much lower treat-
ment thresholds, many more patients are now eligible for 
statin therapy under the 2013 ACC/AHA guidelines.30 The 
group previously recommended for risk reclassification (the 
“intermediate-risk” group) has become much more narrow 
and with lower absolute risk;31 however, uncertainty of risk 
often remains among a broad range of estimated risk scores 
(5–15% 10-year risk). We discuss later in this chapter how 
selective use of additional tools may help refine personal-
ization of risk assessment.  Select tests are discussed in detail 
hereafter, with a particular emphasis on exercise stress test-
ing (to assess cardiorespiratory fitness or exercise capac-
ity) and noncontrast cardiac computed tomography (CT) 
(to measure the presence of or the amount of CAC), which 
appear to be the best predictors of long-term survival.32

Additional Medical and Social Factors for 
Revising Risk Estimation Upward
Before one considers ordering additional testing to refine risk, 
there are additional elements that can be obtained from a 
detailed medical and social history that help guide risk assess-
ment.  For example, there are many risk factors for ASCVD that 
are not included in the pooled cohort equations including a 
family history of premature or later-onset ASCVD, former ciga-
rette smoking, secondhand exposure to smoke, history of erec-
tile dysfunction (ED), history of adverse pregnancy outcomes 
(i.e., preeclampsia or gestational diabetes), insulin resistance/
prediabetes/metabolic syndrome, sedentary behavior,  auto-
immune disease, human immunodeficiency virus infection, 
chronic kidney disease, obstructive sleep apnea, and hepatos-
teatosis. Several of these are discussed herafter.

It would be cumbersome and impractical to add these 
and other unique risk factors to a universal risk prediction 
model. However, physicians require further direction on 
how best to categorize individuals with unique risk factors. 
It is especially in this setting that further risk stratification 
with tests that inherently individualize risk, such as measur-
ing subclinical atherosclerosis, may better delineate those 
who would most likely benefit from preventive therapies.

Family History of Premature Coronary Heart Disease
Screening for ASCVD in the asymptomatic individual should 
incorporate a detailed family history.  A history of premature 
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CHD among first-degree relatives has been shown in multiple 
epidemiologic studies to be strongly associated with inci-
dent ASCVD including MI, coronary death, and stroke.33–38 
Studies have demonstrated a 2- to 7-fold increase in risk 
of CHD associated with a positive family history,  with men 
younger than 60 years of age being the most affected.39

Family history, which is asked by virtually every clini-
cian conducting clinical risk assessments, was considered 
for inclusion in the 2013 ACC/AHA risk models. However, 
it was not included as part of the ACC/AHA pooled cohort 
equations because it did not adequately improve model 
performance, likely because it was not distinguished from a 
family history of premature CHD—a well-established predic-
tor of subsequent ASCVD events.37 On the other hand, other 
risk score calculators (Reynolds risk score, QRISK, ASSIGN, 
PROCAM) do include family history of premature ASCVD in 
risk assessment.

However, the ACC/AHA risk assessment guidelines do 
state that the presence of a family history of premature 
CHD (described as occurring in male first-degree relatives 
before age 55 and female first-degree relatives before age 
65) could be used to revise one’s risk estimation upward 
(IIb recommendation, level of evidence B).10 A family his-
tory of premature CHD is similarly endorsed as a significant 
risk factor by experts in the 2011 AHA effectiveness-based 
guidelines for the prevention of cardiovascular disease in 
women.40 Additionally, the Canadian Cardiovascular Society 
guidelines recommended that a person’s estimated risk be 
doubled with a family history of premature ASCVD.41 A fam-
ily history of premature CHD in a subject’s parents is one of 
the factors included in the Reynolds risk score for ASCVD 
prediction.15,16 A history of ASCVD in a sibling is an even 
stronger risk factor than a parental history.38

However, not everyone with a positive family history of 
premature CHD is destined to have an ASCVD event, and 
thus upgrading the risk category (and potential eligibility for 
statins) for everyone with a family history may be inappro-
priate. Moreover, many individuals with a family history of 
premature CHD have few or no other risk factors, and it may 
be difficult to accurately determine their risk. When risk is 
uncertain, selective use of subclinical atherosclerosis imag-
ing tools such as CAC may help guide the risk discussion.36

Autoimmune Diseases
Autoimmune diseases, such as systemic lupus erythematous, 
scleroderma, psoriatic arthritis, and rheumatoid arthritis, 
affect approximately 8% of the population, 78% of whom are 
women.42 Inflammation underlies the development of ath-
erosclerosis, and autoimmune rheumatic diseases are asso-
ciated with higher rates of cardiovascular morbidity and 
mortality due to accelerated atherosclerosis. Multiple stud-
ies have demonstrated the association between rheumatoid 
arthritis or systemic lupus erythematous and increased risk 
for ASCVD.43–45 Thus, patients with autoimmune diseases 
may warrant more intensive preventive therapies or may be 
candidates for additional second-tier risk assessment tools 
such as CAC, if risk is uncertain. Additionally, treatment with 
biologic agents, such as antitumor necrosis factor agents, 
has been shown to decrease the risk for cardiovascular 
events in rheumatoid arthritis patients.46

Adverse Pregnancy Outcomes
Pregnancy complications, such as gestational diabetes 
and preeclampsia, give insight into a mother’s long-term 

ASCVD risk.47 Thus women (even years past their child-
bearing days) should be asked about their prior preg-
nancy outcomes as part of an office-based ASCVD risk 
assessment.

Gestational diabetes is associated with long-term adverse 
maternal ASCVD risks, such as type 2 diabetes mellitus, 
hypertension, and metabolic syndrome.48–50 Nearly half of 
women with a history of gestational diabetes mellitus will 
develop type 2 diabetes mellitus within 10 years.51 However, 
gestational diabetes is also a risk factor for the development 
of ASCVD independent of conventional risk factors, espe-
cially among women with elevated body mass index.52

Preeclampsia is a multisystem disease that occurs after 
20 weeks of gestation, mediated by abnormalities in the 
placental vasculature leading to both short- and long-term 
endothelial dysfunction and inappropriate vasoconstric-
tion in multiple vascular beds.53 It presents with hyperten-
sion and proteinuria and complicates approximately 2% 
to 8% of pregnancies.54 Some risk factors such as diabetes 
and obesity may predispose women both to preeclampsia 
during child-bearing age and also to increased ASCVD risk 
later in life (i.e., the pregnancy “unmasks” underlying predis-
position to atherosclerotic vascular disease). Alternatively, 
preeclampsia may directly have a causal effect on the vas-
culature that contributes to ASCVD later in life.

Preeclampsia is independently associated with an 
increased risk for ASCVD events.55 Women with a history 
of preeclampsia have nearly double the risk of CHD and 
stroke approximately 10 to12 years later and a nearly 50% 
increased risk of all-cause mortality at an average of 15 
years’ follow-up.56 Thus, the 2011 AHA women’s prevention 
guidelines consider these adverse pregnancy outcomes to 
be significant risk factors for ASCVD40—on par with tradi-
tional risk factors such as smoking and hypertension.

Erectile Dysfunction
ED is very common, affecting 40% of men older than 40 
and 70% of those over 70 years of age.57 Up to 80% of ED is 
from vascular etiologies. Data from the National Health and 
Nutrition Examination Survey (NHANES) found that almost 
90% of men with ED had at least one major ASCVD risk 
factor (hypertension, hypercholesterolemia, current smok-
ing, or diabetes).57 A 2013 Australian study of 95,000 men 
with no known heart problems found that those with severe 
ED had a 60% higher risk of developing heart disease and 
nearly twice the risk of dying, compared with those without 
ED.58 Other studies have reaffirmed these findings.

ED may be a marker of generalized endothelial dysfunc-
tion. Because ED symptoms can precede ASCVD,  screening 
for ED can be used as an early marker to identify men at 
higher risk of ASCVD who might benefit from intensive treat-
ment of risk factors and a detailed cardiovascular assess-
ment.59 More than 40% of men with ED and risk factors for 
ASCVD are unaware of their risk.60 The ESC guidelines state 
that all men with ED should undergo ASCVD risk estimation 
and risk management (class IIa recommendation).11

A 2015 study determined that screening men with ED for 
ASCVD risk would be a cost-effective strategy that would not 
only help avert ASCVD events but also potentially save more 
than $21 billion dollars in healthcare expenses over 20 years 
in the United States alone.60 When ASCVD risk is uncertain, 
the use of personalized prognostic tools, such as the CAC 
score, may aid in cardiovascular risk stratification and man-
agement of men with vascular ED.61
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Assessment of Physical Inactivity and Sedentary 
Behavior
The AHA recommends that assessment of physical activ-
ity levels should be a vital health measure that is screened 
for at regular intervals similar to all other major modifiable 
ASCVD risk factors (i.e., diabetes mellitus, hypertension, 
hyperlipidemia, obesity, smoking) and tracked over time.62 
More than half of the American population perform less than 
the recommended levels of physical activity,63 and annu-
ally approximately 250,000 deaths in the United States can 
be attributed to the consequences of physical inactivity.64 
Furthermore, from a global perspective it is estimated that 
31% of the world’s population are not getting recommended 
levels of physical activity, and physical inactivity has been 
cited as the fourth leading cause of death worldwide.65

The AHA has released a document establishing goals to 
improve the cardiovascular health of all Americans by 20%, 
while reducing deaths from ASCVD by 20% before 2020.  In 
this statement, ideal cardiovascular health is defined by seven 
factors, one of which is performing recommended levels of 
physical activity.66 Similarly, WHO and other global advocacy 
groups have listed physical activity as a public health priority.65

Recent data have highlighted the importance of seden-
tary behavior as a distinct risk factor.67 Whereas physical 
inactivity is the failure to meet the recommended moderate 
to vigorous physical activity threshold, sedentary behavior 
refers to the time spent in behaviors that result in ≤ 1.5 meta-
bolic equivalents of task (METs).68 This commonly includes 
any seated or reclined posture at a desk, in a car or bus, using 
a computer, or watching television and generally excludes 
time sleeping. Therefore, even individuals who exercise on 
a treadmill each morning can have prolonged sedentary 
time if much of their day is spent working at a desk, driving 
in a car, and relaxing at home in the evening. Biswas et al. 
showed that prolonged sedentary time is independently 
associated with ASCVD events, cardiovascular mortality, all-
cause mortality, and other adverse health outcomes.69

The study of Biswas et al. and much of the physical inac-
tivity and sedentary behavior research literature have a limi-
tation in that they rely on self-report and use of surrogate 
measures such as time spent watching television. Lack of 
access to more objective data on behavior is also a chal-
lenge in medical practice. One option to consider using is 
the standard pedometer in conjunction with a step count 
diary. In addition, new mobile health (mHealth) technolo-
gies, namely built-in smartphone activity trackers and wear-
able connected health devices, equipped with triaxial 
accelerometry, are increasing in popularity and appear 
accurate.70,71 These devices may facilitate even easier 
access to longitudinal information on step counts, the time 
spent in various forms of activity, and the pattern of activity. 
They likely will enhance the quality of future research in this 
field, and, when data are integrated with the electronic med-
ical record, this could facilitate implementation of physical 
activity/sedentary behavior as a vital sign in clinic.  Moreover, 
a digital data stream could enable automated interventions 
providing real-time coaching to increase physical activity 
and reduce sedentary behavior.72

Chronic Kidney Disease
Chronic kidney disease (CKD) is an independent risk factor 
for ASCVD, and the risk of ASCVD among CKD patients is not 
fully captured by traditional risk factor models such as the 
Framingham risk score or the 2013 ACC/AHA pooled cohort 

equations.73 More than 50% of deaths in CKD patients are 
attributed to ASCVD,  and CKD patients are more likely to die 
from ASCVD than to progress to end-stage renal disease.74 
Patients with CKD should be assessed for ASCVD risk, and 
they may benefit from more intensive preventive therapies 
similar to those for patients with established CHD. The 2011 
AHA women’s prevention guidelines consider CKD a high-
risk condition, similar to clinically manifest ASCVD and 
diabetes.40 The ESC guidelines also give a class I recommen-
dation that patients with CKD should have risk factors man-
aged in a similar way as individuals with very high ASCVD 
risk.11 In the REasons for Geographic and Racial Differences 
in Stroke (REGARDS) study (a natural history study), only 
approximately 8% of patients with CKD in the 50 to 79 years 
age range did not meet 2013 ACC/AHA cholesterol guide-
line criteria for initiating a statin regimen.75

Metabolic Syndrome
The metabolic syndrome, a constellation of three or more 
of abdominal obesity, prehypertension, prediabetes, low 
HDL-C, and high triglycerides, is an important marker of 
risk for ASCVD and new-onset type 2 diabetes, largely due 
to the influence of abdominal obesity and insulin resis-
tance. Although not itself a risk-scoring tool, the metabolic 
syndrome clinical construct is meant to draw attention to 
the clustering of cardiometabolic risk factors in certain 
predisposed individuals.76,77 A clinical diagnosis of meta-
bolic syndrome can help facilitate communication with 
patients and other providers about the core causative fac-
tors of a patients ASCVD risk, the risk of developing diabe-
tes, and importance of lifestyle modification.

There are several ancillary hallmarks of metabolic syn-
drome that can be important for identifying ASCVD risk. For 
example, the most common liver function abnormality in 
the United States is asymptomatic fatty liver disease (hepa-
tosteatosis), which is a core component of the pathophysi-
ology of atherogenic dyslipidemia in metabolic syndrome. 
Obstructive sleep apnea is also commonly seen among 
patients with the metabolic syndrome and is associated with 
ASCVD risk beyond what would be predicted by traditional 
risk factors alone. The ESC guidelines state that all individu-
als with obstructive sleep apnea should undergo ASCVD risk 
assessment and risk factor management.11

Predisposition to metabolic syndrome is also one of the 
reasons why patients of South Asian ancestry appear to have 
elevated ASCVD risk beyond what would be predicted by 
traditional risk factors alone. Other patients predisposed to 
metabolic syndrome include patients with human immuno-
deficiency virus, patients with depression, patients treated 
with antipsychotics, treated cancer survivors, and patients 
with prior organ transplants.

Additional Tools for Screening or Refining 
Individualized Risk Assessment
Resting Electrocardiogram
One of the simplest potential screening tests for ASCVD is a 
resting electrocardiogram (ECG); this is a low-cost test,  with 
essentially no direct risk from the test itself,  and it is readily 
available in most clinical practices. Major ECG abnormali-
ties include Q waves suggestive of silent MI, evidence of left 
ventricular hypertrophy (LVH), complete bundle branch 
block, atrial fibrillation or flutter, or major ST-T wave changes. 
Minor ECG abnormalities include minor ST-T changes.
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In several population-based studies of asymptomatic 
adults, ECG abnormalities predicted incident CHD events 
and mortality.78–80 In a population based study of older 
adults (aged 70 to 79 years), both major and minor ECG 
abnormalities were associated with increased risk of CHD 
events when added to a model with traditional risk factors 
(although not when added to the Framingham risk score); 
the largest reclassification was seen for the intermediate-risk 
group (14% reclassified).81 Of note, the main contribution to 
the net reclassification improvement in this study came from 
reclassifying patients to lower,  not higher,  risk, which actually 
would result in fewer patients receiving preventive pharma-
cologic treatment;82 if this downward reclassification was 
not appropriate, this could adversely lead to fewer ASCVD 
events prevented. A resting ECG is not a sensitive enough 
tool to exclude the presence of moderate or advanced coro-
nary artery disease (CAD).

Although not endorsed in the 2013 ACC/AHA risk assess-
ment guidelines,  the 2010 ACC/AHA guideline for the assess-
ment of cardiovascular risk in asymptomatic adults stated 
that an ECG at rest may be reasonable in asymptomatic 
adults with hypertension or diabetes (class IIa recommenda-
tion). They also gave a weaker but still generally supportive 
recommendation even among those without hypertension 
or diabetes (class IIb).9

In contrast, based on a systematic review, the USPSTF 
did not recommend screening asymptomatic adults at low 
CHD risk with a resting or exercise ECG for the prediction 
of CHD events (grade D recommendation).83 Similarly,  this 
same sentiment was also endorsed in a 2015 statement by 
the American College of Physicians, which stated that clini-
cians should not screen asymptomatic low-risk adults with 
a resting or exercise ECG for the detection of cardiac dis-
ease given low pretest probability and low likelihood that 
positive results will affect treatment decisions and clinical 
outcomes, plus the potential harms of false-positives leading 
to unnecessary tests and procedures.7

Resting Echocardiogram
A resting transthoracic echocardiogram is widely used to 
assess patients with suspected cardiac symptoms or struc-
tural heart disease, both for diagnostic purposes and man-
agement. However, it is not recommended for routine use for 
screening of asymptomatic individuals.84

The majority of echocardiograms are ordered by primary 
care physicians, rather than cardiologists.85 Population-
based studies of asymptomatic individuals screened by 
echocardiography have found that incidental findings such 
as asymptomatic left ventricular (LV) dysfunction and LVH 
can predict cardiovascular and all-cause mortality inde-
pendent of blood pressure and other risk factors.86,87 The 
2010 ACC/AHA guidelines for assessment of cardiovascular 
risk in asymptomatic adults provide weak support for selec-
tive use of echocardiography screening to detect LVH and 
LV dysfunction for asymptomatic adults with hypertension 
(class IIb recommendation) but a class III (no benefit) for 
those without hypertension.9

Of note, the population-based Tromsø study in Norway 
evaluated outcomes among asymptomatic participants 
who were randomly assigned to a screening echocardio-
gram or to a control group.88 Participants with abnormal 
findings on echocardiogram newly detected by screening 
(including myxoma, LV dysfunction, wall motion abnor-
mality,  or valvular disease) were referred to a cardiologist 

for further evaluation (approximately 9% of participants). 
However, despite cardiology referral for these diagnoses, 
ASCVD events and all-cause mortality during 15 years of 
follow-up were unchanged between the screened and 
nonscreened groups.

In response to the growing use of echocardiography 
(∼8% annual increase85), in 2011 the American Society of 
Echocardiography (ASE) updated its appropriate use crite-
ria consensus statement in conjunction with the ACC and 
AHA.89 This document reaffirmed that echocardiography 
should not be used for routine screening in an unselected 
general population, including patients with asympto matic 
hypertension. The consensus statement also does not 
endorse screening asymptomatic family members of indi-
viduals with ASCVD with echocardiography unless there is 
a first-degree relative with inherited cardiomyopathy or sus-
pected connective tissue disease.89

Although echocardiography does not use any ioniz-
ing radiation, a normal resting echocardiogram does not 
exclude risk for significant CAD. Therefore, patients with a 
“normal” appearing echocardiogram may be falsely reas-
sured and not follow through with other recommended 
screening or preventive measures. Mild abnormalities or 
questionable test results may lead to additional testing asso-
ciated with expense and potential for harm.

Exercise Treadmill Testing
Some patients and providers may equate screening for CHD 
with exercise treadmill testing (ETT).  However,  ETT can gen-
erally only detect obstructive CHD, whereas the majority of 
MIs occur from acute plaque rupture from thin-capped fibro-
atheromas producing < 50% diameter stenosis.90 Whereas 
ETT is commonly used to evaluate symptoms suggestive of 
possible CHD for diagnostic purposes, current guidelines do 
not support routine ETT in the vast majority of asymptomatic 
individuals.

For certain subgroups of asymptomatic patients, however, 
ETT may be useful.91 The previous 2010 ACC/AHA guidelines 
gave a modest class IIb recommendation that ETT may be 
considered for ASCVD risk stratification for the intermediate-
risk individual, particularly when non-ECG parameters such 
as exercise capacity (i.e., METS achieved) are considered.9 
Other older ACC/AHA guidelines felt it was reasonable (class 
IIa recommendation) to screen asymptomatic diabetic indi-
viduals who plan to start vigorous exercise but gave a weak 
endorsement (class IIb) for older nondiabetic individuals 
before vigorous exercise.92 Similarly the ESC stated in their 
guidelines that exercise ECG may be considered for ASCVD 
risk assessment in moderate-risk asymptomatic adults 
(including sedentary adults considering starting a vigorous 
exercise program), particularly when attention is paid to non-
ECG markers like cardiorespiratory fitness (class IIb).11

However, in contrast to the older ACC/AHA and ESC 
guidelines, given the low prevalence of significant obstruc-
tive CAD among asymptomatic individuals screened, the 
USPSTF determined there was insufficient evidence for 
routine stress testing before exercise training and did not 
endorse screening.93

Unfortunately, no randomized controlled trials (RCTs) 
have addressed the utility of ETT in asymptomatic indi-
viduals, even those pursuing a vigorous exercise program 
or competition. Further discussion regarding screening of 
competitive athletes is found in the “special populations” 
section of this chapter.
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The role of ETT screening for high-risk occupations like 

commercial and military pilots and competitive athletes 
also remains highly controversial, but current evidence does 
not support the role of routine screening among these indi-
viduals either. A study analyzing the use of ETT screening of 
asymptomatic US Air Force pilots found a very low positive 
predictive value of CAD of only 16%,  and thus screening ETT 
was not felt to be efficacious.94

An abnormal ETT is associated with an increased risk of 
MI and sudden cardiac death, though the positive predic-
tive value is low. Many parameters obtained by ETT indi-
vidually have prognostic value, and they include ST-segment 
changes, assessment of exercise capacity, heart rate recov-
ery, arrhythmias, and blood pressure response. Reduced 
exercise capacity (METs) and poor heart rate recovery are 
strongly predictive of ASCVD death even independent of tra-
ditional ASCVD risk factors.95 Conversely, those with excel-
lent exercise capacity generally have a favorable long-term 
prognosis.96

Exercise capacity/physical fitness is one of the stron-
gest overall predictors of survival.  The Henry Ford Exercise 
Testing Project (FIT) evaluated over 58,000 patients without 
known CHD who underwent a clinically indicated ETT and 
then were followed for an average of 10 years for mortality 
and CHD outcomes. After age and sex, the factors most pre-
dictive of survival were METs achieved and percentage of 
maximal predicted heart rate achieved.97 This FIT treadmill 
score, using standard parameters obtained from ETT, as well 
as age and sex, can be used to estimate one’s 10-year mor-
tality risk and potentially refine ASCVD risk prediction. This 
score is defined as percentage of maximum predicted heart 
rate + 12 (METs) − 4 (age) + 43 if female.  For prognostic 
purposes, the FIT treadmill score, which runs from −200 to 
200,  can be considered to be included in all ETT reports for 
patients who have no existing ASCVD and have a negative 
ECG portion on their stress test.

In addition to being inversely associated with CHD events 
and mortality, greater fitness (assessed by METs) is also asso-
ciated with decreased risk of other important outcomes such 
as atrial fibrillation,98 incident diabetes,99 incident hyperten-
sion,100 and heart failure.101 Importantly,  high fitness/exer-
cise capacity achieved antecedent of a first heart attack is 
perhaps the best predictor of heart attack survival.102 The 
good news is that only moderate fitness levels are required 
to significantly improve the coronary risk factor profile.103

As previously discussed, greater levels of physical activity 
are strongly associated with reduced ASCVD risk. Because 
most asymptomatic patients do not undergo an ETT for risk 
stratification, asking about physical activity is frequently 
used as a surrogate for fitness in clinical practice. However 
self-reported physical activity is only modestly correlated 
with directly measured fitness and when discordant, mea-
sured fitness is a better marker of cardiometabolic risk.104

Despite the strong prognostic value of fitness measures 
for identifying individuals at increased risk for ASCVD out-
comes, it remains unclear how to use the ETT risk-stratifica-
tion results to alter the management of patients compared 
to current guideline recommendations. Achievement of a 
high MET level (generally > stage 4 on the Bruce protocol) 
and high FIT score confer excellent prognostic informa-
tion; such individuals may generally be reassured and rec-
ommended to continue following a healthy active lifestyle. 
However, less favorable findings from an ETT could lead 
toward more targeted and intensified efforts at promoting 

improved physical activity and risk factor control for at-risk 
individuals (i.e., aggressive lipid-lowering therapy105).

Coronary Artery Calcium
ASCVD risk prediction models are heavily weighted toward 
chronologic age, yet “arterial” or “biologic age” is frequently 
discordant with chronologic age. Assessment of CAC is a 
useful surrogate measure of total coronary atherosclerotic 
burden and therefore arterial age.106

CAC is performed using noncontrast cardiac-gated CT 
scanning. CAC scans can be performed on any modern CT 
equipment and thus can be performed similarly around the 
world. The entire procedure takes about 10 minutes, with 
most of the time spent placing electrodes and positioning 
the patient on the table. With modern scanners, scans are 
acquired in under a second using approximately 0.5 to 2 mSv 
of radiation (approximately equivalent to 2 bilateral mammo-
grams or 10 chest x-rays). In most metropolitan centers in the 
United States, CAC scans cost between $75 and $150.

CAC scanning leverages the fact that calcified deposits 
in the coronary arteries strongly attenuate x-rays and are 
thus visible on unenhanced images. Contiguous voxels 
approximately 130 Hounsfield units are considered to be 
calcium. CAC scans are generally scored using the Agatston 
score, which is a summed score of all calcified lesions in 
the coronary arteries through the complete z-axis of the 
heart, weighted for the density (x-ray attenuation) of the cal-
cium. Agatston scoring uses a 120-kV electron, variable mA 
based on patient body weight, acquiring up to 40 slices at 
a fixed 2.5-mm to 3-mm slice increment. The ideal way to 
score a CAC scan remains controversial,  with potential ben-
efit in differently accounting for the density of calcium and 
regional distribution of calcium, as well as extracoronary 
calcification.107 Future advancements will likely increase 
the sensitivity to minute calcium deposits and will likely fur-
ther reduce the associated radiation.107

CAC scoring does not identify isolated noncalcified 
plaque, although its prevalence is less common when cal-
cium is not present anywhere in the coronary tree. Current 
evidence does not support a strong incremental predictive 
value for the detection of isolated noncalcified plaque in 
the asymptomatic primary prevention patient.108,109

When added to traditional risk factor models, CAC 
improves risk discrimination more than any other avail-
able test. In the community-based Multi-Ethnic Study of 
Atherosclerosis (MESA),  the area under the receiver operat-
ing characteristic (ROC) curve for the prediction of CHD 
events was significantly improved when a CAC-based model 
was compared to a model with only traditional risk fac-
tors.110 Individuals without risk factors but elevated CAC 
have substantially higher event rates than those who have 
multiple risk factors but no CAC.111,112 In MESA, individuals 
with no risk factors and CAC greater than 300 had an event 
rate 3.5 times higher than individuals with 3 or more risk 
factors and CAC of 0.112 Even minimal CAC (scores 1 to 10) 
is associated with 3-fold increased CHD risk compared to 
those with a CAC of 0.113 Additionally, there appears to be 
no upper threshold of risk with increasing CAC scores.114

In addition to its role in “upgrading” or elevating pre-
dicted risk in younger patients when significant CAC is 
present,29 perhaps the most important potential role of CAC 
testing in the modern era using currently available risk scores 
may be for downgrading or “derisking” an older adult with 
a CAC score of 0 who might otherwise be recommended 
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for pharmacologic therapy based on models that are domi-
nated by chronologic age.115 We have previously found that 
the number needed to treat to prevent one ASCVD event 
would generally be unfavorable using a high- or moderate-
intensity statin,116,117 a polypill,118 or aspirin119 for primary 
prevention when CAC = 0 (Table 29.4).

A recent analysis from MESA showed that there is sub-
stantial heterogeneity among groups of asymptomatic adults 
recommended for statin therapy under the 2013 ACC/AHA 
guidelines.120 Of the MESA participants who would be recom-
mended or considered for statins under the guidelines, nearly 
half (44%) had CAC = 0 at baseline and their observed 10-year 
ASCVD event rate was overall low (4.2 events/1000 person-
years). Of note,  approximately half of these events are strokes, 
and a good number of them are not atherosclerotic in nature 
but are secondary to hypertension and/or atrial fibrillation, 
and it is unclear if statin therapy would be helpful in these 
conditions. In contrast, the respective ASCVD event rates for 
those with any CAC greater than 0 was 11.2/1000 person-years.

With specific relevance to individuals reluctant to take 
preventive medicines, recent cost-effectiveness analyses sug-
gest that CAC is broadly cost-effective for steering treatment 
toward those with measurable CAC when the mild disutil-
ity of taking daily prevention medication is factored into 
decision-making.12,121 Importantly, a score of CAC = 0 is asso-
ciated with an excellent long-term prognosis with annual 
mortality of less than 1% up to 15 years in asymptomatic 
adults.122,123 When compared to other “negative” risk mark-
ers (carotid intimal medial thickness < 25th percentile, 
absence of carotid plaque, ABI > 0.9 and < 1.3, hs-CRP < 2 
mg/L, homocysteine < 10 μmol/L, N-terminal pro-brain natri-
uretic peptide <100 pg/mL, no microalbuminuria, no fam-
ily history of CHD,  absence of metabolic syndrome, and 

healthy lifestyle), the absence of CAC conferred the greatest 
downward shift in ASCVD risk.124

Clinicians now have a tool for incorporating CAC scores into 
estimates of 10-year risk.  The MESA CHD risk score,125 avail-
able online at http://www.mesa-nhlbi.org/MESACHDRisk/ 
MesaRiskScore/RiskScore.aspx, allows entry of age, sex, race/
ethnicity, traditional Framingham risk factors, family history 
of CHD, and CAC score with resultant 10-year risks of CHD 
(distinct from the ASCVD endpoint used in the 2013 guide-
lines) before and after incorporation of CAC data. We believe 
that a MESA CHD risk score greater than 5% is a reasonable 
threshold for consideration of initiating more aggressive pre-
ventive therapy, i.e., a statin and possibly aspirin.

The Early Identification of Subclinical Atherosclerosis 
by Noninvasive Imaging Research (EISNER) study126 found 
that randomization to CAC scanning versus no scanning did 
not increase overall downstream medical testing; rather ran-
domization to CAC scanning was associated with modestly 
improved risk factor control.  Findings from a population-based 
cohort showed that identification of severe CAC (> 400) was 
associated with higher rates of initiation and continuation of 
important preventive medications including lipid-lowering 
agents, blood pressure-lowering agents, and aspirin.127

Limitations of CAC scoring include the modest amount 
of radiation exposure (as discussed earlier) and the detec-
tion of incidental findings (most commonly, noncalcified 
lung nodules) in approximately 4% to 8% of persons,128 who 
may need follow-up CT scans to document stability. Also, it is 
imperative that clinicians are advised how to use CAC scores 
in their management practices (i.e., initiating aspirin and 
high-intensity statin when scores are high); misunderstand-
ing of how to use CAC could lead to unnecessary referrals 
for coronary angiography in asymptomatic individuals (and 

TABLE 29.4 Potential Use of CAC = 0 for Derisking: Data from the Multi-Ethnic Study of Atherosclerosis (MESA)

STUDY(REF. 

NUMBER)

POPULATION 
SIMULATED IN 
MESA THERAPY WITH CAC = 0

EVENT RATES
PER 1000 
PERSON-YEARS

ESTIMATED 
NNT5 FOR 
CAC = 0 CONCLUSION

Blaha116 JUPITER trial-eligible 
patients

Rosuvastatin 47% CHD
CAC = 0: 0.8
CAC 1–100: 4.8
CAC > 100: 20.2

549
(CHD)

Unfavorable NNT when 
treating CAC = 0 with 
rosuvastatin

Bittencourt118 Eligible for polypill trials Primary prevention 
polypill

TIPS: 59%
Poly-IRAN: 55%
Wald: 39%
PILL: 41%

CHD
CAC = 0: 1.2–1.9
CAC 1–100: 4.6– 5.5
CAC > 100:  

11.6–13.3

170–269
(CHD)

Unfavorable risk:benefit 
ratio treating CAC = 0 
with primary prevention 
polypill

Martin117 Dyslipidemic patients 
without known 
atherosclerotic 
cardiovascular disease 
(ASCVD) and not on 
statins at baseline

Moderate-intensity 
generic statin

By number of lipid 
abnormalities (LAs):

0 LAs: 58%
1 LA: 55%
2 LAs: 45%
3 LAs: 50%

ASCVD
CAC = 0: 2.4–6.2
CAC 1–100: 7.6–17.2
CAC > 100: 

22.2–29.2

154–267
(ASCVD)

Unfavorable NNT treating 
CAC = 0 with generic 
statin

Miedema119 Candidates for aspirin 
therapy

Low-dose aspirin 56% CHD
CAC = 0: 1.3
CAC 1–100: 4.1
CAC > 100: 11.6

808–2036
(CHD)

Unfavorable risk:benefit 
treating CAC = 0 with 
aspirin

Nasir120 Statin use recommended 
by the 2013 ACC/AHA 
cholesterol guidelines

Statin use considered by 
the 2013 ACC/AHA 
cholesterol guidelines

Statin therapy 
(assumes 30% 
risk reduction)

44% ASCVD
CAC = 0: 5.2
CAC 1–100: 8.8
CAC > 100: 15.4
ASCVD
CAC = 0: 1.5
CAC 1–100: 7.8
CAC > 100: 6.3

64
38
33

223
43

Heterogeneity of event 
rates among statin 
eligible groups. NNT 
less favorable when 
CAC = 0

ASCVD, Atherosclerotic cardiovascular disease; CAC, coronary artery calcium; CHD, coronary heart disease; NNT, number needed to treat.

http://www.mesa-nhlbi.org/MESACHDRisk/MesaRiskScore/RiskScore.aspx
http://www.mesa-nhlbi.org/MESACHDRisk/MesaRiskScore/RiskScore.aspx
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the potential complications and expense stemming from 
that procedure).

Additionally, of concern to some, is the lack of definitive 
clinical trial evidence demonstrating that CAC-based treat-
ment decision-making is superior to traditional global risk 
assessment in reducing ASCVD outcomes in a cost-effective 
manner. It is important to note that we do not have any RCTs 
for ASCVD risk estimators either. Due to the low risk and low 
cost of a CAC scan and the cost involved for a large RCT, it 
seems unlikely in the near future that a CAC-based clinical 
trial (or any clinical trials comparing CHD risk assessment 
modalities among asymptomatic individuals) will be funded 
in the United States. However, the ROBINSCA clinical trial of 
CAC screening versus risk factor screening is ongoing in the 
Netherlands and may offer future insights.129 In the meantime, 
approaches to ASCVD risk assessment must rely on the best 
evidence from observational studies.130

Most guidelines suggest that men starting at age 40 and 
women at age 45 with at least one additional risk factor such 
as a family history of premature atherosclerotic vascular dis-
ease or an ASCVD 10-year risk estimate of at least 5% could 
be considered for a CAC scan. The 2013 ACC/AHA prevention 
guidelines state that an Agatston score of 300 units or more, or a 
score on or above the 75th percentile for age, sex, and ethnicity, 
is a factor that indicates that the person is likely at a higher risk 
level and would warrant strong consideration of statin therapy 
and intensified lifestyle changes. Other data from MESA indi-
cates that an Agatston score of at least 100 units portends a 
“CHD-equivalent level” of risk.116 Prior data suggest that the 
absolute CAC score is a better indicator of near-term risk than 
age/sex/race percentiles, although percentiles may have more 
value for communicating lifetime risk.131

Whereas CAC progression is strongly predictive of out-
comes,132 there is no need to rescan a person who has a 
higher CAC score (e.g., > 100) because clinical decision-
making will likely not change. It is reasonable to rescan a 
patient with a CACs of 0 approximately 4 to 5 years later.133 
However, in a smoker134 or a person with diabetes,135 a CAC 
score of 0 provides less reassurance for a very low ASCVD 
event rate; in these patients, this low-risk finding should be 
supported by other clinical information and rescanning 
should be considered after a shorter interval.

Finally, appropriate use criteria and some guidelines have 
stated that it is reasonable to do an ETT or stress myocardial 
perfusion imaging (MPI) in asymptomatic persons with high 
CAC scores (> 400) if they are planning to engage in vig-
orous physical activity; this can help to rule out high-grade 
obstructive disease. Prior AHA guidelines have also stated 
that asymptomatic diabetics with a CAC score greater than 
400 may be considered for stress MPI for more advanced 
cardiovascular risk assessment (IIb recommendation).9 
However, all patients with advanced subclinical coronary 
atherosclerosis should undergo aggressive lifestyle and 
pharmacologic management of their risk factors.

Coronary Computed Tomography Angiography
One limitation of CAC scoring (obtained by noncontrast 
CT) is that it cannot identify noncalcified plaques or coro-
nary stenoses. It can only identify the vulnerable patient, not 
the vulnerable lesion, although the value of such a plaque-
based approach remains debatable. Thus, coronary CTA 
(performed with intravenous [IV] contrast) may initially 
appear to be an attractive screening tool given that it can 
assess coronary atherosclerosis and anatomy with reason-
able accuracy,136 characterize features of high-risk plaque 

lesions,137 and add prognostic information to both tradi-
tional risk factors and CAC scoring, at least for symptomatic 
patients.138 However, at this time, the role of coronary CTA is 
best served to evaluate symptomatic patients with known or 
suspected CHD as the additive value beyond CAC in asymp-
tomatic patients has not been demonstrated. In a large reg-
istry of over 7500 individuals without chest pain or known 
CHD who underwent coronary CTA, there was very little 
incremental prognostic value added by coronary CTA over 
prediction models that incorporated CAC and Framingham 
risk factors; the incremental improvements of C-statistic and 
net reclassification index conferred by coronary CTA of 0.03 
and 0.09, respectively, were small.108

Although the prevalence of occult coronary atheroscle-
rosis in asymptomatic individuals is not uncommon (22% 
in one study had atherosclerotic plaques, with 5% having 
significant stenoses), short-term prognosis for these patients 
is still reasonably good.139,140 A prior study that evaluated 
coronary CTA screening of asymptomatic patients in South 
Korea compared with a matched control group who did not 
have screening found that abnormal test findings were pre-
dictive of increased use of preventive medications like aspi-
rin and statins but also led to increased use of invasive tests, 
with no difference in ASCVD event rates at 18 months.141

Concerns regarding risks of ionizing radiation (although 
this is decreasing over time with modern protocols), risks 
of IV contrast exposure, greater incidental findings versus 
noncontrast CT for CAC scoring, and costs (both direct and 
downstream) limit its use as a screening tool at this time. The 
2010 ACC/AHA guidelines did not recommend coronary 
CTA for screening of the asymptomatic individual (class 
III).9

Carotid Intima-Media Thickness
Carotid intima-media thickness (cIMT) assessed by B-mode 
ultrasound is another surrogate measure of atherosclerotic 
burden.142 It has many attractive features for a screening 
tool compared with CAC, including lack of radiation, ability 
to detect noncalcified plaques, and ability to detect athero-
sclerosis even in younger adults.143 However, a prior analysis 
from MESA found CAC to be a substantially better predictor 
of ASCVD events than cIMT.144

One important issue limiting assessment of cIMT is that 
across studies there is substantial variation of how cIMT is 
reported, including the number and location of carotid seg-
ments assessed (i.e., common carotid artery, internal carotid 
artery, or carotid bulb), which measurements were reported 
(i.e., mean or maximal thickness, mean of the mean, or 
mean of the maximum), and whether plaque was included 
in cIMT assessment. Measuring the far wall of the common 
carotid artery appears to be the most reliable method for 
assessing cIMT.145 In 2008, the ASE expert task force set forth 
guidelines on how cIMT should be measured.142

Although some studies found cIMT was a predictor of 
future CHD events,146,147 many others failed to show that 
cIMT added prognostic information over and above tra-
ditional risk factor assessment using tools such as the 
Framingham risk score.148,149 A prior systematic review and 
meta-analysis concluded that the addition of cIMT did lit-
tle to improve the performance of traditional ASCVD risk 
prediction models.150 Thus, because of lack of compelling 
incremental predictive value beyond traditional risk factor 
models, the 2013 ACC/AHA guidelines did not recommend 
routine use of cIMT for the screening of asymptomatic 
adults for ASCVD risk assessment.
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There are some caveats to this recommendation. 
Measuring cIMT from the internal carotid artery may be 
more predictive than the common carotid artery, but it 
is harder to perform accurately.151 Importantly, assessing 
carotid plaque at the time of ultrasound adds to prognostic 
yield, particularly for the prediction of stroke.152,153 Plaque is 
more likely to represent definite areas of atherosclerosis ver-
sus medial hypertrophy alone. Thus, relative to cIMT,  carotid 
plaque has a stronger association with ASCVD, and it is not 
recommended to measure cIMT alone without also consid-
ering plaque.154 Whereas CAC has been shown to be supe-
rior to carotid plaque for prediction of total ASCVD events, 
CAC and carotid plaque performed similarly for prediction 
of strokes and transient ischemic attacks.153

In contrast to the 2013 AHA/ACC guidelines,  the 2012 
ESC guidelines were more favorable regarding the use of 
cIMT along with carotid plaque for risk stratification of 
the asymptomatic adult at moderate ASCVD risk (class IIa 
recommendation).11 However, the population-based MESA 
study found that both assessment of low cIMT and absence 
of carotid plaque were inferior to CAC for “derisking” (i.e., 
shifting ASCVD risk downward).124

Regarding carotid ultrasound for the detection of obstruc-
tive carotid artery disease (i.e., stenosis), the USPSTF also 
recommended against screening for asymptomatic carotid 
stenosis in the general population without a history of tran-
sient ischemic attack,  stroke, or neurologic symptoms.155

High-Sensitivity C-Reactive Protein
CRP is a marker of inflammation and is associated with 
the metabolic syndrome. In a cohort of apparently healthy 
women, hs-CRP was a better predictor of risk for ASCVD 
events than LDL-C and added prognostic information to 
models based on traditional risk factors.156 Results from the 
Justification for the Use of Statins in Primary Prevention: An 
Intervention Trial Evaluating Rosuvastatin (JUPITER) clinical 
trial support the use of statins in older adults with elevated hs-
CRP of greater than or equal to 2 mg/L and LDL-C of less than 
130 mg/dL.157 The 2013 ACC/AHA risk assessment guidelines 
do state that a hs-CRP value of greater than or equal to 2 mg/L 
could be used to revise risk estimation upward, when risk is 
uncertain.10 On the other hand, the ESC guidelines gave only 
a weak endorsement for hs-CRP (class IIb recommendation) 
for further risk assessment among asymptomatic adults at 
moderate ASCVD risk and recommended against measure-
ment of hs-CRP in low- and high-risk adults to assess 10-year 
ASCVD risk (class III recommendation).11

Several issues limit our enthusiasm for routine risk assess-
ment with hs-CRP. It is an inferior risk predictor compared 
with CAC,116,148 is closely linked with other metabolic syn-
drome traits, and suffers from the same lack of RCT evidence 
as all other tests. As JUPITER did not enroll participants 
with normal hs-CRP levels,158 this trial does not provide 
evidence to support measurement of hs-CRP for screening. 
Low hs-CRP does not offer the same value in derisking as 
that achieved with a CAC of 0.116,124 Thus, in contrast to risk 
assessment with CAC scanning, screening with hs-CRP leads 
to more overall treatment and less accurate matching of 
treatment with risk.

Ankle-Brachial Index
Asymptomatic peripheral arterial disease (PAD) is highly 
prevalent in older adults. Based on NHANES data from 
1999–2004,  it is estimated that more than 12% of adults over 

the age of 60 and 23% of adults over the age of 70 have an 
ABI of less than 0.9.159 A low ABI is not just a measure of PAD 
but a marker of generalized atherosclerosis.160

Compared with those without PAD, asymptomatic indi-
viduals with PAD have higher rates of all-cause and vascular 
mortality,161 rates similar to those with symptomatic PAD.162 
Approximately 1 in 5 PAD patients has an MI, stroke, hospi-
talization for ASCVD event, or ASCVD death each year. Thus, 
patients with asymptomatic PAD are a high-risk group that 
warrant aggressive preventive intervention.

Prior meta-analyses showed that the addition of ABI to 
the Framingham risk score could improve cardiovascu-
lar risk prediction, resulting in reclassification of risk cat-
egories and modification of treatment recommendation 
in approximately 19% of men and 36% of women.163 The 
2013 ACC/AHA risk guidelines advise that the presence of 
an ABI of less than 0.9 could also be used to revise the risk 
estimate into a higher category.10 Yet, similar to hs-CRP, ABI 
also compares unfavorably with CAC, with inferior discrimi-
nation and risk reclassification148 and does not offer the 
same potential for derisking.124 Moreover, abnormal ABI is 
rare in an asymptomatic patient without a history of diabe-
tes and/or cigarette smoking.148 In their systematic review, 
the USPSTF concluded that there was insufficient current 
evidence regarding the balance of benefits and harms of 
screening for PAD with the ABI for ASCVD risk assessment 
among unselected populations.164

High-Sensitivity Troponin
Cardiac troponins T and I are well-established biomarkers of 
myocardial injury and are used clinically to guide diagno-
sis and management of patients suspected of having acute 
coronary syndromes. However, elevated levels may be due 
to cardiac damage associated with chronic structural heart 
disease rather than from acute ischemia, especially when 
levels remain generally consistent over the short term.165 
New high-sensitivity assays have expanded the role of car-
diac troponin as a prognostic marker even among asymp-
tomatic individuals without suspected acute coronary 
syndrome.

High-sensitivity cardiac troponin elevations, even among 
those without known clinical ASCVD, are associated with 
increased risk for incident CHD and heart failure events.166 
A recent systematic review of 21 prospective community-
based cohort studies involving nearly 65,000 patients found 
that an elevated cardiac troponin level was associated 
with a near tripling of risk for all-cause and ASCVD mortal-
ity among asymptomatic individuals.167 Thus, although it 
is currently not measured routinely in clinical practice in 
the asymptomatic individual, it also has the potential as a 
screening tool for refining risk prediction.

However, further work is needed to determine whether 
the excess risk associated with elevated cardiac troponin is 
modifiable with intensification of preventive therapies.167 In 
the JUPITER primary prevention RCT,  although high-sensi-
tivity troponin I was associated with increased risk of vas-
cular events and mortality,  the benefits of rosuvastatin for 
ASCVD event reduction were similar across all baseline cat-
egories of high-sensitivity troponin; thus, those with higher 
troponin levels did not benefit more from statin therapy 
than those with lower troponin levels.168 Furthermore in 
the Bypass Angioplasty Revascularization Investigation 2 
Diabetes (BARI-2D) RCT of patients with stable CHD and 
diabetes, whereas again an elevated high-sensitivity troponin 
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was associated with greater risk of ASCVD events, it did not 
identify a group of patients who benefited more from early 
coronary revascularization compared with medical therapy 
alone.169 Therefore, how to manage patients differently on 
the basis of the identification of an elevated high-sensitivity 
troponin is uncertain and thus limits this biomarker’s util-
ity as a screening tool at this time. The 2013 ACC/AHA risk 
assessment guidelines did not give any endorsement for 
or against high-sensitivity cardiac troponin as a marker to 
guide risk assessment.

Screening for CAD in Asymptomatic but 
High-Risk Groups
The 2013 ACC/AHA risk assessment guidelines did not pro-
vide any recommendations regarding utility of imaging in 
high-risk subpopulations.10 This is in contrast to the 2010 
ACC/AHA guidelines for assessment of cardiovascular risk 
in asymptomatic adults, which gave a class IIb recommen-
dation for stress MPI for asymptomatic adults with diabetes 
or family history of CHD.9

Diabetes
Risk in diabetes is heterogeneous, and diabetes is no longer 
considered a CHD risk equivalent as was the case in prior 
lipid-lowering guidelines. Risk in diabetes varies according 
to age of onset, duration, severity, and presence or absence 
of accompanying metabolic risk factors.170

The Detection of Ischemia in Asymptomatic Diabetics 
(DIAD) was a randomized multicenter study that assessed 
whether screening asymptomatic patients with diabetes 
with nuclear stress testing affected outcomes;171 1123 par-
ticipants with type 2 diabetes and no symptoms of CAD 
were randomly assigned to adenosine-stress radionuclide 
MPI or no MPI. No detailed advice regarding the need for 
more aggressive risk factor modification was provided for 
how to manage abnormal stress MPI results. Overall, car-
diac event rates were low and perhaps this group of diabet-
ics was healthier than a general diabetic population. Event 
rates were not significantly reduced by MPI screening for 
myocardial ischemia over 4.8 years.

Similar to ETT, stress MPI generally only identifies flow-
limiting stenoses and approximately two-thirds of acute coro-
nary syndrome events stem from non–flow-limiting lesions. 
It is possible, however, that any stress-induced myocardial 
ischemia may be related to disease of the coronary micro-
circulation and coronary artery vasoconstriction due to 
endothelial dysfunction.172,173 Any screening strategy needs 
to be coupled with an effective preventive strategy directed 
at managing abnormal test results; such a strategy should 
involve more aggressive risk factor management through 
appropriate use of medications to optimize lipid and blood 
pressure, as well as dietary and exercise habits.

Whereas stress MPI provides a functional assessment 
of ischemia, coronary CTA, as previously described, can 
identify coronary anatomy, including the presence of 
non–flow-limiting stenosis due to calcified, noncalci-
fied, and mixed atherosclerotic plaques. The FACTOR-64 
study was an RCT involving 45 clinics of a single health 
system (Intermountain Healthcare, UT) that enrolled 900 
patients with either type 1 or type 2 diabetes of at least 
3 to 5 years’ duration and without symptoms of CAD.174 
Participants were randomized to CHD screening with 
coronary CTA versus standard diabetes care based on 

national guidelines. Standard versus aggressive risk fac-
tor reduction targets were recommended based on the 
coronary CTA findings.

The use of coronary CTA to screen for CHD did not sig-
nificantly reduce the composite primary endpoint of all-
cause mortality, nonfatal MI, or unstable angina requiring 
hospitalization at 4 years among this population of asymp-
tomatic diabetic patients, though the actual event rate was 
much lower than had been anticipated. Whereas the point 
estimate for the primary endpoint was consistent with a 
20% lower risk in the coronary CTA group, the trial was not 
sufficiently powered to determine whether this was due to 
chance or the use of CTA to guide management decisions.

Although coronary CTA can provide information on 
both calcified and noncalcified plaque and determine the 
extent of stenosis, a simple noncontrast CAC score might 
suffice for risk-stratification of diabetic patients. All-cause 
mortality risk in diabetics rises in proportion to severity of 
CAC score; diabetics with a CAC score of 0 (up to 40% of 
asymptomatic individuals with diabetes) have a low short-
term risk for death, similar to nondiabetics with a 0 CAC.175 
Prior 2010 AHA guidelines had stated that in asymptomatic 
adults with diabetes 40 years of age or over, measurement 
of CAC is reasonable for ASCVD risk assessment (class IIa 
recommendation).

In summary, the available evidence does not support 
screening with MPI or coronary CTA in asymptomatic dia-
betic patients. Of note, both DIAD and FACTOR-64 included 
lower-risk diabetics, and thus the role of screening in higher-
risk diabetics is still uncertain. Regardless of such testing, 
the 2013 cholesterol guidelines identify diabetics as a group 
that generally warrants treatment with a moderate- to high-
intensity statin along with intensive lifestyle modification.14 
As MESA showed that among individuals with CAC = 0,  hav-
ing diabetes did not increase the risk of adverse events in 
the short-term, CAC could be helpful in refining risk in dia-
betics who are hesitant to start aggressive pharmacologic 
measures such as aspirin and statin therapy or who are con-
templating dual lipid-lowering therapy to treat mixed hyper-
lipidemia. However, as also mentioned, the warranty period 
and level of reassurance for a CAC = 0 is less among diabetic 
than nondiabetic patients.135 Patients with diabetes may be 
considered for a rescan within a shorter interval if uncer-
tainty still remains regarding their ASCVD risk.

Family History of Premature Coronary Heart Disease
As previously described, a family history of premature CHD 
could potentially be used, according to the 2013 ACC/
AHA risk assessment guidelines, to revise the risk category 
upward. But do individuals with a family history of prema-
ture CHD benefit from stress imaging? A study evaluated 
1287 asymptomatic siblings of patients who had premature 
CHD at less than 60 years of age who underwent risk fac-
tor screening and treadmill exercise stress testing with MPI 
and were followed for CHD events for up to 25 years.176 The 
study found that, whereas inducible ischemia by stress MPI 
was associated with a worse prognosis, male siblings with 
negative tests still had a relatively high risk of ASCVD,  sug-
gesting that male siblings over 40 years of age should be 
considered for aggressive primary prevention pharmaco-
therapy regardless of stress MPI results. For women, the pres-
ence of inducible ischemia was also associated with risk, 
but the prevalence of ischemia was low enough that routine 
stress MPI did not appear to be warranted.
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Data from the MESA study found that CAC in asympto-
matic patients with a family history of premature CHD was 
a strong predictor of both absolute and relative increased 
risk of ASCVD, whereas cIMT was not.36 Nearly half of indi-
viduals with a family history of premature CHD had a CAC 
of 0, with a low absolute event rate, and thus might have 
considerably less net benefit from aspirin and statin therapy. 
These data suggest that not everyone with a family history 
of premature CHD needs to be elevated to a higher-risk cat-
egory. Confidence in the reporting of family history should 
be considered, and the use of CAC is also likely to be helpful 
to refine risk in this population, although perhaps this risk 
restratification with CAC works better for a middle-aged or 
older patient than a younger patient.177

Competitive Athletes
After the introduction of a preparticipation athletic screen-
ing program in Italy (first with physical examination and 
ECG, and then echocardiography if needed), the incidence 
of sudden cardiac death in athletes declined.178 The dis-
eases being screened for in these young adult athletes are 
generally not ASCVD but rather inherited cardiomyopathies 
such as hypertrophic cardiomyopathy or arrhythmogenic 
right ventricular cardiomyopathy, or occasionally anoma-
lous coronary artery origins.

The ESC has formally endorsed screening initiatives 
of competitive athletes with ECGs.179 In contrast, in the 
United States, the AHA does not endorse mandatory rou-
tine screening with ECG among competitive athletes with a 
normal cardiovascular exam and no cardiac symptoms.180 
Concerns cited were the risk of false-positive findings that 
could lead to additional testing and unnecessary anxiety 
and/or disqualification, the cost of implementing such a 
mass screening program, and the low prevalence of disease 
in this population. Similarly, the ASE does not endorse rou-
tine echocardiography screening for athletes participating 
in competitive sports who have normal findings on cardio-
vascular exam.89 The role for cardiovascular screening of 
presumably healthy athletes remains highly controversial, 
given generally low rates of sudden cardiac death in this 
population.

Linking Screening with Management 
Decisions
Screening tests, by themselves, cannot improve the progno-
sis of patients. To improve patient care, they must be linked to 
more accurate risk-based therapy decisions. Therefore,  none 
of the above risk assessment tools should be performed if 
management decisions will not be altered by the test results.

The ABCs of ASCVD Risk Management
All healthcare providers should participate in creating a 
more heart-healthy environment for sustained population-
wide primordial prevention. Incorporating the recommen-
dations from the many ACC/AHA, Canadian, and European 
guideline documents is quite challenging for clinicians. Use 
of an “ABCDE” approach (Table 29.5)181 can integrate the 
most recent cardiovascular guidelines,10 assist clinician 
adherence to guideline-based care, and promote participa-
tion in the Million Hearts Initiative,182 the AHA 2020 goal,66 
and the 25 × 25 target; each of these programs are aimed 
at reducing strokes and heart attacks and promoting health 
over the next decade.

In the preceding sections of this chapter, we have dis-
cussed in the detail the first “A”—Assessment of risk. This 
begins with a global risk assessment, with selective use of 
additional risk stratification tools to refine risk when risk is 
uncertain. Quantification of subclinical atherosclerosis can 
provide the clinician and patient with an integrated view 
of risk factor exposure. At this time though, CAC is likely 
the only marker of risk that significantly improves discrimi-
nation and calibration and substantially reclassifies risk 
beyond traditional risk estimation.148

We outline Antiplatelet therapy and Cholesterol manage-
ment hereafter, as using aspirin and high-intensity statins 
are generally recommended when CAC scores are high. 
We address Blood pressure management, Cigarettes, Diet, 
Diabetes, and Exercise in Table 29.5.

Antiplatelet Therapy
Aspirin Use in Primary Prevention
Aspirin can reduce the risk of atherothrombotic events in 
high-risk patients, but it comes at the cost of increased risk 
of bleeding. The data regarding the use of aspirin in primary 
prevention are equivocal. In the Antithrombotic Trialists’ 
Collaboration, an analysis was done of 95,456 subjects in 6 
clinical trials. Treatment with aspirin was associated with a 
small reduction in serious vascular events (0.51% vs 0.57% 
per year; p = 0.0001), but this was accompanied by a slight 
increase in the rate of major extracranial and gastrointesti-
nal bleeding (0.10% vs 0.07% per year; p < 0.0001).183 Since 
this 2009 publication, other studies have called into ques-
tion the value of aspirin in primary prevention.184,185

Finding an appropriate balance between an increased 
bleeding risk with aspirin and prevention of ASCVD events 
is an area of active research.  Prior aspirin guidelines recom-
mended aspirin if the 10-year risk of an MI/CHD death was 
at least 10% and the potential benefit outweighed the bleed-
ing risk. However,  the 2013 prevention guidelines no longer 
recommend the use of the ATP III modified Framingham 
risk score that was used to estimate risk of MI/CHD death; 
instead, the algorithm that clinicians are encouraged to use 
now is the same one for statin eligibility (the pooled cohort 
equations), which estimates the risk of an MI or stroke.

It remains to be seen if upcoming ACC/AHA recommen-
dations endorse a threshold of a 10% risk of MI/CVA for aspi-
rin eligibility or not. Of note, a 2015 draft recommendation 
by the USPSTF did generally recommend (with a grade B 
recommendation) aspirin therapy for primary prevention of 
ASCVD and colorectal cancer for adults aged 50 to 59 with a 
10% or greater 10-year ASCVD risk who are not at increased 
risk of bleeding using the pooled cohort equations.186 The 
USPSTF also endorsed, although with a slightly weaker grade 
C recommendation, aspirin use for primary prevention for 
adults aged 60 to 69 years with a 10% or greater 10-year 
ASCVD risk who are not at increased risk for bleeding.

An interesting analysis by Miedema et al. looked at the 
potential of CAC scoring to guide aspirin use in primary 
prevention.119 They studied 4220 subjects who were free of 
diabetes and calculated number needed to treat by apply-
ing an 18% relative CHD reduction to the observed event 
rates and compared those estimates with a 5-year number 
needed to harm based on risk of major bleeding reported 
in a large aspirin meta-analysis. They concluded that partici-
pants with a CAC of 100 or higher had favorable risk/ben-
efit estimations for aspirin use whereas participants with no 
CAC would likely receive net harm from aspirin.
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In summary, the decision to use aspirin for the primary 
prevention of ASCVD requires an individualized approach 
that involves a clinician-patient risk discussion. This may 
involve further risk stratification using modalities such as 
CAC or biomarkers such as hs-CRP while incorporating risk 
of bleeding to make the decision about whether aspirin 
therapy should be recommended.

Cholesterol
Statin therapy undisputedly reduces morbidity and mortal-
ity among secondary prevention and moderate- to high-risk 
primary prevention individuals.187 The 2013 ACC/AHA cho-
lesterol guidelines formally endorse the absolute risk model, 
whereby the intensity of cholesterol treatment is directly 
linked to the estimated absolute ASCVD risk.14 Four groups 
of patients who would benefit from statin therapy were iden-
tified; those with clinical ASCVD; those aged 40 to 75 years 
with diabetes mellitus and LDL-C 70 to 189 mg/dL; those with 
LDL-C of 190 mg/dL or greater; and those aged 40 to 75 years 
old with LDL-C of 70 to 189 mg/dL with an estimated 10-year 
risk of 7.5% or higher (with moderate evidence also support-
ing consideration of a moderate-intensity statin for those at 
5% to < 7.5% 10-year risk). The guidelines recommend, par-
ticularly in this last group, that a clinician-patient risk discus-
sion be conducted before statin initiation.14 Statins have an 
excellent safety profile, but RCTs and meta-analyses have 

suggested an increased risk of diabetes with statins, particu-
larly with high-intensity statins among individuals with predi-
abetes and metabolic syndrome.188 Thus,  this risk discussion 
between patients and their clinicians should address poten-
tial for ASCVD risk reduction, potential for adverse effects, 
and patient preferences, and encourage heart-healthy life-
style and management of other risk factors.

Statins should be the first-line lipid-modifying agents used 
for primary prevention of ASCVD. However, some high-risk 
patients remain intolerant of statins even after a rechallenge; 
in these cases, a second-line agent with proven outcome 
and safety data (such as ezetimibe or the PCSK9 inhibitors) 
could be considered. Furthermore, there may be certain 
very-high-risk groups such as those with familial hyperlipid-
emia, a very strong family history of premature ASCVD, and/
or advanced subclinical atherosclerosis that would benefit 
from combination lipid-lowering therapy (i.e., the addition 
of a second lipid-modifying agent on top of a maximal 
statin). These decisions should be made in the context of a 
clinician-patient risk discussion.

CONCLUDING THOUGHTS ON SCREENING THE 
ASYMPTOMATIC INDIVIDUAL

Critical to an informed clinician-patient discussion is com-
munication of the most accurate and personalized risk 

TABLE 29.5 ABCDEs for Primary Atherosclerotic Cardiovascular Disease (ASCVD) Prevention*

ABCDE COMPONENT RECOMMENDATION

A Assess risk Assess for ASCVD risk factors at least every 4 to 6 years beginning at age 20
Apply the pooled cohort equations (or similar global risk estimator) in asymptomatic adults aged 40 to 79 years old  

(not already on statins) to estimate 10-year risk for a first hard ASCVD event
Consider selective use of CAC when risk-based treatment decisions are uncertain

A Antiplatelet therapy Consider aspirin 81 mg/day if 50 to 69 years old and 10-year ASCVD risk ≥ 10% if potential benefit outweighs risk  
of bleeding after clinician-patient risk discussion; no role for dual antiplatelet therapy

B Blood pressure Lifestyle interventions (i.e., weight management, exercise, sodium restriction)
Pharmacotherapy as needed to reach blood pressure targets
BP goal: <150/90 mm Hg among older adults (≥ 60 years); <140/90 mm Hg for those < 60 years, with diabetes, and/

or with chronic kidney disease (Recent clinical trial data indicates that a person over age 50 with a cardiac risk factor 
should likely strive for an SBP < 130 mm Hg)

C Cholesterol Lifestyle changes are the major emphasis
Statins recommended if within 1 of 4 statin benefit groups (per 2013 ACC/AHA lipid guidelines)14 after clinician/patient 

discussion
Among those not in one of the statin benefit groups or for whom a risk decision is still uncertain, statin use may be 

considered in the presence of one or more additional factors such as LDL-C ≥ 160 mg/dL, family history of premature 
ASCVD, high lifetime risk (among younger patients where short-term ASCVD risk is low), abnormal CAC score,  
ABI < 0.9, and hs-CRP ≥ 2.0 mg/L

C Cigarette/tobacco cessation Education
Assessment, counseling, pharmacotherapy
5As: Ask, Advise, Assess, Assist, Arrange

D Diet and weight management Endorse diet that is low in trans-fats, saturated fats, and sodium; emphasizes fruits, vegetables, whole grains, lean 
protein, and nuts; minimizes sweets and sweetened beverages

Goal body mass index: 18.5 to 24.9 kg/m2; waist circumference: < 40 inches (men), < 35 inches (women)
If weight loss needed: (1) lose 3% to 5% of body weight; (2) low-calorie diet: 1200 to 1500 kcal/day (women); 1500 to 

1800 kcal/day (men); (3) energy deficit via decreased calorie intake and increased physical activity; (4) comprehensive 
lifestyle program; (5) weight loss maintenance

D Diabetes prevention and 
treatment

Prevention: lifestyle interventions; goal: normal fasting blood glucose and hemoglobin A1c < 5.7%
Treatment: lifestyle interventions, metformin, oral hypoglycemic, insulin; goal: hemoglobin A1c < 7% if obtained without 

significant hypoglycemia

E Exercise Regular aerobic physical activity; goal: 3 to 4 sessions a week, lasting on average 40 min/session involving  
moderate- to vigorous-intensity physical activity

Education in sitting/sedentary time; goal: aim for 10,000 steps/day of walking

*High-risk: follow secondary prevention guidelines.
ABI, Ankle-brachial index; BP, blood pressure; CAC, coronary artery calcium; hs-CRP, high-sensitivity C-reactive protein, LDL-C, low-density lipoprotein cholesterol; SBP, systolic 
blood pressure.
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information. Among individuals not in the above-mentioned 
statin-benefit groups or among those in whom treatment 
decisions are uncertain (i.e., the statin-reluctant patient or 
patients with unique risk factors such as ED or autoimmune 
diseases), additional factors can guide decision-making. 
These include an abnormal CAC score or ABI, family history 
of premature ASCVD, high hs-CRP, LDL-C level of 160 mg/dL 
or higher, or elevated lifetime risk. Additional factors that 
may aid in individual risk assessment may be identified in 
the future.

However, many clinicians and patients may still find 
that these guidelines lead to more aggressive treatment 
than they are comfortable with, especially in patients with 
an LDL-C of less than 100 mg/dL. All pharmacotherapy is 
associated with cost, as well as some disutility, such as bur-
den of taking a daily drug and potential side effects. Rather 
than moving closer to an age-based treat-nearly-all strategy, 
individualized risk assessment may allow the opportunity 
to engage in a more sophisticated patient-centered risk 
discussion where patient preferences, competing medical 
risks,  polypharmacy, and the disutility of taking medications 
can also be considered. Many questions remain, however, 
including how best and when to incorporate individualized 
risk assessment measures, how best to incorporate lifetime 
risk assessments, and whether making treatment decisions 
(i.e., initiation or titration of statins) based on these mea-
sures can improve outcomes.

In our clinical practice, we recommend the ABCDE 
approach as a way to provide a consistent and comprehensive 
organizational method for writing template-based notes and 
managing cardiovascular risk personalized for the individual 
patient. It is appropriate that the very first step of our approach 
is “A: Assessment of risk.” As a starting point, we endorse 
screening with traditional ASCVD risk factors and applying 
the pooled cohort equations (in asymptomatic adults aged 
40 to 79, not already on a statin), and embrace the concept 
of the clinician-patient risk discussion. When risk-based treat-
ment decisions remain uncertain, which is common in those 
with an estimated ASCVD risk of 5% to 15%, other tools can 
be considered to help refine individual risk assessment. We 
feel that the current evidence supports the selective use of 
CAC as the best tool for further risk stratification. Again, there 
is no role in screening if the selected test does not change 
management strategies. Further patient discussions regarding 
“A: Antiplatelet therapy,” “B: Blood pressure management,” “C: 
Cholesterol management,” “C: Cigarette smoking cessation,” 
“D: Diet,” “D: Diabetes prevention or management,” and “E: 
Exercise” directly stem from the guideline recommendations 
and personalized risk assessment.181

Involving the patient in a risk discussion recognizes the 
importance of patient autonomy and value of shared deci-
sion-making in patient-centered care. Potential benefits from 
proper attention to clinician-patient risk discussions include 
a stronger clinician-patient relationship, increased patient 
engagement,  and greater adherence to the treatment plan.
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INTRODUCTION

Great strides have been made in reducing morbidity and 
mortality from heart disease in recent decades. Despite 
this, coronary artery disease (CAD) rates remain unaccept-
ably high. CAD is the single largest cause of mortality in 
the United States1 and preventing morbidity and m ortality 
from chronic CAD remains a top priority. The objective  
of primary prevention of CAD is to prevent cardiac events 
from occurring in asymptomatic individuals. The subject 
of this chapter is secondary prevention, the goals of which 
are to prevent progression of CAD and to prevent recur-
rent coronary events. Individuals with a prior cardiac event 
have an increased risk of having a future event of more than 
20-fold compared to individuals without prior cardiovascu-
lar disease (CVD).2 In secondary prevention clinical trials, 
more than 80% of the mortality occurs due to cardiovas-
cular causes.3 Therefore, with secondary prevention, many 
fewer patients need to be treated in order to save one life or 
prevent one clinical event compared with primary preven-
tion strategies. Goals of secondary prevention can broadly 
be placed into one of two categories: (1) to prevent mor-
bidity and mortality from cardiovascular events, and (2) to 
improve quality of life and well-being. Effective secondary 
prevention involves: (1) risk factor management, (2) opti-
mal pharmacologic therapy, and (3) appropriate preventive 
strategies (Fig. 30.1). This chapter will review current medi-
cations and strategies for secondary prevention. With each 
recommendation, the strength of the evidence base behind 
the recommendation will be given as a “level of evidence 
(LOE).” The LOEs include:
 •  LOE A, indicating several high-quality studies with consis-

tent results or one large, high-quality multicenter trial;
 •  LOE B, indicating one high-quality study or several stud-

ies of moderate quality;
 •  LOE C, indicating expert opinion.

RISK FACTOR MANAGEMENT

The same risk factors that contribute to the initial develop-
ment of atherosclerosis also contribute to its progression. 
There is impressive evidence that risk factor modifica-
tion (Box 30.1) is effective in preventing recurrent cardiac 
events.4 An analysis by Capewell et al. was undertaken to 

determine how much of the decline in mortality from 
CAD during the period 1980–2000 could be explained by 
improvements in interventions and how much could be 
explained by changes in cardiovascular risk factors.5 The 
study estimated that approximately 47% of this decline in 
mortality was attributable to improved interventions and 
medical therapies, whereas approximately 44% was attribut-
able to improvements in major risk factors. These data high-
light the important role played by risk factor modification in 
preventing cardiovascular events.

However, despite clear evidence of benefit from risk fac-
tor modification for secondary prevention, the level of risk 
factor control in clinical practice has been disappointing.6–9 
The risk factors that appear to have the largest impact on 
secondary prevention of CAD are diabetes mellitus, hyper-
tension, dyslipidemia, and smoking.

Diabetes Mellitus
It is widely acknowledged that diabetes is a significant car-
diovascular risk factor, being associated with accelerated 
and more severe CAD (see Chapter 24).  Although type 1 and 
type 2 diabetes mellitus have many differences in pathogen-
esis, age of onset, and strategies for glucose-lowering, both 
types are associated with greatly increased cardiovascular 
event rates.10–12

Because one of the hallmarks of diabetes is elevated 
glucose levels,  and because prior epidemiologic studies 
showed an association between lower glucose levels and 
reduced cardiovascular events,13 intensive glucose lowering 
was postulated to have a beneficial effect on secondary pre-
vention of CAD. Despite the epidemiologic evidence, however, 
randomized controlled clinical trials evaluating intensive 
glucose lowering in patients with diabetes to reduce car-
diovascular events have not been  convincing.  The Action to 
Control Cardiovascular Risk in Diabetes (ACCORD) trial14 
showed that a strategy of intensive glucose control (gly-
cated hemoglobin [HbA1c] < 6% versus a goal of between 
7% and 7.9%) did not reduce the primary endpoint, which 
was a composite of fatal and nonfatal cardiovascular events. 
Additionally, medications for intensive glucose control have 
often been associated with increased cardiovascular events, 
particularly heart failure events. In a meta-analysis including 
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data from 14 trials and 95,502 patients,15 glucose-lowering 
drugs or strategies were associated with a 1.7-kg weight gain 
and an increased risk of heart failure compared with stan-
dard care (relative risk [RR] 1.14, 95% confidence interval 
[CI] 1.01–1.30; p = 0.041).

Of the currently available oral glucose lowering medica-
tions, metformin is perhaps the most studied. In the United 
Kingdom Prospective Diabetes Study (UKPDS), overweight 
patients with newly diagnosed type 2 diabetes mellitus were 
randomized to an intensive glucose control strategy that 
included metformin versus usual care.16 Whereas lowering 
blood glucose had no significant effect on cardiovascular 
complications in the overall trial, there was a 16% reduction 
(which was not statistically significant,  p = 0.052) in the risk 
of combined fatal or nonfatal myocardial infarction (MI) 
and sudden death in the metformin arm.  The current recom-
mendation from the 2012 American College of Cardiology 
Foundation (ACCF)/American Heart Association (AHA) 
Guideline for the Diagnosis and Management of Patients 
With Stable Ischemic Heart Disease (SIHD) recommends 
that patients with ischemic heart disease (IHD) and diabe-
tes mellitus be treated to a HbA1c goal of less than 7% (LOE: 
B).17 These guidelines further specifically state that the drug 
rosiglitazone should not be initiated in patients with SIHD 
(LOE: C).

A potentially promising new class of oral hypoglycemic 
agents is the sodium/glucose cotransporter 2 (SGLT2) inhib-
itor class. In normal physiologic states, glucose is filtered 
from the blood by the kidney but is then “reclaimed” into 
the bloodstream via renal reabsorption of glucose (which 

has been postulated to be an evolutionary adaptation 
aimed at preserving calories). Renal SGLT2 is expressed in 
the proximal tubule and responsible for the majority (> 90%) 
of glucose reabsorption through active transport of glucose 
(against a concentration gradient) by coupling it to the 
downhill transport of sodium (Na+). When SGLT2 is inhib-
ited, less glucose is reclaimed and more Na+ is excreted.18 
For hypertensive patients with diabetes, these agents have 
demonstrated an additional benefit of blood pressure (BP) 
reduction compared with placebo through renal sodium 
loss.19

The 2015 EMPA Reg trial20 showed beneficial results 
with the SGLT2 inhibitor empagliflozin.  The EMPA Reg 
trial involved 7020 patients with type 2 diabetes and high 
cardiovascular risk who, in addition to receiving standard 
care, were randomized to receive empagliflozin or pla-
cebo.  The individuals randomized to empagliflozin had a 
lower rate of the primary composite cardiovascular out-
come and of death from any cause than did patients ran-
domized to placebo.

Hypertension
Multiple randomized controlled trials have demonstrated 
that treating hypertension reduces cardiovascular events 
in patients both with and without known IHD, even in 
very-elderly hypertensive individuals.21–24 This has not 
been controversial. What has been controversial, however, 
is the optimal blood pressure goal to achieve this benefit. 
Whereas it is widely accepted that elevated blood pressure 
is a significant risk factor, excessively low blood pressure 
is also of concern, especially in patients with known CAD. 
According to the J-curve phenomenon, an excessive lower-
ing of diastolic BP might impair coronary perfusion, lead-
ing to adverse cardiovascular events.25–27 In order to find 
the relationship between on-treatment BP and cardiovas-
cular outcomes in patients with CAD, the J-curve revisited 
study evaluated 10, 001 patients with CAD in the Treating 
to New Targets Trial. The investigators found a nonlinear 
relationship between BP and CVD events, with a higher 
risk of CVD at lower BPs (110–120/60–70 mm Hg). The 
adverse events which were higher with lower BP were all-
cause mortality, cardiovascular mortality, nonfatal MI, and 
angina. Conversely, stroke outcomes were reduced with the 
lower BPs.28 In another recent post hoc analysis of data 

Patients with ASCVD

Begin or continue guideline-directed therapies in order to

Prevent morbidity and
mortality from

cardiovascular disease

Improve quality of life and
well-being

Pharmacologic
interventions

Nonpharmacologic
interventions

Specific preventive
strategies

FIG. 30.1 Effective secondary prevention involves pharmacologic interventions, nonpharmacologic interventions, and specific preventive strategies. ASCVD, 
Atherosclerotic cardiovascular disease.

PHARMACOLOGIC STRATEGIES NONPHARMACOLOGIC STRATEGIES

 •  Antiplatelet agents
 •  β-Blockers
 •  HMG Co-A reductase  

inhibitors (statins)
 •  ACE-I or ARBs

 •  Smoking cessation (with 
assistance)

 •  Weight management
 •  Mediterranean diet
 •  Completion of cardiac 

rehab program
 •  Physical activity

BOX 30.1 Secondary Prevention Strategies

ACE-I, Angiotensin-converting enzyme inhibitors; ARBs, angiotensin receptor 
blockers; HMG Co-A reductase inhibitors, 3-hydroxy-3-methylglutaryl coenzyme A 
reductase inhibitors (statins).
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of 22,576 patients with hypertension and CAD studied in 
the International Verapamil-Trandolapril Study (INVEST), 
the relationship between BP and the primary outcome of 
all-cause mortality and total MI was found to be J-shaped, 
particularly for diastolic BP,  with a nadir at 119/84 mm Hg. 
For the outcome of stroke, the investigators did not find 
a J-curve.29 However, other investigators note that there 
is no evidence of harm in treating BP down to a level of 
115/75 mm Hg.30  The 2012 American College of Cardiology 
(ACC)/AHA SIHD guidelines recommend a BP goal of 
below 140/90 mm Hg (LOE: A).17

Nonetheless,  since these guidelines were released, a new 
study suggests that a lower BP goal will provide even bet-
ter outcomes for high cardiovascular–risk patients.31 The 
Systolic Blood Pressure Intervention Trial (SPRINT) random-
ized 9361 patients at high cardiovascular risk (61% with a 
Framingham 10-year CVD risk score ≥ 15%, 20% with CVD, 
28% with chronic kidney disease, and 28% older than 75 
years) to either a standard BP treatment arm or an intensive 
BP treatment arm. A total of 4678 patients were assigned to 
the intensive arm with a goal systolic BP of less than 120 mm 
Hg, and 4683 were assigned to the standard treatment arm 
with a goal systolic BP of less than 140 mm Hg. The partici-
pants were followed for an average of 3.2 years before the 
trial was prematurely terminated due to benefit. The inves-
tigators found a 25% reduction in the primary outcome (a 
composite of MI, heart failure, stroke, and total mortality) 
and a 27% reduction in all-cause mortality among partici-
pants who were randomized to the more intensive systolic 
BP goal of less than 120 mm Hg, compared to participants 
assigned to the standard treatment arm with a goal of less 
than 140 mm Hg.

Of note, there were more side effects associated with 
tighter BP control in SPRINT.  Rates of serious adverse events 
of hypotension, syncope, electrolyte abnormalities, and 
acute kidney injury were higher in the intensive-treatment 
group than in the standard-treatment group. An important 
caveat is that SPRINT was an open-label study, i.e., was not 
blinded. In addition, patients with diabetes or prior stroke 
were excluded from this trial, so these results may not be 
generalizable to these populations. Finally,  the elevated risk 
profile seen in SPRINT was largely driven by advancing age 
and chronic kidney disease. Notwithstanding these cave-
ats, current evidence suggests that, in patients with CAD, a 
systolic BP goal of less than 120 mm Hg may improve out-
comes. Consistent with these findings, a 2015 meta-analysis 
by Ettehad et al. analyzed 123 studies with 613, 815 partici-
pants and came to similar conclusions.32 These investiga-
tors found that for every 10 mm Hg reduction in systolic 
BP there was a significant reduction in the risk of major 
cardiovascular disease events (RR 0.80, 95% CI 0.77–0.83), 
coronary heart disease (0.83, 0.78–0.88), stroke (0.73, 0.68–
0.77), and heart failure (0.72, 0.67–0.78), and a significant 
13% reduction in all-cause mortality (0.87, 0.84–0.91). The 
investigators concluded that there is “strong support for 
lowering blood pressure to systolic blood pressures less 
than 130 mm Hg.”32

In patients with hypertension and chronic CAD, most will 
require a combination of medications, including a thiazide-
type diuretic, to achieve optimal BP control. Angiotensin-
converting enzyme inhibitors (ACE-I) may also improve 
outcomes in patients with CAD, especially in those with a his-
tory of MI, left ventricular (LV) dysfunction, chronic kidney 
disease (CKD) or diabetes mellitus. Angiotensin receptor 

blockers (ARBs) may improve outcomes in the same groups 
of patients but should be avoided in combination with ACE-I 
due to an increase in serious adverse events with this com-
bination. β-Blockers improve outcomes in specific popula-
tions such as patients with angina pectoris, a history of MI, or 
LV dysfunction. Aldosterone antagonists improve outcomes 
in patients with LV dysfunction and heart failure, and cal-
cium antagonists may be useful in the treatment of angina.

Dyslipidemia
Dyslipidemia is a powerful risk factor for atherosclerotic 
cardiovascular disease (ASCVD). In 2013, the ACC and 
AHA published guideline recommendations on managing 
blood cholesterol to reduce ASCVD risk.33 As with prior 
cholesterol guidelines, these new recommendations were 
written with the goal of reducing the risk of atherosclerotic 
disease, but unlike prior recommendations these guidelines 
were written using only the highest quality evidence base 
(randomized controlled trials, or high quality systematic 
reviews, and meta-analyses).   This evidence base was used 
to specifically define which lipid-modulating strategies were 
most effective at reducing hard cardiovascular outcomes 
such as MI, stroke, and cardiovascular death and concluded 
that the most powerful strategy, with the greatest evidence 
base, was statin therapy. This is distinct from prior guidelines, 
which offered several options for pharmacotherapies to 
reduce cholesterol. These guidelines also stressed that the 
appropriate intensity of statin therapy should be used with 
the recommended intensity being defined by an individu-
al’s cardiovascular risk rather than the absolute low-density 
lipoprotein cholesterol (LDL-C) level. These guidelines fur-
ther define which patients are expected to benefit from 
statin therapy, and these are known as the statin benefit 
groups.   The four statin benefit groups are:
 1.  adults with clinical established ASCVD,
 2.  adults with LDL-C > 190 mg/dL,
 3.  adults (40–75 years of age) with either type 1 or type 2 

diabetes with LDL-C of 70–189 mg/dL,
 4.  adults (40–75 years of age) with > 7.5% 10-year ASCVD 

risk with LDL-C of 70–189 mg/dL.
At the time of writing of the 2013 cholesterol guidelines, no 
other lipid-altering medications had been shown in ran-
domized controlled clinical trials to provide additional car-
diovascular risk reduction above and beyond statin therapy 
for secondary prevention and some therapies had demon-
strated potential harms.

The Atherothrombosis Intervention in Metabolic 
Syndrome With Low HDL/High Triglycerides: Impact on 
Global Health Outcomes (AIM-HIGH) trial tested a strategy 
of adding niacin-based therapy to statin therapy and found 
that there was no clinical benefit from the addition of niacin 
to simvastatin.34 More recently, the Heart Protection Study 
2–Treatment of HDL to Reduce the Incidence of Vascular 
Events (HPS2-THRIVE) trial confirmed similar findings with 
the use of extended-release niacin–laropiprant added to 
the background of simvastatin 40 mg. In this trial there was 
a significant increase in serious adverse events such as an 
increased incidence of diabetes and gastrointestinal and 
musculoskeletal side effects with the addition of the niacin-
based therapy to statin therapy.35 Similarly,   the Action to 
Control Cardiovascular Risk in Diabetes (ACCORD) trial 
demonstrated no additional benefit of adding fenofibrate to 
statin therapy in patients with diabetes.36
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Since these guidelines were released, however, the 
results of the Improved Reduction of Outcomes: Vytorin 
Efficacy International Trial (IMPROVE-IT) were released.37 
IMPROVE-IT showed that the combination of simvastatin 
and ezetimibe compared to simvastatin alone had a 2% 
absolute risk reduction in the primary composite cardio-
vascular outcome in patients with recent acute coronary 
syndrome (ACS). Subgroup analysis showed that the ben-
efits were greatest in the subgroup of patients with diabetes. 
Given that this trial took approximately 7 years to complete, 
the results also showed the excellent safety of this combina-
tion therapy in patients with prior ACS.

The 2013 ACC/AHA guidelines for management of blood 
cholesterol in the United States departed from a prior 
paradigm focused on lipid levels,  toward a new paradigm 
focused primarily on cardiovascular risk. By contrast, the cur-
rent European guidelines for the management of hyperlipid-
emia rely on a combination of lipid levels and CVD risk to 
identify adults in need of statin therapy. In 2011, the European 
Society of Cardiology (ESC) and European Atherosclerosis 
Society (EAS) released guidelines for the management of 
dyslipidemias.38 These EAS/ESC dyslipidemia guidelines 
recommend a “treat to risk group” approach and categorize 
patients into four risk levels: very high risk, high risk, moder-
ate risk, and low risk. Very-high-risk patients include any of 
the following: (1) documented CVD by invasive or nonin-
vasive testing; (2) previous MI, ACS, percutaneous coronary 
intervention (PCI), coronary artery bypass graft (CABG), 
ischemic stroke, or peripheral arterial disease; (3) diabetes 
mellitus type 2 or type 1 with target organ damage; (4) mod-
erate to severe chronic kidney disease (defined as glomeru-
lar filtration rate < 60 mL/min per 1.73m2); or (5) a calculated 
10-year risk SCORE (Systematic Coronary Risk Estimation) 
of greater than or equal to 10%. Table 30.1 displays the ESC 
and ACC/AHA guidelines for secondary prevention.

Another promising class of cholesterol-lowering agents 
for CAD secondary prevention is the proprotein convertase 
subtilisin/kexin type 9 (PCSK9) inhibitor monoclonal anti-
bodies. The two currently Food and Drug Administration 
(FDA)-approved PCSK9 inhibitors are alirocumab39 and 
evolocumab,40 which have been shown to produce LDL-C 
reductions of up to 73%.40,41 While we await outcomes stud-
ies with these two agents, there is currently no specific place 
for routine use of these agents in secondary prevention, 

but these agents may ultimately have a role in: (1) ASCVD 
patients on maximally tolerated statin therapy with inade-
quate LDL-C reduction, (2) ASCVD patients with recurrent 
cardiovascular (CV) events while on maximally tolerated 
statin therapy,  and (3) patients with statin intolerance.42 
The guidelines also emphasize the importance of long-term 
therapeutic lifestyle changes in addition to pharmacologic 
therapy.

Smoking Cessation
Tobacco use greatly increases the risk of a first or a recur-
rent cardiac event. Patients with CAD who continue to 
smoke are more likely to have postinfarction angina43 and 
are twice as likely to suffer a subsequent MI as those who 
quit.44 Observational studies suggest that smoking cessation 
will reduce the risk of cardiovascular mortality by up to 50% 
over the ensuing years;45 thus smoking cessation remains 
one of the most effective secondary prevention interven-
tions available.  A 2004 systematic review from the Cochrane 
database46 reviewed twenty studies that evaluated the effect 
of smoking cessation on subsequent cardiac events. This 
analysis found that there was a 36% reduction in the RR 
of mortality for patients who quit smoking compared with 
those who continued smoking (RR 0.64, 95% CI 0.58–0.71). 
There was also a significant reduction in nonfatal MIs (RR 
0.68, 95% CI 0.57–0.82). The authors concluded that smok-
ing cessation is associated with a substantial reduction in 
all-cause mortality among patients with CHD and that this 
36% risk reduction compares favorably with other second-
ary preventive strategies.

In addition to cessation of active smoking, avoidance of 
exposure to second-hand smoke (SHS) is also important 
as a secondary preventive measure. Several reports, includ-
ing two recent separate meta-analyses of 17 and 18 indi-
vidual studies, assessed the association of SHS with heart 
disease.47–50 Both estimated that nonsmoking spouses of 
smoking partners experience an increased risk of heart 
disease of approximately 25% (95% CI 17%–32%).49,50 A 
review of six studies examining the association between 
workplace SHS and CVD found a positive association in 
five of the six studies and a significant dose (exposure)–
response relationship between the intensity of exposure 
to SHS (number of cigarettes smoked by coworkers) and 

TABLE 30.1 American College of Cardiology/American Heart Association and European Society of Cardiology/
European Atherosclerosis Society Dyslipidemia Management Guidelines for Secondary Prevention

ACC/AHA GUIDELINES ESC/EAS GUIDELINES

Recommendation
Class of 
Evidence, LOE Recommendation

Class of 
Evidence, LOE

Age < 75 years with 
clinical ASCVD without 
contraindications to 
statin therapy, drug-drug 
interactions, or statin 
intolerance

High-intensity statin 
therapy

I, A Very-high CV risk 
patients

(Calculated SCORE 
> 10%)

Lifestyle changes and consider 
drug therapy irrespective 
of LDL-C. Specifically, in 
patients with MI statin 
therapy is recommended 
irrespective of LDL-C level.

IIa, A

Age > 75 years or safety 
concerns

Moderate-intensity statin 
therapy

IIa, B

ACC, American College of Cardiology; AHA, American Heart Association; ASCVD, atherosclerotic cardiovascular disease; CV, cardiovascular; EAS, European Atherosclerosis 
Society; ESC, European Society of Cardiology; LDL-C, low-density lipoprotein cholesterol; LOE, level of evidence.
From Stone NJ, Robinson JG, Lichtenstein AH, et al., members of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines. 2013 
ACC/AHA guideline on the treatment of blood cholesterol to reduce atherosclerotic cardiovascular risk in adults: a report of the American College of Cardiology/American 
Heart Association Task Force on Practice Guidelines. J Am Coll Cardiol. 2014;63:2889–2934; European Association for Cardiovascular Prevention & Rehabilitation, Reiner Z, 
Catapano AL, et al. ESC/EAS Guidelines for the management of dyslipidaemias: the Task Force for the management of dyslipidaemias of the European Society of Cardiology 
(ESC) and the European Atherosclerosis Society (EAS). Eur Heart J. 2011;32:1769–1818.
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coronary risk.51 Finally, studies in which coronary event 
rates were assessed in municipalities that have instituted 
complete outdoor smoking bans, before and after the bans 
took place, have revealed impressive reductions in MIs 
within months of initiation of the smoking bans.52–54 These 
data strongly suggest that avoidance of all environmen-
tal smoke is prudent as a secondary prevention measure 
(LOE: B).55–58

Lifestyle Risk Factors
All patients with chronic CAD should be counseled about 
the need for lifestyle modification including smoking ces-
sation, weight control, increased physical activity, alcohol 
moderation, and sodium reduction, along with emphasis on 
increased consumption of fresh fruits, vegetables, and low-
fat dairy products (LOE: B).

Weight Management
Obesity is associated with increased CAD morbidity and 
mortality (see Chapter 19).59 Obesity is typically classified 
by body mass index (BMI), which is reported as kg/m2.60 BMI 
under 18.5 kg/m2 is considered to be in the underweight 
category,  BMI of 18.5 to 24.9 kg/m2 is the normal weight cat-
egory,  BMI of 25.0 to 29.9 kg/m2 is in the overweight category, 
and a BMI of 30.0 kg/m2 or higher is in the obese category.60 
For patients with CAD, weight loss is indicated for those 
classified as overweight or obese. The AHA recommends 
measuring BMI at each office visit, then providing objective 
feedback and consistent counseling on weight loss strategies 
(LOE: B).61 Long-term weight maintenance is best achieved 
by balancing energy expenditure (basal metabolic rate plus 
physical activity) and energy intake (calories from food).61 
Whereas the recommendation is to maintain BMI within the 
normal category, improvements in cardiac risk factors are 
commonly observed with even modest weight loss (10% of 
baseline weight).62 Whereas weight loss has been shown to 
improve cardiovascular risk factors, insufficient evidence 
exists to determine whether weight reduction decreases 
cardiovascular events.  Nonetheless, achievement of optimal 
BMI (18.5–24.9 kg/m2) and waist circumference of less than 
40 inches (102 cm) in men and less than 35 (88 cm) inches 
in women is appropriate.

Diet Modifications
Several trials have examined the effect of dietary modifica-
tions (see Chapter 18) on weight loss and cardiovascular 
risk factors, but fewer studies have examined the effects of 
specific diets on CAD morbidity and mortality.  Currently 
recommended diets typically fall into one of three catego-
ries: (1) low-carbohydrate, (2) low-fat, or (3) Mediterranean-
type diets.63–68

Low-carbohydrate diets have been shown to lead to 
weight loss and improvement in some cardiovascular risk 
factors, however cardiovascular outcome studies are lack-
ing. A recent randomized controlled trial of 311 premeno-
pausal women showed greater mean weight loss at 1 year 
in participants following the Atkins very-low-carbohydrate 
diet (4.7 kg mean weight loss) compared with dieters using 
the Zone moderate carbohydrate–restriction diet (1.6 kg 
mean weight loss), the Ornish very-low-fat diet (2.2 kg mean 
weight loss), or the LEARN (Lifestyle, Exercise, Attitudes, 
Relationships, and Nutrition) carbohydrate-restricted diet 
(2.6 kg mean weight loss).67 No studies have determined 

differences in morbidity, mortality, or cardiovascular out-
comes with low-carbohydrate diets, and in fact a recent 
analysis of a Swedish female cohort showed an increase in 
overall mortality rates among women with increased pro-
tein and decreased carbohydrate intake.68

Low-fat diets typically limit dietary fat intake to achieve 
weight loss. Low-fat diets have also been evaluated as strat-
egies to prevent CAD. One low-fat diet plan that has been 
shown to improve CAD is the Ornish diet.69 This diet incor-
porates a vegetarian diet with very-low-fat intake (approxi-
mately 10% of total calories). This plan also integrates 
exercise, meditation, stress management, and smoking ces-
sation.70 In a 5-year study of the Ornish program, 48 men 
who were diagnosed with CAD were enrolled in the Lifestyle 
Heart Trial. In this study,  the Ornish diet lowered low-density 
lipoprotein (LDL) levels by approximately 20%, whereas 
triglyceride and high-density lipoprotein (HDL) levels did 
not change.  Those on the Ornish diet also lost an average of 
5.8 kg compared with no change in the control group. At 5 
years, subjects in the intervention arm had a 72% decrease 
in anginal symptoms whereas the control group had a 36% 
increase in anginal symptoms.71 Myocardial perfusion also 
improved in the intervention group, as did atherosclerosis 
severity by quantitative coronary angiography with an aver-
age 8% improvement compared to a 27% progression in the 
control group.72

Another diet with a strong evidence base is the 
Mediterranean diet. The Mediterranean diet has many dif-
ferent interpretations, but it is generally defined as a diet 
plan that is characteristic of the traditional diets of south-
ern Mediterranean countries.73 These diets consist of sev-
eral principal components including high consumption 
of fruits, vegetables, legumes, grains, and unrefined cereals; 
generous use of olive oil; moderate to high consumption 
of fish; moderate consumption of dairy products (cheese 
and yogurt); moderate consumption of wine; and low con-
sumption of other meat products, especially red meat.73 
Studies of the Mediterranean diet have shown associated 
improvements in LDL-C, high-density lipoprotein choles-
terol (HDL-C), C-reactive protein, and insulin levels.74,75 The 
Mediterranean diet has also been evaluated for its role in 
the reduction and prevention of cardiac events. The Lyon 
Diet Heart Study76 was the first trial to demonstrate cardio-
vascular event reduction with the Mediterranean diet. This 
study was a prospective randomized controlled trial of 605 
patients below 70 years of age who had an MI within the 
prior 6 months. Patients were randomly assigned to either a 
control group that received only usual dietary advice, or a 
group that followed the Mediterranean dietary guidelines. 
Specifically, the latter group were to consume more bread, 
root vegetables, and green vegetables; to consume at least 
one serving of fruit every day; to eat more fish and less 
red meat (replaced by poultry); and to replace butter and 
cream with a canola oil spread (which was supplied by the 
study and was high in the omega-3 fatty acid, alpha linolenic 
acid). After 27 months, the Mediterranean diet group had a 
73% RR reduction in the composite endpoint of fatal plus 
nonfatal MIs.  There was also a 70% RR reduction in total 
mortality. The endpoints of angina, stroke, heart failure, pul-
monary embolism, and deep venous thrombosis were also 
significantly reduced. These findings were independent of 
cholesterol levels, systolic BP,  sex, or aspirin use. Importantly, 
it was also discovered that these benefits persisted.  A follow-
up study of the original trial was published 5 years later and 
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found that the benefits originally seen persisted.77 Box 30.2 
and Table 30.2 list recommended dietary guidelines and the 
three evidence-based diets.

Exercise
Multiple controlled clinical trials have examined the ben-
efits of aerobic exercise (see Chapter 18) in patients with 
SIHD.  A 2004 systematic review and meta-analysis exam-
ined 48 randomized controlled trials of exercise-based 
rehabilitation programs in 8940 patients with IHD.78 This 
study revealed that exercise training resulted in a 20% 
reduction in all-cause mortality and a 26% reduction in 
cardiac mortality.  There were also trends toward a reduc-
tion in nonfatal MI and need for coronary revascularization 
procedures.  The reduction in mortality with exercise might 
be explained by improvements in traditional cardiovascu-
lar risk factors, but this has not been proven. In addition to 
aerobic exercise, the value of resistance exercise has been 
shown to improve functional capacity and quality of life 
in patients with SIHD.79 The 2012 ACC/AHA SIHD guide-
lines17 recommend that all patients with SIHD perform 30 
to 60 min of moderate-intensity aerobic activity, such as 
brisk walking, at least 5 days and preferably 7 days per week 
(LOE: B). This document also recommends that patients 
increase their daily lifestyle activities like walking, garden-
ing, or household work, and further recommends that for all 
patients, risk assessment with a physical activity history and/
or an exercise test should be used to guide prognosis and 
exercise prescription (LOE: B). Not all guidelines mandate 
cardiac testing before recommending exercise to a patient 
with SIHD, but clinicians should individually evaluate the 
safety of patients to enter into exercise programs and per-
form additional cardiac testing if there are any questions or 
concerns about cardiac safety.

Alcohol
Numerous epidemiologic studies have consistently shown 
an inverse relationship between alcohol consumption and 
CAD incidence. Moderate alcohol intake (one to two drinks 
per day, or 10–30 g/d) is associated with reduced risk of 
CAD events in both primary prevention and secondary pre-
vention populations.80 To date, no randomized controlled 
clinical trials have been performed to verify the cardiopro-
tective benefits of alcohol.  Thus, in the absence of data from 

 1.  Saturated fatty acids to account for < 10% of total energy 
intake, through replacement by polyunsaturated fatty 
acids

 2.  Trans unsaturated fatty acids < 1% of total energy intake
 3.  < 5 g of salt per day
 4.  30–45 g fiber per day, from wholegrain products, fruits and 

vegetables
200 g of fruit per day (2–3 servings)
200 g of vegetables per day (2–3 servings)

 5.  Fish at least twice a week, one being oily fish
Consumption of alcoholic beverages should be limited to 2 

glasses per day (20 g/day of alcohol) for men and 1 glass 
per day (10 g/day of alcohol) for non-pregnant women

BOX 30.2 Dietary Recommendations for 
Coronary Artery Disease Secondary Prevention

From Task Force Members, Montalescot G, Sechtem U, et al. 2013 ESC guidelines 
on the management of stable coronary artery disease: the Task Force on the 
management of stable coronary artery disease of the European Society of 
Cardiology. Eur Heart J. 2013;34(38):2949–3003; Table 25.

TABLE 30.2 Evidence-Based Diets for Cardiovascular 
Risk Reduction

DASH FOOD GROUP SERVING SIZE 
(PER DAY UNLESS 
OTHERWISE NOTED)

Grains and grain 
products

6–8

Vegetables 4–5

Fruit 4–5

Low-fat or fat-free 
dairy

2–3

Lean meat, fish, 
poultry

2 or less

Nuts, seeds, dry beans 4–5 per week

Fats and oils 2–3

Sweets 5 or less per week

Sodium 1500–2300 mg

MEDITERRA-
NEAN

FOOD GROUP SERVING SIZE 
(PER DAY UNLESS 
OTHERWISE NOTED)

Olive oil ≥ 4 tablespoons

Tree nuts and peanuts ≥ 3 per week

Fruits ≥ 3

Vegetables ≥ 2

Legumes ≥ 3 per week

Seafood/fish 
(particularly fatty fish)

≥ 3 per week

White meat Replace red meat

Optional: wine with 
meals (only for 
habitual drinkers)

≥ 7 glasses per week

ORNISH NUTRITIONAL 
CONTENT

Fat 10% of total calories per day

Cholesterol 10 mg or less per day

Simple/refined 
carbohydrates

In moderation

Animal products None except egg whites and 
non-fat milk products

Calories Unrestricted unless for weight 
management

Sodium In moderation

Caffeine Green tea only—maximum 
of 2 cups

Full-fat soy 1 serving full-fat soy product 
per day (naturally occurring 
fat from soy typically > 3 g 
fat per serving)

Required nutritional 
supplement

 1.  Multivitamin 100% daily 
value with minerals with 
a 2.4 μg vitamin B12 and 
no iron

 2.  Cholesterol-free omega-3 
fatty acid, approx. 600 
mg EPA and 400 mg DHA 
daily for women and men

DASH, Dietary Approaches to Stop Hypertension; DHA, docosahexaenoic acid; EPA, 
eicosapentaenoic acid.
From Moore TJ, Conlin PR, Ard J, Svetkey LP. DASH (Dietary Approaches to 
Stop Hypertension) diet is effective treatment for stage 1 isolated systolic 
hypertension. Hypertension. 2001;38:155–158; Estruch R, Ros E, Salas-Salvadó 
J, et al. Primary prevention of cardiovascular disease with a Mediterranean diet. 
N Engl J Med. 2013;368:1279–1290; Ornish, D. Nutrition: Spectrum Guidelines. 
http://ornishspectrum.com/proven-program/nutrition/.

http://ornishspectrum.com/proven-program/nutrition/
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randomized controlled clinical trials, no firm recommenda-
tions regarding alcohol consumption as a secondary pre-
ventive measure can be made.  A meta-analysis by Costanzo 
et al. found J-shaped curves for alcohol consumption and 
mortality, with a significant maximal protection against car-
diovascular mortality with consumption of approximately 
26 g/d and maximal protection against mortality from any 
cause with consumption in the range of 5–10 g/d.82 The 
pattern and amount of alcohol intake appears to be more 
important than the type.

Psychological Factors
Multiple observational studies have demonstrated an asso-
ciation between depression and cardiovascular events (see 
Chapter 26).83 Approximately 20% of patients with angio-
graphic evidence of CAD, and a similar percentage of those 
recovering from acute myocardial infarction (AMI), have 
comorbid depression. For this reason, the 2012 SIHD guide-
lines state that it is reasonable to consider screening SIHD 
patients for depression and to refer or treat when indicated 
(LOE: B). However, it is important to note that despite the 
documented association between depression and adverse 
cardiovascular outcomes, no clinical trials have established 
a reduction in cardiovascular risk with either counseling or 
antidepressant therapy.

OPTIMAL PHARMACOLOGIC THERAPY  
(BOX 30.1)

Antiplatelet Agents
Numerous randomized clinical trials have reported benefi-
cial effects of antiplatelet agents (see Chapter 21) in patients 
with known CAD.84   The benefits are impressive in secondary 
prevention with an approximate 31% reduction in nonfatal 
re-infarction, a 42% reduction in nonfatal stroke, and a 13% 
reduction in cardiovascular mortality.  The most well-studied 
antiplatelet agent is the cyclo-oxygenase-1-inhibitor aspirin 
(acetylsalicylic acid).  Thus, current recommendations state 
that aspirin should be used in all secondary prevention 
patients.  The doses studied in the various clinical trials range 
from 50 mg to 500 mg daily. A dose of 75 mg/d appears to 
be equally as effective as higher doses in prevention of CAD 
events with lower bleeding rates; thus guidelines recommend 
that treatment with aspirin 75 to 162 mg/d should be contin-
ued indefinitely in the absence of contraindications in patients 
with SIHD (LOE: A).17 Another important class of antiplatelet 
agents is the adenosine diphosphate (ADP)-dependent P2Y12 
inhibitor class, which includes clopidogrel, ticagrelor, and pra-
sugrel.85 Current guidelines recommend 12 months of dual 
antiplatelet therapy with aspirin and a P2Y12 inhibitor for 
patients who are post-MI or post stent placement.  Longer-term 
dual antiplatelet therapy beyond 1 year may be considered in 
selected patients with chronic CAD (see Chapter 21); however 
the balance between reduction in ischemic events versus the 
increase in bleeding events must always be considered when 
dual antiplatelet therapy is employed.

β-Blockers
β-Blockers have been extensively studied in secondary 
prevention and have been found to reduce the risk of re-
infarction by approximately 25%, the risk of sudden death 

by 32%, and the risk of dying by 23% post-MI.86 It is not 
completely understood how β-blockers exert their protec-
tive mechanisms, but reduction in heart rate is believed to 
play a role. Current guidelines17 recommend that β-blocker 
therapy should be started and continued for 3 years in all 
patients with normal LV function post ACS (LOE: B). The 
guidelines also recommend that β-blocker therapy should 
be used in all patients with LV systolic dysfunction (ejection 
fraction [EF] < 40%) with heart failure or prior MI, unless 
contraindicated (LOE: A). Carvedilol, metoprolol succinate, 
or bisoprolol are recommended, because these agents have 
been shown in large-scale trials to improve outcomes87–89 
(LOE: A).  These guidelines also state that β-blockers may 
be considered as chronic therapy for all other patients with 
coronary or other vascular disease (LOE: C). However, it is 
not clear that β-blockers improve outcomes among patients 
with stable CAD without recent MI or left ventricular sys-
tolic dysfunction.  A recent longitudinal, observational study 
using propensity score matched analysis analyzed 44,708 
patients with a median follow-up of 44 months.  The results 
showed the event rates were not significantly different in 
patients on β-blocker therapy compared to those who were 
not on β-blocker therapy, even in those with a prior MI. Only 
in patients with a recent MI (within 1 year) was β-blocker 
use associated with a lower incidence of CVD.90

HMG-CoA Reductase Inhibitors (Statins)
As previously noted, statins are the cholesterol-lowering 
medications with the greatest clinical trial evidence dem-
onstrating a reduction in coronary events. Therefore, high-
intensity statin therapy should be offered to all adults under 
the age of 75 years with clinically established ASCVD (LOE: 
A).  Moderate-intensity statin therapy may be used in patients 
who cannot tolerate higher-dose statins or in patients over 
the age of 75 years (LOE: B).

Inhibitors of the Renin-Angiotensin System
Multiple clinical trials have demonstrated that ACE-I 
reduce the risk of ischemic events and mortality91–95 both 
in patients with and without known CAD. Clinical studies 
have demonstrated benefits in patients after MI and in 
patients with and without LV dysfunction. ARBs have been 
shown to have similar benefits.96,97 Both classes of agents 
reduce BP, but there appear to be both BP-dependent 
and BP-independent effects. In a meta-analysis of 26 trials 
including patients with both hypertension and cardiovas-
cular disease,98 the effects of ACE-I and ARBs on major 
vascular events were compared. In this study,  there were no 
significant differences between the effects of ACE-I–based 
regimens or ARB-based regimens on the risk of stroke, 
ischemic heart disease, or heart failure for equivalent BP 
reduction. In studies without BP reduction, however, there 
appeared to be greater benefits for ACE-I–based regimens 
compared to ARB-based regimens. In one study,  ACE-I were 
associated with a 9% reduced risk for ischemic heart dis-
ease compared to ARBs (p = 0.004), whereas no differences 
were observed in the risk of stroke or heart failure.  The 2012 
guidelines17 recommend that ARBs be substituted for ACE-I 
in patients with SIHD and hypertension who are intoler-
ant of ACE-I (LOE: A). They also recommend that ACE-I be 
prescribed in all patients with SIHD who also have hyper-
tension, diabetes mellitus, left ventricular ejection fraction 
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(LVEF) 40% or less, or CKD, unless contraindicated (LOE: 
A).  These guidelines recommend that ARBs be prescribed 
in patients with SIHD who have hypertension, diabetes mel-
litus, LV systolic dysfunction, or CKD, and have indications 
for, but are intolerant of,  ACE-I (LOE: A).

ADDITIONAL PREVENTIVE STRATEGIES  
(BOX 30.1)

Cardiac Rehabilitation
Studies of cardiac rehabilitation (see Chapter 18) follow-
ing MI have demonstrated reduced mortality. As previ-
ously noted, a meta-analysis incorporating data from 8940 
patients revealed that exercise training resulted in a 20% 
reduction in all-cause mortality and a 26% reduction in 
cardiac mortality.78 A meta-analysis of 10 randomized tri-
als demonstrated a 24% reduction in total mortality and a 
25% reduction in cardiovascular mortality in the exercise 
group.99 Another meta-analysis of 22 randomized trials of 
cardiac rehabilitation post-MI found similar results with a 
20% reduction in total mortality and a 22% reduction in 
cardiovascular mortality after 3 years.100 Because of these 
strong, consistent results, current guidelines recommend 
medically supervised programs (cardiac rehabilitation) 
and physician-directed, home-based programs for at-risk 
patients with SIHD at the time of first diagnosis (LOE: A).17 
Unfortunately, whereas many patients are eligible to attend 
cardiac rehabilitation, many patients are never referred. 
There are opportunities through continued research, cost-
effective analysis, and performance improvement measures 
to help close the gap in cardiac referral rates for secondary 
prevention of CAD.101

Vaccinations
A 2015 Cochrane systematic review102 that included eight 
clinical trials and 12,029 participants compared clinical 
outcomes in patients who had received influenza vaccina-
tion with those who received either placebo or no vacci-
nation. Cardiovascular mortality was significantly reduced 
by influenza vaccination (RR of 0.45, 95% CI 0.26–0.76; p 
= 0.003), and the authors concluded that in patients with 
cardiovascular disease, influenza vaccination may reduce 
cardiovascular mortality and combined cardiovascular 
events. The 2012 guidelines17 recommend that patients with 
SIHD receive an annual influenza vaccination (LOE: B). The 
Centers for Disease Control recommend the use of pneu-
mococcal polysaccharide vaccine (Pneumovax) in patients 
with chronic heart failure or cardiomyopathy. Pneumococcal 
pneumonia has been associated with acute cardiac events 
such as arrhythmia, MI, and acute heart failure.103

CONCLUSIONS

Once cardiovascular disease is manifest in patients, they 
remain at elevated risk for a recurrent cardiac event. 
Application of guideline-directed medical therapy has 
been shown to decrease future cardiac events, thus it is 
imperative that secondary prevention efforts are applied to 
all patients at risk. In one study using the Duke Databank 
for Cardiovascular Disease,104 consistent use of guideline-
directed medical therapies (GDMT) was analyzed in 

relation to cardiovascular outcomes. In this study,  consistent 
use of GDMT was associated with lower adjusted mortality 
as follows: consistent aspirin use (hazard ratio [HR] 0.58, 
95% CI 0.54–0.62); consistent β-blocker use (HR 0.63, 95% CI 
0.59–0.67); consistent lipid-lowering therapy (HR 0.52, 95% 
CI 0.42–0.65); and consistent use of all three (HR 0.67, 95% 
CI 0.59–0.77).

It is important to remember that the approach to second-
ary prevention requires partnerships among the healthcare 
team, the patient, his or her family, and his or her commu-
nity. The goal of these partnerships is to assure an effec-
tive exchange of information, sharing of concerns, and an 
improved understanding of treatments, with the aim of 
improving quality of life and health outcomes.  If appropriate 
strategies and medications are employed, clinical trials have 
proven that patient outcomes will be significantly improved.
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as refractory angina treatment, 417–418
as stable angina treatment, 297

ARIC (Atherosclerosis Risk in Communities) 
study, 3, 3f, 12

Arterial Revascularization Therapies Study 
(ARTS), 343, 364

Arteriography, coronary, 55
Arterioles, coronary, functional anatomy, 

55, 56f
ARTS (Arterial Revascularization Therapies 

Study), 343, 364
Aspirin, 303–304, 305f

adverse effects, 455–456
anticancer effects, 455
cardioprotective effects, 455–456
combined with anticoagulants, 313–314
combined with clopidogrel, 305–306, 

305f–306f
with anticoagulant therapy, 314–316, 

315f
combined with P2Y12 inhibitors, 228, 

305–306, 311–312, 319
long-term use, 311–312, 311f–312f
as secondary prevention, 306
in stable patients, 306–307

as primary prevention, 455–456, 474–475
dosage, 456
in elderly adults, 436, 456
in older adults, 436, 456
in younger adults, 436, 456

as secondary prevention, 306, 306f, 
485–486

in stable patients, 306–307, 306f–307f
ASPREE (ASPirin in Reducing Events in the 

Elderly) trial, 456
Assessment by Coronary Computed 

Tomographic Angiography of 
Individuals Undergoing Invasive 
Coronary Angiography (ACCURACY) 
trial, 212

ASSIGN risk score, 461, 464t
ASSOCIATE (Efficacy and Safety of 

Ivabradine on Top of Atenolol in Stable 
Angina Pectoris) trial, 294, 299, 418

Asthma, β-blocker use in, 287
Asymptomatic Cardiac Ischemia Pilot 

(ACIP) study, 125
Atenolol

as coronary microvascular dysfunction 
treatment, 386

as stable angina treatment
comparison with ivabradine, 299
comparison with ranolazine, 299

Atherosclerosis
animal models, 45
basic mechanisms, 45–54
cellular mechanisms, 45, 46f
definition, 45
etiologic factors, 45
immune activation in, 45–51, 46f
inflammatory mediators in, 45, 46f–47f, 

47–48
lipids, 47f, 48–49
proteins, 47–48, 47f

initiation, 45, 46f
intracellular inflammatory signaling 

pathways in, 49–51, 50f
noncoronary, 86
pathogenesis, 70
preclinical stage, 17–18
progression throughout lifespan, 433,  

434f
smoking-related acceleration, 251
vascular calcification in, 51–52

extracellular pathways, 51–52
intracellular pathways, 51

Atherosclerosis Intervention in Metabolic 
Syndrome with Low HDL/High 
Triglycerides: Impact on Global  
Health Outcomes (AIM-HIGH)  
trial, 360, 481

Atherosclerosis Risk in Communities 
(ARIC) study, 3, 3f, 12

Atherosclerosis Risk in Communities 
(ARIC) Study, 3, 3f

Atherosclerotic cardiovascular disease.  
See also Coronary artery disease  
(CAD)

asymptomatic, screening for, 459–478
adverse pregnancy outcomes, 466
ankle-brachial index, 472
autoimmune diseases, 466
carotid intima-medial thickness, 

471–472
C-reactive protein, 472
erectile dysfunction, 466
exercise treadmill testing, 468–469
family history of premature CAD, 

465–466
global risk assessment in, 461–465
high-risk groups, 473–474
individualized, 461–465
problems in, 459–460
relationship with risk management, 

474–475, 475t
resting echocardiography, 468
resting electrocardiography, 467–473
troponin, 472–473

definition, 1
as mortality cause, 459
primary prevention, 433–458

in children and adolescents, 433
risk factors, 433
subclinical, 11

Atherosclerotic plaques
coronary CT angiography of, 182–184, 

183f, 185f, 219–220
erosion, 52f, 53
fractional flow reserve-based assessment, 

182–183, 184f
intraplaque hemorrhage, 52f, 53–54
rupture, 52–53, 53f
vulnerable, 52–54

Athletes, cardiovascular screening in, 469, 
474

ATLAS ACS2-TIMI 51 trial, 313–314
A to Z (Aggrastat to Zocor) trial, 105
Atrial fibrillation

exercise-induced, 123
β-blockers for, 287

Atrial Fibrillation-Thrombolysis in 
Myocardial Infarction (ENGAGE 
AF-TIMI) trial, 42

Atrial natriuretic peptide (ANP), 102
Atrioventricular block, during ischemia, 

234–235
Auscultation

cardiac, 86
of carotid arteries, 86

Autoimmune diseases, 466
Autonomic dysregulation

in anxiety, 397
in depression, 396
in stress, 397

Autoregulation
of coronary blood flow, 69–70, 72f
prearteriolar, 58, 59f

AVID (Antiarrhythmics Versus Implantable 
Defibrillators) trial, 324–329

Avoiding Cardiovascular Events through 
Complication Therapy in Patients 
Living with Systolic Hypertension 
(ACCOMPLISH) trial, 361–362

B
Balloon angioplasty, 349
Baltimore Longitudinal Study of Aging, 

82–83
BARI 2D (Bypass Angioplasty 

Revascularization Investigation 2 
Diabetes) study, 162, 235–236, 246, 280, 
344–345, 363–364, 368, 472–473

Bariatric surgery, 439
BEACON (Better Evaluation of Acute Chest 

Pain with Computed Tomography 
Angiography) trial, 220

BEAUTIFUL study, 294, 299, 418
Benidipine, 289
Bernoulli equation, 73–74, 73f
BEST (Bypass Surgery Versus Everolimus-

Eluting Stent Implantation for 
Multi-Vessel Coronary Artery Disease) 
trial, 365

β-blockers
action mechanisms, 285–286, 286t
adverse effects, 286–287
as angina treatment, 230
as atrial fibrillation treatment, 287
cardioprotective effects, 287
in combination with calcium channel 

blockers, 289

β-blockers (Continued)
as coronary microvascular dysfunction 

treatment, 385–386
as depression cause, 408
drug interactions, 289
effect on major adverse cardiac events, 

227–228
effect on stress ECG test results, 119
implication for exercise intensity, 258–259
pharmacology, 286
as refractory angina treatment, 412
in secondary prevention, 485
as stable angina treatment, 281, 285–287

comparison with calcium channel 
blockers, 298–299

for sudden cardiac death prevention, 
329, 333

vasodilating, use in diabetic patients, 232
Better Evaluation of Acute Chest Pain with 

Computed Tomography Angiography 
(BEACON) trial, 220

Bicycle ergometer testing, 118, 118b, 209, 236
Bile acid sequestrants, 452
BiomarCaRE (Biomarker for Cardiovascular 

Risk Assessment in Europe) project, 100
Biomarkers, 5–6, 11, 98–113

criteria for, 98b, 99
definition, 98
for heart failure, 101–103
inflammatory biomakers, 105–106
lipid biomakers, 104–105
Mendelian randomization studies, 37–39
multiple biomarker strategies, 106
myocardial injury biomarkers, 99–100
of neurohumeral activity, 100–103
novel, 98
novel, omics-based, 106–110, 107t

genomic biomarkers, 107
lipidomic biomarkers, 110
metabolomic biomarkers, 110
proteomic biomarkers, 110
transcriptomic biomarkers, 107–110

prognostic value, 220
of renal function, 103–104
use in non-acute setting, 220
of vascular function, 100–103

Bisoprolol, 287
Blood flow

coronary. See also Coronary 
microvascular dysfunction

autoregulation, 69–70, 72f
definition, 55
in diastole, 55, 62–63
differentiated from myocardial blood 

flow, 55
in endothelium-dependent 

vasodilatation, 61–62
extravascular resistance, 56f, 58
flow-mediated vasodilatation, 58, 59f
function, 69–70
invasive assessment, 60b
mediators of, 69–70, 71t
metabolic vasodilatation, 57, 57f
neurohumeral control, 58–60
noninvasive assessment, 60b
prearteriolar autoregulation, 58, 59f
vasoconstriction of, 62

myocardial
definition, 55, 150–152
differentiated from coronary blood 

flow, 55
noninvasive assessment, 60b, 65
quantification, 150–152, 153f, 160
regulation, 55–60

Blood pressure measurement, 83, 452
Blood pressure. See also Hypertension; 

Hypotension
during stress electrocardiography, 124

Body mass index (BMI), 83, 437–438, 483
healthy, 255
as measure of adiposity, 273–275

Body weight
effect of exercise on, 262
gain, prevention of, 277
loss

effect on cardiovascular risk factors, 
483

impact on coronary heart disease, 
276–277

Body weight. See also Obesity
normal, 483

Borg Scale of Perceived Exertion, 119, 119t
Bosentan, as stable angina treatment, 297
Bradycardia, assessment of, 86
Breastfeeding, as statin therapy 

contraindication, 449–450
Broken Heart Syndrome, 380
Bruits, 86
B-type natriuretic peptide (BNP), 99–102, 

101f, 243–244
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Bundle branch blocks, 114–116
as contraindication to ECG stress testing, 

123
development during ECG stress testing, 

123
left, 114–116, 123

ECG in, 236
right, 114–116, 123

Bypass Angioplasty Revascularization 
Investigation 2 Diabetes (BARI-2D) 
study, 162, 235–236, 246, 280, 472–473

Bypass Surgery Versus Everolimus-Eluting 
Stent Implantation for Multi-Vessel 
Coronary Artery Disease (BEST) trial, 
365

C
CABG Patch (Coronary Artery Bypass Graft 

Patch trial), 330t, 331
CAC. See Coronary artery calcium (CAC) 

scoring
Calcification, vascular, 51–52

arterial, 11
coronary, 17–18, 182
extracellular pathways, 51–52
intracellular pathways, 51

Calcium antagonists. See Calcium channel 
blockers

Calcium channel blockers
action mechanisms, 287–288
adverse effects, 289
as angina treatment, 230, 288, 292

comparison with β-blockers, 298–299
classification, 287–288, 288t
as coronary artery spasm treatment, 

234–235
as coronary microvascular dysfunction 

treatment, 386
dosage, 288t
drug interactions, 289
effect on coronary blood flow, 74
effect on major adverse cardiac events, 

228
as ischemic heart disease treatment,  

288t
novel, 289
pharmacokinetics, 289
as refractory angina treatment, 412
side effects, 288t

CALIBER (CArdiovascular disease research 
using Linked Bespoke studies and 
Electronic health Records) cohort, 
242–243

CAMELOT (Comparison of Amlopidine 
vs Enalapril to Limit Occurrences of 
Thrombosis) trial, 289

Canadian Cardiovascular Society angina 
classification/grading system, 82, 82t, 
229, 229t

Canadian Implantable Defibrillator Study 
(CIDS), 328

CAPARES (Coronary Angioplasty 
Amlopidine Restenosis Study),  
289

CAPRIE (Clopidogrel versus Aspirin in 
Patients at Risk of Ischaemic Events) 
trial, 304–305

Carbon dioxide, effect on oxygen 
dissociation curve, 72

Cardiac arrest, survival after, 5
Cardiac Arrest Survival in Hamburg (CASH) 

trial, 327–328
Cardiac catheterization

annual number performed, 2
as initial diagnostic test, 210

Cardiac conduction system, blood supply 
to, 115f

Cardiac Insufficiency Bisoprolol Study 
(CIBIS-II) study, 287

Cardiac magnetic resonance imaging, 
185–191. See also Stress cardiac 
magnetic resonance imaging

for myocardial viability and scar 
assessment, 185–187, 190f

sequences and image acquisition, 
185–187, 186f–187f

Cardiac pump, 56
Cardiac rehabilitation, 227, 263–266, 264f, 

486
core components, 264–266
definition, 264–266
limited referral and enrollment in, 266, 

267b
for refractory angina patients, 426

Cardiac syndrome X, 75, 374–376
CARDIA (Coronary Artery Risk 

Development in Young Adults) study, 12
CARDia (Coronary Artery Revascularization 

in Diabetes) trial, 364
CardioDx gene expression score, 220

CARDIoGRAM (Coronary ARtery Disease 
Genome wide Replication and  
Meta-analysis) trial, 107

Cardiomyopathy
hypertrophic

microvascular structural changes in, 
60–61

as myocardial ischemia risk factor, 75
physical examination in, 86

idiopathic dilated, 75
ischemic

coronary artery bypass grafting in, 345
as disability cause, 16–17

Takotsubo (stress-induced), 380
Cardiopulmonary resuscitation, effect on 

cardiac arrest survival, 5
Cardiorespiratory fitness, 258

beneficial effects, 259–260, 262
definition, 258
impact on obesity paradox, 275, 276f

CArdiovascular disease research using 
Linked Bespoke studies and Electronic 
health Records (CALIBER) cohort, 
242–243

Cardiovascular disease. See also Coronary 
artery disease (CAD)

costs of, 2
global perspective on, 16–32
incidence, 2–4
lifetime risk of, 2–3, 3t
as mortality cause, 2, 16

effect of epidemiologic transition on, 
16, 17f

mortality rates
age-adjusted, 16
gender differences, 4
racial differences, 4

recurrent, prediction of, 12–13, 13t
risk estimation, 12–13, 13f
risk factors

identification of, 83
in women, 235

Cardiovascular drugs. See also names of 
specific drugs

generic, as primary prevention, 28
interactions with

antidepressant drugs, 402t–404t, 409
anxiolytic drugs, 402t–404t

Cardiovascular OutcoMes for People Using 
Anticoagulation Strategies (COMPASS) 
study, 108, 314

Cardiovascular Outcome Trial of 
Lingagliptin Versus Glimepiride in Type 
2 Diabetes (CAROLINA) trial, 357

Cardiovascular procedures, annual number 
performed, 2

CARE (Cholesterol and Recurrent Events) 
trial, 237

CARISA (Combination Assessment of 
Ranolazine in Stable Angina) trial, 
293, 413

CAROLINA (Cardiovascular Outcome Trial 
of Lingagliptin Versus Glimepiride in 
Type 2 Diabetes) trial, 357

Carotid arteries, auscultation of, 86
Carotid intima-medial thickness,  

462t–463t
as screening tool, 471–472

Carvedilol, 287
use in diabetic patients, 232

Carvedilol Hibernation reversible 
Ischaemia Trial, Marker of Success 
(CHRISTMAS) trial, 164

Carvedilol or Metoprolol European Trial 
(COMET), 287

CarvedilOl ProspEctive RaNdomized 
CUmulative Survival (COPERNICUS) 
trial, 287

CASH (Cardiac Arrest Survival in Hamburg) 
trial, 327–328

CASPAR (Coronary Artery Spasm as a 
Frequent Cause for Acute Coronary 
Syndrome) study, 381

CASS (Coronary Artery Surgery Study), 81, 
342, 347

Catheter ablation, in sudden cardiac arrest 
survivors, 329

CCTA. See Coronary computed tomography 
angiography

CECat (Cost-effectiveness of noninvasive 
Cardiac Testing) trial, 165

Cell therapy, for refractory angina, 421–422, 
421f

CESAR 2 (Clinical European Studies in 
Angina and Revascularization) trial, 296

CFR. See Coronary flow reserve (CFR)
CHARISMA (Clopidogrel for High 

Atherothrombotic Risk and Ischemic 
Stabilization, Management, and 
Avoidance) trial, 306–307, 307f, 362

CHD. See Coronary artery disease (CAD)
Chelation therapy, for stable angina, 298
Chemokines, 47f, 48
Chest pain. See also Angina

clinical classification, 79–80, 79t, 80f, 206, 
206t

new-onset, 204
initial evaluation, 204

nonanginal, CAD probability in, 81, 
81t–82t

noninvasive cardiac testing in, pretest 
probability, 206–208, 207t

Children, cardiovascular disease risk factors 
in, 16

Chinese herbal medicines, as refractory 
angina treatment, 419

Cholesterol and Recurrent Events (CARE) 
trial, 237

Cholesterol efflux, 93–94, 94f
CHRISTMAS (Carvedilol Hibernation 

reversible Ischaemia Trial, Marker of 
Success) trial, 164

Chronic kidney disease
as atherosclerotic cardiovascular disease 

risk factor, 467
percutaneous coronary intervention 

in, 345
Chronic obstructive pulmonary disease 

(COPD), 84
β-blocker use in, 287

Chronic total occlusions, percutaneous 
coronary interventions for, 419

CIBIS-II (Cardiac Insufficiency Bisoprolol 
Study) study, 287

CIDS (Canadian Implantable Defibrillator 
Study), 328

Cilnidipine, 289–290
Cimetidine, interaction with calcium 

channel blockers, 289
Circadian rhythms, depression-related 

disruption, 397
CLARITY trial, 306
Clinical European Studies in Angina and 

Revascularization (CESAR 2) trial, 296
Clinical evaluation, 79–87
Clinical Outcomes Utilizing 

Revascularization and Aggressive Drug 
Evaluation (COURAGE) study, 125, 162, 
208, 218, 231, 280, 341–342, 363

Clinical trials. See also specific clinical trials
women in, 80

Clonidine, as coronary microvascular 
dysfunction treatment, 386

Clopidogrel, 304–307
combined with aspirin, 305–306, 305f–306f

with anticoagulant therapy, 314–316, 
315f

comparison with
aspirin, 304–305
prasugrel, 307–308, 308f
ticagrelor, 309–311, 310f

limitations, 307
long-term use, 312
as single antiplatelet therapy, 304–305

Clopidogrel for High Atherothrombotic 
Risk and Ischemic Stabilization, 
Management, and Avoidance 
(CHARISMA) trial, 306–307, 307f, 362

Clopidogrel versus Aspirin in Patients at 
Risk of Ischaemic Events (CAPRIE) 
trial, 304–305

Clotting cascade, 303, 304f
CMR. See Cardiac magnetic resonance 

imaging
Coagulation factors, as CAD biomarker, 5–6
CODIACS (Comparison of Depression 

Interventions after Acute Coronary 
Syndrome), 406

Cognitive behavioral therapy, 387
Collagen vascular disease, 10
Combination Assessment of Ranolazine  

In Stable Angina (CARISA) trial, 293, 
413

Combination of Maintenance Methotrexate-
Infliximab Trial (COMMIT), 306

COMET (Carvedilol or Metoprolol 
European Trial), 287

COMMIT (Combination of Maintenance 
Methotrexate-Infliximab Trial), 306

Community interventions, for ischemic 
heart disease prevention, 29–31

in high-income countries, 30
in low- and middle-income countries,  

31
Comparison of Amlopidine vs Enalapril 

to Limit Occurrences of Thrombosis 
(CAMELOT) trial, 289

Comparison of Depression Interventions 
after Acute Coronary Syndrome 
(CODIACS), 406

COMPASS (Cardiovascular OutcoMes 
for People Using Anticoagulation 
Strategies) study, 108, 314

Computed tomography angiography. See 
Coronary computed tomography 
angiography (CCTA)

Computed tomography myocardial 
perfusion imaging, 184–185, 185f

Conductance vessels, 55, 56f
CONFIRM (Coronary CT Angiography 

Evaluation for Clinical Outcomes) 
registry, 206

Congestive heart failure. See Heart failure
COPERNICUS (CarvedilOl ProspEctive 

RaNdomized CUmulative Survival) 
trial, 287

COPES (Coronary Psychosocial Evaluation 
Studies), 406

Corneal arcus, 84, 85f
Coronary angiography, 174–185, 194. See 

also Coronary computed tomography 
angiography (CCTA)

definition, 194
imaging protocols, 174–176
limitations, 194
prognostic value, 237, 239f
quantitative, 194
revascularization based on, 347
as risk assessment tool, 237, 239f

Coronary Angioplasty Amlopidine 
Restenosis Study (CAPARES), 289

Coronary arteries
calcification, 11

computed tomography angiography 
of, 17–18

intima-media thickness (IMT), 11, 
462t–463t, 471–472

stenosis
coronary computed tomography 

angiography, 17–18, 178f, 180–181
coronary flow reserve in, 73–74, 73f,  

128
functional flow reserve-based 

assessment, 347–348
with myocardial ischemia, 218
radionuclide myocardial perfusion 

imaging, 149–152, 149f
without myocardial ischemia, 218

Coronary arteriography, 55
Coronary artery bypass grafting (CABG)

arterial conduits in, 339
in chronic kidney disease, 345
complete versus incomplete, 347
complications, 339–340, 340f
coronary computed tomography 

angiography after, 179, 181f
in diabetic patients, 344–345
indications for, 340–343
in ischemic cardiomyopathy, 345
less-invasive approaches, 340
in multivessel CAD, 340, 340t

baseline SYNTAX score, 343, 344f
comparison with percutaneous 

coronary intervention, 343
in unprotected left main disease,  

343
in obese patients, 272–273, 272t–273t
versus percutaneous coronary 

intervention, 337, 339
previous, percutaneous coronary 

intervention following, 345–346
secondary prevention following, 340
temporal trends in, 338–339

Coronary Artery Bypass Graft Patch (CABG 
Patch) trial, 330t, 331

Coronary artery calcium (CAC) scoring, 
209, 211–212

in asymptomatic individuals, 462t–463t, 
469–471, 470t

guidelines for, 210t, 212
limitations, 471
patient selection for, 211

Coronary artery disease (CAD)
angiographic, stress myocardial perfusion 

imaging, 153–155, 155f
definition, 1
etiologies, 303–320
goals of therapy in, 227–233
incidence, 3
ischemic, incidence, 4
lifetime risk, 12
major adverse cardiac events prevention 

in, 227–228
as mortality cause, 1, 16

effect of risk factor modification  
on, 4

gender differences, 4
international trends, 4
racial factors, 4

mortality rate, 234
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Coronary artery disease (Continued)
as myocardial ischemia risk factor, 73–74, 

73f–74f
natural history, 227
nonobstructive, 216–217

imaging-based diagnosis, 216–217
treatment, 216–217

obstructive
coronary flow reserve in, 65
pretest probability, 206–208, 207t

premature, family history of, 465–466
prevalence, 1–2

overestimation, 81–82
primary prevention. See Primary 

prevention, of coronary artery 
disease

probability estimation, 81–82, 81t–82t
risk estimation, 12
secondary prevention. See Secondary 

prevention, of coronary artery 
disease

Coronary ARtery Disease Genome wide 
Replication and Meta-analysis 
(CARDIoGRAM) trial, 107

Coronary Artery Revascularization in 
Diabetes (CARDia) trial, 364

Coronary Artery Risk Development in Young 
Adults (CARDIA) study, 12

Coronary Artery Spasm as a Frequent 
Cause for Acute Coronary Syndrome 
(CASPAR) study, 381

Coronary artery spasms, 234–236
Coronary Artery Surgery Study, 342
Coronary Artery Surgery Study (CASS), 

81, 347
Coronary computed tomography 

angiography (CCTA), 17–18
advantages and disadvantages, 208–209, 

209t
of atherosclerotic plaques, 182–184, 183f, 

185f, 219–220
CAD probability estimation and, 81–82
comparison with functional testing, 

212–215, 213t, 214f–215f, 217
cost-effectiveness, 217
definition, 174
diagnostic accuracy, 176, 208t, 212
fractional flow reserve computed 

tomography and, 219, 220f
guidelines for, 191, 212
imaging protocols, 174
for ischemia prediction, 180–181
negative, 180–181
of normal coronary anatomy, 175f
patient characteristics for, 174–176, 176b
patient selection for, 211–213
of patients with bypass grafts, 179, 181f
of patients with stents, 179, 180f
prognostic value, 237
prospectively ECG-triggered acquisition 

mode
axial, 174–176, 177f
high-pitch, 174–176, 177f

radiation dosage/exposure in, 176, 
215–216, 216t

randomized clinical trials, 176–179, 179t, 
212–215, 214f–215f

retrospectively ECG-gated acquisition 
mode, 174–176, 177f

as risk assessment tool, 237, 239f
safety and efficacy, 208
as screening tool, 471

Coronary CT Angiography Evaluation for 
Clinical Outcomes (CONFIRM) registry, 
206

Coronary flow reserve (CFR), 194–195
calculation, 60
in coronary stenosis, 73–74, 73f
definition, 60, 60b, 70, 150–152, 194–195, 

195f
echocardiographic measurement, 382, 

383f
inhibition, 70
invasive measurement, 194–195, 201
in left ventricular hypertrophy, 74–75
limitations, 195
during maximal coronary dilatation,  

60f
in microvascular coronary dysfunction, 

160–161, 161t, 162f
in myocardial ischemia, 128
normal, 195, 237
in obstructive CAD, 65
PET myocardial perfusion imaging, 

150–152, 153f, 157–161, 157f
prognostic value, 237

Coronary heart disease. See Coronary 
artery disease (CAD)

Coronary microcirculation, index of 
microcirculatory resistance of, 201

Coronary microvascular dysfunction, 55–68
with angina and no obstructive CAD 

(ANOCA)
abnormal cardiac nociception-related, 

387
detection, 374
treatment, 387

assessment, 60b
clinical classification, 63–66

type 1, 63–65
type 3, 65–66
type 4, 66

coronary flow reserve in, 160–161, 161t, 
162f

mechanisms of, 60–63, 60b
extramural mechanisms, 56f, 62–63
functional alterations, 59f, 61–62
structural alterations, 60–61

prognostic impact, 160–161, 161t
ranolazine therapy, 415
refractory angina in, 425
with significant CAD, 379
with stable CAD, 65–66
with structural and infiltrative myocardial 

disease, 379–380
with Takotsubo cardiomyopathy, 380

Coronary Psychosocial Evaluation Studies 
(COPES), 406

Coronary reactivity testing, invasive, 380–381, 
380f, 382f

endothelial-dependent response in, 381
nonendothelial-dependent response in, 

380–381
Coronary Sinus Reducer for Treatment of 

Refractory Angina (COSIRA) trial, 420
Coronary sinus reduction, 420, 420f
Coronary slow flow phenomenon, 380
Coronary steal, with aortic insufficiency, 75
Coronary vascular resistance, in CAD, 

73–74, 74f
Coronary Vasomotion Disorders 

International Study Group (COVADIS), 
424

Cortisol, depression-related increase in, 397
Corus CAD gene expression score, 217
COSIRA (Coronary Sinus Reducer for 

Treatment of Refractory Angina) trial, 
420

Cost-effectiveness of noninvasive Cardiac 
Testing (CECaT) trial, 165

COURAGE (Clinical Outcomes Utilizing 
Revascularization and Aggressive Drug 
Evaluation) study, 125, 162, 208, 218, 
231, 280

COVADIS (Coronary Vasomotion Disorders 
International Study Group), 424

C-reactive protein, 5–6, 99, 105–106
in asymptomatic individuals, 459, 

462t–463t
causal relationship with CAD, 105
genome-wide association studies, 37
Mendelian randomization studies, 39
prognostic value, 105–106, 220, 243–244
as screening tool, 459
statin therapy-related reduction, 106

CURE trial, 306
CURRENT-OASIS 7 trial, 304
Cycle ergometry, 118, 118b, 209, 236
Cyclooxygenase pathway, 48, 49f
Cystatin C, 103–104, 244
Cytokines

anti-inflammatory, 47f, 48
proinflammatory, 47–48, 47f

D
Danshen, as refractory angina treatment, 419
Dantonic, as refractory angina treatment, 

419
DAPT (Dual Antiplatelet Therapy) study, 12, 

246, 317, 317f
DASH (Dietary Approaches to Stop 

Hypertension) diet, 256, 436–437, 455
Da Vinci, Leonardo, 321
DDP-4 inhibitors, 297
Death, CAD-related, definition, 1
DECISION CTO trial, 419
DEFACTO (Determination of Fractional 

Flow reserve by Anatomic Computed 
Tomographic Angiography) study, 
219–220

DEFER trial, 196, 348
Defibrillator in Acute Myocardial Infarction 

Trial (DINAMIT), 323, 330t, 332
Degenerative disease, delayed, 16, 17f
Depression, in CAD patients, 391–411, 485

behavioral mechanisms, 397–398
biologic mechanisms, 395–397, 395f–396f
epidemiology, 393–395, 394f
professional societies’ guidelines for, 

391–393, 405–407

Depression, in CAD patients (Continued)
as relapsing, remitting disorder, 409–410
screening for, 407, 485
treatment, 408–410

options, 398–399, 398f
randomized controlled trials of, 

405–406, 406f
Detection of Ischemia in Asymptomatic 

Diabetics (DIAD) study, 473
Determination of Fractional Flow reserve 

by Anatomic Computed Tomographic 
Angiography (DEFACTO) study,  
219–220

Diabetes and Sirolimus-Eluting Stent 
(DIABETES) trial, 367–368

Diabetes mellitus
angina concomitant with, 232, 235–236
as atherosclerosis cause, 45
bariatric surgery in, 439
β-blocker use in, 286
CAD in

risk assessment, 235–236
risk screening, 473
severity of, 232

as CAD risk factor, 7–8, 235–236, 250
gender differences in, 235
genome-wide association studies, 37
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beneficial effects, 231, 262
cardiac risk of, 263, 265t
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Lipidomic biomarkers, 110
Lipid profile, 104–105, 433–434
Lipids

as inflammatory mediators, 47f, 48–49
measurements, 88–97

advanced lipoproteins, 91–93
cholesterol efflux, 93–94, 94f
novel tests for, 93–94
oxidized low-density lipoprotein, 93
traditional lipoproteins, 88–97

particle size and concentration, 93
treatment targets, 94–95

versus fixed-dose statins, 94–96
Lipoprotein(a), 91–93, 92f, 105

Mendelian randomization studies, 38
as treatment target, 94

Lipoxins, 49
Lipoxygenase pathway, 48, 49f
Look AHEAD (Action for Health in 

Diabetes) trial, 7–8, 255
Low-density lipoprotein (LDL), 73

as atherosclerosis risk factor, 45–46, 46f
as CAD risk factor, 6, 88, 89f

Mendelian randomization studies, 
37–38

calculation, 89f
as cardiovascular disease risk factor,  

439
decreased levels

effect on CAD risk, 89f
pharmacotherapy/statin-related, 88, 90t, 

104, 228. See also Statin therapy
diet-related increase, 90
measurement, effect of 

hypertriglyceridemia on, 89
in obesity, 270–271
oxidized, 93
particle size and concentration, 93

Low-income countries, ischemic heart 
disease in, 16–18

M
MACE (Major Adverse Cardiac Events) study, 

227–228
Macrophages

in atherosclerosis initiation, 45, 46f
classically activated (M1), 45

MADIT (Multicenter Automatic Defibrillator 
Implantation Trial), 330–331, 330t

MADIT-II (Multicenter Automatic 
Defibrillator Implantation Trial II), 246, 
330t, 331, 333

Magnesium supplements, interaction with 
calcium channel blockers, 289

Magnetic resonance angiography, 191
Magnetic resonance imaging. See Cardiac 

magnetic resonance imaging
Major Adverse Cardiac Events (MACE) study, 

227–228
Manic episode screening, 407
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MARISA (Monotherapy Assessment of 
Ranolazine in Stable Angina) trial, 293

MASS-II (Medicine or Angioplasty or 
Surgery Study for Multi-Vessel Coronary 
Artery Disease) study, 343

Master’s two-step stress test, 117
Matrix GIa protein, 51
Maximal stress study, 120
Maximum age-predicted maximum heart 

rate (MAPHR), 120
MEDCORE (Effect of Molsidomine on the 

Endothelial Dysfunction in Patients 
With Angina Pectoris) trial, 417

Medical history, of CAD patients, 79–82
assessment of comorbidities, 83
atypical and nonanginal symptoms, 

79–80, 79t
CAD probability estimation, 81–82, 82t
as CAD risk assessment tool, 236
fitness and functional capacity, 81
gender-related symptoms, 80–81, 81t
typical angina pectoris, 79

Medicare beneficiaries, noninvasive CAD 
testing in, 217–218

Medicine or Angioplasty or Surgery Study 
for Multi-Vessel Coronary Artery 
Disease (MASS-II) study, 343

Mediterranean diet, 255–256, 483–484
Meldonium, as refractory angina treatment, 

417
Mendelian randomization studies, 37–39
MERIT-HF (Metoprolol CR/XL Randomized 

Intervention Trial in Heart Failure), 
287, 324

MERLIN-TIMI 36 (Metabolic Efficiency With 
Ranolazine for Less Ischemia in Non-
ST-Segment Elevation Acute Coronary 
Syndromes) trial, 228, 413

MESA (Multiethnic Study of 
Atherosclerosis), 4–5, 12, 83, 469–470, 
470t, 474

Metabolic Efficiency With Ranolazine 
for Less Ischemia in Non-ST-Segment 
Elevation Acute Coronary Syndromes 
(MERLIN-TIMI 36) trial, 228, 413

Metabolic equivalents of task (METs), 81, 
258–259, 259t

in sedentary behavior, 467
Metabolic syndrome, 8, 88–89

definition, 270–271
effect of cardiorespiratory fitness on, 262
pharmacotherapy for, 94
predisposition to, 467
use in cardiovascular risk assessment,  

467
Metformin, 480
Metoprolol, use in COPD patients, 287
Metoprolol CR/XL Randomized Intervention 

Trial in Heart Failure (MERIT-HF), 287, 
324

Microcirculation. See also Coronary 
microvascular dysfunction

functional anatomy, 55, 56f
Microvascular obstruction, during 

percutaneous coronary intervention, 62
Mildronate, 297

as refractory angina treatment, 417
MIND-IT (Myocardial INfarction and 

Depression-Intervention Trial), 405
Mineralocorticoid-receptor blockers, effect 

on cardiovascular outcomes, 228
Mitral annular velocities, 138f
Mitral inflow velocities, 141
Mitral regurgitation, echocardiographic 

assessment, 142–144, 143f
Molecular imaging, targeted, 170–171
Molsidomine

as refractory angina treatment, 417
as stable angina treatment, 296–297

Monoamine oxidase inhibitors, 399
Monotherapy Assessment of Ranolazine in 

Stable Angina (MARISA) trial, 293
Mood-stabilizing agents, 399
Mortality causes, trends in, 16–18
MPI. See Radionuclide stress myocardial 

perfusion imaging (MPI)
MR-proANP, 102–103
Multicenter Automatic Defibrillator 

Implantation Trial (MADIT), 330–331, 
330t

Multicenter Automatic Defibrillator 
Implantation Trial II (MADIT-II), 246, 
330t, 331, 333

Multicenter Study of Enhanced External 
Counterpulsation (MUST-EECP) trial, 
426

Multicenter Unsustained Tachycardia Trial 
(MUSTT), 330t, 331–332

Multiethnic Study of Atherosclerosis 
(MESA), 4–5, 12, 83, 469–470, 470t, 474

Multivessel CAD, 340, 340t
baseline SYNTAX score, 343, 344f
comparison with percutaneous coronary 

intervention, 343
electrocardiography in, 236
in unprotected left main disease, 343

MUSICA-2 trial, 316
MUST-EECP (Multicenter Study of 

Enhanced External Counterpulsation) 
trial, 426

MUSTT (Multicenter Unsustained 
Tachycardia Trial), 330t, 331–332

Myocardial hibernation, 188–189
Myocardial infarction

coronary artery spasm-related, 234–235
diagnosis, 2–3
as disability cause, 16, 19f
genome-wide association studies,  

34–36
incidence, 3, 3f

age factors, 3
gender differences, 3, 3f
racial factors, 3, 3f

nonobstructive CAD-related, 3
non-ST-segment elevation (NSTEMI)

incidence, 3–4
obesity-related, 271–272

and no obstructive coronary artery 
disease (MINOCA), 376

obesity-related, 271–272
obstructive CAD-related, 3
passive smoking-related, 251
prevalence, 1–2, 2f

gender differences, 235
regional wall motion abnormalities in, 

128–129
risk stratification, 235b
silent

definition, 82
diagnosis, 82
prevalence, 4–5, 82–83
with prior myocardial infarction,  

82–83
risk factors, 4–5

ST-segment elevation (STEMI)
incidence, 3–4
index of microcirculatory resistance 

in, 201
microvascular obstruction in, 62–63,  

65
tissue edema in, 63
total occlusion revascularization after, 

346
Myocardial INfarction and Depression-

Intervention Trial (MIND-IT), 405
Myocardial Infarction Genes (MI-GENES) 

trial, 33
Myocardial injury biomarkers, 99–100

bioassays of, 99–100
Myocardial ischemia

in obstructive CAD, coronary flow reserve 
in, 65

pathophysiology, 128, 129f
precipitants, 69–78

acidosis, 72
CAD, 73–74, 73f–74f
cardiomyopathies, 75
coronary artery spasm, 234–235
coronary microvascular constriction,  

62
hypercapnia, 72
hyperlipidemia, 73
hypertension, 73
hypotension, 73
mental stress, 423–424
myocardial oxygen demand, 69, 70t
myocardial oxygen supply, 69–70,  

71f
syndrome X, 75
valvular heart disease, 74–75

quantification, 150, 151f–152f
regional wall motion abnormalities in, 

128–129
relationship with angiographically-

defined coronary stenosis, 205
silent, 124–125

definition, 82
diagnosis, 82

therapeutic principles, 414f
without coronary stenosis, 218

Myocardial mechanics, echocardiographic 
assessment, 137–140, 137f, 138t

myocardial strain, 138–140, 139f
myocardial velocities, 137–138

Myocardial neuronal function, radionuclide 
imaging assessment, 152

Myocardial oxygen consumption, coronary 
response to, 57

metabolic vasodilatation, 57, 57f
prearteriolar autoregulation, 58, 59f

Myocardial oxygen demand, 117
antianginal therapy-related reduction,  

281
determinants, 69, 70t
in myocardial ischemia, 69, 70t

Myocardial oxygen supply, 69–70, 71f
Myocardial perfusion imaging (MPI), 

187–188, 237. See also Noninvasive 
cardiac testing; Stress testing

guidelines for, 210
prognostic value, 237
protocols, 147
as risk assessment tool, 237

Myocardial stunning, 128, 188–189
Myocardial viability

assessment, 188–190, 190f
echocardiographic, 142
PET-based, 151f–152f, 152, 154f
radionuclide stress myocardial 

perfusion imaging, 152, 154f
in ischemic left ventricular dysfunction, 

191
revascularization and, 134

N
NADPH oxidase, 49f, 51
National Health and Nutrition Examination 

Survey (NHANES), 1–2, 2f, 6–8, 7f
National Health Interview Survey, 8, 9f
Neuromodulation, cardiac, 422

for refractory angina, 387
NHANES (National Health and Nutrition 

Examination Survey), 1–2, 2f, 6–8, 7f
Niacin, as lipid-lowering agent, 450–452

comparison with simvastatin, 481
Niacin-laropripant, 481
NICE. See United Kingdom National 

Institute for Health and Clinical 
Excellence (NICE)

Nicorandil, 386
action mechanism, 296
as refractory angina treatment, 417
as stable angina treatment, 281, 295–296

in combination therapy, 296
efficacy, 296

Nicotinic acid
HDL-raising activity, 88–89, 90t
triglyceride-lowering activity, 89–90, 90t

Nifedipine, comparison with trimetazidine, 
295

Nitrates
action mechanism, 282
administration routes, 283, 284t
antiaggregant action, 283
clinical utility, 285
in combination with calcium channel 

blockers, 289
as coronary microvascular dysfunction 

treatment, 385–386
dosage, 283–284
drug-drug interactions, 283
effect on coronary blood flow, 74
effect on major adverse cardiac events, 

228
hemodynamics, 283
indications for, 283
ischemic preconditioning with, 283
long-acting, as angina treatment, 230
pharmacokinetics, 282–283
reduction of tolerance to, 284–285
as refractory angina treatment, 412
resistance to, 284
short-acting, as angina treatment, 230
side effects, 283, 285
as stable angina treatment, 281
tolerance to, 284

Nitric oxide, 58, 59f, 70
impaired production, 61
vasodilator effects, 61–62

Nitric oxide donors therapy, for refractory 
angina, 417–418

Nitric oxide synthase, 71–72
Nitroglycerin

action mechanism, 282
antiaggregant action, 281
clinical utility, 285
dosage, 283, 284t
indications for, 283
ischemic preconditioning with, 283
pharmacokinetics, 282–283
use in chest pain classification, 80

Nociception, abnormal cardiac, 387
Noise, as cardiovascular disease risk factor, 

10
Nonalcoholic fatty liver disease (NAFLD), 10
Nondihydropyridines, as angina treatment, 

230
Non-high-density lipoprotein cholesterol

calculation, 89f, 90–91
as statin treatment target, 94–95

Noninvasive cardiac testing, 204–226
adverse consequences, 205
anatomic testing

combined with functional testing, 
218–219

comparison with functional testing, 
212–215, 213t, 214f–215f, 217, 223

guidelines for, 208–209, 209t, 211–212
appropriate use, 217

for coronary revascularization, 228
cost-effectiveness, 217
decision making for, 204–226
deferred, 208
effect on healthcare costs, 208
functional testing

combined with anatomic testing, 
218–219

comparison with anatomic testing, 
212–215, 214f–215f, 217, 223

diagnostic accuracy, 209–210, 209t, 214f
guidelines for, 208–211
safety and efficacy, 208

future developments in, 219–221
future randomized trials of, 221, 221t
goals of, 204–205, 205f
patient selection for, 205–208
pretest probability of CAD, 206–208, 207t

degree of CAD overestimation and, 206
“intermediate”, 206–208, 208t

radiation exposure in, 215–216, 216t
risk stratification based on, 235b
for special populations, 217–218
test selection, 208–212

proposed approach, 222–223
No reflow phenomenon, 65
Notch1 signaling, 51, 52f
NT-proBNP, 99–102, 106
Nuclear factor-kappa B, 49f, 50
Nutrition, 255–258

alcohol, 257–258
fatty acids, 256
fiber, 257
fish oils, 257
Mediterranean and other diets, 255–256
polyunsaturated fatty acids, 257
potassium, 257
sodium, 257
vitamins, 257

O
Obesity, 270–279

abdominal, as CAD risk factor, 8
adverse health effects, 255
antihypertensive drug therapy in, 438–439
bariatric surgery for, 277–278
body mass index in, 483
as CAD risk factor, 83, 270–279, 271b

global geographic and temporal 
trends, 26

impact of weight loss on, 276–277
mechanisms of, 270–271
specific cardiovascular events, 271–272

definition, 83
as diabetes risk factor, 437–438
pharmacologic treatment, 277, 277t
prevalence, 8f, 270
prevention and control, 277, 437–439, 438t

Obesity paradox, 255, 272–273
body mass index relationship in, 273–275
impact of cardiorespiratory fitness on, 

275, 276f
potential reasons for, 275, 276b

Observational studies, 1
Obstructive sleep apnea, 10
ODYSSEY Outcome trial, 199
Older adults

angina in, 231–232
noninvasive testing in, 218
polypharmacy in, 231–232

Omapatrilat, as refractory angina treatment, 
418–419

Omega-3 fatty acids, 48–49, 49f, 89–90, 90t, 
257, 452

Omega-6 fatty acids, 257
Ongoing Telmisartan Alone and in 

Combination with Ramipril Global 
Endpoint Trial (ONTARGET), 291, 361

ONSET/OFFSET trial, 309, 310f
ONTARGET (Ongoing Telmisartan Alone 

and in Combination with Ramipril 
Global Endpoint Trial), 291, 361

OPG/RANKL/RANK pathway, 52
Optical coherence tomography (OCT), 

199–201, 200f
comparison with intravascular 

ultrasound, 199–201, 200b
OPtimal Trial in Myocardial infarction wit 

the Angiotensin II Antagonist Losartan 
(OPTIMAAL) trial, 291

Oral contraceptives, 251



496
In

d
ex

Oral glucose-lowering medications, 480
Oregon Sudden Unexpected Death Study 

(Ore-SUDS), 5
Oxygen dissociation curve, 69, 71f

effect of acidosis on, 72
effect of carbon dioxide on, 72

P
P2Y12 inhibitors, 304–311

combined with aspirin, 305–306,  
311–312

long-term use, 311–312, 311f–312f
as secondary prevention, 306
in stable patients, 306–307

randomized controlled trials of, 311–312
P38 mitogen-activated protein kinase, 

49–50, 50f
Pacemaker implantations. See also 

Implantable cardioverter defibrillators
annual number performed, 2

Palpation
abdominal, 86
cardiac, 86

Pancreatitis, 452
PARIS trial, 318
PARR-2 (PET and Recovery Following 

Revascularization) trial, 163–164
Partial fatty acid oxidation inhibitor therapy, 

for refractory angina, 416–417
Passive smoking, 251
Patient Health Questionnaire-2 (PHQ-2), 

391–392, 392b
Patient Outcomes after primary PCI 

(POPular) study, 42
PCSK9 (subtilisin/kexin type 9) monoclonal 

antibodies, 450–451, 482
PEACE (Prevention of Events With 

Angiotensin-Converting Enzyme 
Inhibition) trial, 101–102, 105, 243, 290, 
476

PEGASUS trial, 311–312, 311f, 317
Percutaneous coronary intervention (PCI), 

250
ad hoc, 337
for angina, 231
annual number performed, 2
Appropriate Use Criteria, 280
versus CABG, 337, 339
in chronic kidney disease, 345
comparison with medical therapy, 162
complete versus incomplete, 347
developments in, 349–351
in diabetic patients, 344–345
effect on cardiovascular outcomes, 228
fractional flow reserve-guided, 196–199, 

348–349
indications for, 339–343, 339f
intravascular plugging during, 62
intravascular ultrasound-guided, 199
limitations, 339
in multivessel CAD, 340, 340t

baseline SYNTAX score, 343, 344f
comparison with CABG, 343
in unprotected left main disease, 343

in obese patients, 272, 272t–273t
in patients with previous CABG,  

345–346
ranolazine use after, 413–415
repeat, 339
safety and efficacy, 339
for stable angina, 280–281
temporal trends in, 338–339, 338f
for total occlusions, 346–349, 346t

Perfusion pressure, effect on coronary blood 
flow, 69–70

Perfusion scintigraphy, as alternative to stress 
echocardiography, 133

Perhexiline, 386
Perhexiline maleate, 416–417
Peripheral arterial disease

asymptomatic, 472
blood pressure measurement in, 83
physical examination in, 86
prevalence in CAD patients, 83

Peripheral pulses, 86
Personalized Risk Evaluation and Diagnosis 

in the COronary Tree (PREDICT) study, 
108

PET and Recovery Following 
Revascularization (PARR-2) trial, 
163–164

PET. See Positron emission tomography 
(PET)

Pharmacogenomics, 41–42
Phosphenes, 294
Phosphodiesterase inhibitors

as coronary microvascular dysfunction 
treatment, 386

interaction with nitrates, 283
Phosphodiesterases, 51

Phospholipases, 48, 49f
Physical activity, 258–263. See also Exercise

assessment, 467
benefits of, 258
cardioprotective effects, 8
definition, 258
as depression therapy, 399
measurement, 258–260
prevalence, 8–9, 9f, 9t
as primary prevention, 437, 437t
versus sedentary behavior, 261–262
walking, 260–261

Physical examination, in CAD, 83–86,  
84t

effect on doctor-patient relationship, 
79, 86

risk factor assessment in, 83–86
Physical Guidelines for Americans, 8
PIONEER AF-PCI trial, 316
Platelet aggregation, 304f

inhibitors of. See Antiplatelet therapy
Platelet Inhibition and Patient Outcomes 

(PLATO) study, 309–310, 310f, 363
Platelet reactivity

anxiety-related increase, 397
depression-related increase, 396

PLATFORM (Prospective LongitudinAl  
Trial of FFR-CT) trial, 181, 215–216, 
218–219

Plato, 258
PLATO (Platelet Inhibition and Patient 

Outcomes) study, 309–310, 310f,  
363

Polypharmacy, in older adults, 231–232
Polyunsaturated fatty acids, 257
POPular (Patient Outcomes after primary 

PCI) study, 42
Population-based approach, to 

cardiovascular disease risk screening, 
460f, 461

Positron emission tomography (PET), 
208–209

advantages and disadvantages, 209t
for angiographic CAD diagnosis,  

155–156
CAD risk after, 156–157
combined with pharmacologic stress 

testing, 148
of coronary flow reserve, 150–152, 153f, 

157–161, 157f, 237
in coronary microvascular dysfunction, 

382–384, 384f
cost-effectiveness, 165–169
diagnostic accuracy and efficacy, 209
fundamentals of, 147
of left ventricular function and volumes, 

151f–152f, 152
mechanism of action, 147
of myocardial blood flow, 150–152, 153f, 

160
for myocardial viability assessment, 

151f–152f, 152, 154f
prognostic value, 237
progressive CAD risk stratification with, 

159
radiopharmaceuticals/radiotracers in, 

148, 149t
sensitivity and specificity, 208t, 209

Positron emission tomography/computed 
tomography (PET/CT), 147

Positron emission tomography/single 
positron emission computed 
tomography (PET/SPECT), 147

Potassium, dietary intake, 257
Prasugrel, 307–309, 308f

comparison with clopidogrel, 307–308, 308f
long-term use, 312

Pravastatin or Atorvastin Evaluation and 
Infection Therapy-Thrombolysis in 
Myocardial Infarction 22 (PROVE IT 
TIMI 22) trial, 105, 237

Precision medicine, 246
Prediction of ARrhythmicEvents with 

Positron Emission Tomography 
(PAREPET) study, 170–171

PREDICT (Personalized Risk Evaluation 
and Diagnosis in the COronary Tree) 
study, 108

PREDIMED (Prevención con Dieta 
Mediterránea) trial, 255–256

Preeclampsia, 466
Pregnancy

adverse outcomes, 466
statin therapy contraindication during, 

449–450
Premature ventricular ectopic beats, 116

detection during stress testing, 123
Prevalence, definition, 1
Prevención con Dieta Mediterránea 

(PREDIMED) trial, 255–256

PREVENT (Prospective Randomized 
Evaluation of the Vascular Effects of 
Norvasc Trial), 289

Prevention, of CAD. See also Primary 
prevention; Secondary prevention

population-based, 460f, 461
Prevention of Events With Angiotensin-

Converting Enzyme Inhibition (PEACE) 
trial, 101–102, 105, 243, 476

Primary prevention, of cardiovascular 
disease, 433–458

by age group, 434–436
elderly adults, 436
older adults, 436
younger adults, 434–436

of atherosclerotic cardiovascular disease, 
433–458

in children and adolescents, 433
in high-income countries, 27
of hypertension, 452–455
in hypertriglyceridemia, 452
lifestyle interventions as, 227–228, 

433–434, 436–439, 437t
in elderly adults, 436
in older adults, 436
in younger adults, 434–436

in low- and middle-income countries, 
27–29

physical activity as, 437, 437t
of sudden cardiac death prevention, 

324–328, 325t, 327f, 330–333, 330t,  
331f

PROACTIVE (PROspective pioglitAzone 
Clinical Trial In macroVascular Events) 
trial, 357

Proadrenomedulin N-terminal 20 peptide, 
102

PROCRAM risk score, 461, 464t
PRODIGY (PROlonging Dual-antiplatelet 

treatment after Grading agent-induced 
Intimal hyperplasia) study, 316

Progestogen, for stable angina, 297
PROlonging Dual-antiplatelet treatment 

after Grading agent-induced Intimal 
hyperplasia (PRODIGY) study, 316

PROMISE (Prospective Multicenter Imaging 
Study for Evaluation of Chest Pain) trial, 
210–217, 213t, 214f, 222–223

Propranolol, as stable angina treatment, 299
Prospective LongitudinAl Trial of FFR-CT 

(PLATFORM) trial, 181, 215–216, 
218–219

Prospective Multicenter Imaging Study for 
Evaluation of Chest Pain (PROMISE) 
trial, 165–169, 176–179, 179t, 210–217, 
213t, 214f, 222–223

PROspective pioglitAzone Clinical Trial In 
macroVascular Events (PROACTIVE) 
trial, 357

Prospective Randomized Evaluation of 
the Vascular Effects of Norvasc Trial 
(PREVENT), 289

Prospective Randomized Trial of 
Zotarolimus-Eluting Stents and 
Everolimus-Eluting Stents (TWENTE) 
trial, 368–369

Prostacyclin, 70
Proteins, inflammatory and anti-

inflammatory, 47–48, 47f
Proteomic biomarkers, 110
PROVE IT-TIMI 22 (Pravastatin or Atorvastin 

Evaluation and Infection Therapy-
Thrombolysis in Myocardial Infarction 
22) trial, 105, 237

Pseudoaneurysm, left ventricular, 144,  
145f

Psychosocial risk factors, for CAD, 8, 250
Psychotherapy, 398–399, 409
Public policies, for ischemic heart disease 

prevention, 29–31
in high-income countries, 30
in low- and middle-income countries,  

30
Pulmonary artery pressure, 141
Pulmonary venous flow, 141
PURE study, 27–28

Q
QRISK2 Score, 239–240
QRISK Score, 461, 464t
Quality of life

after coronary revascularization, 341
effect of depression on, 394–395
health-related, measurement instruments, 

82, 83f
QUASAR (Quinapril Anti-ischemia and 

Symptoms of Angina Reduction) trial, 
291

QUIET (QUinapril ischemic Event Trial), 
290–291

Quinapril Anti-ischemia and Symptoms of 
Angina Reduction (QUASAR) trial, 291

QUinapril ischemic Event Trial (QUIET), 
290–291

Q waves, persistent and new, 116–117, 116f

R
Racial and ethnic factors

in CAD mortality rates, 4
in coronary artery spasm, 234–235
in myocardial infarction incidence, 3, 3f

Racial minorities, noninvasive CAD 
diagnostic testing in, 217–218

Radiation exposure, in noninvasive cardiac 
testing, 215–216, 216t

Radionuclide imaging, 147–173, 208–209. 
See also Positron emission tomography 
(PET); Single photon emission 
tomography (SPECT)

abnormal, CAD risk after, 158t, 159–161
advantages and disadvantages, 208–209
for angiographic CAD diagnosis, 153–156, 

155f
CAD risk stratification with, 156–159
coronary artery stenosis detection, 

149–152, 149f
for coronary artery stenosis detection, 

149–152, 149f
of coronary flow reserve, 150–152, 153f
exercise versus pharmacologic, 147, 

174–176
fundamentals, 147–148

imaging protocols, 148
stress selection protocol, 147

guidelines for, 210, 210t
imaging protocols, 148
implication for CAD management, 

161–163, 163f
of left ventricular function and volume, 

151f–152f, 152
myocardial blood flow quantification 

with, 150–152, 153f
myocardial ischemia quantification with, 

150, 150f–152f, 163–165
application to revascularization, 

163–165
myocardial neuronal function assessment 

with, 152
myocardial viability assessment with, 148, 

151f–152f, 152, 154f
application to revascularization, 

163–165
normal, CAD risk after, 156–159
patient-centered applications of, 152–161
prognostic value, 171
protocols, 147–148
referral bias in, 156
in stable ischemic heart disease,  

165–169
stress agents, 147, 148t
stress selection protocol, 147
vasodilator use in, 209

Randomized Comparison of a Zotarolimus-
ElutingStent with an Everolimus-Eluting 
Stent (RESOLUTE All Comers) trial, 
368–369

RANK pathway, 49f, 50, 52
Ranolazine

action mechanism, 292, 292f
as angina treatment, 231
for coronary microvascular dysfunction, 

386
drug interactions, 292
effect on major adverse cardiac events, 

228
pharmacology, 292
as refractory angina treatment, 412–416
as stable angina treatment, 281, 292–293

in combination therapy, 296, 299
comparison with atenolol, 299
guidelines for, 300–301
randomized controlled trials, 293

Raynaud’s phenomenon, 286
REACH (REduction of Atherothrombosis 

for Continued Health) study, 27–28, 28f, 
234, 287

Reactive oxygen species (ROS), 51
REasons for Geographic And Racial 

Differences in Stroke (REGARDS) 
study, 3, 12

Recombinant growth factor therapy, for 
refractory angina, 421

RE-DUAL PCI trial, 316
REduction of Atherothrombosis for 

Continued Health (REACH) study, 
12–13, 27–28, 28f, 227–228, 234

Reduction of heart rate in the treatment 
of stable angina with ivabradine 
(REDUCTION) trial, 294

Regadenoson, as stress test agent, 147, 148t
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Rehabilitation, cardiac. See Cardiac 
rehabilitation

Renal failure, chronic, 236. See also Chronic 
kidney disease

CAD risk assessment in, 236
Renal function, biomarkers of, 103–104
RENEW trial, 422
RESOLUTE All Comers (Randomized 

Comparison of a Zotarolimus-
ElutingStent with an Everolimus-Eluting 
Stent) trial, 368–369

Resuscitation Outcomes Consortium, 5
Revascularization, 337–354

for angina, 231
annual number performed, 2
comparison with medical therapy, 162, 

221
complete versus incomplete, 347
effect on cardiovascular outcomes, 228
goals of, 337–351
indications for, 337
of intermediate lesions, 347–348
in left ventricular dysfunction, 163–165
Medicare cost, 338–339
myocardial perfusion imaging-guided, 

163–165
myocardial viability after, 188–190
persistent angina after, 66
post-myocardial perfusion imaging, 165
shared decision-making for, 337–338
in stable ischemic heart disease, 340–343

in complex patients and lesions, 
342–343

in low-risk patients, 341–342
for mortality risk reduction, 341, 341t
for nonfatal myocardial infarction risk 

reduction, 341, 341t
for symptom relief, 341

temporal changes in, 338f
Reversal of Atherosclerosis with Aggressive 

Lipid Lowering (REVERSAL) trials, 105
Reynolds risk score, 461, 464t
Rheumatoid arthritis, 10
Ribonucleic acid (RNA) biomarkers, of CAD

circular RNA, 109–110
expression signatures, 108
IncRNA, 109
microRNA, 109
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