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Hypertension has been recognized as an important cardiovas-
cular disorder since the dawn of the 20th century, when Riva-
Rocci and then Korotkoff described the sphygmomanometric
method of measuring arterial pressure. Although hyperten-
sion has been studied intensively since then, this is an extraor-
dinary time for investigators, teachers, and clinicians in the
field. It is a time when hypertension is spreading to the devel-
oping world and is reaching pandemic proportions. More
inclusive definitions as well as more accurate and detailed
measurements of blood pressure indicate that the prevalence
of hypertension is even greater in the United States and
Europe than had previously been thought. Also, the health
threat of hypertension in the pathogenesis of coronary heart
disease, heart failure, cerebrovascular disease, peripheral vas-
cular disease, and renal failure probably exceeds what we
appreciated in the past.

At the same time, this is a time of unprecedented oppor-
tunity to deal effectively with this serious health problem.
Research carried out in the last 5 years is unraveling the patho-
genesis and genetics of hypertension. Simultaneously, an

enormous amount has been learned about the mechanisms of
action and efficacy of the numerous classes of antihyperten-
sive agents. For the first time, rigorous comparisons among
these classes have been conducted. Revised practice guidelines
that synthesize much useful information for clinical practice
have become available.

The goal of the Companions to Heart Disease: A Textbook
of Cardiovascular Medicine is to provide cardiologists and
trainees in this field with important additional information in
critically important segments of cardiology that go beyond
what is contained in the “mother book,” thereby creating an
extensive cardiovascular information system. Hypertension,
brilliantly edited by Drs. Henry R. Black and William J. Elliott
and superbly written by distinguished leaders in the field,
clearly accomplishes this goal. We are delighted to welcome
this companion into the “family.”

Eugene Braunwald
Douglas P. Zipes
Peter Libby
Robert O. Bonow

xiii



Hypertension is one of the most important public health
problems worldwide, and its impact is expected to increase
over the next 20 years as economically developing nations
improve sanitation, infant mortality, and childhood immu-
nization rates (among other measures)." The prevalence of
hypertension in adults is expected to grow from 26.4%
(in 2000) to 29.2% in 2025, with most of the growth from
972 million to the projected 1.56 billion affected people
occurring outside of North America and Europe.' This global
“epidemic” of high blood pressure is expected to shift the
burden of disease so that heart disease will become the most
common cause of death worldwide by the year 2025.

In the United States, hypertension is the most important
and most ubiquitous risk factor for heart disease and stroke,
which were the number 1 and number 3 killers in preliminary
data from the year 2004, regardless of whether other risk
factors are present.* Approximately 60 million Americans have
hypertension, which includes those whose blood pressure is
140 mm Hg or higher systolic or 90 mm Hg diastolic and
those who are taking antihypertensive medications; an addi-
tional 5 million persons have been told twice by a health care
provider that their blood pressures were elevated and are
counted as “hypertensive” in some surveys.»> High blood
pressure was given as a primary or contributing cause of death
in about 11% of the death certificates filed in 2003* and
ranked 13th among primary causes of death in preliminary
data from 2004.” The importance of hypertension among the
living can also be ascertained from the preliminary 2004
National Ambulatory Medical Care Survey, which indicated
that hypertension was the most common diagnosis for a
chronic disease among all outpatients: the ICD-9 code for
hypertension (401) was listed in more than 42 million medical
office visits.®

The major reason why hypertension is so important, how-
ever, is not because of the deaths or health care provider visits
that are directly attributed to it. Hypertension is the most
widespread risk factor for many other diseases and illnesses,
each of which carries a high morbidity and mortality rate.
Coronary heart disease, still the most common Kkiller of
American men and women, has many risk factors, but one can
make a persuasive case that, on a nationwide population-
attributable basis, hypertension is currently more important
than smoking, diabetes, or dyslipidemia.* Some believe that
one of the major reasons for the decline in deaths from both
coronary heart disease and stroke during the past 30 years is
the better and more effective treatment of hypertension.”
Hypertension is the risk factor with the highest population-
attributable risk for stroke in the United States.® Heart failure,
the most common discharge diagnosis from short-stay, acute-
care hospitals for Medicare beneficiaries across the United
States, is preceded in about 85% of cases by hypertension.’

Chronic kidney disease, an independent risk factor for cardio-
vascular disease, too often results in end-stage renal disease
(dialysis or kidney transplantation), which has the highest
annualized per-patient cost of any program supported by the
Centers for Medicare and Medicaid Services. Although dia-
betes has typically ranked first among sole “causes” of dialysis
for about 20 years, hypertension has ranked second for about
the same period of time, and, when more than one cause was
allowed to be cited, hypertension was either the primary or a
secondary cause of end-stage renal disease in 72% of those
who began dialysis in 2003.'° Hypertension ranks second (to
diabetes) as a cause of peripheral vascular disease, the most
common cause of lower limb amputations in 2003.* Although
its relationship to hypertension is often forgotten, vascular
dementia ranked eighth among the top 10 causes of death in
the United States in 2004’ and second (to Alzheimer’s disease)
as a cause for nursing home placement.

The two major reasons for the increased prevalence of
hypertension in the United States are aging and increasing
weight of the population. These disproportionately affect the
two ends of the age spectrum. The fastest-growing segment of
the U.S. population is the “old old,” that is, those aged 85 years
and older."" The prevalence of hypertension in these indi-
viduals is thought to be more than 95%, because data from the
Framingham Heart Study put the lifetime risk of hyper-
tension (beginning at either age 55 or 65 years) at more
than 90%."? The current nationwide epidemic of obesity and
physical inactivity, particularly among children and adoles-
cents, makes it likely that hypertension will become even
more prevalent as these overweight individuals grow into
adulthood."”

The estimated cost of hypertension and its treatment
($63.5 billion) in the United States in 2006 is but a small part
of the total cost of cardiovascular disease ($403.1 billion).*
The National Committee for Quality Assurance estimates that
in 2005, if blood pressures had been better controlled, many
cardiovascular events would have been prevented or delayed,
between 12,000 and 32,000 deaths would have been avoided,
and $328 million to $1 billion would have been saved.'* Both
direct costs of hospitalization ($6.2 billion) and nursing home
care ($3.9 billion), as well as the indirect costs ($16 billion,
consisting primarily of lost productivity, disability payments,
and death benefits) would be considerably reduced. The
major driver of the increased cost of hypertension in the
United States over the last 15 years has been the cost of anti-
hypertensive drugs, which has risen at more than seven times
the inflation rate. The rate of rise will probably decrease
somewhat in the near future, as most of the commonly used
antihypertensive drugs will become available in generic for-
mulations. The economics of hypertension and its treatment
vary widely across nations, in part because some countries
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Preface

have national formularies that restrict access to expensive
drugs. In some countries, even inexpensive generic formula-
tions of antihypertensive drugs are beyond the means of many
patients, which is one of the challenges in controlling hyper-
tension worldwide.?

In this book, we have attempted to gather chapters that
cover the most important topics in hypertension, written by
world authorities in each case. We have attempted not to avoid
some of the current controversies in hypertension but to allow
each author to present his or her point of view, with an eye
toward a balanced and objective result.

The discerning reader will recognize that several of the
“hot topics” in hypertension are mentioned but not dealt with
in detail, for reasons of space and because these controversies
can be more effectively presented in other arenas, including
the very recent medical literature. For example, the growing
awareness of the necessity of assessing global risk in a hyper-
tensive patient before embarking on treatment has been skill-
fully promoted'® and adopted in most of Europe'® but not
accepted in practice in the most recent U.S. guidelines."”
Similarly, JNC 7 recommends an initial thiazide-type diuretic
for “most” patients with stage 1 hypertension and no com-
pelling indication for a different class of drug'’; the recent
British National Institute for Health and Clinical Excellence
(NICE) guidelines instead recommend either an ACE
inhibitor (for young white patients) or a calcium antagonist
(for black or older patients).'® The NICE guidelines recom-
mend a f-blocker only for fourth-line treatment of hyper-
tension, based on their economic analyses and a recent
meta-analysis'’; the low opinion of this class of drug is shared
by neither JNC 7 nor the author of this book’s chapter on
B-blockers. The debate about the clinical importance of
incident diabetes during drug treatment of hypertension has
intensified since these chapters were written,”**' but a brief
review and salient references can be found in the appropriate
chapters in this book. Whether certain classes of antihyperten-
sive drugs have “benefits beyond blood pressure control” is
still debated,”* but some aspects of this controversy can be
found in the chapters found within these covers.

We have attempted to edit the submitted chapters to make
them as balanced, fair, and objective as possible, while trying
to retain some of the opinion and flavor of the authors’ points
of view. We recognize, however, that errors may have crept
into the text, but we hope the reader will understand that
these were inadvertent and unintentional. Similarly, in a book
of this scope and magnitude, there will, of necessity, be omis-
sions of important references and shortened summaries of
some individuals’ opinions. We regret that it was not possible
to make this book as all-encompassing as everyone would
wish. The decisions to omit some aspects of hypertension-
related data were those of the authors and editors, and we take
full responsibility for these.

We have attempted to organize the book along classical
lines. Section 1 deals with the epidemiology and pathophysi-
ology of hypertension. Section 2 is concerned with diagnosis
(including secondary hypertension) and is much longer than
an analogous book would have been some 20 years ago
because of the emerging data about ambulatory and home
blood pressure monitoring. Risk stratification is the major
theme of Section 3, whereas the usual treatment options (both
lifestyle modifications and drugs) are presented in Section 4.
Outcome studies are discussed, both in design and in meta-

analysis, in Section 5. The various concomitant diseases that
are often seen in hypertensive patients are summarized in
Section 6. Hypertension has many “special populations and
special situations” that are discussed in Section 7. The future
of hypertension treatment is considered in Section 8, and the
book ends with a discussion of hypertension guidelines (from
several different points of view) in Section 9.

William J. Elliott, MD, PhD
Henry R. Black, MD
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Chapter 1

Epidemiology of Hypertension
Donald M. Lloyd-Jones and Daniel Levy

Systemic arterial hypertension is the condition of persistent,
nonphysiologic elevation of systemic blood pressure (BP). It is
currently defined as a resting systolic BP (SBP) 140 mm Hg or
greater, or diastolic BP (DBP) 90 mm Hg or greater, or a con-
dition for which a patient is receiving therapy for the indica-
tion of BP lowering."” Hypertension afflicts a substantial
proportion of the adult population worldwide and a growing
number of children. Numerous genetic, environmental, and
behavioral factors have been shown to influence the develop-
ment of hypertension. In turn, hypertension has been
identified as one of the major causal risk factors for the devel-
opment of cardiovascular disease (CVD) and renal disease. An
understanding of the basic epidemiology of hypertension is
essential for effective public health and clinical efforts to
detect, treat, and control this common condition.

EPIDEMIOLOGY AND RISK FACTORS

An epidemiologic association between a proposed risk factor
and a disease is likely to be causal if it fulfills the following
criteria: (1) exposure to the proposed risk factor precedes
the onset of disease, (2) a strong association exists between
exposure and incidence of disease, (3) the association is dose
dependent, (4) exposure is consistently predictive of disease in
a variety of populations, (5) the association is independent of
other risk factors, and (6) the association is biologically and
pathogenetically plausible and is supported by animal experi-
ments and clinical investigation.3 Further, more definitive
support for a causal association between a proposed risk
factor and a disease may arise from clinical trials in which
intervention to modify or abolish the risk factor (by behav-
ioral or therapeutic interventions) is associated with a
decreased incidence of the disease. As discussed later, hyper-
tension fulfills all these criteria and represents an important
target for intervention in reducing the population and indi-
vidual burden of CVD and renal disease.

Several different measures are used to describe the influ-
ence of a risk factor on a disease. Prevalence describes the pro-
portion of a population or group that is affected with a trait
or disease at any one time and thus represents a cross-
sectional measure of exposure. Incidence is a measure of the
rate of new cases in a population or group within a defined
time period. Thus, the prevalence is a function of both the
incidence of disease as well as the rate at which people with
the disease die or recover. In the case of hypertension, most
individuals who are diagnosed with hypertension have it for
the remainder of their lives.

The relative risk of disease is often reported in epidemio-
logic studies of risk factors and is defined as the ratio of
disease incidence among exposed compared with nonexposed
individuals. As such, relative risk measures the strength of the

association between exposure and disease, but it gives no indi-
cation of the absolute risk of disease. Absolute risk of disease
associated with a given exposure is often expressed as the rate
of development of new cases of disease per unit of time (or
incidence) in exposed individuals. This proportion may be
compared with the proportion among unexposed subjects in
a variety of ways. The attributable risk of a given exposure
describes the proportion of the incidence of disease in a pop-
ulation that can be ascribed to the exposure, assuming a causal
relationship exists. Attributable risk may be calculated by sub-
tracting the incidence in unexposed individuals from the inci-
dence in exposed individuals. However, this does not take into
account the coexisting risks from other risk factors. The pop-
ulation attributable risk percent takes into account the propor-
tion of individuals in the population who are exposed as well
as the relative risk and the influence of other risk factors.
Therefore, attributable risk is a useful concept in determining
the public health impact of a given risk factor and in selecting
risk factors that should be targeted for prevention programs.*

Prevalence and Secular Trends

Data from the most recent U.S. National Health and Nutrition
Examination Survey (NHANES), conducted from 1999 to
2002, indicate that the prevalence of hypertension in the
United States was 28.6%,> or more than one in four adults
older than 20 years of age. In the context of the entire popula-
tion, more than 65 million U.S. adults are estimated to have
hypertension.” This number represents a substantial increase
in the prevalence compared with 1988 to 1994, when there
were an estimated 50 million hypertensive individuals, or
24.5% of adults.”

Despite the significant advances in our understanding of
the risk factors, pathogenesis, and sequelae of hypertension,
and multiple trials since the 1970s indicating the benefits of
antihypertensive therapy, hypertension remains a significant
public health problem. Although steady and significant reduc-
tions occurred from the 1970s to the early 1990s in population
levels of BP and in the prevalence of hypertension in the
United States,”’ as well as in many of the sequelae of hyper-
tension,® more recent data indicate a slowing or reversal of
these favorable trends. Between the late 1970s and the early
1990s, the prevalence of hypertension in the United States
declined from about 32% to 25%. However, the most recent
survey data indicate an increase between 1988 to 1994 and
1999 to 2002, with the current prevalence being 28.6%.° This
proportion increases even further if one adds the people who
have been told on two or more occasions by a health care
provider that their BP is elevated.” The current pandemic of
obesity and the aging of the population are likely to increase
hypertension incidence and prevalence substantially over the
next decades.
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Table 1-1 Trends in Prevalence, Awareness, Treatment, and Control of Hypertension in the United States, from the National

Health and Nutrition Examination Surveys (NHANES)
NHANES Il 1976-1980  NHANES IIl 1988-1991

NHANES [l 1991-1994  NHANES 1999-2000

Prevalence 31.8% 25.0% 24.5% 28.7%
Awareness 51% 73% 68% 69%
Treatment 31% 55% 54% 58%
Control to 10% 29% 27% 31%

<140/<90 mm Hg

African Americans, and especially African American
women, have a prevalence of hypertension that is among the
highest in the world. Currently, it is estimated that 38.8% of
African American adults have hypertension, compared with
27.2% of non-Hispanic whites and 28.7% of Mexican
Americans.? Asian Americans and most other ethnic groups
tend to have BP levels and hypertension prevalence similar
to those in whites. The prevalence of hypertension increased
to a similar extent in all ethnicities during the decade of
the 1990s.”

Substantial improvements have been made in awareness,
treatment, and control of hypertension since the 1970s, but
the number of hypertensive individuals who are aware of their
hypertension, who are receiving treatment, or whose hyper-
tension is treated and controlled remains far below optimal
levels (Table 1-1). Data from NHANES 1999 to 2000 indicate
that 68.9% of hypertensive individuals were aware of their ele-
vated BP, and 58.4% were receiving antihypertensive therapy,
but only 31.0% had controlled BP levels of <140/<90 mm Hg.’
Extrapolating these data to the current estimate of 65 million
Americans with hypertension,” nearly 43 million hypertensive
individuals are unaware of their diagnosis or have hyperten-
sion that is untreated or treated but uncontrolled (Fig. 1-1). As

Hypertensive
N = 65 million
Aware Unaware
69% 31%
Treated Untreated 43
58% 11% million

I —

Controlled Uncontrolled
31% 27%

Figure 1-1  Number and percentage of Americans who are
aware of their hypertension, treated, and controlled to goal
levels from the National Health and Nutrition Examination
Survey, 1999 to 2000. (Data from Fields LE, Burt VL, Cutler
JA, et al. The burden of adult hypertension in the United
States 1999 to 2000: A rising tide. Hypertension.
2004,;44:398-404; Haijjar |, Kotchen TA. Trends in
prevalence, awareness, freatment, and control of
hypertension in the United States, 1988-2000. JAMA.
2003;290:199-206.)

noted later, data from Europe, where clinical practice guide-
lines have typically recommended higher BP thresholds before
initiation of drug therapy, suggest even lower rates of treat-
ment and control of BP.

Rates of awareness, treatment, and control of BP differ by
age, gender, and race/ethnicity. Overall, awareness of elevated
BP has not changed significantly since the early 1990s; women
are slightly more likely to be aware of the problem, and
Mexican Americans are the least likely to be aware of their
hypertension. Women are somewhat more likely than men to
receive antihypertensive drug therapy (Table 1-2). Compared
with non-Hispanic whites, non-Hispanic blacks have similar
overall levels of treatment, whereas Mexican Americans have
substantially lower levels of treatment. Likewise, Mexican
Americans have the lowest prevalence of control to BPs
<140/<90 mm Hg; in only 17.3% of hypertensive Mexican-
American men is BP controlled to these levels.”

Global Burden of Hypertension

International data indicate that hypertension is even more
prevalent in countries other than the United States, including
developed countries. Whereas the prevalence of hypertension
in adults aged 35 to 74 years in Canada in the 1990s was sim-
ilar to that of the United States (at ~28%), concurrent data
from six European countries revealed an overall prevalence of
44%. Of the European countries studied, Italy had the lowest
prevalence (38%), whereas Germany had the highest (55%).'

Table 1-2 Awareness, Treatment, and Control of
Hypertension in the United States, 1999 to 2000,
by Sex and Race/Ethnicity

Control to
Awareness Treatment  <140/<90 mm Hg
Men 66.3% 54.3% 32.6%
Women 71.2% 62.0%T 29.6%
Non-Hispanic 69.5% 60.1% 33.4%
white
Non-Hispanic 73.9% 63.0% 28.1%
black
Mexican 57 .8%* 40.3%% 17.7%%
American

*P < .01 compared with non-Hispanic whites.

1P < .05 compared with men.

1P < .001 compared with non-Hispanic whites.

Data from Haijar I, Kotchen TA. Trends in prevalence,
awareness, freatment, and control of hypertension in the United

States, 1988-2000. JAMA. 2003;290:199-206.



The increase in BP and in prevalence of hypertension with age
was steeper in European countries than in the United States
and Canada. The correlation between hypertension preva-
lence and stroke mortality rates was very strong (r = 0.78),
with a stroke mortality rate of 27.6 per 100,000 in North
America and 41.2 per 100,000 in European countries.'
Furthermore, treatment rates in Europe in the 1990s were
substantially lower, in association with higher BP thresholds
for treatment in clinical practice guidelines promulgated in
Europe and Canada. Among 35- to 64-year-old hypertensive
patients, more than half (53%) were treated in the United
States, compared with 36% in Canada and 25% to 32% in
European countries. The associated differences in levels of BP
control were dramatic; 66% of U.S., 49% of Canadian, and
23% to 38% of European hypertensive patients had BP con-
trolled to levels of <160/<95 mm Hg, and 29%, 17%, and 10%
or fewer, respectively, had BP controlled to levels of
<140/<90 mm Hg.’

Mean SBP levels are in the 120s in North America and
much of South America. In contrast, mean SBP levels are in
the 130s or higher in parts of South America, in China and
Russia, and in much of Europe.'' Although these differences
may seem small, they represent mean values from millions
of individuals. Population SBP differences as little as 1 to
2 mm Hg can have profound differences in rates of stroke and
heart attack. Few data are available regarding BP levels and
prevalence of hypertension in Africa. BP levels in South Asian
populations are lower, but they appear to be rising rapidly."!

A comparison of national surveillance data from around
the world sheds interesting light on the global burden of
hypertension. Kearney and associates found that the average
age-standardized prevalence of hypertension was 30% or
higher in countries with established market economies or
former socialist economies, as well as in Latin American and
the Caribbean.'? In China, India, the Middle Eastern crescent,
and sub-Saharan Africa, average prevalences were between
20% and 30%. The lowest average prevalences (<20%) were
observed in other Asian and Asian island populations.
Germany had the highest prevalence of any country studied,
at approximately 55% for men and women. Similar age-
related patterns of increasing hypertension prevalence in men
and women were observed in all regional groupings.'?

RISK FACTORS FOR HYPERTENSION

Hypertension is a complex phenotype with multiple genetic
and environmental risk factors, as well as important gene-
environment interactions. Age, with the concomitant changes
in the vascular bed, and demographic and socioeconomic
variables are among the strongest risk factors for hypertension.

Age

The prevalence of hypertension increases sharply with
advancing age: whereas only 9.3% of men and 2.1% of women
ages 18 to 34 years are affected, 68.1% of men and 84.0% of
women age 75 and older have hypertension (Fig. 1-2). Thus,
in older patients, hypertension is by far the most prevalent
risk factor for CVD. About 81% of hypertensive individuals in
the United States are age 45 years and older, although this
group comprises only 46% of the U.S. population.”? With the
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Figure 1-2  Prevalence of hypertension among men and
women aged 18 years and over, from the National Health
and Nutrition Examination Survey, 1999 to 2000. (Data
from Fields LE, Burt VL, Cutler JA, et al. The burden of adult
hypertension in the United States 1999 to 2000: A rising
tide. Hypertension. 2004;44:398-404.)

aging of the population, the overall prevalence of hyperten-
sion in the population is sure to increase.

Viewed from another perspective, hypertension already
affects more individuals during their life span than any other
trait or disease studied to date. The concept of the lifetime risk
of a given disease provides a useful measure of the absolute
burden and the public health impact of a disease, as well as
providing an average risk for an individual during his or her
lifetime. Lifetime risk estimates account for the risk of devel-
oping disease during the remaining life span and the com-
peting risk of death from other causes before developing the
disease of interest. Data from the Framingham Heart Study, a
long-standing study of CVD epidemiology, indicate that, for
men and women free of hypertension at age 55 years, the
remaining lifetime risks for development of hypertension
through age 80 years are 93% and 91%, respectively. In other
words, more than 9 out of 10 older adults will develop hyper-
tension before they die. Even those who reach age 65 years free
of hypertension still have a remaining lifetime risk of 90%."

In Western societies, SBP tends to rise monotonically and
inexorably with advancing age. Conversely, DBP levels rise
until about age 50 to 55 years, after which a plateau is noted
for several years, followed by a steady decline to the end of the
usual life span.'®'*!> Various factors, particularly related to
changes in arterial compliance and stiffness,'®'” contribute to
the development of systolic hypertension and to decreasing
DBP with age. Both these phenomena contribute to a marked
increase in pulse pressure (defined as SBP minus DBP) after
age 50 years. Thus, hypertension, and particularly systolic
hypertension, is a nearly universal condition of aging, and few
individuals escape its development. Only in societies where
salt intake is low, physical activity levels are very high, and
obesity is rare are age-related increases in SBP avoided.

Weight

Increasing weight is one of the major determinants of
increasing BP. The current prevalence of hypertension among
obese individuals, with a body mass index (BMI) greater than
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or equal to 30 kg/m?, is 42.5%, compared with 27.8% for over-
weight individuals (25.0 to 29.9 kg/m?), and 15.3% for indi-
viduals with a BMI lower than 25 kg/m*'® Data from the
Framingham Heart Study also reveal marked increases in the
risk for development of hypertension with increasing BMI.
Compared with adult men and women of normal weight, the
multivariable-adjusted relative risks for development of
hypertension in long-term follow-up were 1.48 and 1.70 for
overweight men and women and 2.23 and 2.63 for obese men
and women, respectively."

Numerous studies have also demonstrated the important
role of weight gain in BP elevation and weight reduction in BP
lowering. As discussed earlier, SBP and DBP tend to rise with
age beginning at around age 25 years in most adults.'>'?
However, more recent data indicate that these “age-related”
increases in SBP and DBP may be avoided in young adults
who maintain a stable BMI over long-term follow-up. In the
Coronary Artery Risk Development in Young Adults
(CARDIA) study, those who maintained a stable BMI at all six
examinations over 15 years had no significant changes in SBP
or DBP, whereas those who had an increase in their BMI of
2 kg/m? or more had substantial increases in BP.?’

The influence of weight gain on BP and the benefits of
maintaining stable weight or losing weight extend even to
young children. One large birth cohort study of children
examined BMI at ages 5 and 14 years and the association with
SBP and DBP at age 14 years. Children who were overweight
at age 5 years but who had a normal BMI at age 14 years had
mean SBP and DBP similar to those children who had a
normal BMI at both time points. Conversely, children who
were overweight at both ages or who had a normal BMI at age
5 years and were overweight at age 14 years had higher SBP
and DBP at age 14 years than those who had a normal BMI at
both ages, even after adjustment for potential confounders.!

Other Risk Factors

As discussed earlier, gender influences the prevalence of
hypertension in an age-dependent fashion. Until about the
sixth decade of life, men have a higher prevalence, after which
women predominate increasingly (see Fig. 1-2). Overall, more
women than men are affected by hypertension, in part
because of their longer life expectancy.

Race/ethnicity has also been shown to be a risk factor for
hypertension. Whereas non-Hispanic white persons make up
about two thirds of the U.S. adult hypertensive population,
this proportion is consistent with their representation in the
overall population. African Americans are disproportionately
affected and have among the highest rates of hypertension in
the world, with mean SBP levels approximately 5 mm Hg
higher than in whites. Other race/ethnic groups in the United
States, including Mexican Americans, have prevalences of
hypertension that are similar to those in whites.>'* Education
status also affects rates of hypertension; lower education levels
are strongly associated with hypertension. However, much of
this inverse association of education with BP appears to be
explained by differences in diet and in BMI between less well
educated and better educated individuals.*?

Among dietary influences on BP level, high dietary sodium
intake has consistently been related to rates of hypertension in
numerous epidemiologic cohorts. Conversely, higher potas-
sium, calcium, and magnesium intakes appear to be associated

with lower rates of hypertension in various populations.”
Patients with omnivorous diets have higher BP levels than
those who are vegetarian, but the types of dietary fat do not
appear to influence BP levels directly (with the possible excep-
tion of mild lowering by w-3 fatty acids). The evidence linking
heavy alcohol intake to hypertension is unequivocal. More
than 50 epidemiologic studies have demonstrated an asso-
ciation between intake of three drinks or more per day and
hypertension, although regular alcohol intake is associated
with a lower risk of atherothrombotic CVD events.

Numerous studies have examined potential genetic suscep-
tibilities for hypertension. Data consistently indicate that BP
levels are heritable. Similarly, rare inherited genetic syndromes
are associated with hypertension, including Liddle’s syndrome
and 11p-hydroxylase and 17a-hydroxylase deficiencies.
Numerous large cohort genomic studies have indicated the
presence of loci in discrete chromosomal regions that are
linked to BP. In addition, genetic association studies have
identified polymorphisms in biologically plausible candidate
genes, including angiotensinogen, angiotensin-converting
enzyme, o-adducin, and f-adrenergic and other receptors.
However, because hypertension is a complex phenotype, and
BP levels are determined by the interactions of multiple neu-
rologic, renal, endocrinologic, cardiac, and vascular processes,
no single-gene polymorphisms have been discovered that
explain more than a small fraction of cases of hypertension
alone or jointly in the population at large.

CLASSIFICATION OF BLOOD PRESSURE

Formal classification of BP stages by consensus panels began
to take shape in the early 1970s with the first National
Conference on High Blood Pressure Education. The first
report of the Joint National Committee on Detection,
Evaluation, and Treatment of High Blood Pressure (JNC)
was published in 1977 and was followed by six subsequent
reports in 1980, 1984, 1988, 1993, 1997, and 2003. The most
recent report (JNC 7)"** is the current clinical standard for
the prevention, detection, evaluation, and treatment of hyper-
tension in the United States. JNC 7 recognizes several impor-
tant concepts that have evolved in our understanding of
hypertension over the past decades. First, systolic hyperten-
sion confers at least as much risk for adverse events as diastolic
hypertension, a factor that was not fully appreciated in the
first four JNC reports. Thus, the JNC report recommends that
for middle-aged and older hypertensive patients (who repre-
sent most hypertensive patients in the population), SBP
should be the primary target for staging of BP and initiation
of therapy. Second, hypertension rarely occurs in isolation and
is usually present in the context of one or more other CVD
risk factors. Therefore, in recommending treatment for hyper-
tension, the JNC report recommends some consideration of
global risk for CVD.

It has long been recognized that BP confers risk for CVD
beginning at levels well within the clinically “normal” range,
with risk increasing in a continuous, graded fashion to the
highest levels, as discussed in detail later. Thus, although clin-
ical practice guidelines impose certain thresholds for consid-
ering individuals to be hypertensive, and for initiation of
therapy, this conception is an artificial construct designed to
assist clinicians and patients with treatment decisions.



Table 1-3 Blood Pressure Staging System of the Seventh
Report of the Joint National Committee on Prevention,

Detection, Evaluation, and Treatment of High Blood
Pressure (JNC 7)

INC 7 Blood

Pressure Stage

Blood Pressure Range

SBP <120 and DBP <80 mm Hg
SBP 120-139 or DBP 80-89 mm Hg
SBP 140-159 or DBP 90-99 mm Hg
SBP =160 or DBP =100 mm Hg

Normal
Prehypertension
Stage 1 hypertension
Stage 2 hypertension

DBP, diastolic blood pressure; SBP, systolic blood pressure.
From Chobanian AV, Bakris GL, Black HR, et al. Seventh report
of the Joint National Committee on Prevention, Detection,
Evaluation, and Treatment of High Blood Pressure.
Hypertension. 2003;42:1206-1252.

The current JNC 7 scheme for classifying BP stages is
shown in Table 1-3. From JNC VI to JNC 7, the committee
elected to change the terminology for BP levels lower than the
hypertensive range. Whereas BP <120/<80 mm Hg had pre-
viously been termed “optimal,” it is now termed “normal.”
A new category of “prehypertension” was defined, including
individuals with SBP of 120 to 139 or DBP of 80 to
89 mm Hg. In addition, the earlier classification of stage
3 hypertension was dropped because of its relatively
uncommon occurrence, and all individuals with SBP of 160 or
higher or DBP of 100 mm Hg or higher are now classified as
having stage 2 hypertension.'

Individuals are classified into BP stages on the basis of both
SBP and DBP levels. When a disparity exists between SBP and
DBP stages, patients are classified into the higher stage. Several
studies”?” have examined this phenomenon of “upstaging”
based on disparate SBP and DBP levels. In one study,” 3656
Framingham Heart Study participants who were not receiving
therapy for hypertension were examined between 1990 and
1995, and their JNC-VI BP stages were classified on the basis
of SBP alone, DBP alone, or both. In this sample, 64.6% of
subjects had congruent stages of SBP and DBP, 31.6% were
upstaged on the basis of SBP, and 3.8% were upstaged on the
basis of DBP. Thus, among all participants, 96% were correctly
classified by knowledge of their SBP alone, whereas only 68%
were correctly classified by knowledge of the DBP alone. In
subjects younger than 60 years of age, the numbers were 95%
for SBP alone and 81% for DBP alone; in those who were
more than 60 years old, they were 99% for SBP alone and 47%
for DBP alone. Of 1488 subjects with high-normal BP or
hypertension, who would meet criteria for recommended
drug therapy, 13.0% had congruent elevations of SBP and
DBP, 77.7% were upstaged on the basis of SBP, and 9.3% were
upstaged on the basis of DBP; SBP alone correctly classified
91%, whereas DBP alone correctly classified only 22%. Thus,
SBP elevation out of proportion to DBP is common in
middle-aged and older persons, and SBP appears to play a
greater role in the determination of BP stage and eligibility for
therapy.” Similar results were also observed in data from the
NHANES III sample.”” Among younger individuals, upstaging
based on DBP is somewhat more common. However, after the
age of 50 years, a group that includes most hypertensive
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patients, upstaging based on SBP clearly occurs for an over-
whelming proportion of the population and determines
hypertensive status and eligibility for therapy.”’

Isolated systolic hypertension in older people reflects pro-
gressive large artery stiffening seen with aging. In younger
hypertensive patients, isolated diastolic hypertension (SBP
<140 and DBP =90 mm Hg) and systolic-diastolic hyperten-
sion (SBP =140 and DBP =290 mm Hg) tend to predominate,
whereas beyond age 50 years, isolated systolic hypertension
(SBP =140 and DBP <90 mm Hg) predominates. Isolated sys-
tolic hypertension is the most common form of hypertension
in persons older than 60 years, and it is present in more than
80% of untreated hypertensive men and women.?’

These observations, coupled with data on the risks of
systolic hypertension and the benefits of treating systolic
hypertension, prompted the National High Blood Pressure
Education Program’s Advisory Panel to recommend a major
paradigm shift in 2000 by urging that SBP become the major
criterion for the diagnosis, staging, and therapeutic manage-
ment of hypertension, particularly in middle-aged and older
Americans.'” This recommendation was incorporated into the
staging system and treatment guidelines for JNC 7.

SEQUELAE AND OUTCOMES
WITH HYPERTENSION

Hypertension is a major risk factor for all forms of atheroscle-
rotic and atherothrombotic CVD. Increasing BP level gener-
ally increases risk in a continuous and graded fashion for total
mortality, CVD mortality, coronary heart disease (CHD)
mortality, myocardial infarction (MI), heart failure (HF), left
ventricular hypertrophy, atrial fibrillation, stroke or transient
ischemic attack, peripheral vascular disease, and renal failure.
Many of these endpoints have an effect modification by
gender, with male hypertensive patients at higher risk for
CVD events than female hypertensive patients (HF being a
notable exception). There is also substantial effect modifi-
cation by age; older hypertensive patients have a similar or
higher relative risk but a much greater absolute risk than
younger patients.”® As discussed later, hypertension rarely
occurs in isolation, and it confers a greater risk for CVD across
the spectrum of overall risk factor burden, but with increasing
importance in the setting of other risk factors.” As shown in
Figure 1-3, absolute levels of risk for CHD are substantially
elevated with increasing risk factor burden and are augmented
still further by elevated BP. Thus, BP levels, and the risk they
confer, must always be considered in the context of other risk
factors and the patient’s global risk for CVD. For example,
because the combination of hypertension and diabetes is par-
ticularly dangerous, JNC 7 recommends lower goal BP levels
for patients with diabetes (<130/<80 mm Hg) than for those
without diabetes (<140/<90 mm Hg).'

Individuals with hypertension have a two- to threefold
increased relative risk for CVD events compared with age-
matched normotensive persons. Hypertension increases rela-
tive risks for all manifestations of CVD, but its relative impact
is greatest for stroke and HF (Fig. 1-4). Because CHD inci-
dence is greater than the incidence of stroke and HE, however,
the absolute impact of hypertension on CHD is greater than
for other manifestations of CVD, as demonstrated by the
excess risks shown in Figure 1-4.
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Figure 1-3  Predicted Framingham Heart Study 10-year risk
for coronary heart disease (CHD) by increasing burden of
risk factors and systolic blood pressure (SBP) in a 65-year-
old man (A) and woman (B). DM, diabetes mellitus; HDL-C,
high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol. (Data from Wilson PW, D’Agostino
RB, Levy D, et al. Prediction of coronary heart disease using
risk factor categories. Circulation. 1998;97:1837-1847 )

To illustrate the importance of hypertension as a risk
factor, let us consider the case of HE From 75% to 91% of
individuals who develop HF have antecedent hypertension.**’
In data from the Framingham Heart Study, hypertension con-
ferred a hazard ratio for the development of HF of approxi-
mately 2 for men and 3 for women over the ensuing 18 years.”
As shown in Figure 1-5, the hazard ratios for HF associated
with hypertension (2 to 3) were far lower than the hazard
ratios for HF associated with MI, which were greater than 6
for both men and women. However, the population preva-
lence of hypertension was 60%, compared with approximately
6% for MI. Therefore, the population-attributable risk of HE,
that is, the fraction of HF in this population that was the result
of hypertension, was 59% in women and 39% in men. The
population-attributable risks for MI were 13% and 34% for
women and men, respectively.30
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Figure 1-4  Age-adjusted biennial rates, relative risks, and
absolute excess risks associated with hypertension for
different cardiovascular endpoints: Framingham Heart Study,
36-year follow-up, persons aged 35 to 64 years. CHD,
coronary heart disease; CVD, cardiovascular disease;

HF, heart failure; HTN, hypertension; PAD, peripheral arterial
disease.

Importance of Systolic Blood Pressure

Investigators have recognized for decades that elevated SBP
confers at least as great and, in most groups studied, substan-
tially greater risk for CVD as elevated DBP.*' However, trans-
lation of this knowledge into clinical guidelines and clinical
practice has been slow. In numerous studies, increasing SBP
has consistently been associated with a higher risk for adverse
events than increasing DBP, whether these BP variables are
considered separately or together, and whether they are
treated as linear covariates or in quintiles, deciles, or JNC
stages. For example, in the Cardiovascular Health Study of
older U.S. residents (Table 1-4), an increment of 1 standard
deviation in SBP was associated with higher adjusted risk for
CHD and stroke than was an increment of 1 standard devia-
tion in DBP (or pulse pressure). In models with SBP and DBP



together or with SBP and pulse pressure together, SBP consis-
tently dominated as the greater risk factor.”” When men who
were screened for inclusion in the Multiple Risk Factor
Intervention Trial (MRFIT) were stratified into quintiles
of SBP or DBP, risks for each SBP quintile were the same
or higher than for the corresponding quintile of DBP (Fig.
1-6A).% Similar findings were observed when participants in
MRFIT were stratified during screening into deciles of SBP
and DBP; at every level, SBP was consistently associated with
higher risk for CHD mortality than the corresponding decile
of DBP (Fig. 1-6B).* Finally, when men were stratified by JNC
level of SBP and DBP, SBP was associated with greater risk for
CHD mortality than DBP in each JNC BP stage.*

60 -
9 ] Men
i~ B women
2 40+
S
>
Ee]
&
§ 20+
©
>
Q.
[e)
o

0

HTN Ml AP VHD LVH DM
Hazards ratio for HF

Men 2.07 6.34 143 247 219 1.82

Women 335 6.01 168 213 285 3.73

Prevalence (%) of each risk factor

Men 60 10 11 5 4 8
Women 62 3 9 8 3 5

Figure 1-5  Hazard ratios for heart failure (HF) associated
with selected risk factors, prevalence of each risk factor, and
population-atiributable risk for each factor in heart failure.
AP, angina pectoris; DM, diabetes mellitus; HTN,
hypertension; LVH, left ventricular hypertrophy; MI, myocardial
infarction; VHD, valvular heart disease. (Data from Levy D,
Larson MG, Vasan RS, et al. The progression from
hypertension to congestive heart failure. JAMA.
1996,275:1557-1562.)
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Figure 1-6  Relative risks for coronary heart disease
mortality among men screened for the Multiple Risk Factor
Intervention Trial, by quintiles (A) or deciles (B) of systolic
blood pressure (SBP) and diastolic blood pressure (DBP).
(Data from Neaton JD, Wentworth DN. Serum cholesterol,
blood pressure, cigarette smoking, and death from coronary
heart disease: Overall findings and differences by age for
316,099 white men. Arch Intern Med. 1992;152:56-64;
Neaton JD, Kuller L, Stamler J, Wentworth DN. Impact of
systolic and diastolic blood pressure on cardiovascular
mortality. In: Laragh JH, Brenner BM [eds]. Hypertension:
Pathophysiology, Diagnosis, and Management. New York:
Raven Press, 1995, pp 127-144.)

Table 1-4 Risks for Cardiovascular Disease Associated with Different Components of Blood Pressure

in the Cardiovascular Health Study

Adjusted Hazard Ratio (95% Cl)

1 Standard Deviation Myocardial Infarction Stroke
Systolic blood pressure 21.4 mm Hg 1.24 (1.15-1.35) 1.34 (1.21-1.47)
Diastolic blood pressure 11.2 mm Hg 1.13 (1.04-1.22) 1.29 (1.17-1.42)
Pulse pressure 18.5 mm Hg 1.21 (1.12-1.31) 1.21 (1.10-1.34)

Cl, confidence interval.

Data from Psaty BM, Furberg CD, Kuller LH, et al. Association between blood pressure level and the risk of
myocardial infarction, stroke, and total mortality. Arch Intern Med. 2001;161:1183-1192.
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Table 1-5 Rates of Control to Systolic Blood Pressure Less than 140 mm Hg or Diastolic Blood
Pressure Less than 90 mm Hg, among 1944 Hypertensive Framingham Heart Study Participants, 1990 to

1995
SBP <140 mm Hg SBP =140 mm Hg Total
DBP <90 mm Hg 29.0% 53.9% 82.9%
DBP =90 mm Hg 3.7% 13.4% 17.1%
Total 32.7% 67.3% 100%

DBP, diastolic blood pressure; SBP, systolic blood pressure.
Data from Lloyd-Jones DM, Evans JC, Larson MG, et al. Differential control of systolic and diastolic blood
pressure: Factors associated with lack of blood pressure control in the community. Hypertension.

2000;36:594-599.

In fact, when DBP is considered in the context of the SBP
level, an inverse association between DBP and CHD risk has
been observed. Franklin and associates demonstrated that, at
any specified level of SBP, relative risks for CHD decreased
with increasing DBP.”® For example, at an SBP of 150 mm Hg,
the estimated hazard ratio for CHD was 1.8 when the DBP
was 70 mm Hg, but it was only approximately 1.3 when the
DBP was 95 mm Hg. The higher the SBP level, the steeper was
the decline in CHD risk with increasing DBP.>> These data
provide some compelling evidence for the importance of
pulse pressure as a measure of risk, because pulse pressure
represents the difference between SBP and DBP, and higher
risk was observed in this study when the pulse pressure
widened.?® Pulse pressure is discussed in greater detail later.

The increased risks associated with SBP are clear. When it
is also appreciated that systolic hypertension out of propor-
tion to DBP elevation is by far the most common form of
hypertension, as discussed earlier, it becomes clear that the
population-attributable risk for CVD conferred by SBP vastly
outweighs the population-attributable risk for DBP. Finally,
lack of control to goal BP in the community is overwhelm-
ingly the result of lack of SBP control to less than
140 mm Hg.*”*** As shown in Table 1-5, among hypertensive
participants attending examinations at the Framingham
Heart Study in 1990 to 1995, 29.0% had BP controlled to the
overall goal of <140/<90 mm Hg. Within this poor overall
prevalence of control to goal BP, 82.9% of hypertensive indi-
viduals had DBP lower than 90 mm Hg, whereas only 32.7%
had SBP controlled to less than 140 mm Hg. Similar findings
were observed in the NHANES III cohort.”’

Cross-sectional predictors of lack of SBP control (and lack
of overall control to goal) in the Framingham Heart Study
include older age, the presence of electrocardiographic left
ventricular hypertrophy, and obesity.® In national samples,
significant cross-sectional predictors of lack of BP control
among those who are aware of their hypertension include age
65 years or older, male sex, and the lack of visits to a physician
in the preceding 12 months.”” Age and the presence of left
ventricular hypertrophy likely represent a higher initial SBP
before initiation of therapy and a longer duration of hyper-
tension, both of which can contribute to greater difficulty in
achieving lower BP levels. In addition, it appears likely that
clinicians are reluctant to treat older hypertensive individuals
to the recommended BP goals, perhaps as a result of concerns
over orthostasis and the risk for falls, the effects of polyphar-
macy, or the controversial observation that CVD events and

mortality may increase among the oldest hypertensive
patients when DBP is lowered to less than 60 or 65 mm Hg.*®

Because of the difficulty in collecting detailed and repeti-
tive data, few studies have examined prospective predictors of
initiating antihypertensive therapy or achieving BP control.
Among 1103 hypertensive Framingham Heart Study partici-
pants who were untreated at a baseline examination between
1987 and 1999, 350 (31.7%) subjects were receiving therapy at
a follow-up examination 4 years later, including 25.7% of sub-
jects with stage 1 and 51.2% of those with stage 2 or higher
hypertension at baseline. Multivariate predictors of initiation
of therapy included higher SBP and DBP, prevalent and
interim CVD, and the presence of left ventricular hyper-
trophy. The presence of other cardiovascular risk factors did
not predict initiation of treatment, a finding indicating that
global risk may not have been considered in decisions to ini-
tiate therapy.” Among 2475 hypertensive participants whose
BP was uncontrolled (treated or untreated) at baseline, 988
(39.9%) had controlled hypertension at follow-up. Prevalent
CVD and interim initiation of therapy predicted control of
BP; older age and higher baseline SBP levels predicted lack of
control in this prospective analysis.”® Thus, achievement of
SBP control remains a major obstacle to achieving better rates
of BP control and to lowering risks for adverse events in the
population.

Risk across the Spectrum of Blood
Pressure and the Importance of
“Mild” Hypertension

As noted earlier, increasing BP is associated with increasing
risks for CVD beginning at levels well within the so-called
“normal” range. A pooling study of nearly 1,000,000 men and
women in numerous large epidemiologic cohorts, and
including data on more than 56,000 decedents, demonstrated
that the risk for CVD death increases steadily beginning
at least at levels as low as SBP of 115 mm Hg and DBP of
75 mm Hg. When considered in isolation, for each 20 mm Hg
increase in SBP and each 10 mm Hg increase in DBP, the risk
for death related to stroke and for death related to ischemic
heart disease approximately doubles for both men and
women.*®

Similarly, the large data set of more than 347,000 men aged
35 to 57 years who were screened for MRFIT provides a pre-
cise estimate of incremental CVD risk beginning at lower BPs.
The data from the MRFIT screenees, shown in Figure 1-7A,
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confirm a continuous, graded influence of SBP on multivari-
able-adjusted relative risk for CHD mortality beginning at
pressures much lower than 140 mm Hg.** Men with SBP of
150 to 159 mm Hg had more than three times the risk and
men with SBP higher than 180 mm Hg had nearly six times
the risk of men with SBP lower than 100 mm Hg. These data
also make an important point about BP levels in the popula-
tion in which most CVD events occur. In Figure 1-7B, the
numbers above each bar indicate the number of men in that
stratum of SBP at baseline. Taking into account the number of
men in each stratum and the expected rates of CHD-related
death, the CHD death rates observed in the MRFIT screenee
cohort indicate an of excess CHD-related deaths occurring at
the rates indicated by the line in Figure 1-7C. The proportions
of excess CHD-related deaths by SBP stratum are indicated in
Figure 1-7D. As indicated, nearly two thirds of excess CHD-
related deaths occurred in men with SBP between 130 and 159
mm Hg, relatively “mild” levels of elevated BP.

Data from the Framingham Heart Study also indicate that
the risk associated with BPs in the range of 130 to 139 mm Hg
SBP or 85 to 89 mm Hg DBP are substantial, even though
these levels are not as yet classified as hypertension. These

levels of BP are associated with a significantly elevated multi-
variable-adjusted relative risk for CVD of 2.5 in women and
1.6 in men.*! Likewise, individuals with SBP between 120 and
139 mm Hg or DBP between 80 and 89 mm Hg have a high
likelihood of progressing to frank hypertension over the next
4 years, especially if they are 65 years old or older.*

Pulse Pressure and Risks for
Cardiovascular Disease

Pulse pressure is defined as SBP minus DBP. In recent years,
interest in pulse pressure as a risk factor for CVD has been
intense. However, various investigators have struggled with
how best to “anchor” the pulse pressure. For example, a
patient with a BP of 120/70 mm Hg has the same pulse pres-
sure (50 mm Hg) as a patient with a BP of 180/130 mm Hg,
although the latter patient is clearly at higher risk for adverse
events. Different investigators have anchored the pulse pres-
sure to the DBP, the mean arterial pressure, and the SBP. As
discussed earlier, Franklin and colleagues demonstrated that
increasing pulse pressure was associated with marked
increases in hazard of CHD for subjects with the same SBP.”
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Chae and associates also found that pulse pressure was an
independent predictor of HF in an elderly cohort, even after
adjustment for mean arterial pressure, prevalent CHD, and
other HF risk factors.” In another study, Haider and col-
leagues observed that SBP and pulse pressure conferred sim-
ilar risk for HE** However, other studies have found that SBP
confers greater risk than pulse pressure, when SBP and pulse
pressure are considered separately or as covariates in the same
multivariable model.”* The Prospective Studies Collaboration,
which pooled data from 61 large epidemiologic studies and
nearly 1,000,000 men and women, found that the most
informative measure of BP for prediction of CVD events was
the mean of SBP and DBP, which was a better predictor than
SBP or DBP alone and was much better than the pulse pres-
sure.”® At present, JNC 7 recommends that clinical focus
should remain on the SBP in determining need for therapy
and achieving goal BP.!

Renal Disease

Hypertension is also a major risk factor for the development
of renal disease. Of the estimated 93,000 cases of incident end-
stage renal disease diagnosed in 2001, it was estimated that
more than 25% were the result of hypertension, and more
than 40% were sequelae of diabetes.* However, these numbers
may substantially underestimate the contribution of BP to
the increasing incidence of renal disease, because these data
provide only a single diagnostic cause, and hypertension is
present in most patients with diabetes. African Americans
have approximately four times the risk of whites of developing
end-stage renal disease, in part because of their significantly
higher prevalence of hypertension.® In addition to its contri-
bution to end-stage renal disease, elevated BP also occurs in
and exacerbates milder forms of chronic kidney disease and
worsens proteinuria.

RISK FACTOR CLUSTERING

As anticipated by the JNC VI panel, hypertension occurs in
isolation very infrequently. Data from 4962 Framingham
Heart Study subjects who were examined between 1990 and
1995 were used to assess the cross-classification of JNC VI BP
stages and risk groups (Fig. 1-8) in a middle-aged and older
community-based population.”® In this study, higher BP
stages were associated with a higher mean number of risk
factors and higher rates of clinical CVD and target organ
damage. Overall, among those with high-normal BP or hyper-
tension, only 2.4% had no associated risk factors, whereas
59.3% had at least one associated risk factor, and 38.2% had
target organ damage, clinical CVD, or diabetes.*

The epidemic of obesity among Western societies has led
to a greater understanding of the phenomenon of risk factor
clustering and of the pathophysiologic links among hyper-
tension, obesity, diabetes, and risk for CVD. The cluster of risk
factors including central obesity, atherogenic dyslipidemia
(with low high-density lipoprotein cholesterol, high triglyc-
erides, and small, dense low-density lipoprotein cholesterol
particles), impaired glucose metabolism, vascular inflam-
mation, proatherogenic milieu, and elevated BP has been
termed the metabolic syndrome. Visceral adiposity and insulin
resistance appear to play central roles in the development
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Figure 1-8  Cross-classification of risk groups and blood
pressure stages among 4962 Framingham Heart Study
subjects. CVD, cardiovascular disease; DBP, diastolic blood
pressure; SBP, systolic blood pressure. (DBP and SBP both in
mm Hg.) (Data from Lloyd-Jones DM, Evans JC, Larson MG,
et al. Crossclassification of JNC VI blood pressure stages
and risk groups in the Framingham Heart Study. Arch Intern
Med. 1999;159:2206-2212.)

of metabolic syndrome, and elevated BP is a key diagnostic
feature.”” In some ethnicities, such as African Americans,
elevated BP is the most common criterion leading to diagnosis
of the metabolic syndrome. Hypertension confers increased
risk for CVD in the absence of risk factors, but absolute risk
increases dramatically when other risk factors are present, as
shown in Figure 1-3.

HYPERTENSION IN OLDER INDIVIDUALS

Elderly persons comprise one of the fastest growing segments
of the U.S. population,*® and they also have the greatest preva-
lence of hypertension.”® As shown in Figure 1-2, the per-
centage of individuals with hypertension exceeds 50% in
those more than 60 years of age and exceeds 75% in those
more than 75 years old.” Despite multiple trials demonstrating
the benefits of BP lowering among older hypertensive
individuals, available data suggest that rates of treatment
of hypertension and BP control in older individuals are
suboptimal.”***** In NHANES 1999 to 2000, 69.8% of
hypertensive individuals aged 60 years old or older were aware
of their hypertension, 62.7% were treated, and only 27.4%
had the condition controlled to goal BP. Compared with
hypertensive patients 40 to 59 years old, this represents similar
rates of awareness and treatment, but substantially lower rates
of control, as shown in Table 1-6.” However, national surveil-
lance data are often limited to adults younger than age 75
years.l""’14 Data are sparse regarding current patterns of treat-



Table 1-6 Awareness, Treatment, and Control of
Hypertension by Age Group in the United States, National
Health and Nutrition Examination Survey 1999 to 2000

Age (yr) Awareness Treatment Control
40-59 73.3% 62.9% 41.6%
=60 69.8% 62.7% 27 4%

Data from Haijjar |, Kotchen TA. Trends in prevalence,
awareness, freatment, and control of hypertension in the United
States, 1988-2000. JAMA. 2003;290:199-206.

ment and control of hypertension among individuals 80 years
of age and older.

Hypertension occurs in the absence of other CVD risk
factors only rarely in older persons, and it is often accom-
panied by a clustering of other risk factors.***” The prevalence
of three or more coexisting risk factors is four times
higher among hypertensive than among normotensive older
individuals.”*

Older hypertensive patients appear to be at risk for a some-
what different spectrum of first CVD events than younger
patients. Among studied patients younger than 60 years old
who had new-onset hypertension, the most common first
major CVD event after 12 years of follow-up was MI or hos-
pitalization for unstable angina. Conversely, in those with the
onset of hypertension at age 60 years or older, the most
common first major CVD event was a stroke, particularly
among older women.”> Whereas the risk for CHD increases
steadily with increasing age, the risks for HF and atrial fibril-
lation increase dramatically among older compared with
younger hypertensive patients.””*

CONCLUSIONS

Hypertension is the most prevalent major risk factor for CVD
and renal disease. Risk factors for development of hyperten-
sion are well understood, and numerous dietary and personal
habits, as well as societal issues, must be addressed if we are to
lower population levels of BP and to control individual
patients’ BP levels, particularly SBP. Major public health and
clinical efforts are needed to improve prevention of hyperten-
sion, especially through better control of weight. Although the
benefits of antihypertensive therapy are substantial, too few
patients achieve optimal reduction in BP levels and so do
not realize the potential reductions in their risk for CVD and
renal disease. More widespread treatment and control-to-goal
levels are needed, particularly among older hypertensive
patients, who are at the highest risk for the consequences of
hypertension.
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Chapter 2

Genetics of Hypertension
Xiaodong Wu and Richard S. Cooper

A review of the genetics of hypertension first needs to be situ-
ated in the general context of hypertension research and prac-
tice. Several paradoxes are quickly apparent when one tries to
integrate the discussion of genetics and blood pressure (BP)
regulation into the field as a whole. Hypertension is the most
common cardiovascular condition in all human populations,
and it accounts for about 12% of adult mortality in the United
States." New knowledge about the pathogenesis of this
complex disorder will therefore always be of value. At the
same time, we already know a great deal about the causal risk
factors that lead to the common forms of hypertension, and
we have inexpensive, safe, and effective medications that can
control elevated BP in virtually all patients. Nonetheless, in
practice we have not been able to implement successful pro-
grams that prevent the rise of BP with age in the population,
and, as implemented in the clinical setting, drug treatment is
inefficient, resulting in control rates that range from 5% to
30% in most societies.” Considerable room for improvement
therefore exists in our approach to both prevention and treat-
ment of hypertension. It seems unlikely that the modalities
currently at our disposal will close the gap between what we
would hope to accomplish and what is possible.

In many areas of biology and medicine, much has been
staked on the potential for molecular genetics to resolve some
of the most difficult unmet clinical challenges. Although the
application of molecular technology has created exciting new
research opportunities, whether it will make important con-
tributions to the diagnosis, prevention, and treatment of
common illnesses is still far from certain. In a sense, attempts
to apply molecular genetics to the problem of hypertension
can therefore be seen as a “high-risk/high-impact” venture.
Although the technology allows us to undertake a whole new
class of experiments, as yet we have no clear examples in
which this strategy has been shown to be effective as a widely
applicable clinical tool. For the moment, it is therefore more
appropriate to withhold judgment on the value of what
genetics can deliver in relation to common chronic illnesses
and hypertension in particular.

From this perspective, we review the basic concepts of the
genetics of high BP and describe the most important new
developments in molecular research. Less emphasis is placed
on traditional epidemiologic findings in hypertension because
that material is well described elsewhere (see Chapter 1).
Because this is a rapidly changing field and many fundamental
questions are still unanswered, we give particular emphasis to
methodologic issues. This chapter assists the reader in evalu-
ating the ongoing flow of new information in this field. In the
final section, we return to a consideration of the implications
of what is already known and the possible impact of potential
new contributions to this field.

HERITABILITY AND STATISTICAL
ESTIMATION OF GENETIC EFFECTS

In the absence of knowledge of the specific deoxyribonucleic
acid (DNA) variants that influence a trait, the impact of
genetic factors can be estimated indirectly by examining
familial resemblance. Typically, studies of nuclear families
(i.e., first-degree relatives) or twins have been used to quantify
the magnitude of the genetic effects. Children of the same
parents, on average, share 50% of their genetic material, and
the degree of phenotypic resemblance should reflect half of
the total impact of genes with additive effects. Height, for
example, is a highly heritable trait, to which multiple genes
contribute. Accurate predictions can be made for the future
height of children, based on the heights of the parents.

Many phenotypes are also influenced by environmental
factors, however, that are likely to be shared by members of
the same family. Shared genetic components among family
members can be estimated by controlling for known environ-
mental factors or contrasting family members with varying
degrees of relatedness, for example, monozygotic compared
with dizygotic twins. Because monozygotic twins share 100%
of their genetic material, whereas dizygotic twins share only
half, the difference in the degree of resemblance between
sets of these two types of twins has served as an important
measure of the overall impact of genetics.™ Separating out
the nongenetic component shared by family members can
sometimes be difficult in practice, however, and can limit the
degree of confidence one can place in heritability as a sum-
mary measure of the action of genes. For example, the life
patterns of twins are often atypical, and the general tendency
is to overestimate the impact of genes in twin studies.

To provide more robust estimates of heritable effects and
to give appropriate samples for DNA analysis, most research
currently focuses on nuclear families or sibships. The statistic
of interest in these analyses is “narrow sense heritability,”
represented by the following equation:

H’=o03%/0}

where H?is the term for heritability, 03 is the variance attrib-
utable to additive genetic effects, and o3 is the total pheno-
typic variance. The basic calculation involves the estimation of
phenotypic covariance among relatives within families. For
example, this can be approximated by doubling the simple
correlation coefficient between parent and children, because
this resemblance represents half of the average effect of genes.
A comprehensive review of heritability based on family studies
has yielded an estimate for BP in the range of 35%.> These
estimates can be put in context by the observation that H? for
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height is generally 70% to 80%, whereas for body mass index
it is approximately 45%.

Considerable confusion arises in the interpretation of
heritability. The most common mistake is to assume that the
magnitude of H? is an expression of the overall strength of
the genetic effect. In fact, because it is calculated as a ratio, H?
simply reflects the proportion of phenotypic variation that is
accounted for by familial resemblance. Thus, if a trait varies
little in a population, and a substantial proportion of that
variation occurs within families, heritability could be high,
although the genetic effect is weak in absolute terms. By the
same token, in a cultural setting where large environmental
effects are present at the individual level, which reduces the
correlation among family members, heritability would be low.
In fact, some evidence indicates that in environments such as
rural Africa, where the impact of risk factors is more limited,
heritability for BP may be 40% or higher, whereas in some
studies of African Americans, the familial component can be
less than 20%.°

The heritability statistic is also commonly used as a rough
guide to the potential impact of individual genes. Thus, if
one assumes that the genetic effect is roughly 35%, and one
hypothesizes that there are 10 genes with equal effects, on
average each gene will account for only 3.5% of the variation.
Although it is entirely possible that in certain families indi-
vidual genes may have substantially larger effects, under most
assumptions specific mutations will have only a modest to
very small impact on an individual’s BP. The clear implication
is that these effects will be difficult to identify, and once
identified they will in most instances have little clinical rele-
vance for a given patient.

OVERVIEW OF MOLECULAR
TERMINOLOGY

The human genome can vary among individuals in several
distinct ways. Studies of genetic epidemiology rely almost
exclusively on two sources of this variation: single nucleotide
polymorphisms (SNPs) and microsatellite repeats. SNPs in
coding or regulatory regions of genes form the basis of func-
tional and structural variation in phenotypes, although most
SNPs across the genome are not in genes and are silent.
Microsatellites are composed of long repetitive segments of
nonfunctional DNA that mutate rapidly and therefore vary
considerably among individuals. Microsatellites are used fre-
quently in the first stages of gene mapping to localize seg-
ments of the genome that appear to vary in association with
the trait. Because SNPs are much more common than
microsatellites, they can also be used as anonymous markers
to detect regions of interest. Ultimately, the goal of gene map-
ping, no matter which approach is taken first, is to identify the
SNPs that alter function.

A series of daunting challenges is faced by genetic epidemi-
ologists in their quest to isolate the SNPs that lead to variation
in traits such as BP. The human genome consists of approxi-
mately 3 billion base pairs, with SNPs occurring at a frequency
of 1 in every 800 to 1000 nucleotides. Currently, the genome
is thought to include at least 7 million SNPs, and most have
been deposited in computer databases such as dbSNP
(http://www.ncbi.nlm.nih.gov/projects/SNP/). Because most
of this genetic variation is silent or nonfunctional so far as we

know now, statistical analyses must account for large numbers
of false-positive associations.

Mutations with large effects on phenotypes are extremely
rare, and most SNPs that influence BP are likely to have weak
effects and be identified only in studies with large sample
sizes. In addition, individuals inherit chromosomes, rather
than genes or individual SNPs, and large blocks of chromo-
somes are shared in common among many families.” This
structural property of the genome is referred to as linkage dis-
equilibrium (LD) and results in a correlation among SNPs in
the same genomic segments. Thus, many SNPs that appear to
be in association with a trait have that relationship only
because they are in LD with an undetected causal SNP.

Finally, the underlying pattern of causal SNPs for complex
diseases is unknown, and we lack a theoretical model of how
these variants are likely to be distributed. Unlike mendelian
or single-gene disorders, variation in a number of genes can
confer susceptibility to hypertension. Just how many genes
may be involved, however, remains an open question. Until
recently, it was widely assumed that a relatively small set of
SNPs, common in the population, underlie most variations,
the so-called “common disease/common variant” hypothesis.®
More recently, it has been argued that the susceptibility alleles
are likely to remain at low frequency, and therefore rare,
virtually family-specific SNPs are more important. Evidence
that rare SNPs influence common traits such as BP and cho-
lesterol has, in fact, started to emerge.9 Although each indi-
vidual SNP may be infrequent, a large, diverse collection of
these rare SNPs could be present in the population. The sum
of their effects would determine a given individual’s risk.

The pattern of distribution of SNPs has enormous impli-
cations, both for research and for future clinical applications.
If common SNPs are the dominant form of causal variants,
then it should ultimately be possible to characterize an indi-
vidual’s risk in some detail. Conversely, if most of the genetic
effect is restricted to a broad range of rare SNPs, not only will
they be difficult to find, but also screening individual patients
will be virtually impossible. Only additional research will
answer these questions.

TYPES OF STUDY DESIGN

Given the inconclusive nature of the evidence for gene effects
in the common forms of hypertension, an interpretation of
the current knowledge base requires an understanding of the
strengths and weaknesses of the research methods. In this
section, we briefly summarize the study designs that can be
used to search for the relevant mutations.

An early approach to the genetic epidemiology of complex
traits, known as segregation analysis, was based on the
assumption that the inheritance could be modeled as a
mixture of several distinct normal distributions, each corre-
sponding to the effect of an influential locus. If the measured
phenotype corresponded to a mixture model, it was then
assumed that a major gene effect was present and was taken
as justification for a search to identify the causal variants.
With the development of high-throughput genotyping, this
modeling phase has now become obsolete and has fallen from
favor.

Because the resemblance of phenotypic traits within
families reflects to some degree the action of genes, a search



for the pattern of the co-occurrence of the trait and specific
mutations has been the most widely used method in genetic
epidemiology. When markers are placed on the 22 autosomal
chromosomes, this approach is referred to as genome-wide
linkage analysis. Coupled with efficient laboratory methods for
genotyping, this approach has been used with great efficiency
in studies of monogenic diseases. For complex traits such as
high BP, however, in which multiple genetic and environmental
factors operate, family studies have weak resolving power.
Given the extensive knowledge of physiology and the struc-
ture of the human genome, it is now possible to locate large
numbers of genes involved in BP regulation. Targeted studies
of the variation in and around those genes that occurs in
hypertensive patients compared with normotensive persons
can offer much more statistical precision. In genetic epidemi-
ology, these case-control studies are generally called associa-
tion studies. The success of this design will obviously depend
on whether the candidate gene that has been chosen for study
is, in fact, involved in hypertension. However, spurious associa-
tions can result from population stratification in association
studies. This situation can occur when multiple subpopula-
tions are mixed in what is assumed to be a relatively homoge-
neous population. Such stratification can represent either
recent admixture or the incorrect matching of cases and con-
trols. For example, if an association is performed in a popula-
tion consisting of subpopulations with different disease
prevalences, a random sample of cases and controls will con-
tain different portion of individuals from each subpopulation.
If the tested genetic marker also has different allele frequencies
in the two subpopulations, a significant association will be
detected, even if the genetic marker is not linked with the
causal genetic variation. Empirical data show that the allele
frequencies could be quite different in different human ethnic
groups. Thus, it is important to match for ethnicity in the
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case-control design. Family-based designs have been used to
eliminate the concern that population stratification may be
the cause of the association. In such studies, the comparison is
between the frequencies of alleles transmitted from heterozy-
gous parents to the affected child and those not transmitted. If
association and linkage are present, the frequency of the high-
risk allele is expected to be higher in the alleles transmitted
than in the alleles not transmitted, and this can be statistically
tested using the transmission disequilibrium test.'” Compared
with case-control studies, family-based studies require that
samples derive from the intact nuclear families; these are more
difficult to collect. Moreover, more samples are needed to
achieve the same power for the family-based association test
compared with case-control design.

In the last several years, the special demographic features of
societies where large-scale recent migration has taken place
have been used in a novel approach known as admixture map-
ping.!" With intermarriage, distinct genetic patterns can be
recognized, whereby individuals inherit large genomic seg-
ments that are common in one or the other of the ancestral
populations. If one of the ancestral populations was enriched
for mutations that conferred susceptibility at a given locus, the
correlation between the presence of this segment and the
occurrence of the trait should be detectable.

FINDINGS

Monogenic Forms of Hypertension

Gene mapping techniques have been most successful in iden-
tifying underlying genes for mendelian forms of hyperten-
sion. The molecular basis for a subset of these rare disorders
has been established and is summarized in Table 2-1. Each of

Table 2-1 Mendelian (Monogenic) Forms of Hypertension
Mode of
Syndrome Inheritance Mutation
Glucocorticoid remediable Dominant Unequal crossover between steroid 118-hydroxylase (CYP11B1) and
aldosteronism (GRA) steroid 18B-hydroxylase (CYP11B2) genes
Apparent mineralocorticoid Recessive Nonfunctional 118-hydroxysteroid dehydrogenase (118-HSD)
excess (AME)
Liddle’s syndrome Dominant Mutations in B (SCNN1B) or y (SCNN1G) subunit of ENaC
Hypertension exacerbated in Dominant Mutation in mineralocorticoid receptor
pregnancy
Recessive pseudohypoaldosteronism ~ Recessive Mutations in @ (SCNNTA), 8 (SCNN1B), or y (SCNN1G) subunit of
type 1 (PHA 1) ENaC
Pseudohypoaldosteronism type 2 Dominant Mutations in WNKT1, WNK4
(PHA 2)
Gitelman's syndrome Recessive Mutation in the thiazide-sensitive sodium chloride cotransporter
(SLC12A3)
Bartter’s syndrome Recessive Mutation in the barttin (BSND) gene or by simultaneous mutation in both
the chloride channel Ka (CLCNKA) and chloride channel Kb
(CLCNKB) gene
Hypertension with brachydactyly Dominant Mutations at 12p11.2-12.2
Peroxisome proliferator-activated Dominant Mutations in PPARy

receptor y (PPARy)

CYP11B1, cytochrome P450 11B1 isoenzyme; CYP11B2, cytochrome P450 11B2 isoenzyme; ENaC, epithelial sodium channel;
WNKT, lysine-deficient protein kinase 1; WINK4, lysine-deficient protein kinase 4.
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these syndromes involves either loss of function or gain in
function for hormones related to salt and water balance. This
evidence provides important support for the theory that
excess sodium intake, in combination with genetic variants
that alter sodium balance in more subtle ways, is a central
process in nonfamilial hypertension. However, because mono-
genic disorders of hypertension are rare, they do not con-
tribute directly to our understanding of the genetics of
primary (or essential) hypertension, which is much more
common in the population.

Family Studies

Identifying genes for BP variation and essential hypertension
has been far less successful than for monogenic forms of
hypertension. Currently, 27 genome-wide linkage analyses for
BP or hypertension can be identified in PubMed. Individually,
many of these reports have provided weak or contradictory
evidence, and the most efficient way to summarize the quan-
titative results is through meta-analysis.

Two meta-analyses of hypertension and BP genome scans
have been published.'>"> Province and associates performed a
meta-analysis for the genome scans of hypertension and BP in
the Family Blood Pressure Program (FBPP)."* This analysis
included 6245 individuals, about half the total number of
participants in the FBPP study, from four individual net-
works (Genetics Network [GenNet], Genetic Epidemiology
Network of Atherosclerosis [GENOA], Hypertension Genetic
Epidemiology Network [HyperGEN], and Stanford Asian
Pacific Program in Hypertension and Insulin Resistance
[SAPPHIRe]). Nine genome scans were first performed within
four ethnic groups (white, African American, Hispanic,
Chinese, and Japanese). Modified Fisher’s method of com-
bining P values was used to pool the linkage information.'”> No
region reached high levels of significance (log odds >2) when
all nine studies were combined, but several small peaks were
identified, including chromosome 2p, in which several pre-
vious reports had found evidence of linkage to hypertension.
Koivukoski and colleagues applied the genome search meta-
analysis (GSMA) method to nine published genome scans of
hypertension and BP from European-origin populations.'®
They found genome-wide significance or highly suggestive
linkage on chromosome 3p14.1-q12.3 and 2p12-q22.1. The
regions showing linkage evidence on chromosome 2 overlap
in these two studies. A meta-analysis using the final data from
the FBPP, which includes more than 12,000 individuals, was
also completed in 2006. Suggestive linkage evidence was
reported around 2p14 and 3pl4.1 regions, a finding further
supporting that susceptibility genes for BP and hypertension
may reside in these regions."’

The results of these meta-analyses provide somewhat con-
sistent results, suggesting that genomic regions harboring
genes that influence BP may be found on chromosomes 2 and
3. Some important studies with large sample sizes, such as the
United Kingdom’s BRItish Genetics of HyperTension (UK
BRIGHT) study,18 which examined 2010 affected sibling pairs,
were left out, however, and a final conclusion must be with-
held. It is also not clear to what extent these results, which
were obtained primarily in European-origin populations,
would be replicated in other populations. For all other ethnic
groups, the number of studies included in these meta-analyses
is very small. Only three studies sampled African Americans,

one enrolled Mexican Americans, and two Asian populations
were included in the FBPP. The evidence available from
genome scans must therefore be considered incomplete.

Case-Control or Association Studies

Compared with linkage studies, association studies are likely
to have greater power to detect a small genetic effect.'” The
candidate gene approach is the most frequently used design in
association studies. It aims to detect a correlation between the
genetic variants in a preselected gene and the phenotype using
statistical tests. These genes are selected based on a priori
hypotheses about their etiologic role in disease. For example,
the renin-angiotensin system (RAS) plays an important role in
regulating BP. Thus, the most frequently studied candidate
genes in hypertension association studies have involved the
RAS, particularly angiotensinogen (AGT) and angiotensin
I-converting enzyme (ACE). In addition, linkage studies can
provide information about the genomic locations that could
harbor the candidate genes.

Until recently, most genetic association studies concen-
trated on analyzing a small number of individual SNPs. With
the availability of high-throughput genotyping technologies,”
SNPs can be chosen for genotyping based on their function
and LD structure, thus improving the power to detect an asso-
ciation. Although each SNP can be analyzed independently of
other SNPs, it is much more informative to analyze SNPs in a
region of interest simultaneously as a haplotype, formed by
the combination of marker alleles on a single chromosome.
Statistical analysis based on haplotypes may be more pow-
erful, and this has been demonstrated in both simulations and
empirical studies.”’ As a result, there has been considerable
interest in defining the haplotype structure of the human
genome, because this would be informative about local
patterns of LD. The large-scale National Institutes of
Health—funded project known as the HapMap is designed
to describe genome-wide LD structure.” Haplotypes may
also provide critical information on human evolution history
that cannot be obtained by studying single SNPs, such as
recombination.

Prioritizing SNPs for association studies can also be based
on whether they are likely to affect gene function, which
can be inferred from the location and type of the sequence
variants in a gene. For example, a missense mutation that
changes an amino acid in a protein or a nonsense mutation
that results in a premature stop codon should be given the
highest priority for genotyping in candidate genes. Polymor-
phisms in transcriptional promoters that regulate gene
expression should also be given priority for genotyping.
Another important consideration when selecting SNPs for
genotyping in candidate genes is the LD structure in candidate
genes. If complete LD exists among several SNPs, genotypes
of other SNPs can be inferred, based on the genotype of one
sentinel or “tagging” SNP, thereby reducing the number of
genotypes to be performed.

A necessary feature of studies that seek to identify genes for
complex diseases is accurate and reproducible phenotyping
for the traits of interest. Unfortunately, BP is an extremely
“noisy” phenotype. This diagnosis can be thought of as a
synthesis of many risk factors, with intermediate phenotypes
as subtotals. Genetic factors contributing to intermediate phe-
notypes would then generally be easier to identify, because the



intermediate phenotypes are usually controlled by fewer loci
and environmental factors and thus have an improved signal-
to-noise ratio in the fraction of variance explained by any
single factor. Concerted efforts have therefore been made to
identify intermediate, heritable, quantitative traits that may
connect genetic variation to the “distant phenotype” of hyper-
tension. The RAS has been an attractive biologic system in this
regard. At least two intermediate phenotypes, ACE and AGT
plasma levels, can be measured directly. On the basis of the
hypothesis that, over the course of a lifetime, small increases
in RAS activity elevate the risk of developing hypertension in
some individuals, these intermediate phenotypes could be a
guide to the genetic makeup of hypertension.

Based on a bibliographic search, more than 70 genes that
affect different physiologic and biochemical systems in BP
regulation have been studied in various types of association
studies. A partial list of candidate genes involving different
physiologic pathways for BP regulation is presented in Table
2-2. The most frequently investigated genes are ACE and AGT
from the RAS. Jeunemaitre and colleagues first showed a
significant association for a SNP (M235T) with AGT level and
BP in 1992.> Since then, numerous association studies have
been performed on SNPs for AGT in different human ethnic
groups. An insertion/deletion polymorphism in the ACE gene
has also been under intensive investigation since the mid-
1990s. Studies on rare monogenic forms of hypertension, such
as Liddle’s syndrome, provide important information about
the physiologic and biochemical pathways for developing
hypertension. Genes responsible for these syndromes are good
candidate genes for essential hypertension. For example,
Liddle’s syndrome is caused by mutations in the {3 subunit of
the epithelial sodium channel and has implications for the
regulation of this epithelial ion channel, as well as BP homeo-
stasis. Thus, genes coding for the subunits of epithelial sodium
channel (SCNN1A, SCNN1B, and SCNNI1G) are logical can-
didate genes for hypertension.

The results of these candidate gene studies are inconsistent,
and meta-analysis is needed to obtain an overall estimate. Five
meta-analyses of association studies for candidate genes of
hypertension and BP have been published (Table 2-3).2%* All
these meta-analyses were performed for either ACE or AGT.
Two common polymorphisms, M235T and G-6A in the AGT
gene, have been the subject of intensive investigation for asso-
ciation with AGT levels, BP, and hypertension. The G-6A
polymorphism is in the promoter region of AGT gene and is
in nearly complete disequilibrium with M235T. These two
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polymorphisms have been investigated in several ethnic
groups, including whites, blacks, and Asians. The overall result
for BP is negative in all these ethnic groups, although positive
results were found for hypertension in one ethnic group (see
Table 2-3). The other two meta-analyses examined the poten-
tial role of the insertion/deletion polymorphism in the ACE
gene, which has been investigated in numerous association
studies with cardiovascular risk factors. Although significant

Table 2-2 Suggested Candidate Genes for Essential
Hypertension

Renin-Angiotensin-Aldosterone System
Angiotensinogen (AGT)

Angiotensin Il type 1 receptor (AGTR1)

Renin (REN)

Renin binding protein (RENBP)
Angiotensin-converting enzyme (ACE)

Steroid 18-hydroxylase (CYP11B2)

Kallikrein 1 (KLKT)

G-Protein/Signal Transduction Pathway System
B3 Subunit of G-protein gene 3 (GNB3)

a Subunit of the G stimulatory protein 1 (GNAST)
Regulator of G-protein signaling 2 (RGS2)

lon Channels

a Subunit of ENaC (SCNNT1A)
B Subunit of ENaC (SCNN1B)
v Subunit of ENaC (SCNN1G)
a-Adducin (ADD1)

Immune System and Inflammation
Nitric oxide synthase 3 (NOS3)
Interleukin-6 (IL-6)

Transforming growth factor-8; (TGFB1)

Sympathetic Nervous System
Bi-Adrenergic receptor (ADRB1)
Bo-Adrenergic receptor (ADRB2)
Dopamine receptor D; (DRD1)
Dopamine receptor D3 (DRD3)

CYP11B2, cytochrome P450 11B2 isoenzyme; ENaC, epithelial
sodium channel.

Table 2-3 Meta-analyses of Association Studies for Hypertension/Blood Pressure Candidate Genes

Number of
Authors Polymorphism  Ethnicity Studies Results
Sethi et al.?® AGT M235T White, black, Asian 41 Nonsignificant for BP
Significant for HT*

Province et al.?4 AGT G-6A White, black, Japanese, Chinese 9 Nonsignificant for BP
Agerholm-Larsen et al.?*>  ACE I/D White 17 Nonsignificant for BP

Kato et al. 2 AGT M235T  Japanese 6 Nonsignificant for HT
Staessen et al.? ACE I/D White 23 Nonsignificant for HT and BP

*Significant association with hypertension in white and Asian subjects, but not in black subjects; no significant association with blood

pressure (systolic and diastolic) in any of the three ethnic groups.

ACE, angiotensin |-converting enzyme; AGT, angiotensinogen; BP, blood pressure; HT, hypertension; |/D, insertion/deletion.
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association of the insertion/deletion polymorphism was
found with ACE levels, both meta-analyses gave negative
results for BP or hypertension.

Until recently, most genetic association studies have con-
centrated on one or, at most, two individual SNPs at a given
locus. In the future, we would anticipate more genetic asso-
ciation studies using haplotype analysis, with the increased
availability of tagging SNPs from the HapMap.

Admixture

As noted earlier, theoretical considerations suggest that the
information generated by recent admixture of genetically dis-
tinct populations could be used to map disease-associated
genes. If, for example, a disease variant and a marker allele
exhibit substantially different frequencies across parental
populations, strong LD between the disease variant and the
marker may result, and it may be preserved for several gener-
ations in the admixed group if the disease variant and the
marker are sufficiently close. Because of their history of
admixture, many populations in the Americas, including
African Americans and Mexican Americans, have been inves-
tigated using this approach.?® As proof of principle, the Duffy
blood group allele was mapped based on these assumptions in
African Americans. This mutation confers resistance to
Falciparum vivax malaria and occurs at a frequency of 100%
in persons from endemic areas of Africa, but it is absent in
other parts of the world.

Two types of admixture mapping have been proposed. In
the global approach, one assumes that under conditions of
equal environmental exposure, the phenotypic trait is more
common in hypothetic population A than in population B.
Individuals in the population that result from the admixture
of A and B are genotyped at markers that are distinctive for
one or the other of the ancestral populations. Only about 20
to 30 well-selected markers need to be used to distinguish
populations that have been geographically separated for
long periods of time (e.g., China versus Europe). Statistical
analyses can then determine, on average, the percentage of the
genome for a given individual that is derived from population
A or B. If a correlation exists between the trait value and the
percentage admixture, then one can infer that the contribu-
tion from the gene pool of population A contributed excess
risk. So far, these methods have been tested using skin color as
the phenotype in several populations.”

The global approach suffers from some important limita-
tions, however. It is often difficult to remove the confounding
effect of the environment. Thus, in stratified societies such as
the United States, important environmental exposures are
more common in one racial group than in others. If this envi-
ronmental factor is the underlying cause of the increased
prevalence, any genetic marker that is also more common in
that population will falsely appear to be associated with the
condition. This problem can only be partially eliminated by
statistical methods that control for proxy measures of these
environmental exposures because many are difficult to
measure, and the presence of other unobserved exposures
cannot be excluded. In addition, the global approach offers no
indication of where in the genome the putative susceptibility
genes may lie.

Locus-specific admixture, conversely, provides evidence of
linkage for specific genomic locations when the appropriate

populations are studied. With this approach, markers that can
be designated as having arisen from one or the other of the
parental populations are typed across the genome. If the
variant from hypothetic population A is found more often
than expected by chance in cases, then one can conclude that
it is likely to represent a susceptibility locus, similar to the
logic of family-based linkage studies. An initial test of this
method from the FBPP demonstrated “overtransmission”
among hypertensive patients of regions on chromosomes 6
and 21 (Fig. 2-1)."" The region on chromosome 6 was
identified in previous studies, thus lending credence to this
observation; the significance of the finding on chromosome
21 is less clear. This study relied on a relatively sparse set of
microsatellite markers, however, and had limited statistical
power. A marker set is now available to provide greater infor-
mation across the genome about European versus African
ancestry,”>*! and it could provide a reasonable test of the value
of admixture mapping.

Pharmacogenetic Studies

Genetic technology has two potential applications in pharma-
cology that could be useful in hypertension and its treatment.
First, considerable investment is being made in the use of
molecular applications for drug discovery and development.
It is hoped that information about susceptibility genes will
provide novel targets, potentially even suggesting specific
molecular configurations of new agents. This specialized topic
is not discussed here, although it represents a potentially
important application of molecular genetics technology. The
second potential role of molecular genetics lies in the oppor-
tunity to tailor the choice of drug to an individual’s genotype.
The rationale and the conceptual difficulties of this strategy
are described next.

Individual responses to antihypertensive medications vary
substantially, and some of this variation is likely to result from
genetics. The relative size of this source of variation associated
with currently available drugs is difficult to estimate, however.
Trials of antihypertensive agents routinely yield a standard
deviation of systolic BP change in the range of 10 mm Hg,
which usually implies that some individuals have no response
whatsoever. The observed variation among individuals in
such trials, however, includes substantial random noise intro-
duced from normal fluctuations of BP that can be mistaken
for true interindividual variation in drug response. What is
required are data on repeated challenges of different drugs to
the same individuals.

Repeated challenges with multiple drugs to the same
patients have, in fact, documented correlations in change in
BP of about 0.6, a finding suggesting a strong effect of factors
specific to the individual. Several drug classes with different
mechanisms of action, including inhibitors of the RAS,
calcium channel blockers, adrenergic receptor blockers, and
diuretics, are available for treatment of hypertension.
However, it is difficult to predict the efficiency of response to
antihypertensive medications in the individual patient.
Currently, no clinically useful biomarkers for unerringly pre-
dicting individual responses to antihypertensive treatment are
available. Candidate genes for regulating BP or metabolizing
drugs are likely involved in the response to antihypertensive
drug treatment. Hence, SNPs in these genes could be potential
pharmacogenetic markers for predicting the response to a



Genetics of Hypertension

9]
x c
o g2
[]
§ o £
N g—g
§ -—
A
CASES CONTROLS
60 60
)
& 40 40
[0}
g
= 20 20
0 0
-4 =2 0 2 4 -4 -2 0 2 4
B Z score C Z score

Figure 2-1

Genome-wide admixture mapping with microsatellite markers. A, Marker information content for admixture

mapping (upper line) and genome-wide Z-score plot in cases (lower line). Marker information content was measured by allele
frequency difference in ancestry populations. For African Americans, the ancestry populations are African blacks and
European whites. The Z score is a standardized measurement of excess of African ancestry at a marker location. It has an
approximate standard normal distribution under the null hypothesis of no linkage. As shown, the highest Z scores are at
chromosomes 6 and 21. B, The distribution of Z scores in cases. €, The distribution of Z scores in controls. The distribution of
African ancestry was shifted upward in cases versus controls, a finding that suggests that some markers at the tail of
distribution in B are linked with disease loci. (Modified from Zhu X, Luke A, Cooper RS, et al. Admixture mapping for
hypertension loci with genome-scan markers. Nat Genet. 2005;37:177-181.)

certain drug and thus guide the selection of the optimal drug
for each individual patient. By far the most extensively studied
have been the genes involved in the RAS. For example, SNPs
in two of the genes in the RAS, AGT and AGT type 1 receptor
(AGTR1), have additive effects on BP response to a thiazide
diuretic among African-American women.* Association studies
for candidate genes in other physiologic pathways have also
been reported. For example, a single SNP in another candidate
gene in the G-protein/signal transduction pathway system,
GNBS3, has been associated with antihypertensive response to
a thiazide diuretic.” However, no clear picture has emerged
from such association studies. Thus, the potential utility of
genetic characterization of predictors of response to antihy-
pertensive drugs for individual patients has yet to be realized.

Racial or Geographic Population Effects

Differences in the prevalence of hypertension among various
populations have long been considered potential evidence of
genetic effects. The primary interest in this question has
always focused on African Americans, who experience 50%
higher rates of hypertension compared with Americans of
European descent. The inferences from these epidemiologic
analyses have all been indirect, however, because measure-
ment of genetic variation at the molecular level was not
feasible. In the genomic era, this topic has been revisited, thus
highlighting both the challenges and the potential for genetic
epidemiology.

Before racial or population differences can be studied
rigorously, it is necessary to characterize what these demo-
graphic units represent and to define the average degree of
genetic differentiation. Because Homo sapiens is a young
species, regional differentiation is much lower than is found in
other animal species. Depending on the set of markers chosen,
85% to 95% of the total genetic variation occurs within any
large regional population, with the rest occurring among
groups.® Furthermore, the appropriate size of each of the
groups to be designated as distinct is problematic. Most
analyses rely on the concept of “continental races,” driven in
part by the demography of the United States. Thus, groups
designated as “African,” “Asian,” “European,” “Native
American,” and “Pacific Islanders” are seen as primary cate-
gories.” However, many large regional populations, such as
those in North Africa, the Middle East, Central Asia, and
South Asia (India and Pakistan), are not adequately accounted
for by this system. Because our species underwent most of its
evolutionary development in Africa, diversity in modern
African populations is more extensive than elsewhere®;
a single reference category of “African” cannot capture that
heterogeneity. Even within relatively small, isolated popula-
tions such as that of Iceland, important regional differentia-
tion can be identified using the sophisticated methods now
available.” The appropriate size of the population units that
should be considered in a genetic analysis comparing hyper-
tension frequency is thus far from obvious. Moreover, the
mutations that influence BP in the general population are
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almost entirely undiscovered, and analyses of population dif-
ferences are based solely on neutral or untranslated markers
that have no direct consequence for the phenotype.

Quantitative statistical calculations, such as measures of
heritability, do not provide insight into the overall impact of
genes in various populations. Because this quantity represents
the ratio of additive genetic effects to the total variance, it
will be sensitive to the environmental context in which it is
measured. A larger environmental effect will lead to a smaller
relative genetic effect. Family studies that rely on linkage
analysis also provide no information about the average impact
of genes.

In fact, whether differences in hypertension among
racial/ethnic populations have any basis in genetics is an unre-
solved question.”® Environmental factors alone could account
for the observed epidemiologic differentials between U.S.
blacks and whites. Large differences in hypertension preva-
lence have been observed between U.S. whites and Europeans,
groups that share a common genetic heritage, a finding
demonstrating the possibility for environmentally induced
contrasts.”® Likewise, a gradient in prevalence exists among
African-origin populations, with low rates in West Africa,
moderate rates in the Caribbean, and high rates in the United
States, again emphasizing the role of variation in causal expo-
sures. Because many noncausal genetic variants occur at dif-
ferent frequencies in Europeans and Africans, a large potential
risk for a false-positive result exists that does not take account
of the confounding from environmental exposures. In effect,
rigorous studies of this question can be undertaken only after
the underlying genetic factors have been well characterized at
the molecular level.

Direct examination of this question therefore requires
knowledge of variants in specific genes. Two conditions must
then be satisfied before the conclusion can be reached that
genes account for differences in population risk. First, the
variants must be consistently associated with hypertension in
the two populations being compared. Second, the mutations
themselves must be at different frequencies in each popula-
tion. Even if these conditions are met, it must further be
assumed that major gene-gene or gene-environment inter-
actions are not present.

Gene-Environment Interactions

Conceptually, genes can be considered to have a latent effect.
That is to say, the functional impact of a gene can be recog-
nized only when it is expressed. Because organisms develop
in a specific environment, it follows that the functional impli-
cations of a gene must always be considered the combination
of the effects of variation in the DNA code and the con-
ditioning influences of the external environment. Although
the deleterious effect of some mutations is manifest more
or less independently of the range of variation in the envi-
ronment experienced by humans, for the genes that underlie
the complex system regulating BP, it is more likely that gene-
environment relationships are important.

Two basic sets of gene-environment relationships can be
described in biologic systems. First, it is possible that the
effects of alteration in one or the other parameter are simply
additive. In its simplest form, for example, we may find that
a specific variant has a constant proportional effect in both a
low-risk and a high-risk environmental setting, and the effect
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Figure 2-2  Gene-environment interaction. A, The
differences between genotypes A and B are the same in two
different environments, although the effect of genotype A is
bigger than that of genotype B in both environments, a
finding that indicates an absence of gene-environment
interaction. B, Both genotypes have the same effect in
environment 1, but genotype A has a much bigger effect
than genotype B in environment 2, a finding that indicates
gene-environment interaction. €, Genotype A has a bigger
effect than genotype B in environment 1, but genotype B has
a bigger effect than genotype A in environment 2, a finding
that is @ more extreme case for gene-environment
interaction. (Modified from Anholt RH, Mackay TF.
Quantitative genetic analyses of complex behaviours in

Drosophila. Nat Rev Genet. 2004,5:838-849.)

of the environment is simply additive (Fig. 2-2A).*° In popu-
lations with a low sodium intake, a specific mutation may
therefore confer a 30% increase in lifetime risk of hyperten-
sion; the actual risk with persons carrying the genotype would
still be relatively low. However, in a setting in which sodium
intake is high, although the increase in risk would still be 30%,
the absolute risk achieved would be higher given the greater
background exposure. A second scenario posits a multiplica-
tive effect (see Fig. 2-2B). Under these assumptions, the
proportional increase in susceptibility in the high-risk envi-
ronment in carriers relative to noncarriers would be larger
than is found in the low-risk setting. If, in fact, large gene-
environment interactions are present, then the potential
would exist to provide patients with focused, individual-
specific advice about prevention based on their genotype
because the risk reduction could be quite large.

Although the interaction between genes and the environ-
ment is a well-established concept in quantitative genetics, it
is difficult to apply to humans. In studies of plants, for
example, it is easy to control both the genes and the environ-
ment, and the phenotypic effects may be apparent in a short
time. Hypertension typically occurs after 50 years of low levels
of exposure to factors that may be difficult to measure. In
addition, of course, we currently lack good information about
the genetic polymorphisms that influence risk.

One approach to the study of gene-environment interac-
tions is the examination of genetically related populations or
families in widely contrasting social settings. We have used
this framework in studies of families of African descent in
West Africa, the Caribbean, and the United States.* An overall
additive effect of the environment is apparent from the large



increase in population prevalence, which parallels increases in
risk factors, as one moves from east to west. As noted earlier,
some changes in heritability are also seen; however, although
this reflects variation in the relative magnitude of the genetic
versus environmental contributors, it does not specifically
indicate the presence of interactions. Once appropriate
markers have been identified, more detailed studies could
attempt to characterize the molecular risk relationships.

For the moment, therefore, the goal of providing individu-
alized risk assessment continues to elude us. Given the lifetime
incidence risk of 70% to 80% in populations such as that of
the United States, we know that the susceptibility genes for
hypertension must be widespread in human populations. On
average, it can therefore be assumed that exposure to dietary
risk factors such as a high intake of sodium and low intake of
fruits and vegetables interacts with common genetic variants
in an additive fashion to raise BP. Whether some individuals
experience a multiplicative effect on exposure is not yet
known.

Implications for Research and Practice

Despite a very substantial investment since the mid-1990s, the
genetics of complex diseases, including hypertension, remains
an enigma. This has important potential implications for
medicine in the genomic era. In this concluding section, we
offer a perspective on the future of the genetic epidemiology
of BP.

Contemporary research methods make the detection of
deleterious mutations with a large effect that cause familial
disorders a predictable and straightforward task. However,
when applied to complex disorders such as hypertension,
these techniques have met with very little success. If common
variants with large effects were present in the population, it is
likely that they would have already been detected. We can
certainly anticipate that the refinement of epidemiologic and
statistical approaches, and the rapid improvement in geno-
typing technology now occurring, will over time lead to the
identification of loci with small or moderate effects. Before
this can be accomplished, however, it may well be necessary
first to work out in more detail whether the causal variants
affect protein function or whether they moderate expression.
Likewise, it will be crucial to understand whether common
variants or large numbers of rare variants are involved.
Currently, the most conservative prediction would suggest
that both types of variants could be playing a role, thus further
complicating the task.

Based on what is currently known, it is therefore difficult to
argue that genetics will assume major importance in everyday
medical practice related to hypertension. Of course, should
major new developments occur, that prediction would
become invalid. Nonetheless, within the foreseeable future, it
is most reasonable to expect that the importance of genetics
will be restricted to the field of research.

How can we justify the foregoing claims? It is axiomatic
that genetics is most useful in conditions in which genes have
a high penetrance or a large individual effect. Neither of those
conditions applies to hypertension. If, in fact, multiple loci are
involved, and various mutations within those genes con-
tribute to overall risk, then the pattern found in any given
individual will be a complex mosaic. Furthermore, if the sum
effect of all these loci reflects important gene-gene and gene-
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environment interactions, then the statistical challenges will
be even more daunting.

Conversely, this characterization by no means dismisses
the ultimate importance of the project to unravel genetic
effects, nor does it automatically imply that the challenges are
any more difficult than those faced in earlier eras of biomed-
ical research. It seems clear at this point, nonetheless, that
the genomic revolution has led to excessively optimistic
expectations among both researchers and practitioners. This
situation creates the risk that the research agenda will be dis-
torted by the unfounded belief that final answers can be
obtained with current methods, and, contrariwise, that the
small, incremental progress that is achieved will be dismissed
as irrelevant.

The two most plausible clinical applications of genetics are
risk stratification and drug development. The predictive value
of a genetic test depends on the penetrance and the size of the
effect. Because the risk markers for hypertension will be low
to moderate on both those characteristics, as suggested earlier,
it is difficult to see how genetic testing would be of value in
the general population. Nonetheless, as has been the case
in cancer, it is entirely possible that relatively uncommon
variants with moderate effects will be present in high-risk
families. Reliable tests that could be applied to young adults in
these families would be of considerable value. In that setting,
the diagnosis and treatment of prehypertension, with lifestyle
interventions or drugs, would be particularly useful. Although
drug treatment would still require adherence to standard
guidelines, the intensity of preventive efforts could well be
tailored to genotype. Further research may answer the ques-
tion whether knowing the genetic makeup of an individual
patient will add much to the phenotypic information we now
have. In the area of drug development, many innovative appli-
cations of the available molecular tools are being used.
Although the drugs currently on the market can control the
BP of most patients, two or more drugs are often required,
and side effects are relatively common.

Thus, while exploiting the unique strengths of genomics,
the claims made about it should not be overstated, nor should
they overshadow the pragmatic needs of the long-term move-
ment toward prevention through creation of a healthier envi-
ronment as the most effective means to control common
diseases, including hypertension.
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Chapter 3

Pathophysiology of Hypertension

Veronica Franco, David A. Calhoun, and Suzanne Oparil

In most (>90%) of cases of human hypertension, no specific
mechanism can be identified to account for blood pressure
(BP) elevation or to guide preventive or therapeutic strategies.
High BP tends to cluster in families and represents a collection
of genetically based diseases or syndromes with resultant
inherited biochemical abnormalities."* The resulting pheno-
types can be modulated by various environmental factors,
thereby altering the severity of BP elevation and related target
organ damage, as well as the timing of onset of hypertension.

Many pathophysiologic factors have been implicated in the
genesis of hypertension. These include the following:
increased sympathetic nervous system activity; heightened
exposure or response to psychosocial stress; overproduction
of sodium (Na")-retaining hormones and vasoconstrictors;
long-term high Na® intake; inadequate dietary intake of
potassium (K') and calcium (Ca®"); increased or inappro-
priate renin secretion with resultant increased production
of angiotensin II (Ang II) and aldosterone; deficiencies of
vasodilators, such as prostacyclin, nitric oxide (NO), the natri-
uretic peptides, and a variety of other vasodilator peptides,
including the angiotensin (1-7) peptide, calcitonin gene—
related peptide (CGRP), substance P, and adrenomedullin;
alterations in expression of the kallikrein-kinin system that
affect vascular tone and renal salt handling; abnormalities of
resistance vessels, including selective lesions in the renal
microvasculature; diabetes mellitus; insulin resistance; obes-
ity; increased activity of vascular growth factors; alterations
in adrenergic receptors that influence heart rate, inotropic
properties of the heart, and vascular tone; and altered cellular
ion transport (Fig. 3-1)." The novel concept that structural
and functional abnormalities in the vasculature, including
endothelial dysfunction (with associated overexpression of
endothelin and reduced generation/availability of NO),
increased oxidative stress, vascular remodeling, and decreased
compliance, may antedate hypertension and contribute to its
pathogenesis has gained support in recent years.

Although many factors clearly contribute to the patho-
genesis and maintenance of BP elevation, renal mechanisms
probably play a primary role, as hypothesized by Fahr and
Borst and Borst-de Geus, systematized by Guyton, and rein-
forced by extensive experimental and clinical data. Other
mechanisms amplify (e.g., sympathetic nervous system activity
and vascular remodeling) or buffer (e.g., increased natriuretic
peptide or kallikrein-kinin expression) the pressor effects of
renal salt and water retention. These interacting pathways play
major roles in both increasing BP and mediating related target
organ damage. Understanding these complex mechanisms has
important implications for the targeting of antihypertensive
therapy to effect more efficient BP control and to achieve
benefits beyond BP lowering.

GENETICS

Genes clearly contribute to variation in BP: analyses of BP
patterns in families suggest that genetic factors account for
40% to 50% of BP variance, whereas shared environment
accounts for 10% to 30% of variance.” See Chapter 2 for a
more comprehensive discussion of this topic. Twin studies
document greater concordance of BPs in monozygotic than
dizygotic twins,® and population studies show greater simi-
larity in BP within than among families.” The latter observa-
tion is not entirely attributable to a shared environment,
because adoption studies demonstrate greater concordance of
BP among biologic siblings than adoptive siblings living in the
same household.® Single genes can have major effects on BP,
thus accounting for the rare mendelian forms of high and
low BP.** Mendelian forms of BP deviation (both increases
and decreases), as reviewed by Harrap,” are summarized in
Table 3-1. These mutations affect BP by altering renal salt han-
dling, thereby reinforcing the hypothesis of Guyton that the
development of hypertension depends on genetically deter-
mined renal dysfunction with resultant salt and water reten-
tion (Fig. 3-2).°

Although major mutations in these genes do not account
for the burden of hypertension in the population, deoxyri-
bonucleic acid (DNA) variants in these and other candidate
genes with more subtle effects on gene expression or function
may have greater impact.” For example, whereas Gitelman’s
syndrome is caused by rare homozygous mutations in the
Na'/chloride (CI") cotransporter (NCCT) gene, which leads to
loss of function and thus reduced renal tubular Na* reabsorp-
tion, other polymorphisms of the same gene have been asso-
ciated with hypertension and an exaggerated natriuretic
response to thiazide diuretic administration, a finding sug-
gesting enhancement of function.'” The hypertensive diathesis
was seen even in persons heterozygous for these alleles, and
this increases the likelihood that these genetic factors may
contribute to BP elevation in some populations and may pre-
dict a favorable response to thiazide diuretic treatment. The
latter prediction is biologically plausible, because the NCCT
located in the distal tubule is the target of the diuretic effect of
thiazides. Thus, further study of these mendelian forms of
high and low BP may elucidate pathophysiologic mechanisms
that predispose to more common forms of hypertension and
may suggest novel therapeutic approaches.*”

The best-studied monogenic cause of hypertension is
Liddle’s syndrome, a rare but clinically important disorder in
which constitutive activation of the epithelial Na* channel
(ENaC) predisposes to severe, treatment-resistant hyperten-
sion.!! Constitutive ENaC activation related to mutations in
the B or y subunits of the channel causes inappropriate Na*
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pathogenesis of systemic hypertension. In: Crawford MH, DiMarco JP [eds]. Cardiology. Philadelphia: Mosby, 2001,
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retention at the level of the renal collecting duct. Gain-
of-function mutations in short, proline-rich segments in the
carboxyl termini of the ENaC subunits result in either an
inability to remove active channels from the apical cell sur-
face, thus causing them to remain constitutively active, or
direct kinetic activation of the channels. This function
appears to be mediated by binding of cytoskeletal proteins to
the proline-rich segment of the channels. Affected patients
typically present with volume-dependent, low-renin, and low-
aldosterone hypertension. Renal transplantation completely
corrects the disorder, a finding indicating that the defect is
intrinsic to the kidney. Patients with Liddle’s syndrome also
respond to the administration of triamterene or amiloride,
inhibitors of ENaC. Liddle’s syndrome is very rare and does
not contribute substantially to the prevalence of hypertension
in the general population.'

In selected populations, however, ENaC activation may be
a more common cause of hypertension. For example, ENaC
activation, as evidenced by increased Na' conductance in
peripheral lymphocytes, has been noted in 25% of patients
with resistant hypertension (BP uncontrolled on = three

medications) who present at our clinic.? In contrast, none of
the tested patients with stage 1 hypertension had constitu-
tively active ENaC. A therapeutic trial with amiloride was
undertaken in this population and resulted in dramatically
decreased BP in patients with constitutively activated EnaC,
but modest effects in patients with refractory hypertension
but normal ENaC activity. These findings exemplify the con-
cept that genetic causes of hypertension, albeit uncommon in
general hypertensive populations, may be more frequent in
selected patient populations, particularly in those resistant to
conventional pharmacologic therapies.

Identification of genes having relevance to disease develop-
ment and progression, so-called candidate genes, is the tradi-
tional approach to the problem of finding BP-related genes.
The candidate gene approach typically compares the preva-
lence of hypertension or the level of BP among individuals
of contrasting genotypes at candidate loci in pathways known
to be involved in BP regulation. The most promising findings
of such studies relate to genes of the renin-angiotensin-
aldosterone system (RAAS). These include the M235T variant
in the angiotensinogen gene, which has been associated with



Table 3-1

Rare Mendelian Forms of Blood Pressure Deviation

Pathophysiology of Hypertension

Disease

Phenotype

Genetic Cause

Glucocorticoid-remediable
hyperaldosteronism
Syndrome of apparent
mineralocorticoid excess
Liddle’s syndrome

Pseudohypoaldosteronism type |l
(Gordon’s syndrome)
Gitelman's syndrome

Bartter’s syndrome

Bartter’s syndrome type lll

Pseudohypoaldosteronism
type I: severe

Pseudohypoaldosteronism

type |: mild

Polycystic kidney disease

Pheochromocytoma

Hypertension exacerbated in
pregnancy

Autosomal dominant, hypertension, variable
hyperaldosteronism

Autosomal recessive, volume expansion,
hypokalemia, low renin and aldosterone

Autosomal dominant, hypertension, volume
expansion, hypokalemia, low renin and
aldosterone

Autosomal dominant, hypertension,
hyperkalemia, volume expansion, normal
glomerular filtration rate

Autosomal recessive, low blood pressure,
hypokalemic alkalosis, hypocalciuria

Autosomal recessive, low blood pressure,
hypokalemic alkalosis, hypercalciuria

Autosomal recessive, low blood pressure,
hypokalemic alkalosis, hypercalciuria
without nephrocalcinosis

Autosomal recessive, low blood pressure,
renal salt wasting, hyperkalemia and
metabolic acidosis, elevated aldosterone
levels

Autosomal recessive, low blood pressure,
renal salt wasting, hyperkalemia and
metabolic acidosis, elevated aldosterone
levels that remit with age

Autosomal dominant, renal cysts,
hypertension and renal failure, liver cysts,
cerebral aneurysms, valvular heart disease

Multiple endocrine neoplasia type 2A:
autosomal dominant, medullary thyroid
carcinoma, pheochromocytoma,
hyperparathyroidism

von Hippel-Lindau disease: autosomal
dominant, retinal angiomas,
hemangioblastoma of the cerebellum and
spinal cord, renal cell carcinomas, adrenal
pheochromocytomas

Neurofibromatosis type 1: autosomal
dominant, multiple neurofibromas, café au
lait spots, Lisch’s nodules of the iris and
pheochromocytomas

Nonsyndromic pheochromocytomas

Autosomal dominant, early-onset, severe
hypertension with low aldosterone levels,
exacerbated in pregnancy

Chimeric 11p-hydroxylase aldosterone
synthase gene

Mutations in the 11p-hydroxysteroid
dehydrogenase gene

Mutation subunits of the epithelial Na*
channel SCNN1B and SCNN1G genes

Linkage to chromosomes 1931-q42 and
17p11-g21

Mutations in the Na*/Cl- cotransporter
NCCT gene

Mutations in the Na*/K*/2Cl- cotransporter
NKCC2 gene or mutations in the K*
channel ROMK gene

Mutations in the CI~ channel CLCNKB gene

Mutation subunits of the epithelial Na*
channel SCNN1B and SCNN1G genes

Mutations in mineralocorticoid receptor
gene

Mutations in the PKD1 and PKD2 genes

Mutations in the RET proto-oncogene

Mutations in the VHL tumor suppressor gene

Mutations in the NF1 tumor suppressor
gene

Mutations in RET, VHL, SDHB, SDHD genes
Missense mutation resulting in substitution of
leucine for serine at codon 810 (MRyg;0)

CI, chloride; K*, potassium; Na*, sodium.

increased circulating angiotensinogen levels and BP in many
distinct populations'*' an insertion/deletion (I/D) polymor-
phism in intron 16 of the angiotensin-converting enzyme
(ACE) gene associated with differences in ACE activity, which
increases in codominant fashion with the D allele,” and in
some studies with BP variation in men'®"; and a polymor-
phism (A1166C) in the 3" untranslated region of the Ang II

type 1 receptor (AT,R) gene associated with hypertension,

especially pregnancy-induced hypertension, myocardial
infarction, lacunar infarction of the brain, and accelerated
deterioration in renal function.?® The D allele of the ACE gene
has also been associated with several cardiovascular pheno-
types, including higher BP levels and greater risk of target
organ damage in hypertensive individuals.?® A Gly460Trp
polymorphism of the a-adducin gene has been associated
with hypertension in some populations.”>** Carriers of one or
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two copies of the variant Trp460 allele display high rates of
renal tubular Na* reabsorption and a volume-expanded form
of hypertension, associated with impaired natriuresis,”* low
plasma renin activity,” and greater BP reduction in response
to a low-Na* diet.”

Analysis of gene variation has the potential to improve our
understanding of determinants of antihypertensive drug
response, to individualize drug selection (see also Chapter
2).” This is an important issue for the clinician, because BP
responses and clinical outcomes of treatment with specific
antihypertensive drugs vary greatly from patient to patient,
and traditional predictors of response are of limited value in
identifying the optimal drug and optimal dose for an indi-
vidual. Accordingly, many of the large, randomized, con-
trolled outcome trials of antihypertensive treatment have a

pharmacogenetic component, designed to determine whether
genotype interacts with the type of antihypertensive drug
treatment to modify the risk of cardiovascular disease out-
comes.” Results of those large pharmacogenomic studies are
forthcoming.

To date, differential BP responses to antihypertensive drugs
have been demonstrated in association with various geno-
types in small studies. For example, the BP response to
diuretics has been shown to be more pronounced in persons
with the variant Trp460 adducin allele than in those homozy-
gous for the wild type in most,”” but not all,”® studies, partic-
ularly after adjustment for covariates, including ethnicity,
gender, age, and waist-to-hip ratio. Further, in an observa-
tional, case-control study carried out in 1038 hypertensive
subjects, diuretic therapy was associated with a lower risk of



myocardial infarction or stroke than other antihypertensive
therapies in carriers of the adducin variant.*’ Similarly, ACE
genotype predicted BP response to hydrochlorothiazide in a
gender-specific manner: the BP effect of hydrochlorothiazide
increased progressively with the number of I alleles among
women and with the number of D alleles among men.” In
addition, the genotypes that were associated with the greatest
BP responses to hydrochlorothiazide (II homozygotes in
women and DD homozygotes in men) had the lowest pre-
treatment aldosterone excretion and the greatest increase in
urinary aldosterone in response to the diuretic. However,
these genotypic variants seem to affect baseline BP and anti-
hypertensive medication responsiveness only modestly, and
they lack consistency across populations. Thus, pharmacoge-
nomic studies of antihypertensive treatment strategies remain
in their infancy and have yet to affect clinical practice.

In most cases, hypertension results from a complex inter-
action of genetic, environmental, and demographic factors,
and it is therefore unlikely that a few major genes account for
the pathogenesis of this heterogeneous disorder. Improved
techniques of genetic analysis, especially genome-wide linkage
analysis, have enabled a search for complex sets of genes that
may contribute to the development of primary hypertension
in the population.’’** Recently, genomic mapping strategies
have been combined with high-throughput differential gene
expression profiling, a transcriptomic approach, in the search
for novel genes that are likely to be involved in the pathogen-
esis of hypertension.” Computational methods for per-
forming genome-wide association analysis using data from
expression profiling (i.e., microarray data) that are currently
under development have the potential for revealing novel
coding and noncoding genomic regions that regulate the phe-
notypes of hypertension and related cardiovascular disease.”

INHERITED CARDIOVASCULAR
RISK FACTORS

Cardiovascular risk factors, including hypertension, tend to
co-segregate more commonly than would be expected by
chance. Approximately 40% of persons with essential hyper-
tension also have hypercholesterolemia, and genetic studies
have established a clear association between hypertension and
dyslipidemia.’® Hypertension and type 2 diabetes mellitus also
tend to coexist. The leading cause of death in patients with
type 2 diabetes is coronary heart disease, and diabetes
increases the risk for acute myocardial infarction as much as
a previous myocardial infarction in a nondiabetic person.”’
Because many of the cardiovascular complications of diabetes
are attributable to hypertension, diabetic patients need aggres-
sive antihypertensive treatment, with a BP goal of less than
130/80 mm Hg,” as well as treatment of dyslipidemia and
glucose control.

Hypertension, insulin resistance, dyslipidemia, and obesity
often occur concomitantly and are frequently associated with
microalbuminuria, high serum uric acid levels, hypercoagula-
bility, and accelerated atherosclerosis.®® This constellation of
abnormalities, both genetic and environmental, referred to as
the metabolic syndrome, increases cardiovascular disease risk.
Physicians must assess and treat these risk factors individually
and must recognize that many hypertensive patients have
insulin resistance, dyslipidemia, or both.

Pathophysiology of Hypertension

SYMPATHETIC NERVOUS SYSTEM

Increased sympathetic nervous system activity is a major
determinant of BP elevation. It contributes to both the devel-
opment and the maintenance of hypertension through stimu-
lation of the heart, peripheral vasculature, and kidneys, thus
causing increased cardiac output, increased vascular resist-
ance, and fluid retention.*® Autonomic imbalance (increased
sympathetic tone accompanied by reduced parasympathetic
tone) has been associated with many metabolic, hemody-
namic, trophic, and rheologic abnormalities that result in
vascular damage and ultimately in increased cardiovascular
morbidity and mortality (Fig. 3-3). Several population-based
studies, such as the Coronary Artery Risk Development in
Young Adults (CARDIA) study,*' have shown a positive corre-
lation between heart rate and the development of hyperten-
sion (elevated diastolic BP). Because in humans, sustained
increases in heart rate are mainly the result of decreased
parasympathetic tone, these findings support the concept that
autonomic imbalance contributes to the pathogenesis of
hypertension. Diastolic BP relates more closely to vascular
resistance than to cardiac function per se, and these results
also suggest that increased sympathetic tone may increase
diastolic BP by causing vascular smooth muscle cell (VSMC)
proliferation and vascular remodeling. Norepinephrine
spillover studies, which provide an index of norepinephrine
release from sympathoeffector nerve terminals, demonstrate
that sympathetic cardiac stimulation is greater in young
hypertensive patients than in normotensive controls of similar
age, a finding supporting the interpretation that increased
cardiac sympathetic stimulation may contribute to the devel-
opment of hypertension.*

The mechanisms of increased sympathetic nervous system
activity in hypertension are complex and involve alterations in
baroreflex and chemoreflex pathways at both peripheral and
central levels (Fig. 3-4). Reflex and behavioral control of BP is
integrated in the rostral ventrolateral nucleus of the medulla
oblongata (RVLM), sometimes referred to as the vasomotor
control center.*’ Cell bodies of efferent cardiovascular stimu-
latory neurons of the sympathetic nervous system lie in the C,
subregion, which also receives and sends neural projections to
and from many other brain centers. The most critical RVLM
input comes from the adjacent nucleus tractus solitarius
(NTS), which receives afferent fibers from stretch-sensitive
mechanoreceptors in the carotid sinus and aortic arch (aorto-
carotid baroreflexes) and the cardiac atria and ventricles
(cardiopulmonary baroreflexes).*

Acute adjustments in BP to maintain stable perfusion pres-
sure and blood flow to peripheral organs are accomplished via
these baroreflex pathways. Stretch receptors in the walls of the
aorta and carotid artery sense acute increases in arterial pres-
sure and initiate negative afferent signals that stimulate the
NTS to limit efferent sympathetic outflow.” Conversely,
reductions in BP unload the aortocarotid baroreflexes and
send positive afferent signals via the NTS to activate efferent
sympathetic outflow, thus increasing BP via positive inotropic
and chronotropic effects on the heart and arteriolar and
venous vasoconstriction. Similarly, low-pressure stretch
receptors in the heart and great veins sense acute changes in
central blood volume, or cardiac preload, and trigger car-
diopulmonary baroreflexes. Decreases in preload, whether
caused by blood loss, salt depletion, upright posture, or
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(experimentally) by lower body negative pressure, lead to
sympathetic nervous system activation with resultant
increases in muscle sympathetic nerve activity, renal vascular
resistance, renal overflow of norepinephrine, plasma renin
activity and Ang II levels, and reductions in forearm and
splanchnic blood flow.*** Conversely, extracellular fluid
volume expansion, often related to dietary salt supplementa-
tion, activates the low-pressure cardiopulmonary receptors,
which send negative afferent signals that stimulate the NTS to
reduce sympathetic outflow.

The NTS also receives signals from stimulatory chemore-
ceptors in the kidneys and skeletal muscle and integrates a
variety of signals from stimulatory and inhibitory centers in
other brain regions, including the area postrema, which does

not have a blood-brain barrier.* The area postrema is exqui-
sitely sensitive to circulating Ang II, which acts to blunt the
inhibitory effect of the NTS, thereby increasing RVLM-
dependent sympathetic nervous system outflow. Sensory
input from excitatory peripheral chemoreceptor afferent
neurons in the kidney and skeletal muscle also enhances or
sustains RVLM-dependent sympathetic outflow.

Studies in animal models of hypertension have clearly
elucidated a role for these neuronal groups in BP control. For
example, ablation of the NTS in normotensive rats causes
increased sympathetic nervous system outflow and either
severe BP lability or severe chronic hypertension with target
organ damage, which can be abolished by simultaneous
lesions of the RVLM.* Lesions in the area postrema lower BP
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in rats with genetic and steroid-induced hypertension,
whereas stimulation of the area postrema by Ang II sustains
hypertension in these models.*

Neuronal groups within the hypothalamus integrate
behavioral and cardiovascular responses to environmental
stress by modulating sympathetic nervous system function.”’
The posterolateral hypothalamus mediates defense reactions
such as the fight-or-flight response, which induces massive
RVLM activation, associated with increased heart rate and BP
and vasodilation in skeletal muscle. The median preoptic
nucleus integrates water balance and thirst-sensing mecha-
nisms with cardiovascular signals and may mediate organ-
specific responses such as skeletal muscle vasodilation. It is
likely that this complex interplay of central nervous system
influences on sympathetic nervous system outflow, so ele-
gantly delineated in animal models, may also play a role in BP
control and in the pathogenesis of hypertension in humans.
For example, Izzo and associates demonstrated that a person’s
hemodynamic responses to environmental stimuli vary
according to his or her cognitive appraisal of the nature of the
stimulus.*>*”*® Stimuli perceived as challenging or manage-
able are characterized by sympathetic nervous system—
mediated increases in cardiac output, whereas stimuli per-

ceived as threatening or outside the individual’s range of
control are associated with systemic vasoconstriction.

The hypothalamus also has chronic, sustained, regionally
specific effects on BP. For example, stimulation of the poste-
rior hypothalamus tends to elevate BP, and lesions in this
region reduce BP in a variety of animal models of hyper-
tension. In contrast, lesions of the anterior hypothalamus
increase BP via adrenomedullary stimulation in normotensive
animals, whereas electrical stimulation of this region causes
hypotension. Ablation of the paraventricular nucleus prevents
the development of hypertension in the spontaneously hyper-
tensive rat (SHR).

Salt sensitivity of BP is mediated by activation of central
and peripheral nervous systems,* and the mechanism of
neurally mediated salt-sensitive hypertension has been eluci-
dated in studies carried out in SHR.”® In this model, dietary
salt increases BP by reducing norepinephrine release from
nerve terminals in the anterior hypothalamic area (AHA),
thus reducing activation of local sympathoinhibitory neurons
(Fig. 3-5). This, in turn, results in increased sympathetic out-
flow and higher BP. Two mechanisms contribute to this effect:
(1) reduced noradrenergic input into the AHA via baroreflex
pathways and (2) local inhibition of norepinephrine release in
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Figure 3-5  Anterior hypothalamic area (AHA) in salt-
sensitive hypertension. Schematic representation of the major
noradrenergic projections to the AHA and the major direct
and indirect projection from the AHA to “pressor” nuclei. In
spontaneously hypertensive rats (SHR), increased activity of
the inhibitory neuromodulator ANP in the AHA and reduced
input from baroreceptor afferents synapsing in brainstem
nuclei reduce norepinephrine release in the AHA, resulting
in reduced inhibitory control of sympathetic outflow. The (-)
indicates synaptic inhibition. A1, A2, A6, brainstem
noradrenergic nuclei; ANP, atrial natriuretic peptide; AVP,
arginine vasopressin release; CG, central gray of the
midbrain; DMH, dorsomedial nucleus of the hypothalamus;
IML, preganglionic sympathetic nucleus; LHA, lateral
hypothalamic area; PeVH, periventricular hypothalamic
nucleus; PHA, posterior hypothalamic area; PVH,
paraventricular hypothalamic nucleus; Ret, medullary
reticular formation. (From Oparil S, Chen YF, Berecek K, et
al. The role of the central nervous system in hypertension. In:
Laragh JH, Brenner BM [eds]. Hypertension:
Pathophysiology, Diagnosis, and Management. New York:
Raven Press, 1995, pp 713-740.)

the AHA by the inhibitory neuromodulator atrial natriuretic
peptide (ANP). Microinjection studies in which a blocking
monoclonal antibody to ANP is introduced directly into the
AHA and the NTS have shown that endogenous ANP in the
brain is functionally active in the tonic control of BP and
baroreflex sensitivity in the SHR, but it plays a lesser role in
the normotensive Wistar Kyoto control animal. In the nor-
motensive animal, excitation of NTS neurons by baroreflex
afferents leads to activation of sympathoinhibitory neurons in
NTS and AHA, strong inhibition of sympathetic nervous
system outflow, and a decrease in BP. In SHR, brain ANP acts
at the levels of the NTS and the AHA to perturb this barore-
flex regulatory pathway. Endogenous ANP tonically activates
sympathoinhibitory neurons in the caudal NTS of SHR,
thereby restraining the rise in BP, and it tonically inhibits
baroreflex responsiveness to alterations in BP. Thus, ANP
appears to act at a number of sites in brain to facilitate the
development and maintenance of sympathetically mediated
hypertension in the SHR model.

Arterial baroreceptors are reset to a higher pressure in
hypertensive persons, and this peripheral resetting may return
to normal when BP is normalized.”* Resuming normal
baroreflex function helps to maintain reductions in BP, a

beneficial regulatory mechanism that may be clinically impor-
tant.”” Central resetting of the aortic baroreflex also occurs in
hypertensive subjects, thus disinhibiting sympathetic outflow
after activation of aortic baroreceptor nerves.” This barore-
flex resetting is at least partly mediated by a central action of
Ang II,>® which also amplifies the response to sympathetic
stimulation by a peripheral mechanism, presynaptic facilita-
tory modulation of norepinephrine release.*® Additional small
molecule mediators that suppress baroreceptor activity and
contribute to exaggerated sympathetic drive in hypertension
include reactive oxygen species and endothelin.””"

In addition to resetting, arterial baroreflex blunting,
whereby the relative ability of a given increase in BP to reduce
sympathetic outflow is diminished, also occurs in hyperten-
sive subjects.”’ Arterial baroreflex blunting in hypertension
has been attributed to increased arterial stiffness and reduced
mechanoreceptor distensibility.* Blunting of cardiopul-
monary baroreflexes has also been described in hypertension
and in aging. Thus, baroreflex blunting provides an attractive
unifying explanation for age-related increases in vascular stiff-
ness, BP, and sympathetic nervous system activity.

Finally, hypertensive subjects show evidence of exaggerated
chemoreflex function, leading to markedly enhanced sympa-
thetic activation in response to stimuli such as apnea and
hypoxia.®” A clinical correlate of this phenomenon is the
exaggerated increase in sympathetic nervous system activity
that is sustained in the awake state and contributes to hyper-
tension in patients with obstructive sleep apnea.®!

Chronic sympathetic stimulation induces vascular remod-
eling and left ventricular hypertrophy by direct and indirect
actions of norepinephrine on its own receptors, as well as on
release of various trophic factors, including transforming
growth factor-f, insulin-like growth factor-I, and fibroblast
growth factors. Positive correlations among circulating nor-
epinephrine levels, left ventricular mass, and reduced radial
artery compliance (an index of vascular hypertrophy) have
been demonstrated in clinical studies." Thus, sympathetic
mechanisms contribute to the development of target organ
damage, as well as to the pathogenesis of hypertension.

Renal sympathetic nerve stimulation is increased in hyper-
tensive patients. Infusion of the o-adrenergic antagonist
phentolamine into the renal artery increases renal blood flow
to a greater extent in hypertensive than in normotensive
patients, a finding consistent with a functional role for
increased sympathetic tone in controlling renal vascular
resistance.®*®® In animal models, direct renal nerve stimula-
tion induces renal tubular Na* and water reabsorption and
decreases urinary Na' and water excretion, thus resulting in
intravascular volume expansion and increased BP.** Direct
assessments of renal sympathetic nerve activity have consis-
tently demonstrated increased activation in animal models of
genetically mediated and experimentally induced hyperten-
sion, and renal denervation prevents or reverses hypertension
in these models.®® All these lines of evidence support a role
for increased sympathetic activation of the kidney in the
pathogenesis of hypertension. Peripheral sympathetic nervous
system activity is greatly increased in patients with renal
failure compared with age-matched, healthy, normotensive
individuals with normal renal function.®® This increase is not
seen in patients who have undergone bilateral nephrectomy, a
finding suggesting that sympathetic overactivity in patients
with renal failure is caused by a neurogenic signal originating



in the failing kidneys. The specific signaling mechanism
involved has yet to be identified.

Centrally acting sympatholytic agents and o- and B-
adrenergic antagonists are effective in reducing BP in patients
with essential hypertension, thus providing indirect clinical
evidence for the importance of sympathetic mechanisms in
the maintenance phase of human hypertension.”” Declining
utilization of these agents in treating hypertension relates to
problems with adverse effects and the absence of outcomes
studies, rather than their lack of efficacy in reducing BP.

Exposure to stress increases sympathetic outflow, and
repeated stress-induced vasoconstriction may result in vas-
cular hypertrophy, leading to progressive increases in periph-
eral resistance and BP.®® This may contribute to the increased
incidence of hypertension in lower socioeconomic groups,
because they endure greater levels of stress associated
with daily living. Persons with a family history of hyperten-
sion manifest augmented vasoconstrictor and sympathetic
responses to laboratory stressors, such as cold pressor testing
and mental stress, that may predispose them to hypertension.
This is particularly true of young African Americans.®
Exaggerated stress responses may contribute to the increased
incidence of hypertension in this racial group.

VASCULAR TONE AND REMODELING

Hypertensive patients manifest greater vasoconstrictor
responses to infused norepinephrine than normotensive
controls." Increased circulating norepinephrine levels generally
downregulate noradrenergic receptors in normotensive
persons, but not in hypertensive patients, and this process
results in enhanced sensitivity to norepinephrine, increased
peripheral vascular resistance, and BP elevation. Vaso-
constrictor responsiveness to norepinephrine is also increased
in normotensive children of hypertensive parents, compared
with controls without a family history of hypertension, a
finding suggesting that the hypersensitivity may be inherited
and may not simply be a consequence of elevated BP.
Peripheral vascular resistance is elevated in hypertension
because of alterations in structure, mechanical properties, and
function of small arteries. Remodeling of these vessels con-
tributes to the development and maintenance to high BP and
its associated target organ damage.”® Peripheral resistance is
determined by precapillary vessels, including the arterioles
(arteries containing a single layer of smooth muscle cells) and
the small arteries (lumen diameters <300 pm). The elevated
resistance in hypertensive patients is related to rarefaction
(decrease in number of parallel-connected vessels) and an
increased wall-to-lumen ratio, resulting in narrowing of the
lumen of resistance vessels. Examination of gluteal skin biopsy
specimens obtained from patients with untreated essential
hypertension has uniformly revealed reduced lumen areas and
increased media-to-lumen ratios, without an increase in
medial area in resistance vessels (inward, eutropic remod-
eling). That these changes are present even in persons with
prehypertension suggests that vascular remodeling begins
early in life, antedating the development of fixed hyperten-
sion, but further investigation of this issue is warranted.
Antihypertensive treatment with several classes of agents,
including ACE inhibitors, angiotensin receptor blockers
(ARBs), and calcium channel blockers (CCBs), can normalize
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resistance vessel structure,”’! whereas unfavorable vascular
remodeling is progressive in persons with uncontrolled hyper-
tension. In contrast, 3-blocker therapy does not reverse resist-
ance vessel remodeling, even when it effectively lowers BP.!
Whether antihypertensive drugs that normalize resistance
vessel structure are more effective in preventing target
organ damage and cardiovascular events than agents that
lower BP without affecting vascular remodeling remains to be
determined.

Hypertension can also be reversed rapidly by acute
maneuvers (e.g., unclipping the one-kidney, one-clip Goldblatt
model) that do not affect vascular hypertrophy or remodeling.
Further, various observations, including the dissociation
between the BP lowering and structural effects of antihyper-
tensive drugs and the ability of Ang II to induce vascular
remodeling when infused at subpressor doses, indicate that
the altered resistance vessel structure seen in hypertension is
not strictly secondary to the BP and is not sufficient to sustain
hypertension. To what extent resistance vessel tone and struc-
ture play a direct role in BP setting and in the pathogenesis of
hypertension is a subject of ongoing study and controversy.

Vascular tone is regulated by myosin light chain (MLC)
phosphorylation and dephosphorylation in VSMCs, as
reviewed in Figure 3-6.”> Abnormalities in contractile pathway
proteins in VSMCs can alter vascular tone and cause hyper-
tension in animal models. For example, VSMCs from mice
with abnormalities in the large conductance Ca**-activated K*
channel (BKc,+), an important regulator of vascular relax-
ation, develop abnormal vascular contraction and hyperten-
sion. BK¢,+ is activated by cyclic guanosine monophosphate
(cGMP)-dependent protein kinase (PKG) and by local Ca**
sparks, resulting in hyperpolarization of the VSMC, decreased
Ca’" entry, and relaxation. Mouse models in which these
BK-activating processes are deranged also manifest
vascular contractile dysfunction and hypertension.”? Further,
G protein—coupled receptors that affect VSMC contraction by
mobilizing intracellular Ca** and activating MLC kinase also
activate Rho/Rho kinase, which augments contraction by
inhibiting myosin phosphatase, thereby preventing dephos-
phorylation of MLCs. Rho kinase has been recognized as a
novel therapeutic target for antihypertensive therapy, and Rho
kinase inhibitors have been shown to lower BP.”’ Fasudil, a
Rho kinase inhibitor, is being tested in clinical trials for hyper-
tension and vasospasm.

Cross-transplantation experiments with kidneys from
genetically matched wild-type mice and Agtrla mice homozy-
gous for a targeted disruption of the gene locus encoding the
AT/ R have revealed that the absence of AT, ,Rs in kidney and
in the extrarenal organs resulted in equivalent approximately
20 mm Hg reductions in BP”* Thus, AT,,Rs in nonrenal
tissues made a nonredundant contribution to BP that was
similar in magnitude to that of AT, ,Rs in the kidney. Animals
lacking both renal and extrarenal AT, ,Rs had even lower BPs,
a finding supporting the independence of the mechanisms.
Aldosterone-clamp experiments demonstrated that the BP
effects of deleting extrarenal AT, Rs could not be explained
by alterations in aldosterone excretion alone. These findings
support the general concept, elucidated by Mendelsohn,’* that
primary abnormalities in vascular cell function can directly
cause abnormal vascular tone and disorders of BP regulation,
including hypertension, and they challenge the concept that
genetic causes of BP variation are restricted to the kidney. The
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Regulation of vascular tone. Vascular tone is dynamically regulated by myosin light chain (MLC) phosphorylation

and dephosphorylation in vascular smooth muscle cells (VSMCs). Increases in VSMC intracellular calcium level via receptor-
activated (pharmacomechanical) or ion channel-activated (electromechanical) pathways lead to MLC kinase (MLCK)
activation. MLCK phosphorylates MLCs (thus making phosphorylated myosin light chains [MLC-P]); this process activates
myosin adenosine triphosphatase (ATPase) and actinomyosin cross-bridging and increases tension. PPTM dephosphorylates
MLC-P, thus decreasing cell tension. PPTM is activated by the nitric oxide and nitrovasodilator effector (cyclic guanosine
monophosphate-dependent protein kinase [PKGI]), which has two isoforms (PKGla: and PKGIB). RGS2, which is essential for
normal blood pressure, causes VSMC relaxation by aftenuating Gq protein-coupled receptor (GPCR) activation and
associated rises in intracellular calcium concentration; it too is activated by PKGI. PP1M is inhibited by Rho/Rho kinase
(ROCK). The calcium-activated potassium channel, BK¢,2, is activated by PKG and by local calcium sparks, thus
hyperpolarizing the cell, decreasing calcium entry and decreasing MLCK activity. This shifts the equilibrium between MLC
and MLC-P and causes relaxation. Gray, relaxant pathway; red, contractile pathway. CaM, calmodulin; IPsR, IP; receptor;
IRAG, IP;R-associated cyclic guanosine monophosphate kinase substrate; PLC, phospholipase C; PPTM, protein myosin
phosphatase; RGS2, regulator of G protein signaling 2; SR, sarcoplasmic reticulum. (From Mendelsohn ME. J Clin Invest.

2005;115:840-844.)

search is on for nonrenal candidate genes that influence BP in
humans. Genome-wide linkage studies have identified hyper-
tension-associated loci containing such candidate genes,
including the Rho kinases (ROCK1) and the BK channel
B subunit.”> Further study is needed to establish their patho-
physiologic significance in human populations.

RENAL MICROVASCULAR DISEASE:
A HYPOTHETIC UNIFYING
PATHOPHYSIOLOGIC MECHANISM

This hypothesis, originally proposed by Henke and Lubarsch
and Goldblatt, that primary renal microvascular disease may
be responsible for the development of essential hypertension,
was revived by Johnson and colleagues,”” and it has been
tested in various animal models (Fig. 3-7). These authors
hypothesized that the development of essential hypertension

occurs in two phases: (1) factors such as hyperactivity of the
sympathetic nervous system or the RAAS or hyperuricemia
resulting from diet or genetics lead to episodes of renal vaso-
constriction; during this initial phase, hypertension is renin
dependent and salt resistant, and the kidney is normal; and
(2) as a result of chronic vasoconstriction-induced ischemia,
preglomerular arteriolosclerosis eventually develops, associated
with inflammation resulting from an influx of leukocytes and
local generation of reactive oxygen species and Ang II. Local
generation of Ang II at sites of renal injury has been invoked
as a stimulus for structural alterations (renal microvascular
disease) and adverse hemodynamic effects (increased vascular
resistance, low ultrafiltration coefficient, and decreased Na*
filtration) which lead to a salt-sensitive, volume-dependent,
renal-dependent form of hypertension. Although this pathway
ties in many of the established theories of the pathogenesis of
hypertension (see Fig. 3-7), it has yet to be confirmed in
human disease.



Hall

Pathophysiology of Hypertension

Julius Laragh
| 1 SNS | :l | RAS ] . Goldblatt
|——;| Arteriolopathy
. 1 Endothelial _J
—PEC acid h Herrera- | | Cowley and
— e Acosta | | Roman
1
A Y
y| Impaired auto- Cortical
4 Nephrons | regulation (1 Pgc) | ischemia (| Q)
Brenner

A 4

Interstitial inflammation
(oxidants, vasoactive mediators)

| Genetic |

Wilcox and Vaziri

Glomerul
(I Kf, |

| Na filtration

<

Rodriguez-lturbe | Lifton
y Y
ar effects | | Tubular | ¢
snGFR) effects |
Guyton
A Y

1 Na reabsorption
1 Blood pressure

Figure 3-7 A pathway for the development of essential hypertension. In this schema, various interplaying factors lead to the
development of the afferent arteriolar lesion, including obesity, a hyperactive sympathetic nervous system (SNS), activation of
the renin-angiotensin system (RAS), endothelial dysfunction, and uric acid. The last two variables may have a role in causing a
loss in nephron number during development. During this phase (highlighted in dark red), the hypertension is salt resistant, may
be associated with a low blood volume, is more likely to be renin dependent, and is relatively independent of the kidney. The
arteriolar lesion then may predispose to both persistent renal vasoconstriction with ischemia and in some instances impaired
autoregulation, resulting in increased glomerular pressure. These changes result in renal cortical ischemia with the infiliration
of leukocytes, which generate oxidants and angiotensin Il, coupled with local generation of oxidants and vasoactive factors
favoring continued renal vasoconstriction. The microvascular disease may also lead to different degrees of relative renal ischemia,
leading to a heterogeneous renin response. The consequence is both a reduction in sodium (Na) filtration (by reducing the
cortical ultrdfiltration coefficient [Kf] and single-nephron glomerular filtration rate [snGFR]) and increased tubular reabsorption
of sodium, leading to increased blood pressure. As renal perfusion pressure increases, the ischemia is partially relieved,
allowing sodium handling to return toward normal, but at the expense of a shift in pressure natriuresis and a rise in systemic
blood pressure. The names of the investigators (in ifalics) are those whose theories about the pathophysiology of hypertension
can be incorporated into this model. Pgc, glomerular capillary pressure; Q, glomerular plasma flow. (From Johnson RJ,
Rodriguez-lturbe B, Kang D-H, et al. A unifying pathway for essential hypertension. Am J Hypertens. 2005;18:431-440.)

URIC ACID: A PROPOSED
PATHOPHYSIOLOGIC FACTOR
IN HYPERTENSION

Hyperuricemia is associated with hypertension and cardiovas-
cular disease in humans, but whether it is an independent risk
factor with a pathogenic role in cardiovascular disease or only
a marker for associated cardiovascular risk factors, such as
insulin resistance, obesity, diuretic use, hypertension, and
renal disease, is unclear.”® Hyperuricemia in humans is asso-
ciated with renal vasoconstriction,”” and it is positively corre-
lated with plasma renin activity in hypertensive patients,
findings suggesting that uric acid could have adverse effects
that are mediated by an activated RAAS. Further, hyper-
uricemia resulting from diuretic therapy has been implicated
as a risk factor for cardiovascular disease events. The Systolic
Hypertension in the Elderly Program (SHEP) trial found that
participants who developed hyperuricemia while receiving
chlorthalidone sustained cardiovascular disease events at a
rate similar to those treated with placebo.”® The Losartan

Intervention for Endpoint Reduction in Hypertension (LIFE)
trial showed that baseline serum uric acid level was associated
with increased risk for cardiovascular disease events in
women, even after adjustment for concomitant risk factors,
including use of thiazide diuretics, which was similar in both
randomized arms of the trial.”” Treatment with the uricosuric
ARB losartan attenuated the time-related increase in serum
uric acid in the LIFE trial, and 27% of the treatment effect
on the composite cardiovascular disease endpoint could be
attributed to this effect. In general, serum uric acid levels
correlate with decreased glomerular filtration rate (GFR) and
should be adjusted for these measures, as was done in the LIFE
study. These provocative findings suggest a need for further
studies of the role of uric acid in the pathogenesis of hyper-
tension and cardiovascular disease in humans and its poten-
tial as a therapeutic target.

Uric acid has been shown in a rodent model to stimulate
renal afferent arteriolopathy and tubulointerstitial disease,
leading to hypertension.*® In this model, mild hyperuricemia
induced by the uricase inhibitor, oxonic acid, resulted in
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hypertension associated with increased expression of renin by
the juxtaglomerular apparatus and decreased expression of
NO synthase (NOS) in the macula densa neurons. The renal
lesions and hypertension could be prevented or reversed by
lowering uric acid levels and by treatment with an ACE
inhibitor, the ARB losartan, or arginine, but hydrochloro-
thiazide did not prevent the arteriolopathy, despite controlling
BP. The observations that uric acid can induce platelet-derived
growth factor A-chain expression and proliferation in
VSMCs,* and that these effects can be partially blocked by
losartan, provide a mechanism to account for these findings.
Whether uric acid has similar nephrotoxic and hypertension-
promoting effects in humans is controversial and deserves
further investigation.

ARTERIAL STIFFNESS

Systolic BP and pulse pressure (PP) increase with age, mainly
because of reduced elasticity (increased stiffness) of the large
conduit arteries. Arteriosclerosis in these arteries results from
collagen deposition and smooth muscle cell hypertrophy, as
well as thinning, fragmenting, and fracture of elastin fibers in
the media.! In addition to these structural abnormalities,
endothelial dysfunction, which develops over time from both
aging and hypertension, contributes functionally to increased
arterial rigidity in elderly persons with isolated systolic hyper-
tension.

Reduced NO synthesis or release, perhaps related to the
loss of endothelial function and reduction in endothelial NOS
(eNOS), contributes to increased wall thickness of conduit
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Figure 3-8  Simple tubular models of the systemic arterial
system. Top, Normal distensibility and normal pulse-wave
velocity. Middle, Decreased distensibility but normal pulse-
wave velocity. Bottom, Decreased distensibility with
increased pulse-wave velocity. At left are the amplitude and
contour of pressure waves that would be generated at the
origin of these models by the same ventricular ejection (flow)
waves. Decreased distensibility per se increases pressure-
wave amplitude, whereas increased wave velocity causes
the reflected wave to return during ventricular systole. (From
O'Rourke MF, Hayward CS, Lehmann ED. Arterial stiffness.
In: Oparil S, Weber MA [eds]. Hypertension, 2nd ed. A
Companion fo Brenner & Rector’s The Kidney. Philadelphia:
Elsevier, 2005, pp 134-151.)
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vessels. The functional importance of NO deficiency in iso-
lated systolic hypertension is supported by the ability of NO
donors, such as nitrates, to increase arterial compliance and
distensibility and to reduce systolic BP without decreasing
diastolic BP. Other factors that decrease central arterial com-
pliance, including estrogen deficiency, high salt intake,
tobacco use, elevated homocysteine levels, and diabetes, may
operate by damaging the endothelium.

The distending pressure of conduit vessels is a major deter-
minant of stiffness. The two-phase (elastin and collagen) con-
tent of load-bearing elements in the media is responsible for
the behavior of these vessels under stress." At low pressures,
stress is borne almost entirely by the distensible elastin
lamellae; at higher pressures, less distensible collagenous fibers
are recruited and the vessel appears stiffer. Conduit vessels
are relatively unaffected by neurohumoral vasodilator mecha-
nisms; vasodilation is caused by increased distending pressure
and is associated with increased stiffness. Conversely, conduit
vessels do respond to vasoconstrictor stimuli, including elec-
trical nerve stimulation and norepinephrine infusion.

Increased arterial stiffness contributes to the wide PP
commonly seen in elderly hypertensive patients by causing
the pulse-wave velocity to increase. With each heart beat, a
pressure (pulse) wave is generated that travels from the heart
to the periphery at a finite speed that depends on the elastic
properties of the conduit arteries. The pulse wave is reflected
at any point of discontinuity in the arterial tree and returns to
the aorta and left ventricle. The timing of the wave reflection
depends on the elastic properties and length of the conduit
arteries.

In younger persons (Fig. 3-8, top), pulse-wave velocity is
relatively slow (~5 m/second), and the reflected wave reaches
the aortic valve after closure, thus leading to a higher diastolic
BP and enhancing coronary perfusion. In older persons, par-
ticularly if they are hypertensive, pulse-wave velocity is greatly
increased (approximately 20 m/second) because of central
arterial stiffening, thereby causing the reflective wave to reach
the aortic valve before closure and leading to a higher systolic
BP, PP, and afterload and a decreased diastolic BP, potentially
compromising coronary perfusion pressure (Fig. 3-8, bottom).
Acceleration in pulse-wave velocity contributes to the increase
in systolic BP and PP and the decrease in diastolic BP seen in
elderly patients. This phenomenon is exaggerated in hyper-
tensive persons. The rise in systolic BP increases cardiac meta-
bolic requirements and predisposes to left ventricular
hypertrophy and heart failure. PP is closely related to systolic
BP and is linked to advanced atherosclerotic disease and car-
diovascular disease events, such as myocardial infarction and
stroke. In patients who are more than 50 years old, PP is
generally thought to be a better predictor of cardiovascular
disease risk than either systolic BP or diastolic BP.

Most antihypertensive drugs act on peripheral muscular
arteries, rather than on central conduit vessels, and they
reduce PP through indirect effects on the amplitude and
timing of reflected pulse waves. Nitroglycerin causes marked
reductions in wave reflection, central systolic BP, and left
ventricular load without altering systolic or diastolic BP in the
periphery. Vasodilator drugs that decrease the stiffness of
peripheral arteries, including ACE inhibitors and CCBs, also
reduce pulse-wave reflection and thus augmentation of the
central aortic and left ventricular systolic pressure, inde-
pendent of a corresponding reduction in systolic BP in the



periphery. Antihypertensive drugs from several classes have
been shown to reduce systolic BP and cardiovascular disease
morbidity and mortality in patients with isolated systolic
hypertension.

RENIN-ANGIOTENSIN-ALDOSTERONE
SYSTEM

The RAAS is the most carefully studied mechanism of BP
and volume regulation, and development of pharmacologic
antagonists to its various components has proved useful in the
treatment of hypertension and related target organ damage
(Fig. 3-9). Renin is an aspartyl protease that is synthesized
as an inactive precursor, prorenin, primarily in the juxta-
glomerular cells surrounding the afferent arteriole of the
glomerulus. Renin is activated by proteolytic cleavage of an
N-terminal peptide while still in the kidney. Both prorenin
and activated renin are stored in granules in the juxta-
glomerular apparatus and are released in a regulated fashion
in response to a variety of stimuli, including decreases in BP
or renal interstitial pressure via intrinsic juxtaglomerular
baroreceptors, sympathetic nervous system activation of the
renal nerves, and macula densa stimulation by decreased
distal tubular Na* delivery. The primary mechanism by which
the RAAS contributes to acute changes in BP and volume
homeostasis is regulation of renin release into the circula-
tion.” In one study, circulating renin levels, as indexed by
plasma renin activity, were an independent (of BP) risk factor
for myocardial infarction.*> Although this finding has not
been consistent, it does suggest the intriguing possibility that
renin may have actions other than BP regulation. The recent
finding of a specific receptor for the renin molecule and the
active search for direct inhibitors of the catalytic action of
renin are consistent with the interpretation that renin per se
may have biologic importance above and beyond that of its
catalytic products.

Renin reacts with angiotensinogen to produce the decapep-
tide, angiotensin I (Ang I), which is biologically inactive
(Fig. 3-10). Ang I is cleaved by a variety of enzymes, including
ACE and other proteolytic enzymes such as the serine pro-
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tease, chymase, to generate Ang II, an octapeptide that is
responsible for most of the known biologic activity of the
system. In addition, nonrenin enzymes, including tonin and
cathepsin, are capable of generating Ang II directly from
angiotensinogen. ACE2, a zinc metalloprotease that shares
42% homology with the catalytic site of ACE, is expressed in
endothelial cells of heart, kidney, and testis and functions as a
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Figure 3-9  Schematic representation of the renin-angiotensin-
adolsterone system. The arrows indicate the enzymes that
catalyze the corresponding step. ACE, angiotensin-
converting enzyme; Ang, angiotensin (roman numerals refer
to the nomenclature for the peptide; numbers in parentheses
refer to the amino acid positions in the peptide relative to
Ang |, which has 10 amino acids); AP, aminopeptidase;
AT, angiotensin Il type 1; AT,, angiotensin Il type 2; NEP,
neutral endopeptidase; PC1, prohormone convertase 1;
PC5, prohormone convertase 5; PEP, prolyl endopeptidase.
(From Reudelhuber TL. Renin. In: Oparil S, Weber MA [eds].
Hypertension, 2nd ed. A Companion to Brenner & Rector’s
The Kidney. Philadelphia: Elsevier, 2005, pp 89-94.)
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Figure 3-10  Comparison of catalytic actions of angiotensin-converting enzyme (ACE)2 and ACE. ACE and ACE2 both
hydrolyze angiotensin |, but the vasoconstrictor peptide angiotensin Il is generated only by ACE, because ACE2 only removes
one single amino acid from the carboxyl terminus of its substrate, whereas ACE acts as a dipeptidyl carboxypeptidase.
Neither bradykinin nor kallidin is metabolized by ACE2, but des-Arg”-bradykinin (the endogenous agonist of B1 kinin
receptor) is. (From Fleming I, Kohlstedt K, Busse R. New fACEs to the renin-angiotensin system. Physiology. 2005;20:91-95.)
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carboxypeptidase to convert Ang II to Ang (1-7) and Ang I to
Ang (1-9).%* ACE2 is insensitive to ACE inhibitors.

Ang I and Ang II are susceptible to digestion at a number
of sites by angiotensinases, peptidases that remove amino
acids sequentially from the amino terminus (aminopepti-
dases) or the carboxyl terminus (carboxypeptidases) or cleave
peptide bonds in the interior of the molecule (endopepti-
dases). The resultant peptide fragments are found in the cir-
culation and have functions that may be distinct from those of
Ang II. For example, Ang III (the 2-8 peptide) has functions
identical to those of Ang II, whereas Ang IV (the 3-8 peptide)
may bind selectively to a novel receptor (AT,R) and may stim-
ulate release of plasminogen activator inhibitor-1, a potent
antithrombolytic agent. The Ang (1-7) peptide binds to the
distinct non-AT,AT,R AT, _, to stimulate vasodilation, increases
in glomerular filtration rate, inhibition of Na*,K*-adenosine
triphosphatase (ATPase), and down-regulation of AT,Rs.*
Ang (1-7) can be generated from Ang I, Ang (1-9), and Ang II
primarily in kidney by the carboxypeptidase ACE2 and by
a variety of endopeptidases, including neprilysin, prolyl
endopeptidase, and thimet oligopeptidase. ACE2 and Ang
(1-7) levels have been shown in preclinical studies to increase
during inhibition of the classical RAAS with an ACE inhibitor
or an ARB, a finding suggesting that activation of ACE2 and
generation of the downstream Ang (1-7) peptide may oppose

* EGFR
* PDGFR Ang Il
*IGF-1R

the effects of activating the classical RAAS. The biologic
significance of these novel peptides in humans has yet to be
fully elucidated.

Ang II acts on two major receptors. The AT,R, which
causes vasoconstriction, aldosterone release, and other func-
tions that tend to elevate BP and cause hypertrophy or hyper-
plasia of target cells, and the AT,R, which is thought to inhibit
cell growth and promote cell differentiation and apoptosis,
have been cloned and characterized. The novel receptors that
bind to the other Ang peptides have not yet been cloned and
are not fully accepted by all investigators.

Ang II elevates BP by a variety of mechanisms, including
constriction of resistance vessels, stimulation of aldosterone
synthesis and release and renal tubular Na® reabsorption
(directly and indirectly via aldosterone), stimulation of thirst
and release of antidiuretic hormone, and enhancement of
sympathetic outflow from the brain." Ang II also induces
cardiac and vascular cell hypertrophy and hyperplasia directly,
via activation of the AT|R, and indirectly by stimulating
release of a number of growth factors and cytokines.
Activation of the AT R stimulates a variety of tyrosine kinases,
which, in turn, phosphorylate the tyrosine residues in a
number of proteins, leading to vasoconstriction, cell growth,
and proliferation (Fig. 3-11). Activation of the AT,R subtype
stimulates a phosphatase that inactivates mitogen-activated

MAP kinases

e Cell survival
¢ Proliferation

\ AT,R NAB(P)H Cell membrane
oxidase
~_ B
/ OZ%.OZ ad H202 - H20+02

¢ Hyperplasia ¢ Adhesion
* Hypertrophy molecules
¢ Inflammation ¢ Chemokines/
* Apoptosis cytokines

* Collagen synthesis

(IL-6, MCP-1, PAI)

v v

Contraction

Fibrosis Inflammation

| Vascular remodeling |

Figure 3-11

Angiotensin Il (Ang ll)-mediated cellular events regulating vascular structure. Ang Il binds to the AT, receptor

(AT1R), leading to activation of tyrosine kinases, mitogen-activated protein (MAP) kinases, and nicotinamide adenine
dinucleotide phosphate (NAD(P)H) oxidase. These signaling events regulate vascular smooth muscle cell function. Under
pathologic conditions, increased signaling leads to altered growth, fibrosis, and inflammatory processes, which contribute to

structural remodeling in hypertension. AP-1, aminopeptidase-1

; EGFR, epidermal growth factor receptor; FAK, focal adhesion

kinase; IGF-1R, insulin-like growth factor-1 receptor; IL, interleukin; JAK, Janus family kinase; MCP-1, monocyte chemotactic
protein-1; NF«B, nuclear factor«B; PAI, plasminogen activator inhibitor; PDGFR, platelet-derived growth factor receptor; PI3K,
phosphatidylinositol 3-kinase; Pyk2, proline-rich tyrosine kinase 2; ROS, reactive oxygen species; STAT, signal transducer and
activator of transcriptase. (From Touyz RM. The role of angiotensin Il in regulating vascular structural and functional changes

in hypertension. Curr Hypertens Rep. 2003;5:155-164.)



protein kinase, a key enzyme involved in transducing signals
from the AT, R. Thus, activation of the AT,R opposes the bio-
logic effects of AT R activation and leads to vasodilation,
growth inhibition, and cell differentiation (Fig. 3-12)."! The
physiologic role of the AT,R in human adults is unclear, but it
is thought to function under stress conditions (e.g., vascular
injury, ischemia, or reperfusion). When an ARB is adminis-
tered, renin is released from the kidney resulting from removal
of feedback inhibition by Ang II. This leads to increased gen-
eration of Ang II, which is shunted to the AT,R, thus favoring
vasodilation and attenuation of unfavorable vascular remod-
eling. Expression of the AT,R is linked to growth states and
fetal development. During embryogenesis and fetal develop-
ment, the AT,R is expressed in large quantities, and expression
is decreased in the postnatal period. The regulation of the
AT,R gene in adult humans is not well elucidated. Some
evidence from animal models indicates that AT,R expression
is up-regulated in several pathologic conditions, such as in
vascular injury, in Na* depletion, after myocardial infarction,
and in congestive heart failure, but it is down-regulated in
diabetes mellitus.

Local production of Ang II in a variety of tissues, including
the blood vessels, heart, adrenals, and brain, is under the
control of ACE and other enzymes, including the serine pro-
teinase chymase. The activity of local renin-angiotensin

ANGIOTENSIN Il EFFECTS AT RECEPTORS

Cell
membrane

AT, receptor AT, receptor

¢ Vasoconstruction * Vasodilation
* Cell growth and proliferation * Inhibits hypertrophy
¢ CV hypertrophy  Antiproliferation

* PAI-1 expression

¢ Aldosterone release

» Central sympathetic activation
¢ Sodium and water retention

¢ Inhibits renin release

* Mediates NO and PGF,
in the kidney

¢ Renal Na* excretion

¢ Dilates afferent arteriole

* Causes renin release

Figure 3-12  The angiotensin Il (Ang Il) subtype receptors
have generally opposing effects. The angiotensin Il subtype

1 (AT,) receptor leads to vasoconstriction, cell growth, and
cell proliferation, whereas the angiotensin Il subtype 2 (AT,)
receptor has the opposite effects, leading to vasodilatation,
antigrowth, and cell differentiation. The AT, receptor is
antinatriuretic; the AT, receptor is natriuretic. AT receptor
stimulation results in free radicals; AT, receptor stimulation
produces nitric oxide (NO), which can neutralize free
radicals. The AT, receptor induces plasminogen activator
inhibitor-1 (PAI-1) and other growth family pathways; the AT,
receptor does not. Angiotensin receptor blockers bind to and
block selectively at the AT, receptor, preventing stimulation
of the receptor by angiotensin Il. CV, cardiovascular; PGF,,
prostaglandin F,. (From Carey RM, Siragy HM. Newly
recognized components of the renin-angiotensin system:
Potential roles in cardiovascular and renal regulation.

Endocr Rev. 2003;24:261-271.)
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systems and alternative pathways of Ang II formation may
make important contributions to remodeling of resistance
vessels and the development of target organ damage (including
left ventricular hypertrophy, heart failure, atherosclerosis,
stroke, end-stage renal disease, myocardial infarction, and
arterial aneurysm) in hypertensive persons.’

ANGIOTENSIN 1l AND OXIDATIVE
STRESS

Ang 1II increases cardiovascular risk in part by stimulating
oxidant production. Hypertension associated with chronic
infusion of Ang II is linked to up-regulation of vascular
p22phox messenger ribonucleic acid (mRNA), a component
of the oxidative enzyme nicotinamide adenine dinucleotide
phosphate (NAD(P)H) oxidase.*® Ang II receptor—dependent
activation of NAD(P)H oxidase is associated with enhanced
formation of the oxidant superoxide anion (O,*”), which
readily reacts with NO to form the oxidant peroxynitrite
(ONOO"). The consequent reduction in NO bioactivity may
provide an additional mechanism to explain the enhanced
vasoconstrictor response to Ang II in hypertension. NAD(P)H
oxidase may also play an important role in the hypertrophic
response to Ang II, because stable transfection of vascular
smooth muscle cells with antisense to p22phox inhibits Ang
I[I-stimulated protein synthesis. Other vasculotoxic responses
to Ang II that are triggered by activation of NAD(P)H oxidase
include the oxidation of low-density lipoprotein cholesterol
and increased mRNA expression for monocyte chemoattrac-
tant protein-1 (MCP-1) and vascular cell adhesion molecule-1
(VCAM-1), thus linking activation of the RAAS to the devel-
opment of the atherosclerosis.®’”

ACE inhibitors and ARBs limit oxidative reactions in the
vasculature by blocking the activation of NAD(P)H oxidase.
These findings have led to the hypothesis that the ACE
inhibitors and ARBs may have clinically important vasopro-
tective effects beyond BP lowering. Numerous important ran-
domized clinical trials, discussed in Chapters 20 and 21,
support that hypothesis.

ALDOSTERONE

Aldosterone is a steroid hormone synthesized primarily, if not
exclusively, in the zona glomerulosa of the adrenal cortex that
acts as a physiologic regulator of salt and water balance. It was
originally characterized as a mineralocorticoid, a hormone
promoting unidirectional transepithelial Na* transport.®
More recently, aldosterone has been shown to have important
physiologic and pathophysiologic effects on the heart, blood
vessels, and brain that are mediated by activation of high-
affinity mineralocorticoid receptors (MRs) (Fig. 3-13). These
MRs are members of the steroid/thyroid/retinoid/orphan
receptor family of nuclear trans-activating factors, closely
related to the glucocorticoid, androgen, and progestin recep-
tors. MRs act as transcription factors, binding to response
elements in the promoter regions of downstream target genes,
as well as to coregulators, and thus modulate gene transcrip-
tion. MR-regulated genes in epithelial tissues, including ENaC
and Na',K'-ATPase, regulate Na* transport. Activated MRs in
the amygdala stimulate salt appetite; in the circumventricular
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New concepts of aldosterone biology

Figure 3-13  New concepts of aldosterone

Multiple modulators of aldosterone secretion
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region of the hypothalamus, they raise BP, and in the arterial
wall, they stimulate vasoconstriction. The postreceptor mech-
anisms involved in these functions are not yet well defined.
Aldosterone has rapid nongenomic effects in VSMCs and
cardiomyocytes that are mediated by the MR.%

MRs can bind both mineralocorticoids and glucocorti-
coids and contain the enzyme 113-OH-steroid dehydrogenase
II, which inactivates glucocorticoids. Activation of MRs is
thought to stimulate intravascular and perivascular fibrosis
and interstitial fibrosis in the heart. The nonselective aldos-
terone antagonist spironolactone and the novel selective
aldosterone blocker eplerenone are effective in preventing or
reversing vascular and cardiac inflammation and subsequent
collagen deposition in experimental animals. Spironolactone
treatment of patients with heart failure has also been shown
to reduce circulating levels of procollagen type III amino-
terminal aminopeptide, a finding indicating an antifibrotic
effect. Spironolactone and the better-tolerated selective aldos-
terone blocker eplerenone are being utilized in the treatment
of hypertension, heart failure, and acute myocardial infarction
complicated by left ventricular dysfunction or heart failure
because of their unique tissue protective effects.

Aldosterone excess and associated MR activation may be
far more common causes or contributing factors to hyperten-
sion than previously thought. Historically, hypokalemia was
thought to be a prerequisite of primary hyperaldosteronism,
but it is now recognized that many patients with primary
hyperaldosteronism do not manifest low serum K* levels.
Some studies even report normal plasma K" levels in all par-
ticipants ([K*] = 3.9 = 0.2 mEq/L).” Accordingly, screening of
hypertensive patients for hyperaldosteronism has expanded,
and a higher prevalence of the disorder has been revealed.
Prevalence rates between 8% and 32% have been reported,
based on the patient population being screened (higher in
referral practices, where the patient mix tends to be enriched
with those with refractory hypertension, and lower in family
practices or community databases).”’ In our own referral

* Recently discovered

biology. ACTH, adrenocorticotropic hormone;
NO, nitric oxide. (From Lombes M, Farman N,
Bonvalet JP, et al. Identification and role of
aldosterone receptors in the cardiovascular
system. Ann Endocrinol [Paris]. 2000;61:
41-46)

Vessels

practice, which includes a high proportion of patients with
resistant hypertension, the prevalence of aldosterone excess is
24%, and BP in these patients is strikingly responsive to
spironolactone.”” The mechanisms by which MR activation
mediates resistant hypertension and target organ damage are
under active investigation.

ENDOTHELIAL DYSFUNCTION

NO is a potent vasodilator, inhibitor of platelet adhesion and
aggregation, and suppressor of migration and proliferation of
VSMCs. It is released by normal endothelial cells in response
to a variety of stimuli, including changes in BP, shear stress,
and pulsatile stretch, and it plays an important role in BP
regulation, thrombosis, and atherosclerosis." The cardiovas-
cular system in normotensive persons is exposed to contin-
uous NO-dependent vasodilator tone, but this NO-related
vascular relaxation is diminished in hypertensive persons.
In vivo delivery of superoxide dismutase (an enzyme that
reduces superoxide to hydrogen peroxide) reduces BP and
restores NO bioactivity, thus providing evidence that oxidant
stress contributes to the inactivation of NO and the develop-
ment of endothelial dysfunction in hypertensive models.
Investigators have suggested that Ang II enhances formation
of the oxidant superoxide at concentrations that have a
minimal effect on BP.”> These findings suggest that increased
oxidant stress and the development of endothelial dysfunction
may predispose to the development of hypertension. Further,
antihypertensive drugs that interrupt the RAAS, including
ACE inhibitors, ARBs, and MR antagonists, are effective in
reversing endothelial dysfunction in peripheral arteries,” as
well as in the kidney, where they reduce microalbuminuria
and proteinuria, an effect that has been related to prevention
of cardiovascular disease events.” The extent to which favor-
able effects on the endothelium account for the cardioprotec-
tive effects of these agents remains to be determined.
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Endothelin is a potent vasoactive peptide produced by
endothelial cells that has both vasoconstrictor and vasodilator
properties. Endothelin is secreted in an abluminal direction by
endothelial cells and acts in a paracrine fashion on underlying
VSMCs to cause vasoconstriction and elevate BP without
necessarily reaching increased levels in the systemic circula-
tion. Endothelin also stimulates VSMC proliferation; the result
is vascular remodeling, which tends to stabilize the hyperten-
sive state. Endothelin receptor antagonists reduce BP and
peripheral vascular resistance in both normotensive persons
and in patients with mild to moderate essential hyperten-
sion,” a finding supporting the interpretation that endothelin
plays a role in the pathogenesis of hypertension. Development
of this drug class for systemic hypertension has been limited
because of toxicity (teratogenicity, testicular atrophy, and
hepatotoxicity). However, an endothelin antagonist is indi-
cated for the treatment of pulmonary hypertension, and
others may yet prove clinically useful in the therapy of other
forms of renal and vascular disease.

VASODILATORS

Natriuretic Peptides

The most carefully studied of the endogenous antihyperten-
sive mediators are the natriuretic peptides (see Fig. 3-1). The
seminal observation of deBold and associates that atrial
extracts have potent natriuretic and BP-lowering effects led to
the discovery of a complex system of natriuretic peptides that
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Figure 3-14  The regulation and
actions of natriuretic peptides.
Aldo, aldosterone; ANP, atrial
natriuretic peptide; BNP, brain
natriuretic peptide; BP, blood
pressure; CNP, C-type natriuretic
peptide; FF, filtration fraction;
SNA, sympathetic nervous activity;
VSM, vascular smooth muscle.
(Modified from Espiner EA.
Physiology of natriuretic peptides.
J Intern Med. 1994;235:527-
541))
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play important roles in the integrative control of cardiovas-
cular and renal function and in the pathogenesis of hyper-
tension and related target organ damage. In addition to
natriuresis, these peptides have a variety of other functions,
including vasodilation, vascular remodeling, inhibition of cell
proliferation, and modulation of sympathetic nervous system
and RAAS function (Fig. 3-14). All these effects tend to lower
BP and reduce related target organ damage.

Five distinct natriuretic peptides have been identified and
characterized, as follows*®:

1. ANP is a 28—amino acid peptide synthesized and secreted
primarily by the cardiac atria that is an important regulator
of Na" balance and BP (Fig. 3-15). ANP deficiency has been
associated with impaired renal Na* excretion and BP eleva-
tion in animal models and humans.

2. Brain natriuretic peptide (BNP) is a 32—amino acid peptide
synthesized and secreted primarily by the cardiac ventricles
that resembles ANP in structure. The term “brain” is a mis-
nomer resulting from the fact that BNP was originally iso-
lated from brain. BNP is overexpressed in the hypertrophic
ventricle and is released in response to ventricular stretch,
leading to natriuresis and an acute reduction in preload.
These properties have resulted in the utilization of plasma
BNP assay as a diagnostic tool in heart failure and to the
development of recombinant human BNP for the treat-
ment of decompensated heart failure.

3. C-type natriuretic peptide (CNP), including a 53—amino
acid precursor form and a 22-amino acid active form,
is widely distributed in brain and peripheral organs,
including endothelium, kidney, heart, and adrenal gland. It
appears to have similar biologic properties, but lower
potency than ANP or BNP.
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Figure 3-15  The regulation and actions of atrial natriuretic
peptides (ANPs) in cardiovascular system. ACh, acetylcholine;
Ang Il, angiotensin II; AVP, arginine vasopressin, CAs,
catecholamines; ET-1, endothelin-1; PGs, prostaglandins.

4. Dendroapis natriuretic peptide (DNP), a 38—amino acid
peptide isolated from the venom of the green mamba
snake, Dendroapis augusticeps, has natriuretic and arterial
vasorelaxant activity, and DNP-like immunoreactivity has
been detected in human atrial myocardium and plasma. Its
function in mammals remains to be elucidated.

5. Urodilatin, a nonglycosylated 32—amino acid peptide
originally isolated from human urine, shares the ANP
sequence but has an additional Thr-Ala-Pro-Arg peptide at
the amino terminus. Urodilatin is synthesized only in the
renal tubules and is secreted into the tubular lumen. It func-
tions as a natriuretic peptide with greater potency than ANP.

The biologic effects of the natriuretic peptides are mediated
by specific natriuretic peptide receptors (NPRs), members of
the guanylyl cyclase receptor family. The A and B isoforms
(NPR-A and -B) have an extracellular ligand-binding domain,
an intracellular guanylate cyclase domain, and a protein
kinase-like domain that catalyzes the formation of cGMP
from guanosine triphosphate. cGMP acts on a variety of intra-
cellular targets, including protein kinases, gated ion channels,
and cyclic nucleotide phosphodiesterases. NPR-C lacks the
intracellular protein kinase—like and guanylyl cyclase domains
and functions as a clearance receptor and the primary regu-
lator of circulating natriuretic peptide levels (see Fig. 3-14).
ANP is expressed in and released from atrial myocytes in
response to stretch and a variety of neurohumoral stimuli (see
Fig. 3-15). By activating NPR-A, ANP has renal, hemody-
namic, and neurohumoral (inhibition of sympathetic nervous
system and RAAS activity) effects that reduce extracellular
volume and systemic vascular resistance and thus lower BP. In
addition, ANP inhibits growth and proliferation of critical cell
types in the heart and vasculature and thereby prevents

adverse cardiovascular remodeling and fibrosis in the setting
of hypertension or excess stimulation by growth factors such
as Ang II. Mice with homozygous deletion of ANP or NPR-A
develop hypertension and cardiac hypertrophy, particularly
when they are fed a high-salt diet. Further, we have shown
exaggerated interstitial and perivascular fibrosis and early
failure in hearts of ANP null mice subjected to systolic
overload stress, a finding demonstrating the functional
significance of ANP as a cardioprotective hormone.”

Relative ANP deficiency, reflected in a blunted increase or
a paradoxical decrease in plasma ANP in response to high
dietary salt intake, has been demonstrated in humans with
salt-sensitive hypertension and in children of hypertensive
parents.” Further, polymorphisms in the ANP gene have been
associated with hypertension in some populations, particu-
larly African Americans and Japanese, but not in others.
A significant association between allelic variants of the ANP
gene and aldosterone responsiveness to Ang II has been shown
in patients with an aldosterone-producing adenoma.
Suppressed circulating ANP levels associated with a reduced
NPR-A/NPR-C ratio in adipose tissue have been demon-
strated in obese hypertensive patients.”® The latter finding
suggests that overexpression of NPR-C in adipose tissue may
lead to increased peripheral clearance of ANP, thus reducing
its biologic activity and predisposing obese persons to salt-
sensitive hypertension. The observation that NPR-C expres-
sion in adipose tissue is suppressed in rats following fasting,
with resulting increased ANP activity, diuresis, and natri-
uresis, is consistent with this interpretation. Taken together,
experimental and clinical studies suggest a role for ANP in the
regulation of BP and the pathogenesis of some forms of
hypertension and their associated target organ damage.
Exploitation of the natriuretic peptide—signaling pathway as a
therapeutic target has been suggested by the demonstration
that inhibition of phosphodiesterase-5 with sildenafil reverses
pressure overload—induced cardiac hypertrophy in the
mouse.”®

Kallikrein-Kinin System

The kallikrein-kinin system operates in parallel with the
RAAS but has many functions (i.e., BP reduction, vasoprotec-
tion, natriuresis) that oppose the actions of Ang II and aldos-
terone.” Kinins, peptides that contain the sequence of
bradykinin, are generated from protein precursors called
kininogens by action of kallikrein, an enzyme that is expressed
mainly in submandibular glands, pancreas, and kidney, but it
is also detectable in vascular tissues, heart, and adrenal glands.
Kinins are rapidly hydrolyzed and inactivated by a number
of kininases, including ACE (kinase II) and neutral endopep-
tidase 24.11 (enkephalinase), which also inactivate other
vasoactive peptides. Because of this rapid hydrolysis, the
kinins circulate in very low concentrations and act mainly
near their site of origin.

The kinins act via the B, and B, receptors: the B, receptor
is expressed only in the setting of tissue injury, whereas
the B, receptor mediates most of the functions of the kinins.
B, receptor activation stimulates release of a variety of
vasodilator/natriuretic/antitrophic mediators, which are
responsible for the cardiovascular effects of the kinins. Cross-
talk exists between the B, receptor and ACE, as well as serine
proteases such as kallikrein; the results are B, receptor activa-



tion and potentiation of bradykinin. The B, receptor also
forms heterodimers with the AT,R, thus activating AT,R
signaling, and forms a complex with eNOS that inhibits NO
generation. The functional consequences of these receptor-
receptor interactions remain to be fully elucidated, but it is
clear that the kinins mediate some of the cardiovascular and
renal effects of the ACE inhibitors and ARBs, as well as some
of the adverse effects of the former drug class. In addition,
bradykinin appears to play an important role in mediating the
counterregulatory vasoprotective effects of AT,R activation, as
well as the depressor effects of Ang (1-7).

Decreased activity of the kallikrein-kinin system has been
linked to human hypertension in that low urinary kallikrein
excretion was described in normotensive children of hyper-
tensive parents, whereas high urinary kallikrein was associated
with a decreased risk of essential hypertension.” However,
animal models with genetic deletion of components of the
kallikrein-kinin system do not develop hypertension, a
finding suggesting that the kinins do not play a fundamental
role in the pathogenesis of hypertension. They do, however,
appear to play an important modulatory role in the salt sen-
sitivity of BP, as well as in the antihypertensive and cardio-
protective effects of the ACE inhibitors and ARBs.

Calcitonin Gene-Related Peptide

CGRP is a 37-amino acid neuropeptide synthesized in the
central and peripheral nervous systems by tissue-specific
splicing of the primary RNA transcript of the calcitonin/
CGRP gene.'” CGRP is a potent vasodilator via both direct
(cyclic adenosine monophosphate on VSMCs) and indirect
(NO release from endothelium) effects, and it also has positive
inotropic and chronotropic actions. CGRP plays an important
compensatory vasodilator role to attenuate the BP increase in
rodent models of hypertension, and homozygous deletion of
the a-CGRP gene in the mouse results in BP elevation,
increased heart weight, and an exaggerated BP response to
deoxycorticosterone-salt treatment. However, the role of
CGRP in human hypertension remains unclear.

Substance P

Substance P is an 11-amino acid peptide member of the
tachykinin family that mediates pain, touch, and tempera-
ture.'” It is expressed almost exclusively in neuronal tissues,
but it produces vasodilation by an endothelium-dependent
mechanism involving release of both NO and endothelium-
derived hyperpolarizing factor (EDHF). Substance P may act
to counteract the BP increases seen in animal models of salt-
dependent hypertension. Decreased levels of substance P have
been reported in human hypertension, but the pathophysio-
logic significance of this alteration is unclear.

Adrenomedullin

Adrenomedullin is a 52—amino acid peptide member of the
CGRP/amylin/calcitonin superfamily that was first isolated
from human pheochromocytoma tissue.'” Adrenomedullin
was subsequently found to be expressed in highest levels in
endothelial cells and to be secreted by the vascular endothe-
lium into the circulation. Circulating adrenomedullin levels
are increased in hypertension, heart failure, and renal failure
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in humans and in animal models, likely as a compensatory
response to BP elevation and vascular damage. Adrenomedullin
delays the BP rise and protects against target organ damage in
rodent models of hypertension. Available data suggest that
adrenomedullin functions as a compensatory vasodilator in
hypertensive states, but its mechanism of action and precise
role in human hypertension are unclear.

SUMMARY

The complexity of pathophysiologic mechanisms that lead to
BP elevation is such that selective, mechanistically based anti-
hypertensive treatment is rarely possible in any given hyper-
tensive patient. Current treatment guidelines generally
recommend a generic approach to treating hypertension, with
little emphasis on selecting therapy based on the underlying
pathophysiology of the elevated BP. With increased recogni-
tion of specific causes, it may be possible to develop therapies
selective for distinct pathophysiologic mechanisms with fewer
adverse effects, resulting in more effective BP reduction.
Utilization of powerful new techniques of genetics, genomics,
and proteomics, integrated with systems physiology and
population studies, may make more selective and effective
approaches to the treatment and even prevention of hyperten-
sion possible in the coming decades.
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Chapter 4
Defining Hypertension

Theodore A. Kotchen and Jane Morley Kotchen

OVERVIEW

The definition of hypertension has changed dramatically over
time in response to better understanding of the pathophysi-
ology, actuarial considerations of the life insurance industry,
studies of blood pressure (BP) in diverse communities or
groups of people, consideration of the interaction of BP levels
and co-morbid conditions, landmark studies of BP-related
health outcomes, and the development and evaluation of
effective antihypertensive therapies. Should the “usual” BP in
a population be considered normal? Should the rise of BP
with age be considered pathologic? Both epidemiologic data
and clinical information provide complementary approaches
for arriving at a definition. Data obtained from epidemiologic
studies and clinical trials provide a wealth of information
relevant to the pathophysiology of cardiovascular disease
and to the outcome of patients with elevated arterial pressure.
In this chapter, we review some of the observations and
perspectives that have “defined” hypertension. Ultimately, any
definition of hypertension becomes somewhat arbitrary.

HISTORICAL PERSPECTIVE

Soon after the sphygmomanometer was introduced into
medical practice, observations based on case studies docu-
mented that high levels of arterial pressure are associated with
renal, vascular, and cardiac diseases.! Recommended upper
limits of normal BP were based on arbitrary values, depending
on the beliefs of individual medical practitioners. In the
opinion of some eminent practitioners, high BP was con-
sidered beneficial. In an address given in 1912 before the
Glasgow Southern Medical Society and entitled “High Blood
Pressure: Its Associations, Advantages, and Disadvantages,” Sir
William Osler made the following statement about high BP
associated with atherosclerosis: “In this group of cases it is well
to recognize that the extra pressure is a necessity—as purely a
mechanical affair as in any great irrigation system with old
encrusted mains and weedy channels. Get it out of your heads,
if possible, that the high pressure is the primary feature, and
particularly the feature to treat.”

Early clinical observations that BP, particularly systolic
BP (SBP), increases with age led to extensive debates about
whether age-related increases in BP are part of normal aging.
One approach to determining normal upper limits of SBP was
to calculate an upper limit of normal SBP as “100 plus the age
of the individual” Another approach to determining normal
BP ranges in populations was to relate BP to the age-specific
distribution of BPs in the population. This meant that normal
ranges varied for different population groups. The life
insurance industry was the first to relate mortality outcomes

to BP levels in studies that clearly indicated strong and posi-
tive linear associations between BP levels and mortality.’
Subsequent definitions for the upper level of normal ranges of
BP for adults have evolved and have been based on epidemio-
logic findings relating BP levels and risks for subsequent
adverse outcomes in populations or evidence from clinical
trials demonstrating reduced risks of adverse outcomes with
antihypertensive therapies.

SHOULD AGE BE A CONSIDERATION
IN DEFINING HYPERTENSION?

In industrialized societies, both cross-sectional and longitu-
dinal studies document an increase of arterial pressure with
age.” This age-related BP increase occurs over the entire range
of BPs, not merely in individuals with relatively higher BPs.
An earlier concept of two populations, one with a definite rise
of BP in middle age and another with little or no rise, has
proved to be erroneous.’

BP is considerably lower in children than in adults and
increases steadily throughout the first 2 decades of life. In chil-
dren and adolescents, BP is closely associated with growth and
maturation. Based in part on data derived from the National
Health and Nutrition Examination Surveys (NHANES), BP
standards (50th, 90th, 95th, and 99th percentiles) for children
have been developed based on age, gender, and height.® For
any given age, BP norms increase as height increases.
Numerous studies document tracking of BP over time in chil-
dren as well as tracking from adolescence into young adult-
hood.”'® Excessive weight gain in adolescence and a family
history of hypertension increase the risk of higher BP in early
adult life.”®

In adults, several population-based samples of the United
States, including NHANES III, have demonstrated that mean
SBP is higher for men than for women during early adult-
hood, although among older individuals, the age-related rate
of rise is steeper for women.!” Consequently, among individ-
uals age 60 and older, SBP of women is higher than that of
men.'® To some extent, this may be related to selective mor-
tality among men with higher SBPs. Among adults, diastolic
BP (DBP) also increases progressively with age until approxi-
mately age 55 years, after which DBP tends to decrease.
The consequence is a widening of pulse pressure beyond age
60 years (Fig. 4-1), possibly resulting from loss of vascular
elasticity.

Based on the age-related rise of BP, in a 1951 publication,
increasing BP ranges were proposed for defining normal BP
and hypertension in men and women." For example, a pro-
posed lower limit of hypertension increased from 140 to
145/90 mm Hg to 190/110 mm Hg between the ages of 16 and
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Figure 4-1 A and B, Impact of age on blood pressure in

adults, based on cross-sectional data obtained from the third
National Health and Nutrition Examination Survey. (Data from
the National Center for Health Statistics, Hyattsville, MD.)

60 years. As reviewed later, subsequent epidemiologic obser-
vations and clinical trials do not support an age-based
definition of hypertension in adults.

Although age-related BP trends may be similar across
societies, regional variations of mean BP levels exist,?°
presumably the result of both genetic and environmental
factors, including diet. A few primitive societies have been
identified in which no increase of BP occurs during adult-
hood.?! The absence of an age-related increase of BP is likely
the result of extremely low dietary intakes of salt and other
lifestyle factors.

EPIDEMIOLOGIC APPROACH TO
DEFINING HYPERTENSION: BLOOD
PRESSURE AND CARDIOVASCULAR
DISEASE RISK

The epidemiologic approach focuses on the relationship
between BP level and the risk of cardiovascular disease. Sir
George Pickering clearly articulated this in 1968, when he
wrote: “Arterial pressure is a quantity and its adverse effects
are related numerically to it. The dividing line (between normal
BP and hypertension) is nothing more than an artifact.”*

Subsequent epidemiologic data generally support a contin-
uous, incremental risk of cardiovascular disease, stroke, and
renal disease across levels of both SBP and DBP*** Data
collected by insurance companies demonstrate a quantitative
relationship between arterial pressure and expectation of life,
even at the lower levels of pressure. The Multiple Risk Factor
Intervention Trial (MRFIT), which included more than
350,000 male participants, confirms a continuous and graded
influence of both SBP and DBP on coronary heart disease
mortality, extending down to SBPs of 120 mm Hg.”>** Data
from the Framingham Heart Study indicate that cardiovas-
cular disease risk is increased 2.5-fold in women and 1.6-fold
in men with “high-normal” BPs (SBP 130 to 139 mm Hg or
DBP 85 to 89 mm Hg).23’27 SBP and, to a lesser extent, DBP
are also associated with risk of death from both hemorrhagic
and nonhemorrhagic stroke. MRFIT data also indicate that
risk estimates for end-stage renal disease are graded for
both SBP and DBP, and SBP is the stronger predictor of sub-
sequent risk.?®

Although early definitions of hypertension focused on
levels of DBP, it is now recognized that SBP is a more powerful
predictor of coronary heart disease than DBP, particularly
among older individuals.”*® According to Framingham data,
before age 50 years, DBP is a stronger predictor of coronary
heart disease. However, with increasing age, there is a transi-
tion from DBP to SBP as the dominant predictor of coronary
heart disease. After age 60 years, coronary heart disease is
more closely related to SBP, and wide pulse pressure is also
predictive of coronary heart disease. An analysis of the
Framingham data indicates that at any level of SBP, the risk of
coronary heart disease increases as DBP decreases; that is,
higher risk is associated with an increased pulse pressure.’"*
Similarly, a meta-analysis of several large clinical trials in the
elderly indicated that although total mortality is positively
correlated with SBP at entry, the association with DBP is
negative.”” This finding again highlights the importance of
pulse pressure as a risk factor in the elderly. In elderly and
middle-aged men and women, based on data from the
Framingham Heart Study, the risk of heart failure is also
greater for SBP and pulse pressure than for DBP.**

Several additional cohort studies also suggest that SBP and
pulse pressure are better predictors of cardiovascular out-
comes than DBP.*** Risks of stroke, coronary heart disease,
and all-cause mortality are higher in individuals with isolated
systolic hypertension (SBP =160 mm Hg, DBP <90 mm Hg)
than in individuals with diastolic hypertension (DBP
=90 mm Hg).”? In a prospective cohort of middle-aged
men, over a 32-year follow-up period, isolated diastolic hyper-
tension (DBP >90 mm Hg, SBP <140 mm Hg) was not asso-
ciated with increased rnortality.36 However, a review of nine
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prospective, observational studies documented continuous,
positive, independent associations of stroke and coronary
heart disease with DBPs in the range of 70 to 110 mm Hg.”
There was no evidence of any threshold below which DBPs
were not associated with lower risks.

Results of a meta-analysis of data from 61 prospective
studies involving almost 1 million participants demonstrated
that “usual BP” down to a level of 115/75 mm Hg is strongly
and directly related to ischemic heart disease mortality, stroke
mortality, and mortality from other vascular causes, without
evidence of a threshold (Figs. 4-2 and 4-3).® Both SBP and
DBP were independently predictive of stroke and coronary
mortality. The contribution of pulse pressure to cardiovas-
cular risk increased after age 55 years. Between the ages of 40
and 69 years, in both men and women, each 20 mm Hg differ-
ence of SBP or approximately 10 mm Hg DBP was associated
with more than a twofold difference in stroke death rates and
with a twofold difference in death rates from ischemic heart
disease and other vascular causes. The relationship of BPs
with cardiovascular mortality was reduced by approximately
50% at ages 80 to 89 years. Based on an overview of prospec-
tive cohort studies, in individuals aged 60 to 79 years, each
10 mm Hg lower SBP is associated with a 33% decreased risk
of stroke.”

CLINICAL APPROACH TO DEFINING
HYPERTENSION: BLOOD PRESSURE
GOALS FOR ANTIHYPERTENSIVE
DRUG THERAPY

From a clinical perspective, hypertension may be defined as
that level of BP at which the institution of therapy reduces BP-
related morbidity and mortality. In 1971, Evans and Rose
defined hypertension “...in terms of a BP level above which
investigation and treatment do more good than harm”* A
closely related corollary to this definition is the determination
of the target or goal BP to be achieved by antihypertensive
therapy.

In the late 1960s, in placebo-controlled trials, the landmark
antihypertensive therapy-related Veterans’ Administration
Cooperative Studies documented reductions in cardiovascular
morbidity and mortality in men with DBPs in the range of
115 to 129 mm Hg and in a subsequent study in men with
DBPs of 90 to 114 mm Hg.*"*? Approximately a decade later,
based on comparison of stepped care versus usual care of
hypertension, results of the Hypertension Detection and
Follow-up Program (HDFP) demonstrated reductions of all-
cause mortality, stroke incidence, and cerebrovascular deaths
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Figure 4-3  Stroke mortality risk in each decade of age versus usual blood pressure at the start of that decade. Cl,
confidence interval. (From Prospective Studies Collaboration. Age-specific relevance of usual blood pressure to vascular
mortality: A meta-analysis of individual data for one million adults in 61 prospective studies. Lancet. 2002;360:1903-1913.)

associated with blood pressure reductions in individuals with
“mild” (DBP 90 to 104 mm Hg), “moderate” (DBP 105 to
114 mm Hg), and “severe” (DBP >114 mm Hg) hyperten-
sion.” In 1982, a World Health Organization Committee
summarized results of the HDFP, in addition to three other
trials of hypertension treatment conducted about the same
time (US Public Health Service study, the Australian National
BP Study, and the Oslo Study).** These trials documented the
reduction of cardiovascular complications by antihyperten-
sive therapy. However, with follow-up periods ranging from 5
to 7 years, the four trials failed to demonstrate convincingly a
reduction of coronary artery disease or nonfatal myocardial
infarction. Although acknowledging the beneficial impact of
the trials, the World Health Organization Committee con-
cluded that “much knowledge is still needed before safe, effec-
tive, and economic control of high BP and its complications
can be achieved...”

Since these earlier studies, numerous clinical trials have
documented the benefits of antihypertensive therapy on the
reduction of cardiovascular disease, including stroke, coro-
nary artery disease, and renal disease.”* Antihypertensive
therapy has been associated with average reductions in inci-
dence of stroke by 35% to 40%, myocardial infarction by
20% to 25%, and heart failure by more than 50%.* In general,
the degree of benefit is related to the magnitude of the BP
reduction. For example, a review of clinical trial data suggests
that a 10 mm Hg reduction of SBP is associated with a
31% reduction in stroke risk.”” A meta-analysis of eight trials
of isolated systolic hypertension (SBP >160 mm Hg and DBP

<95 mm Hg) in the elderly (a total of almost 16,000 partici-
pants) indicated that active drug treatment reduced total
mortality by 13%, cardiovascular mortality by 18%, all cardio-
vascular complications by 26%, stroke by 30%, and coronary
events by 23%.”

A widely cited trial, the Hypertension Optimal Treatment
(HOT) trial, attempted to identify the optimum DBP goals for
antihypertensive therapy.*® The trial recruited 18,790 hyper-
tensive subjects, aged 50 to 80 years, with DBPs of 100 to
115 mm Hg. Subjects were randomly assigned to one of three
DBP goals: less than 90 mm Hg, less than 85 mm Hg, or less
than 80 mm Hg. Average follow-up was 3.8 years. Most car-
diovascular endpoints decreased with lower target BPs, but
the overall differences were not significant, perhaps because
the achieved DBP differences were only about 2 mm Hg. The
maximum protection against combined cardiovascular end-
points was observed in the range of 80 to 85 mm Hg for DBP
and 135 to 140 mm Hg for SBP.

EVOLVING DEFINITIONS
OF HYPERTENSION

Any definition of hypertension should be based on the
assumption that appropriate techniques are used for the
measurement of blood pressure and that the conditions under
which the measurement is obtained are described (see
Chapter 5). The Joint National Committee on Prevention,
Detection, Evaluation, and Treatment of High Blood Pressure
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Figure 4-4 A and B, Changing Joint National
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(JNC) guidelines for the definition of hypertension are based
on the average of two or more seated BP readings in each of
two or more office visits."”

Over time, various expert panels have modified guidelines
for defining hypertension and for recommending target BP
goals for antihypertensive therapy, as more information has
become available. In 1971, the Hypertension Study Group
recommended criteria for BP screening and referral for indi-
viduals with SBP greater than 140 mm Hg or DBP greater
than 90 mm Hg.*® Drug treatment was recommended for
patients with hypertension-related cardiovascular disease as
well as for “most patients” with DBPs consistently between 95
and 105 mm Hg or higher. There were no recommendations
regarding initiation of treatment for SBP.

In 1977, JNC I classified hypertension as DBP 105 mm Hg
or higher and suggested only that consideration be given to
giving therapy to patients with DBP 90 mm Hg or higher.* In
1980, JNC II defined hypertension as DBP 90 mm Hg or
higher.® There were no recommendations for classifying or
treating SBP in JNC I or II. Subsequent JNC reports have rec-
ommended progressively more rigorous criteria for defining
and treating hypertension (Fig. 4-4).%

Numerous classifications for hypertension currently exist.
The most recent report for the United States, JNC 7, published
in 2003, defines “normal” BP as lower than 120/80 mm Hg.47
JNC 7 further states that individuals with SBP from 120 to
139 mm Hg or DBP from 80 to 89 mm Hg should be con-
sidered “prehypertensive,” and health-promoting lifestyle
modifications are recommended for these persons. Indi-
viduals with SBP 140 mm Hg or higher and/or DBP
90 mm Hg or higher are considered to have hypertension, and

drug therapy is recommended to achieve a goal BP lower than
140/90 mm Hg. Isolated systolic hypertension is defined as
SBP 140 mm Hg or higher and DBP lower than 90 mm Hg,
whereas isolated diastolic hypertension is defined as DBP
90 mm Hg or higher and SBP lower than 140 mm Hg.

Table 4-1 compares hypertension definitions recom-
mended in 2003 by JNC 7 and by the European Society of
Hypertension/European Society of Cardiology.”””! The
European classification has been endorsed by the World Health
Organization and International Society of Hypertension.*
Although similar, the most notable difference between JNC 7
and the European classification is the distinction between
normal BP (SBP <120 mm Hg and DBP <80 mm Hg) and
prehypertension (SBP 120 to 139 mm Hg or DBP 80 to
89 mm Hg) in JNC 7 and the definitions of “optimal” (SBP
<120 mm Hg and DBP <80 mm Hg), “normal” (SBP <120 to
129 mm Hg or DBP 80 to 84 mm Hg), and “high normal”
(SBP 130 to 139 mm Hg or DBP 85 to 89 mm Hg) BP in the
European classification.

In approximately 15% to 20% of patients with stage 1
hypertension as defined by JNC 7, BP may be elevated only in
the presence of a health care worker, but not when measured
at home or at work.*** This phenomenon is referred to as
“white-coat” hypertension. A frequently used definition of
white-coat hypertension is a persistently elevated average
office BP of greater than 140/90 mm Hg and an average awake
ambulatory reading of less than 135/85 mm Hg. Although
individuals with white-coat hypertension may have less car-
diovascular disease risk than individuals with raised office BP
as well as raised ambulatory BP, several, but not all, studies
suggest that this condition is associated with target organ
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Table 4-1 Definitions and Classifications of Blood Pressure Levels
Seventh Report of the Joint National Committee
Blood Pressure Classification SBP (mm Hg) DBP (mm Hg)
Normal <120 and <80
Prehypertension 120-139 or 80-89
Stage 1 hypertension 140-159 or 90-99
Stage 2 hypertension =160 or =100

European Society of Hypertension

Blood Pressure Classification SBP (mm Hg) DBP (mm Hg)
Optimal <120 and <80
Normal 120-129 or 80-84
High normal 130-139 or 85-89
Grade 1 hypertension (mild) 140-159 or 90-99
Grade 2 hypertension (moderate) 160-179 or 100-109
Grade 3 hypertension (severe) =180 or =110
Isolated systolic hypertension =140 and <90

SBP, systolic blood pressure; DBP, diastolic blood pressure.

Data from National High Blood Pressure Education Program Coordinating Committee. The
Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation and
Treatment of High Blood Pressure. Hypertension. 2003;42:1206-1252; and Guidelines
Committee. 2003 European Society of Hypertension: European Society of Cardiology
guidelines for the management of arterial hypertension. J Hypertens. 2003;21:1011-1053.

damage.’"** Home BPs and average 24-hour ambulatory BPs
are generally lower than clinic BPs, and the discrepancy
increases with increasing clinic BP values.”® Although limited,
increasing evidence suggests that home BPs predict target
organ damage and morbid events more reliably than do clinic
measurements.” Several recent studies have attempted to
identify the normal ranges for these measurements in two
ways: (1) comparison of the BP level that best corresponds to
a clinic BP of 140/90 mm Hg; and (2) relating ambulatory BPs
to risk in prospective studies.”> One large study proposed a
level of 137/74 mm Hg as an acceptable upper limit for home
readings, based on the observation that cardiovascular risks
increase above this level.® An ad hoc committee of the American
Society of Hypertension recommended 135/85 mm Hg as the
upper limit of normal for home and ambulatory BPs.”
Similarly, a committee of the American Heart Association
Council on High Blood Pressure Research suggested values for
the upper limit of normal ambulatory BPs (Table 4-2).>

The 2004 report of the National High Blood Pressure
Education Program Working Group on High Blood Pressure
in Children and Adolescents defined hypertension in children
and adolescents as SBP and/or DBP consistently higher than
the 95th percentile for age, gender, and height.® To be consis-
tent with JNC 7, BPs between the 90th and 95th percentiles are
termed “prehypertensive” and are considered an indication for
lifestyle interventions.

REDEFINING HYPERTENSION FOR
SELECTED GROUPS OF PATIENTS

More aggressive BP targets may be appropriate for patients
with diabetes, coronary heart disease, or chronic kidney
disease or patients with additional cardiovascular disease risk

Table 4-2  Suggested Values for the Upper Limit of Normal
Ambulatory Blood Pressure (in mm Hg), According to a Recent
Report of the Subcommittee of Professional and Public
Education of the American Heart Association Council on High
Blood Pressure Research

Optimal Normal Abnormal

(mm Hg) (mm Hg) (mm Hg)
Daytime <130/80 <135/85 >140/90
Nighttime <115/65 <120/70 >125/75
24-hour <125/75 <130/80 >135/85

From Pickering TG, Hall JE, Appel L, et al. Recommendations
for blood pressure measurement in humans and experimental
animals. Part 1. Blood pressure measurement in humans:

A statement for professionals from the Subcommittee of
Professional and Public Education of the American Heart
Association Council on High Blood Pressure Research.
Hypertension. 2005,;45:142-161.

factors.”®® In patients with diabetes, effective BP control
reduces the risk of cardiovascular events and death, as well as
the risk for microvascular disease (nephropathy, retinopathy).
Risk reduction with BP control is greater in diabetic than in
nondiabetic individuals. In the United Kingdom Prospective
Diabetes Study (UKPDS), 1148 patients with type 2 diabetes
were randomly assigned to “tight” BP control versus “less
tight” control groups.®’ Mean BP was lower in the tight
control group (144/82 mm Hg versus 154/87 mm Hg) during
a median follow-up of 8.4 years. Compared with the less
tightly controlled group, tight BP control was associated with
32% fewer deaths, 44% fewer strokes, a 56% reduction of
heart failure, and a 37% reduction in microvascular end-
points. In the HOT trial, a reduction in DBP from 85 to



81 mm Hg resulted in a 50% decreased risk of cardiovascular
events in patients with type 2 diabetes.*

Several expert panels have recommended more aggressive
BP targets for patients with type 2 diabetes. JNC VI had rec-
ommended that diabetic patients with BPs higher than
130/85 mm Hg be started on antihypertensive therapy. In
large part because of results of the UKPDS and HOT trials, the
guidelines published by the JNC 7, the European Society of
Hypertension/European Society of Cardiology, the World
Health Organization/International Society of Hypertension,
and the Canadian Hypertension Society all recommend less
than 130/80 mm Hg as the target BP for patients with type 2
diabetes.*”*"** JNC 7 also recommends a goal of less than
130/80 mm Hg for patients with chronic kidney disease.

In a prospective, randomized, placebo-controlled trial
of 1991 patients with angiographically documented coro-
nary artery disease and “normal” BP (baseline average,
129/78 mm Hg), BP was decreased by 4.8/2.5 mm Hg with
amlodipine therapy and by 4.9/2.4 mm Hg with enalapril.®*
Over a 24-month trial, amlodipine significantly decreased
cardiovascular events by 31% compared with placebo-treated
patients. A similar, but not statistically significant trend was
observed in enalapril-treated patients. Although the reduction
of cardiovascular events may have been related to effects of
amlodipine and enalapril other than BP reduction, these
results raise the possibility that current target goals for BP
should be set at lower levels for patients with established coro-
nary artery disease.

Despite theoretical concerns about decreasing cerebral,
coronary, and renal blood flow by overaggressive antihyper-
tensive therapy, evidence for a “J-curve” phenomenon is
limited. Large clinical trials have found no evidence of a
J-curve related to treatment.’***% Even among patients with
isolated systolic hypertension, who are selected on the basis of
not having an elevated DBP, further lowering of the DBP does
not result in harm.

PERSPECTIVE

As a result of information obtained from both observational
studies and prospective clinical trials, since the 1960s hyper-
tension has been defined in terms of progressively lower levels
of BP. Currently recommended BP targets may change as
additional clinical trial data become available. Further, the
definition of hypertension and the determination of BP tar-
gets based on results of clinical trials may be somewhat arbi-
trary because different classes of antihypertensive agents may
have additional cardiovascular protective effects beyond their
capacity to lower BP. Clinically, other factors in addition to the
BP level should be considered when applying recommended
guidelines to the care of the individual patient. Decisions
about goal BP should also be based on the assessment of
overall cardiovascular disease risk, patients’ co-morbidities,
and the availability of effective and well-tolerated drugs.
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Chapter 5

Blood pressure (BP) ranks third (after age and tobacco use)
among predictors of mortality."? Before hypertension can be
properly diagnosed, and attempts made to lower BP using
lifestyle modifications or drug therapy, accurate measurement
of BP is essential. Unfortunately, BP measurement is hardly
ever performed according to recognized guidelines, published
by the American Heart Association (AHA) periodically since
1938.% The European Society of Hypertension recently issued
a plea for manufacturers to develop an accurate and reliable
BP measuring device for use in low-resource settings, because
high BP is now the leading cause of death and disability in
every country in the world.*> We would argue that such a
device currently exists—a trained health care worker using
a mercury manometer and a stethoscope.

A BRIEF HISTORY OF MORE THAN
A CENTURY OF BLOOD PRESSURE
MEASUREMENT

In the early 1900s, with the advent of standard methods for
measuring BP, it became apparent that elevated BP was an
important predictor of premature death and disability in
patients who reported feeling ill. Janeway coined the term
hypertensive cardiovascular disease after following 7872 con-
secutive new patients in whom he measured BP by palpation
from 1903 to 1912.° He noted that 53% of the men and 32%
of the women with symptomatic hypertension died in this
9-year period, and 50% of those who died had done so in the
first 5 years after being seen. Cardiac insufficiency and stroke
accounted for 50% of the deaths and uremia for 30%. By
1914, the life insurance industry had learned that even in
asymptomatic men, the measurement of BP was the best way
(after age) to predict premature death and disability, and all
insurance examiners were required to measure BP for a
person to obtain a life insurance policy. In 1913, the chief
medical officer of the Northwest Mutual Life Insurance
Company stated, “No practitioner of medicine should be
without a sphygmomanometer. This is a most valuable aid in
diagnosis.”!

Population-based studies of standardized BP measurement
began in 1948 with the Framingham Heart Study. Using stan-
dardized measurement of BP according to the guidelines
developed by the AHA, Framingham investigators demon-
strated that cardiovascular risk increased continuously from
the lowest to the highest levels of pressure and that the systolic
pressure was the most predictive. At least 91% of persons who
developed heart failure had high BP before they developed
overt heart failure.” The impact of BP was even more devas-
tating in African Americans in Evans County, GA, where 40%
of all deaths in black women were attributed to high BP.?
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These results, and the discovery of drugs that lowered BP,
led to the implementation of large-scale trials in the 1960s to
determine the level of pressure at which the risks of lowering
high BP outweighed the risks of not lowering it. These trials
required design and implementation of quality improvement
strategies to ensure that all personnel at many study centers
would measure BP with the highest accuracy and reliability
over 5 years. Methods of training developed for these and
other trials, as well as for the several population-based National
Health and Nutrition Examination Surveys (NHANES),
evolved into a standardized training, certification, and quality
improvement program.’ The results of these training pro-
grams need to be transferred to the day-to-day practice of
medicine if the impressive benefits of these trials are to be
relayed to the general population. We have modeled our video
and digital video disk (DVD)-based training and certification
program on their experiences.'” Implementation of these
training and certification programs for personnel working in
NHANES has improved the quality of BP measurements in
this important program."' In most large-scale hypertension
trials, the difference in BP between the treated and untreated
groups over 5 years was less than 10/5 mm Hg. Thus, errors of
this magnitude, if falsely low, will deny the proven benefits
of treatment to millions of people who truly have high BP but
who will be incorrectly told that their BPs are not high enough
to warrant treatment. Of course, errors that lead to a falsely
increased reading will result in overdiagnosis, potentially
harmful and expensive treatment, and labeling a person as
being hypertensive, which can have significant economic and
psychological effects.

ENVIRONMENTAL CONCERNS ABOUT
ELEMENTAL MERCURY IN THE MEDICAL
WORKPLACE

Since the early 1990s, regulatory authorities (including the
U.S. Occupational Health and Safety Administration) have
urged removal of mercury and other known toxic substances
from all workplaces.'*"® In some jurisdictions (e.g., Sweden,
Minnesota) and health care systems (e.g., U.S. Department
of Veterans’ Affairs Medical Centers), mercury sphygmo-
manometers have been prohibited by executive fiat and
are being replaced.”’"* This presents both challenges and
opportunities.

The obvious benefit of removal of the known toxin, ele-
mental mercury, is that health care workers will no longer be
exposed to even low levels of mercury vapor. Chronic inhala-
tion of mercury vapor has been linked to decreased mental
acuity, renal impairment, peripheral neuropathy, and death.'®
Problems have not been reported with mercury exposure



from BP devices, except among individuals who repaired
them many years ago. The clear concern is that the mercury
sphygmomanometer will be difficult to replace, because it is
the traditional, very accurate, highly reproducible, and simple
method of measuring BP. It has been the “gold standard”
device for measurement of office BP for more than 100 years.
In fact, the design of the mercury sphygmomanometer is
essentially unchanged today from what was used 50 years ago,
except today’s instrument is less likely to discharge liquid
mercury, particularly if it is dropped. Because of the constant
density of mercury at all altitudes and inhabitable environ-
ments, and its use as a “standard” in all kinds of pressure
measurements, there is little difference in accuracy across
brands, certainly not the case with other types of sphygmo-
manometers. Despite the simplicity of the mercury sphygmo-
manometer, it must be properly maintained and cleaned
occasionally. A survey of mercury sphygmomanometers in
Brazilian hospitals found that 21% of the devices had tech-
nical problems that could reduce their accuracy”; a similar
study in England found more than 50% of mercury columns
that were defective.'® Most of the problems with these devices
were related to the bladders, cuffs, and valves, not the mercury
manometers themselves.

Unfortunately, no generally accepted replacement for
mercury manometers currently exists, and the most recent set
of guidelines from the AHA continues to recommend the use
of mercury, if it is available.'*** Although the Seventh Report
of the Joint National Committee on Prevention, Detection,
Evaluation, and Treatment of High Blood Pressure (JNC 7)
has not fully endorsed the use of alternatives to the mercury
sphygmomanometer,”’ newer BP measurement devices (that
do not contain mercury) are being adopted in many centers.
Unfortunately, very few “professional” BP measurement
devices have been thoroughly tested”> and proven as reliable,
accurate, and long-lived as the mercury column. Most of the
inexpensive devices currently on the market are meant for
home use (where they may be activated perhaps once daily).
These are probably neither accurate nor durable enough to
be recommended for a busy health care facility, at which BP
is literally measured hundreds to thousands of times a day.
Inexpensive aneroid sphygmomanometers are susceptible to
damage (particularly after being dropped to the floor), thus
resulting in inaccurate measurements that are not easily rec-
ognized."” Oscillometric devices that have been appropriately
validated® are uncommon or expensive.**

Current recommendations from both the AHA and
European Expert Committees recommend that whenever
a sphygmomanometer that does not contain mercury is to
be used, it should be checked regularly against a standard
mercury column to ensure its accuracy.”>*

HOW CAN WE IMPROVE THE
MEASUREMENT OF BLOOD PRESSURE
IN CLINICAL PRACTICE?

We agree with the recommendation of the most recent AHA
guidelines:

In view of the consequences of inaccurate measurement,
including both the over-treatment and under-treatment,
it is the opinion of this committee that regulatory agencies
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should establish standards to ensure the use of validated
devices, routine calibration of equipment, and the training
and retraining of manual observers. Because the use of
automated devices does not eliminate all major sources of
human error, the training of observers should be required
even when automated devices are used."

Although BP measurement is “taught” in all schools for
health professionals, from office assistant to medical school,
current evidence shows that correct measurement techniques,
according to the AHA’s guidelines,” are hardly ever taught
and are therefore not practiced. Our research suggests that this
is the result of an initial failure to master the knowledge, skills,
and techniques needed to obtain an accurate BP measurement,
as well as the lack of periodic retraining and reevaluation
thereafter, which the AHA recommends on a semiannual
basis." Neither beginning medical students (who claim to have
learned proper BP measurement technique) nor practicing
nurses in Australia had sufficient knowledge to pass a standard-
ized test regarding correct technique in BP measurement.*”*

The importance of retraining and retesting was illustrated
in the British Regional Heart Study, in which simultaneous BP
readings were taken by trained nurses who used a triple-
headed stethoscope during training.”” Immediately after the
initial training, the interindividual variability in the field
(shown on the y-axis of Fig. 5-1) was very small, but it
increased progressively during the first 6 months of the study.
After the preplanned retraining session at 6 months (desig-
nated by a T at the top of Fig. 5-1), the interindividual vari-
ability decreased again, nearly to baseline levels. However,
because the nurses considered the training tedious and unnec-
essary, the second retraining session, scheduled for 12 months,
was not held. At 14 months into the study, however, the
systolic BPs recorded by observers 1 and 2 differed by an
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Figure 5-1  Training decreases between-observer
measurement differences in blood pressure. In this 24-month
British Regional Heart Study, three nurses measured blood
pressure during a population survey, and their interindividual
variation is plotted on the y-axis over time. After training
sessions (T at the fop), the interindividual variations
decreased markedly. When the training session scheduled at
12 months was omitted, the variation hit a peak, but it
dropped back to very litle after the next training session at
14 months. (Modified from Bruce NG, Shaper AG, Walker
M, Wannamethee G. Observer bias in blood pressure
studies. J Hypertens. 1988,6:375-380.)
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average of 21 mm Hg. After retraining at 18 months, the
interindividual variability returned to 0 mm Hg. The authors
suggested that retraining and retesting should be done every
few months for research studies, but this may not be practical
in routine medical practice. We disagree and have developed,
tested, and published a video-tutored program that teaches
the AHA guidelines and tests mastery of the knowledge, skills,
and techniques required to obtain an accurate and reliable
BP.' In our experience, 6 to 8 hours of contact time are
needed, but few curricula in the medical profession devote
sufficient time to practice and then test a student’s mastery of
this critical skill. In addition, equipment maintenance and
observer quality assurance programs should be part of the
curriculum.

BLOOD PRESSURE MEASUREMENT:
PROPER TECHNIQUE FOR QUALITY
ASSURANCE AND IMPROVEMENT

This section summarizes our curriculum that reviews, rein-
forces, and tests the knowledge, skills, and technique needed
to obtain an accurate BP measurement.'® It is based on all six
of the AHA recommendations for BP measurement'**° and
on many years of experience teaching these skills and certi-
fying practitioners in research studies or clinical practice,
funded by the National Institutes of Health, the pharmaceu-
tical industry, and public and private health care delivery
systems.

Critical Skills for Any Blood Pressure
Observer

Any person who measures BP or who interprets the readings
made by others must possess the skills, knowledge, and
mastery of techniques summarized in Figure 5-2. Proper
measurement of BP involves coordination hands, eyes, ears,
and mind, and deficits in any one of these areas can lead to

4. The brain must be
programmed to follow
the proper guidelines
every time the pressure
is measured.

3. Must be able to store
the systolic and diastolic
pressures and recall
them accurately.

1. Be able to see
manometer.

5. Must be able to
hear the Korotkoff
sounds and know
how to interpret them.

2. Must be able to find
and feel the pulses
needed for blood __
pressure measurement.

6. Must be able to recall and
write down correctly and
legibly the sounds heard.
Figure 5-2  The skills needed to obtain an accurate blood
pressure. High-level integration of eye, hand, ear, and brain
coordination is necessary.

imprecise and erroneous measurements. In our testing of
experienced observers, we have found persons who could not
hear well enough to identify Korotkoff sounds. Other individ-
uals could not remember the systolic pressure without writing
it down during cuff deflation. Staff in every practice setting
can be screened for these problems by testing with standard
videotapes and multiple-earpiece stethoscope BP measure-
ments (described later).

Manometers and Their Calibration

A mercury manometer, two aneroid gauges (one intact and
one with the face removed) and an electronic BP measuring
device are shown in Figures 5-3 and 5-4. The mercury
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Figure 5-3  Two manometers commonly used in blood
pressure measurement. The mercury column (left] has been
the traditional “gold standard” for pressure measurement in
science, industry, and medicine; the aneroid manometer with
the dial (center] and with dial removed (right] are shown.

Pump air into the system until
the mercury manometer reads
standard, say 180 mm. Then
record the pressure that the
aneroid reads. Do this throughout
the range to be tested. Aneroid
should be +3 mm Hg.

170 (10 mm too low)

2
180

Inflation bulb

Electronic

To test the electronic device readout‘
connect the pressure sensing (6 mm too high)
input to the Y-tube to the 186

mercury primary standard.
Raise and lower pressure in o0
system with the bulb.

Electronic device
Figure 5-4  Diagrammatic setup for calibrating manometers
against the “gold standard” of the mercury column. Note the
use of the Y4ube to connect the devices in parallel with the
mercury manometer, to allow simultaneous measurement of
the pressure.



manometer is the primary (reference) standard for all pres-
sure measurements in science, industry, and medicine. The
pressure is read at the top of the liquid mercury meniscus to
the nearest 2 mm Hg. All who measure BP with nonmercury
devices should have at least one reference mercury device
available to check other devices regularly, or they should have
an electronic calibration device traceable directly to the mer-
cury standard. The tube containing the mercury should be
large enough to allow rapid increases and decreases in pres-
sure. The 2-mm graduated markings should be on the tube
itself. The standard glass tube, which can break, should be
replaced with either a Mylar-wrapped glass tube or a plastic
tube. The inside view of the aneroid device (see Fig. 5-3)
shows that it contains a delicate system of gears and bellows
that can be easily damaged by rough handling. Such devices
also ultimately develop metal fatigue, which leads to inaccu-
racy. In a recent survey, at least 30% of aneroid devices were
out of calibration, and the error was almost always too low.'*!
To detect an inaccurate aneroid device, inspect the face for
cracks and be sure the needle is at zero. If it does not read zero,
it will nearly always be inaccurate and should be recalibrated
before reuse. Once an aneroid device is out of calibration, it is
difficult to detect the direction of the variance without cali-
brating it against a mercury or other reference standard. This
process is uncommon, both in the United States and in
England.'®"

Ca/ibraﬁng the Manometer

If a mercury device is at zero and the column is clean and rises
and falls rapidly with inflation and deflation, the manometer
is, by definition, accurate. To calibrate other manometers, they
should be connected in parallel by Y-tubes (e.g., Fig. 5-4).
Mercury or aneroid devices should be checked for leaks by
wrapping the BP cuff around a book or can and inflating the
cuff to 200 mm Hg. Wait 1 minute. Record the pressure. If it
is lower than 170 mm Hg, there is a leak that must be found.
If pinching the tubing just before the inflation bulb stops the
leak, the leak is in the valve, which can be taken apart and
cleaned or replaced. If the leak continues when the tubing
is pinched just before the manometer, the leak is in the
manometer. If this is the case, the procedure is as follows:
(1) note whether the mercury column rises and falls smoothly,
(2) locate and correct any leaks by replacing the appropriate
part (although a leak of <2 mm/second can be tolerated,
because this is the correct deflation rate), and (3) date the
device to indicate when it was last inspected or repaired. Now
reinflate again to 200 mm Hg. Deflate the pressure in the
system slowly, and check the aneroid manometer against
the mercury column at the critical decision points for BP:
180, 160, 140, 130, 120, 110, 100, 90, 80, and 70 mm Hg. The
standard for reading both mercury and aneroid manometers
is as follows: if the Korotkoff sound occurs or the tip of the
aneroid needle is at or above the middle of the 2-mm mark,
one should round up the reading to the nearest 2 mm Hg; if
the reading is below the middle of the 2-mm mark, the reading
is rounded down to the nearest 2 mm. With the Y-tube con-
necting the aneroid and mercury manometers, if the average
of readings from the nonmercury device differs from that of
the mercury column by more than +3 mm Hg,** the nonmer-
cury device should be either recalibrated by trained personnel
or discarded.

Office Blood Pressure Measurement

To calibrate an electronic device, connect the electronic
instrument and the mercury column using the Y-tube, and
check the pressures registered on the electronic manometer
as described earlier. Activate the inflation mechanism of the
electronic device, and compare the pressure on the digital
display with the mercury column. Occasionally, it is necessary
to squeeze the rolled-up cuff to simulate a pulsating arm, to
avoid an error signal and automatic deflation of the electronic
monitor.

Is This Electronic Device Accurate When Used
for an Individual Patient?

Now that the electronic manometer is properly calibrated, the
question arises whether the specific electronic device records
an accurate BP in a specific patient. Unfortunately, no stan-
dard method exists to determine this for a single patient. We
recommend using the following protocol: Connect the elec-
tronic and mercury manometers in parallel with a Y-tube.
Place a piece of paper over the digital readout (to avoid bias).
Trigger the automatic device, and measure the BP in the usual
fashion, by watching the mercury manometer and detecting
Korotkoff sounds with the stethoscope (see later for more
details). Immediately write down the BP reading, then
uncover the digital readout and record the electronic device’s
reading. If working with another observer, both observers
should measure the BP simultaneously, using a double-
earpiece stethoscope. Take at least three readings, and com-
pare the average to that of the electronic device. To meet the
Association for the Advancement of Medical Instrumentation’s
current criteria for electronic monitors, the average difference
must be less than 5 mm Hg (both systolic and diastolic), and
the standard deviation of the difference must be less than
8 mm Hg.* An expert panel from the European Society of
Hypertension proposed a simpler set of validation criteria that
require only four simultaneous readings, and the new device
is approved if both systolic and diastolic readings are within
5 mm Hg of the standard device in at least two of the four
readings.” In our opinion, these methods of validating mon-
itors are not detailed enough to be useful, but they do require
a formal comparison of a new device with the traditional mer-
cury column. Although electronic BP measurement devices
must meet standard criteria to be marketed to the public
in Great Britain, no such requirements exist in the United
States. Every 90 days, the dabl Educational Trust updates their
useful Web site that lists available BP monitors by type and
validation status (http://www.dableducational.org/sphygmo-
manometers/device_index.html).

Stethoscope

The bell, or low-frequency detector head, of the stethoscope is
designed to transmit low frequency (e.g., Korotkoff) sounds
more accurately and can be placed more precisely over the
brachial artery than the diaphragm. We do not recommend
electronic stethoscopes, because it may be difficult to adjust
the amplification so the person using the electronic stetho-
scope hears what a standardized observer hears with the bell.
The tubing connecting the bell to the earpieces should be
thick and 12 to 15 inches in length. For sound transmission,
earpieces should be worn tilted in the direction of the ear
canal, that is, toward the nose. Numerous types of ear tips are
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available, and each observer should determine which type
works best for sound transmission into that person’s ears. One
way to determine whether the skin seal with the bell over the
artery is adequate is to touch the skin lightly next to the bell.
If the finger touching the skin cannot be heard, then adjust the
stethoscope so the bell is not open to the air, there is an air-
tight skin seal around the bell, the stethoscope earpieces face
forward, and finally, the earpieces fit well within the ear canals.
We call this the “touch” test to document that the sound con-
ducting system is functioning properly, from the skin over the
artery to the earpieces of the stethoscope in the ears.

Application of the Most Accurate Blood
Pressure Cuff

Measure the Arm Circumference at the Midbiceps

Have the subject stand and drop the arm, but flex the forearm
at 90 degrees. Place the end of the tape measure at the
acromioclavicular joint (tip of the shoulder), and measure to
the tip of the elbow (olecranon). Divide this length in half,
and place a small mark on the lateral biceps at this distance
from the acromion. Let the patient’s forearm hang down, and
measure the circumference of the upper arm at this mark in a
plane parallel to the floor. The tape should lie against the skin
without indenting it. This circumference is used to select the
correct size of cuff from those available. Unfortunately, no
standards exist for BP cuff sizes, and different manufacturers
make different-sized bladders, sold by the same name. The
newest AHA guidelines radically changed the cuff size
recommendations, and we recommend that observers do not
adopt this aspect of these recommendations (as compared
with the last several guidelines’**) until this dispute about
cuff sizes is resolved. Table 5-1 presents bladder sizes from
both the previous and current AHA guidelines; very few com-
mercially available bladders correspond to the new guidelines.

Table 5-1 Blood Pressure Cuff Sizes and Arm
Circumferences Recommended by the American Heart
Association in 2001 and in 2005 (in parentheses)

Arm

Circumference Width Length
Cuff Label (cm) (cm) (cm)
Child 16-21 8 21
Sl el 2226 10(12) 24 (22)
Adult 2734 13 (16) 30 (30)
Large adult 35-44 16 (16) 38 (3¢)
el 45.52 20(16) 42 (42)

Data from Pickering TG, Hall JE, Appel L, et al.
Recommendations for blood pressure measurement in humans
and experimental animals. Part 1. Blood pressure measurement
in humans: A Statement for Professionals from the Subcommittee
of Professional and Public Education of the American Heart
Association Council on High Blood Pressure Research .
Hypertension. 2005;45:142-161; Perloff D, Grim C, Flack J,
et al. Human blood pressure determination by
sphygmomanometry. Dallas, TX: American Heart Association,
2001. (Found on the Internet at
http://www.americanheart.org/presenter.jhtml2identifier=3002
913. Accessed December 30, 2004.)

All guidelines agree that the width of the cuff bladder
should be at least 40% of the arm circumference, and the
length of the bladder must encircle at least 80% of the arm.
Because of increasing obesity in the population, a cuff with a
width that is at least 40% of the arm circumference® will
exceed the distance between the axilla and the antecubital
fossa in many people.*® Some manufacturers provide mark-
ings on the BP cuff that denote the smallest and largest cir-
cumference arms for which the cuff has the appropriate size;
we recommend making these marks on cuffs that do not have
them provided. The correct way to mark a cuff is shown in
Figure 5-5. Mark an S line for the smallest arm for this cuff
and an L for the largest arm for this cuff. When positioning
the BP cuff, observe where the index line falls. If it is outside
the L line, use a larger cuff. If it is inside the S line, use a
smaller cuff. Choosing the incorrect size of BP cuff has been
the most common error in BP measurement for more than 20
years.”®” In a study of British hypertensive patients, 83% of
the mistakes of this type resulted from choosing the smaller
cuff for larger arms.*®

Wrap the Cuff over the U[pper Arm and Center the
Bladder over the Brachial Artery at Heart Level
(Right Atrium or Fourth Intercostal Space)

Two dimensions of the bladder require proper placement to
determine an accurate BP. The center of the bladder length
must go over the brachial artery, typically just above and
medial to the antecubital fossa, just under the medial bicipital
groove. The center of the width of the bladder should be
halfway up the length of the upper arm (see earlier). Finally,
the arm height must be adjusted so the center of the bladder
width on the arm is at “heart level” (the fourth intercostal
space). If the center of the cuff is above this line, the pressure
measured will be falsely low, and vice versa. Each inch of
displacement from this point will change BP by 2.5 mm Hg.
A small pillow is often used to support the patient’s elbow and
upper arm when one measures BP in barrel-chested people

/ Index line S L
Bladder length (80%) 20%
< > <>

< »
<

Largest allowable arm
circumference for bladder
(100%)
Figure 5-5  Schematic diagram for marking the blood
pressure cuff to designate the lower limit of arm
circumference that should be used (same as the bladder
length, marked S), and the upper limit of arm circumference
that should be used (20% longer than the bladder length,
marked L).



who are supine, because the arm would otherwise be 5 to 8 cm
below the right atrium."

Preparing for an Accurate Reading

In the United States, seated BP measurements are traditional;
in most of Europe, supine measurements are routine.
Diastolic BP is usually higher (by ~5 mm Hg) when one is
seated than when one is supine, but the differences in systolic
BP are smaller.”*® The arm wearing the BP cuff should be
supported, usually at the elbow, by an armrest or a nearby
table if the patient is seated (Fig. 5-6) or by a stand or the
observer if the patient is standing. Do not measure BP with
the patient seated on the examining table, because the mus-
cular work involved in sitting without back support increases
the diastolic BP about 5 mm Hg.***!

The purpose of preparation is to inquire about, note, and
control factors that can cause changes in BP, to obtain the
best-standardized estimate of BP. The observer should inquire
about and note factors that could acutely affect BP: pain,
recent tobacco use, distended bowel or bladder, food or
caffeine ingestion, over-the-counter medications (including
cold preparations and nonsteroidal anti-inflammatory drugs),
or strenuous exercise during the last 30 minutes. The setting
should be quiet and relaxed, because talking raises systolic BP

Arm resting
on table

Center of cuff
at heart line

Feet flat on
floor

Figure 5-6  Traditional positioning of the observer, the
manometer, the cuff, and the patient for a seated blood
pressure measurement. Important features of the positioning
include the following: the subject is comfortably seated with
his back against the chair, feet flat on the floor, arm bent at
the elbow, but supported by the table, with the cuff
positioned at the level of the heart (fourth intercostal space)
and centered at the midpoint of the humerus. The observer is
comfortably seated, with the manometer at eye level, silent,
and not touching the cuff with the bell of the stethoscope
(the last detail is difficult to appreciate, given the resolution
of the figure).
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about 10 mm Hg, and listening about half as much. Feet
should be relaxed and flat on the floor (if the patient is
seated), because crossing the legs raises systolic BP about
5 mm Hg.* The manometer should be placed so the scale is
visible at eye level of the observer. We recommend that the
observer also be seated, because this is more comfortable and
decreases extraneous sounds generated by observer move-
ment when standing, leaning over the patient, and moving
around the room. Extraneous sound generation can also be
reduced by resting the observer’s arm holding the stethoscope
head on the table, as well as resting the observer’s hand
holding the bulb on the table. Other sources of noise (e.g.,
heating or air conditioning) should also be minimized.

Measuring the Blood Pressure

After a brief explanation of the need for silence, multiple read-
ings (typically three) in short sequence, and correct posture,
apply the appropriately sized BP cuff, and then leave the
patient alone (and silent) for 5 minutes. If the patient is not
wearing a short-sleeved shirt or blouse, provide a gown or
remove the patient’s arm from the sleeve, and suggest wearing
a loose, short-sleeved garment at future visits.

Which Arm Should Be Used?

At the first visit, BP should be recorded in both arms. This is
the only way to avoid missing a significant difference between
the two arms, which can be as much as 100 mm Hg. After the
first visit, the arm with the higher BP is traditionally used. The
most common cause of a between-arm difference in older
people is a hemodynamically significant atherosclerotic
stenosis of the left subclavian artery. Such a stenosis is 10
times more likely on the left than on the right side. Most
coarctations of the aorta that result in BP differences in the
two arms also cause lower BP in the left arm. In the screening
situation in which BP is to be measured in only one arm,
unless the subject knows that one arm has a higher BP, the
right arm is traditionally chosen. Recent research involving
854 normotensive and 2395 hypertensive subjects validates
this recommendation, because the right arm BP was
significantly higher (by 3/5 mm Hg) than the left in all six
sequential BP measurements.*’

How High Should the Cuff Be Inflated to Avoid
Missing an Auscultatory Gap?

An auscultatory gap is the name given to situation in which
Korotkoff sounds temporarily disappear between phase 1 and
phase 4, only to reappear at a lower BP. It is more common in
older people with wide pulse pressures and target organ
damage.** To avoid missing this phenomenon, the maximum
inflation level (MIL) must first be found, as follows:

1. Inflate the cuff to 60 mm Hg, then inflate by 10 mm Hg
increments until the radial pulse at the wrist can no longer
be felt. Inflate another 10 mm Hg, and then deflate at
2 mm Hg/second. Note where the pulse reappears as
the cuff is slowly deflated. This is the palpated systolic pres-
sure, which is very close to the true intra-arterial systolic
pressure.

2. Release the pressure completely.
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3. Add 30 mm Hg to the palpated systolic pressure; this is the
MIL. Inflating the cuff above this level will cause discom-
fort and will waste time in the office setting. For example,
if the palpated systolic pressure is 100 mm Hg and the cuff
is inflated to 200 mm Hg and is then deflated at
2 mm/second, it will take 50 seconds before the phase 1
Korotkoff sound is heard.

What Are the Steps for Proper/y Ta/(ing
and Recording the Pressure?

To take the reading, the procedure is as follows:

1. Inflate the cuff quickly to the MIL.

2. Immediately begin to deflate at 2 mm/second.

3. Remember the systolic pressure at the point at which you
hear the first of at least two regular or repetitive Korotkoff
phase 1 sounds.

4. Repeat this number silently to yourself at each auscultated
heartbeat until Korotkoff phase 5 (the diastolic pressure) is
detected. This is the level at which the last regular sound
is heard. Write down the reading immediately.

5. If Korotkoff sounds are heard to zero, repeat the reading
and note the phase 4 Korotkoff (or muffling of sounds),
and record all three sounds (e.g., 142/66/0 mm Hg).

6. Record the arm, position, cuff size used, and the systolic
and diastolic pressure.

7. Wait 1 minute. Repeat the reading two more times. Some
experts recommend taking a fourth reading if the dif-
ference between the second and third readings exceeds
5 mm Hg (systolic or diastolic). Many recommend dis-
carding the first readings and averaging the last two,
because this has been the protocol followed for many epi-
demiologic and intervention studies. The National
Committee on Quality Assurance accepts the lowest single
BP measurement in any position as the “blood pressure for
that visit,” which is why some managed care organizations
require each individual reading to be recorded in the
patient’s chart.*

Where Do | Listen to Hear the Best Blood
Pressure Sounds?

In general, sounds are louder closer to the brachial artery,
which can be palpated just medial to and usually under the
biceps tendon in the antecubital fossa. Extending the patient’s
arm as straight as possible with the palm up will make it easier
to detect Korotkoff sounds. One way to do this is to place the
observer’s left clenched fist under the patient’s right elbow and
extend the patient’s arm, as if the intent was to hyperextend
and break the patient’s arm backward at the elbow. The brachial
artery should now be easily palpated. Place a small mark over
the palpated pulse point. If a pulse cannot be felt close to the
medial aspect of the biceps tendon, then palpate other areas
over the crease in the bend of the elbow. If a good pulse cannot
be palpated, do not use this arm to measure BP, and make a
note of this fact in the patient’s chart. Place the bell of the
stethoscope directly over the palpated pulse to hear the best
Korotkoff sounds. Be certain that you have an adequate seal
with the edges of the bell and the skin. If the seal is incom-
plete, the Korotkoff sounds may not be audible. In the rare sit-
uation when neither brachial pulse is palpable and a radial

artery can be palpated, the cuff may be placed on the forearm
and the radial artery auscultated at the wrist, although this
technique overestimates systolic BP.*®

How Can the Korotkoff Sounds Be Made Louder?

One or both of two methods can be chosen. The first (“make
a fist” method) uses the increased flow of blood into an arm
that has been rendered transiently ischemic by exercise while
the arterial circulation is shut off to the arm by the inflated BP
cuff. To perform this maneuver, inflate the cuff to the MIL,
and have the patient vigorously open and close the fist 10
times. Then have the patient relax the hand and measure BP
in the standard fashion. If sounds are still difficult to hear, try
the second technique. This technique (“raise the arm
method”) combines the first with “draining” the blood out of
the patient’s arm by holding it straight up over the patient’s
head for 1 minute, then inflating the cuff another 30 mm Hg
above the MIL. The arm is then lowered into the usual posi-
tion, and the BP is measured. If the sounds are still difficult to
hear, combine both methods: raise the arm, inflate the cuff,
and have the patient squeeze the fist 10 times. Then lower
the arm, and record the Korotkoff sounds. In the presence of
dysrhythmias, it may be difficult to estimate the BP, and many
electronic devices are inaccurate in this situation. It is best to
take several BP readings at one sitting, and use the average,
because of the beat-to-beat variability of cardiac output in
atrial fibrillation and other cardiac dysrhythmias. In extreme
cases, it may be necessary to perform an intra-arterial BP
measurement, particularly if the patient has a positive “Osler
maneuver” (see Chapter 12).

STANDARDIZED MONITORING FOR
ACCURACY, REPRODUCIBILITY, AND
OBSERVER BIAS

The accuracy of BP measurement can be done with a stan-
dardized video test or a stethoscope with two or more sets of
earpieces. We recommend using both methods, because
Korotkoff sounds in real people are frequently more difficult
to interpret than the carefully selected sounds in the video-
taped examples. We developed a form to standardize the
evaluation of observer accuracy under two circumstances
(Fig. 5-7). For video testing, the observers being tested view a
videotape consisting of 12 examples (falling mercury columns
and corresponding Korotkoff sounds), and then the correct
answers are provided and the differences are calculated. This
same form can be used with a double stethoscope, in which
the instructor or supervisor listens to live Korotkoff sounds
simultaneously with the student or observer. The results are
graded in the same manner. The form can also be used to
assess terminal digit bias over 12 random BPs taken by an
observer in different patients. Ideally, the terminal digits (0, 2,
4, 6, or 8) should be evenly distributed among the 24 readings
(systolic and diastolic).

All staff members who measure BP should undergo the
following on at least an annual basis: (1) they should be
observed while taking seated or standing BP and have the
technique critiqued and corrected if needed; (2) they should
be tested with a double stethoscope for the ability to hear,
interpret, and record BPs accurately; and (3) they should be
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BP Measurement BP Measurement — Quality Assessment
GRADING BP ACCURACY AND RELIABILITY GRADING BP ACCURACY AND RELIABILITY ACCURACY:
Name Date Subtract the correct answer from your answer and place this difference (with sign)
View the videotape and record your answers in the in the “Difference” column. Count and record the differences you have from the
spaces below. correct answers in the table below.
Diffarance Accuracy table
Example Your |1 || Correct | (record | Range | | 0 || 42 || 4 || +6 || ) |
number answer answer sign
[ of i) Ceount | JCJC ]
Example | Sys | 1 |2 |8 126 +2 To be graded as accurate you should have at least 22 answers that are =2 and
1 Dias 5|8 62 —4 only 2 can be +4 mm Hg.
Example | Sys | 2 |2 |0 220 0 ARE YOU ACCURATE? YES NO
2 Dias| 1|10 118 -8 If you have answers that are =8 or greater it is likely that you misread the
Video Sys manometer by about 10 mm Hg.
1 Dias RELIABILITY:
- Each of the examples you saw in the standardized video-test was repeated in the
Video Sys sequence. You should be 2 mm Hg in all of the repeat pairs. Complete the table
2 Dias below to assess your reliability.
Video | Sys Pair |1and11|2and8|3and 10| 4and7 | 5and 9 |6 and 12
3 Dias +29?
Video Sys
: ARE YOU RELIABLE? YES NO
4 Dias . T
- If you are not reliable it is likely you need to read the manometer more carefully or
Video | Sys you have a memory problem.
5 Diiziz DIRECTION BIAS:
Video Sys If you read above or below the correct answer, you have direction bias. Record
6 Dias the number of times your answers are above the correct answer (number of +'s)
Vid S and the number of times you were below the correct answer (humber of —'s) in
ideo yS the table below.
7 Dias
- ! +'s Least freq. sign 1 2 3 4 5 6 7
Video Sys = =
8 Dias -'s Sum of +’s, —’s | 8-10 [11-12 [13-15 |16-17 | 18-20 | 21-22 | 23-24
Video Sys = =
9 Dias You should have about 50% +’s and —’s. Enter the sum of +’'s and —’s here =
Video Sys ___ .lfthisis <7, you do not have direction bias. If =8, match your sum of +’s
- and —’s with the cell in the bottom row of the table above. If your least frequent
10 Dias sign is < the value of the cell above it (in the top row) you have direction bias
Video Sys (P < 0.05). If you tend to read the systolic too low and the diastolic too high you
11 Dias may have a hearing problem.
Video Sys TERMINAL DIGIT BIAS:
12 Bl The last digit of a BP reading should end in an even number if you follow AHA
guidelines. Count the number of times your answers ended in 0 and enter it into

the “n” row in the table below under the 0’s column. Repeat for 2’s, 4’s, 6’s,
and 8’s. Any answer ending in an odd number is wrong.

End digit=| O0’s 2's 4’s 6's 8's |odd#?
n=

n® =

Now square each “n” and enter it in the n2-row. Now add the n2in this row and
enter here =n? = .1f =n2=161 you have terminal digit bias (P<0.05). You
need to be more careful.

DO YOU HAVE TERMINAL DIGIT BIAS? YES NO

BETWEEN OBSERVER BIAS can be assessed by comparing your answers
with others who watched the same video.
Figure 5-7  Form for testing accuracy, reproducibility, direction bias, and terminal digit bias of 12 blood pressure (BP)
measurements shown on our videotape. AHA, American Heart Association. (From Grim CM, Grim CE. A curriculum for the

training and certification of blood pressure measurement for health care providers. Can J Cardiol. 1995;11 (Suppl H):
38H-42H.)
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assessed with a standardized video test for accuracy, reliability,
terminal digit bias, and direction bias. Those who have these
errors should be counseled and retested every month until no
bias exists. Individuals who cannot be certified as accurate and
reliable after several training sessions should not be permitted
to measure BP.

INSPECT EQUIPMENT FOR QUALITY
ASSURANCE

We recommend that someone in every practice be provided
with the training and responsibility to perform regular cali-
bration and quality control so all patients’ BP measurements
are accurate and reliable. This process involves several steps:

1. Test the mercury manometer. At least once a year, a staff
member should inspect each BP-measuring device, docu-
ment the results, and initiate maintenance if needed.

2. Test the aneroid or electronic manometer. Each one of
these must be calibrated against a mercury manometer,
using a Y-tube. At least twice a year, a staff member should
inspect each BP-measuring device, document the results,
and initiate maintenance if needed.

3. Test the stethoscope. Each stethoscope should be checked
periodically for wear and damage.

ASSESS KNOWLEDGE ABOUT BLOOD
PRESSURE MEASUREMENT

We have found a series of questions to be useful in quickly
determining which staff members should undergo more fre-
quent retraining about BP measurement:

1. Which part of the stethoscope head should be used to
best hear the low-pitched Korotkoff sounds?

2. How do you know your (or your staff’s) hearing is
good enough to be able to identify the Korotkoff sounds
accurately?

3. How do you know the BP device you use every day is
accurate?

4. What is the error caused by having my patient sit on the
examining table when BP is measured?

5. Which arm should be used for the most reliable BP?

6. How do you select the correct size of cuff for your patient?

Table 5-2 Diagnosing Blood Pressure Measurement Errors

7. When placing the cuff on the arm, where does one place
the center of the bladder?

8. When you seat the patient in a straight-backed chair or
you take a standing pressure, where do you place the arm
to avoid errors in the recorded BP caused by hydrostatic
pressure effects?

9. Where do you place the bell of your stethoscope to obtain
the best Korotkoff sounds?

10. How high do you inflate the pressure before you start
listening?

11. How fast do you deflate the manometer (in mm
Hg/second)?

12. Which Korotkoff sound do you (and your staff) use to use
to define the systolic BP reading?

13. Which Korotkoff sound do you (and your staff) use to use
to define the diastolic BP reading?

14. Your patient with renal disease is 75 years old and has left
ventricular hypertrophy detected by the an electrocardio-
gram, chest radiograph, and echocardiogram. Your nurse
reports that she can feel a radial and brachial pulse but
cannot hear any Korotkoff sounds. She cannot pump the
cuff up high enough to obliterate the pulse, even though
she pumps it up to 300 mm Hg. What is the problem?

15. Your elderly patient with angina and claudication has a
BP of 122/74 mm Hg in the right arm and 86/50 mm Hg
in the left, but this patient has striking left ventricular
hypertrophy detected on an electrocardiogram and an
echocardiogram and grade IV hypertensive retinopathy.
At cardiac catheterization, the aortic BP is 240/140 mm
Hg. What do you suspect?

16. What are the likely problems in Table 5-2, a list of BP
readings? We recommend that you cover the right part of
Table 5-2 until you have made your diagnosis of the BP
measurement error.

17. When was the last time you were required to test knowl-
edge, skills, and technique for quality improvement of BP
accuracy?

Incorrect or uncertain answers to any two of these questions
should motivate health care professionals to update both
themselves and their staff in the rationale and techniques
required to obtain an accurate BP measurement, which, since
1914," has been one of the simplest and most cost-effective
medical procedures that can be done to predict cardiovascular
event-free longevity and to improve prognosis.™

122/74

170/75, 165/70, 160/65

Only one reading. AHA and JNC 7 guidelines recommend two fo three readings, to obtain
an average, at each visit.
BP readings that end in an odd number (5). AHA guidelines indicate that BP should be

measured fo the nearest 2 mm Hg.

140/80, 150/90, 140/80

Terminal digit bias for 0. The likely cause is deflating too fast or rounding to the nearest

“10" instead of the nearest “2.”

146/84, 146/84, 146/84

Failure to take second and third BP and just re-recording the first reading as the last two.

This was a major problem in several of the MONICA study sites.

188/166, 180/164, 182/162

Failure to recognize an auscultatory gap leads to a falsely high diastolic pressure.

AHA, American Heart Association; BP, blood pressure; INC 7, seventh report of the Joint National Committee on Prevention,
Detection, Evaluation and Treatment of High Blood Pressure; MONICA, Multinational Monitoring of Trends and Determinants in

Cardiovascular Disease.
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Chapter 6

Home Monitoring of Blood Pressure

Thomas G. Pickering

Although the diagnosis of hypertension and the monitoring
of antihypertensive treatment are usually performed using
blood pressure (BP) readings made in the physician’s office,
and hypertension is by far the most common reason for
visiting a physician, the process is neither reliable nor efficient.
Thus, physician’s measurements are often inaccurate as a
result of poor technique, they are often unrepresentative
because of the white-coat effect (WCE), and they rarely include
more than three readings made at any one visit. It is often not
appreciated how great the variations of clinic BP can be. In a
study conducted by Armitage and Rose in 10 normotensive
subjects, two readings were taken on 20 occasions over a 6-week
period by a single trained observer. The authors were so
impressed by the spontaneous variability of BP that they con-
cluded that, “The clinician should recognize that the patient
whose diastolic pressure has fallen 25 mm Hg from the last
occasion has not necessarily changed in health at all; or, if he
is receiving hypotensive therapy, that there has not necessarily
been any response to treatment.” The practical limitation on
the number of readings that can be taken at any one visit and
on the number of visits means that readings taken during
clinic visits will almost always have relatively low reliability.

Home BP monitoring (HBPM) avoids these limitations by
enabling larger numbers of readings to be taken in a more rep-
resentative setting, and it plays an increasingly important role
in the diagnosis and treatment of hypertension. Its use has
been endorsed by guidelines such as the Seventh Report of the
Joint National Committee on Prevention, Detection,
Evaluation, and Treatment of High Blood Pressure (JNC 7)
and the American Heart Association in the United States,>’ as
well as the European Society of Hypertension.* HBPM com-
plements conventional clinic or office measurement and
24-hour ambulatory BP monitoring (ABPM). It is now used
by about 70% of hypertensive patients in Germany, and its use
in the United States is also increasing rapidly. To a large extent,
this growth has been driven by direct marketing to the con-
sumer, but physicians are now becoming more enthusiastic
regarding its use. A recent survey asked 138 U.S. physicians
about their attitudes to HBPM, and although 94% agreed that
it could be useful, only 63% reported that they encouraged
patients to use it.’

ADVANTAGES AND LIMITATIONS
OF HOME MONITORING

The potential utility to hypertensive patients of measuring BP
at home, either by using self-monitoring or by having a family
member make the measurements, was first demonstrated in
1940 by Ayman and Goldshine.® They found that home BPs
could be 30 or 40 mm Hg lower than the physicians’ readings,
and these differences often persisted over a period of 6

months. This finding raised the question of which set of read-
ings was more meaningful. HBPM has the theoretical advan-
tage of being able to overcome the two main limitations of
clinic readings: the small number of readings that can be taken
and the WCE. It provides a simple and cost-effective means
for obtaining large number of readings, which are at least
representative of the natural environment in which patients
spend a major part of their day. HBPM has four practical
advantages: (1) it is helpful for distinguishing sustained from
white-coat hypertension, (2) it can be used to assess the
response to antihypertensive medication, (3) it may improve
patient adherence to treatment regimens, (4) and it may
reduce costs. There is also evidence that it can predict clinical
outcomes (Table 6-1).

The limitations of HBPM also need to be specified. First,
readings tend to be taken in a relatively relaxed setting, so they
may not reflect the BP occurring during stress; second,
patients may misrepresent their readings; and third, occa-
sional patients may become more anxious as a result of self-
monitoring.

TESTING AND VALIDATION
OF MONITORS

Patients should be advised to use only monitors that have
been validated for accuracy and reliability according to stan-
dard international testing protocols. The original two proto-
cols that gained the widest acceptance were developed in the
United States by the Association for the Advancement of
Medical Instrumentation in 1987 and the British Hyperten-
sion Society in 1990, with revisions to both in 1993. These
protocols required testing of a device against two trained
human observers in 85 subjects, a criterion that made valida-
tion studies difficult to perform. One consequence of this has
been that many devices still on the market have never been
adequately validated. More recently, an international group
of experts who are members of the Working Group on Blood
Pressure Monitoring of the European Society of Hypertension
produced an International Protocol that should replace the
two earlier versions,” and it is also easier to perform. Briefly,
it requires comparison of the device readings (four in all)
alternating with five mercury readings taken by two trained
observers. Devices are recommended for approval if both
systolic BP (SBP) and diastolic BP (DBP) readings taken are
at least within 5 mm Hg of each other for at least 50% of
readings.

When HBPM was first used, most studies relied on aneroid
sphygmomanometers. In the past few years, automated elec-
tronic devices have become increasingly popular. The stan-
dard type of monitor for home use is now an oscillometric
device that records BP from the brachial artery. Unfortunately,
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Table 6-1

Advantages and Limitations of Home Monitoring of Blood Pressure

Advantages

Disadvantages

Elimination of white-coat effect
Increased number of readings

Assessment of response fo antihypertensive treatment

Reduced costs
Improved adherence to therapy
Prediction of outcomes

Possible underestimation of daytime pressure
Possible patient misreporting of readings
Possible increase in anxiety levels

Table 6-2 Home Monitoring Devices That Have Been Tested by the Protocols of the Association
for the Advancement of Medical Instrumentation and the British Hypertension Society

Recommended or Questionable*

Not Recommended

AND Lifesource 631, 767, 774, 779, 787
Microlife BP

NuMed Stabil-O-Graph

Omron HEM 705, 711, 713, 722, 735, 737
Omron M4, M5, MX-2

Fortec Dr MI100

Healthcheck CX-5

Nissei Analogue, DS-175
Omron HEM-400C, -403C, -706
Philips HP

Rossmax

System Dr

Visomat OZ2

*The name of the manufacturer is given first, followed by the specific model designation.

only a few devices have been subjected to proper validation
tests such as the Association for the Advancement of Medical
Instrumentation and British Hypertension Society protocols,
and several devices have failed the tests. An up-to-date list
of validated monitors is available on the dabl Educational
Web site (http://www.dableducational.com). Those that have
passed the protocols (classified as Recommended or
Questionable) are shown in Table 6-2.

The fact that a device passed a validation test does not
mean that it will provide accurate readings in all patients.
In substantial numbers of individual subjects, the error is con-
sistently greater than 5 mm Hg, even with a device that has
achieved a passing grade.® This situation may be more likely to
occur in elderly or diabetic patients.”'® For this reason, it is
recommended that each oscillometric monitor should be
validated for each patient who will use it before the readings
are accepted. No formal protocol has yet been developed for
this procedure, but if sequential readings are taken with a
mercury sphygmomanometer and then with the device, major
inaccuracies can be detected. Simultaneous measurements
using a Y-tube connecting both the monitor and a mercury
sphygmomanometer to the cuff are likely to be more accurate.

CHOICE OF MONITORS FOR HOME USE

Electronic devices are now available that will record BP from
the upper arm, wrist, or finger. Although the use of the more
distal sites may be more convenient, measurement of BP from
the arm (brachial artery) has always been the standard
method, and is likely to remain so for the foreseeable future.
SBP and DBP vary substantially in different parts of the arte-
rial tree. In general, the SBP increases in more distal arteries,
whereas DBP decreases. Mean arterial pressure falls by only 1
to 2 mm Hg between the aorta and the peripheral arteries.""

Arm Monitors

Monitors that measure the BP in the brachial artery with a
cuff placed on the upper arm continue to be the most reliable,
and they have the additional advantage that the brachial artery
pressure is the measure used in all the epidemiologic studies
of high BP and its consequences. A typical device is shown in
Figure 6-1.

Wrist Monitors

Wrist monitors are the most recent type to be introduced, and
they have the advantage of being the most convenient to use.
They are also very compact. These devices have the potential
advantage that the circumference of the wrist increases rela-
tively little in obese individuals, so there is less concern about
cuff size. The smaller diameter of the wrist in comparison
with the upper arm means that less battery power is needed to
inflate the cuff, and these devices also cause less discomfort for
the patient. A potential disadvantage is that the wrist must be
held at the level of the heart when a reading is being taken, a
requirement that increases the possibility of erroneous read-
ings. Experience with wrist monitors is relatively limited at
present, and few monitors have passed the validation studies
(see http://www.dableducational.com). They are generally not
recommended for routine clinical use.>*"?

Finger Monitors

These devices incorporate a cuff encircling the finger. They are
easy to use and are compact. To control for the hydrostatic
effect of the difference between the level of the finger and the
heart, it is recommended that the readings be taken with the
finger held on the chest over the heart; even so, they are not
accurate.> Their use should be discouraged.



A typical home blood pressure monitor.
(Courtesy of Omron Healthcare, Bannockburn, ll.)

Figure 6-1

PRACTICAL ISSUES

Several practical issues need to be resolved before patients can
start to monitor their BPs on a regular basis.

Is Home Monitoring Acceptable
to Most Patients?

With the currently available electronic monitors, most
patients can successfully monitor their own BP, because little
manual dexterity is required, and adequacy of hearing is not
an issue. A potential concern with the use of HBPM is that it
will increase the patient’s anxiety about his or her condition.
In practice, this has usually been found not to be the case: in
one study from 1975, 70% of patients reported that they
found the technique reassuring. Nevertheless, some patients
become so obsessed with their BP readings that HBPM
becomes counterproductive. In a study of hypertensive
patients in three family practices in England, patients
were asked to rate (on a range of 1 [very little] through 7
[very strong]) the degree to which the various methods of BP
measurement made them anxious.'”” The median score for
HBPM was 2, compared with 4 for the clinic readings taken by
physicians. These patients were also asked about the accept-
ability of ABPM, which they reported to cause discomfort and
inconvenience, but not anxiety.

Checking Patients’ Monitors

When patients acquire their own home BP monitor, it is very
important to have them bring it in to the clinic to check their
technique and also the accuracy of the monitor. If a Y-tube is
not used to calibrate the home monitor simultaneously, the
patient should be asked to take two readings with the monitor,
followed by a mercury sphygmomanometer reading, a third
reading with the device, and another mercury reading. Figure
6-2 shows results from two patients evaluated by this protocol.
In patient A, the readings with the device overlap the mercury
readings, and the device can be considered accurate in that
patient. In patient B, however, the device significantly under-
estimates the mercury readings.

Home Monitoring of Blood Pressure
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Figure 62  Testing patients’ monitors in the clinic.

Do Patients Provide Accurate Reports
of Their Readings?

Substantial discrepancies have been observed in home glucose
values reported by patients and those recorded by a device
that contained a memory chip (of which the patients were
unaware). Extreme readings were especially underreported.
The availability of oscillometric HBPM devices with memory
chips such as the Omron IC (Omron, Bannockburn, IlI) has
enabled the same sort of study to be done with HBPM. In two
studies, patients were given home monitors, but they were not
told that the devices stored the readings in on-board memory.
Patients were urged to record all readings carefully, but in both
studies, more than half the subjects omitted or fabricated
readings.'*!> Another study found that 20% of BP readings
were reported with an error of more than 10 mm Hg, and that
this was particularly likely to happen in patients with poorly
controlled hypertension.'® Devices that have memory or
printouts of the readings are therefore recommended.

Does It Matter Who Takes the Readings?

Home monitoring is frequently equated with self-monitoring,
but some patients, particularly those who are elderly or dis-
abled, may find it easier to have a family member take the
readings. One study compared readings taken either by the
patient or a family member in 30 treated hypertensive patients
and found that they were the same."”

What Is the Reproducibility
of Home Readings?

Relatively little has been published on this issue, but it is
important. In study in which my colleagues and I compared
the reproducibility of home, clinic, and ambulatory readings,
all measured twice separated by an interval of 2 weeks, we
found that hypertensive patients had a significant decline of
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SBP in the clinic over this period, but the home and ambula-
tory BPs showed no significant change.'® Normotensive
subjects showed no consistent change in any of the three
measures of BP. In an earlier study, clinic and home BPs
were measured 3 times over a 4-week interval in 17 hyper-
tensive patients. The clinic BPs fell from 181/97 to
162/93 mm Hg, whereas the home BP showed no change
(153/89 to 154/89 mm Hg). The superior reproducibility of
home and ambulatory measurements may be partly explained
by the greater number of readings. These findings support the
notion that the fall of clinic BPs on successive visits is prima-
rily the result of habituation to the clinic setting or regression
to the mean.

A commonly used attribute of the stability of a measure is
the standard deviation of the difference (SDD) between suc-
cessive readings. When a measure is reproducible, this number
is low. In our study, the SDD for the home readings was
5.6/4.6 mm Hg, which was similar to the SDD for ambulatory
readings (5.3/5.4) and lower than for clinic reading (9.7/6.7)."*
The correlation coefficients for all three sets of measurements
were very close (0.96/0.94 for home, 0.93/0.87 for ambulatory,
and 0.94/0.87 for clinic readings). Another study of 133
hypertensive subjects found that home BP gave the lowest
SDD for SBP and DBP (6.9/4.7 mm Hg), compared with
8.3/5.6 mm Hg for ABPM and 11.0/6.6 mm Hg for clinic BP."”

The studies described earlier investigated the repro-
ducibility of home BPs over a period of weeks, and it could be
expected that the reproducibility would be lower over a longer
time. This is not necessarily the case, however. In Ohasama,
Japan, where home BPs were extensively studied in a popula-
tion-based sample, 136 untreated subjects measured home
BP for 3 days on 2 occasions 1 year apart. The correlations
between the two occasions were high (r = 0.84 and 0.83 for
SBP and DBP), and there were no consistent changes over the
year. In contrast, the clinic BPs declined 4/3 mm Hg over the
same period and were less closely correlated (r = 0.69 for SBP
and 0.57 for DBP). Thus, home BP appears to be relatively
stable over a prolonged time period.

How Often Should Readings Be Taken?

A wide variety of schedules has been used to evaluate the
home BP levels in published studies, ranging from two read-
ings taken on a single day to six readings a day for a week or
more. The frequency of BP readings can be varied according
to the stage of the patient’s evaluation. In the initial diagnostic
period, frequent readings are desirable, but when the BP is
stable and well controlled, the frequency can decrease. The
first reading is typically higher than subsequent readings;
therefore, multiple readings (two or three at each session) are
routinely recommended. For estimating the true BP, at least 30
readings are advisable. This number can be justified in two
ways. First, the maximum reduction in the SDD of home
readings is obtained when there are at least 30 measurements
(3 per day for 10 days).” Second, the Ohasama study, which
was the first to establish the prognostic value of home BP
readings, found that the prediction of the risk of stroke
became stronger with more home readings, up to a maximum
of 25 measurements; no evidence suggested a threshold
number of readings.”’

It is desirable to obtain readings both in the morning and
in the evening, both to detect diurnal variations in BP in the

untreated state and to assess the adequacy of treatment in
patients who are taking medications. Readings taken in the
morning before or just after taking the medication can be
used as a rough measure of the “trough” effect of treatment,
and those taken in the evening are a measure of the “peak”
effect.

In the patients with newly diagnosed hypertension, a typical
recommendation would be to take 3 consecutive readings in
the morning and three in the evening on 3 days a week for at
least 2 weeks (a total of <36 readings). This approach repre-
sents a reasonable compromise between obtaining the max-
imal number of readings and not overburdening the patient.
It is also helpful to obtain some readings on weekend days in
patients who work during the week, because these readings are
often lower than those taken on weekdays. It is often conve-
nient to provide the patient with a form on which to enter the
readings. Other situations in which frequent readings are
needed are when a new medication is prescribed and a change
is made in the dose of an existing medication.

DEMOGRAPHIC FACTORS INFLUENCING
HOME BLOOD PRESSURE LEVELS

Gender

The general consensus is that home BP is lower in women
than in men, as is true for clinic and ambulatory BP. This
finding has been well documented in several large epidemio-
logic studies.”** However, the clinic-home differences are
generally the same for men and women.

Age

Age also influences home BP. All studies that evaluated this
factor showed an increase in older people. In the largest
population study to investigate this topic, the study conducted
in Ohasama, Japan, the increase with age was surprisingly
small: the average home BP was 118/71 mm Hg for men aged
20 to 29 years, and it was 127/76 mm Hg for men more than
60 years of age.”® The difference between clinic and home BP
increased with age, a finding consistent with other data
showing that the WCE tends to increase with age. The pub-
lished results almost certainly underestimate the true changes,
because subjects taking antihypertensive medications were
usually excluded, and the prevalence of hypertension increases
with age.

Another age-related change is the increase of BP variability,
as shown by the Ohasama study. The day-to-day variability of
SBP increases markedly with age in both men and women,
whereas DBP is little affected, and the variability of heart rate
actually decreases.”

ENVIRONMENTAL FACTORS
INFLUENCING HOME BLOOD
PRESSURE LEVELS

As with any other measure of BP, the level of pressure
recorded during HBPM shows considerable variability and
is likely to be influenced by a number of factors. These are
summarized in the following subsections and in Table 6-3.



Table 6-3 Factors Affecting Home Blood Pressure

Increase BP Decrease BP
Winter Summer
Caffeine Exercise
Cigarettes

Stress

Talking

BP, blood pressure.

Season of the Year

Home BP tends to be up to 5 mm Hg higher in the winter
than in the summer in temperate climates.>* Similar changes
are seen in clinic and ambulatory BPs.

Time of Day

In studies in which both morning and evening measurements
were taken, the evening readings tended to be higher for SBP
(by ~3 mm Hg), but no consistent differences were noted for
DBP.” These differences may be more pronounced in hyper-
tensive patients: in one study of untreated hypertensive
patients, the average home BP was 147/86 mm Hg at 8 aMm,
145/82 mm Hg at 1 pM™, and 152/86 mm Hg at 10 p™m.** The
differences between morning and evening BPs may be higher
in men and in smokers.*”

The pattern of BP change over the day may vary consider-
ably from one patient to another, depending on daily routines.
Antihypertensive treatment may also have a major influence.”
For these reasons, it is generally recommended that patients
should take readings both in the early morning and at night.

Day of the Week

Relatively little information exists on whether home BPs
recorded on nonwork days are the same as those recorded on
workdays. In a 1993 study using AMBP, my colleagues and
I found that the BPs at home in the evening were consistently
higher if the patient had gone to work earlier in the day.

Meals

Younger subjects typically have an increase of heart rate,
a decrease of DBP, and little change of SBP for up to 3 hours
after a meal. Older persons may have a pronounced fall of
both SBP and DBP after eating. Thus, one study compared the
effects of a breakfast of two eggs, two slices of toast, and
orange juice in healthy elderly subjects (mean age, 82 years)
and controls (aged 35 years). The average fall of BP between
30 and 60 minutes after the meal was 16/10 mm Hg in the
elderly subjects, but only 4/3 mm Hg (not significant) in the
young subjects.

Alcohol

In men who drink regularly, moderate alcohol consumption
(66 mL/day) decreases evening BP by 7/6 mm Hg, beginning
on the first day of consumption, but it increases morning BP
(5/2 mm Hg) only after consuming alcohol daily for 2 weeks.”

Home Monitoring of Blood Pressure

Caffeine

Drinking coffee increases BP, but not heart rate. The increase
of BP begins within 15 minutes of drinking coffee, is maximal
in about 1 hour, and may last for as much as 3 hours. Typical
increases are 5 to 14/9 to 10 mm Hg. Drinking decaffeinated
coffee produces little or no change in BP. These changes
depend on the level of habitual caffeine intake: in people
who do not consume it regularly, the changes are much
greater than those seen in habitual caffeine users (12/10 versus
4/2 mm Hg, respectively). Older subjects show greater
increases of BP than younger ones. Caffeine also has an addi-
tive effect on the BP response to mental stress: higher absolute
levels of BP are achieved after caffeine, but the rise of BP
during the stressor is not affected.

Smoking

Smoking a cigarette raises both heart rate and BP. In patients
who smoked in their natural environment during intra-arte-
rial ABPM, BP increased by about 11/5 mm Hg, sometimes
preceded by a transient fall of BP; changes were quantitatively
similar in normotensive and hypertensive subjects. The effect
of smoking on BP is seen within a few minutes and lasts about
15 minutes. Coffee and cigarettes are often taken together,
and they may have an interactive effect on BP. Home BPs are
usually lower than clinic BPs, but this difference is less in
smokers,”® presumably because they are likely to have smoked
before taking the home readings.

Talking

Talking is a potent pressor stimulus that has both physical and
psychological components. Reading aloud produces an imme-
diate increase of both SBP and DBP (by ~10/7 mm Hg in nor-
motensive individuals) and of heart rate, with an immediate
return to baseline levels once silence is resumed. Reading
silently, however, does not affect BP. Speaking fast produces a
bigger increase than speaking slowly. Although this is unlikely
to be a factor in patients using a stethoscope to record their
BP, it could be relevant when another person performs the
measurements.

Stress

Emotional stress can produce marked elevations of BP that can
outlast the stimulus. In a study in which people were asked to
recall a situation that made them angry, BP increased by more
than 20 mm Hg in some people, and it was still elevated by
more than 10 mm Hg 15 minutes later.” In a survey of hyper-
tensive patients who were monitoring their BP at the time of
the Hanshin-Awaji earthquake in Japan in 1995, those who
lived within 50 km of the epicenter showed an increase of BP of
11/6 mm Hg on the day following the quake that took a week to
wear off, whereas those living further away showed no change.
After the terrorist attacks on the World Trade Center in New
York City on September 11, 2001, my colleagues and I observed
a 30 mm Hg increase of home SBP that persisted for several
days in a patient whose office was immediately opposite one of
the towers.? In a larger series of subjects who were monitoring
their BPs using a teletransmission device (described later) in the
months before and after September 11, 2001, in four sites in
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the United States, we observed a 2 mm Hg increase of SBP.?
This was not a seasonal effect, because comparable data were
available for the same time during the previous year.

Exercise

Although BP rises markedly during physical exercise, it
rapidly returns to its baseline level when the exercise is
completed, and there may be a period of several hours after a
bout of heavy exercise when the BP may remain lower than
the pre-exercise level, a phenomenon described as postexercise
hypotension.™

HOME BLOOD PRESSURE IN
NORMOTENSIVE SUBJECTS

As with ambulatory BP, there is no universally agreed on
upper limit of normal home BP, but several studies have
compared home and office levels of BP, and others have
described average levels in normotensive populations. Six
large epidemiologic studies of home BP have attempted to
define the normal ranges. These studies are summarized here
by the names of the geographic areas in which the surveys
were made.

The Tecumseh Study

In this Michigan town, 608 healthy young adults aged 18 to 41
recorded their BP for 1 week using an aneroid device.”! The
average value was 121/75 mm Hg for men and 111/70 mm Hg
for women. The authors proposed an upper limit of normal of
142/92 mm Hg for men and 131/85 mm Hg for women.

The Dubendorf Study

In Switzerland, 503 subjects randomly selected from the
population took morning and evening readings for 14 days
with an oscillometric semiautomatic device.*' Office readings
were obtained at the beginning and end of the 14-day period.
Average home readings were 123/78 mm Hg, and office read-
ings were 130/82 mm Hg. Both sets of readings were lower in
women than in men, but office-home differences were the
same across genders.

The Ohasama Study

This community-based sample of 871 Japanese (7 to 98 years
old) excluded subjects taking antihypertensive medications.”
Subjects took home readings in the morning using an elec-
tronic device (the Omron HEM-401C) every day for 4 weeks
(actual average number of readings, 21). There was also one
pair of screening BP readings. Both home and screening BPs
increased gradually with age, SBP more than DBP.

The Limbourg Study

This community-based sample of 718 Belgian subjects
excluded those taking antihypertensive drugs. Five BP read-
ings were taken in the home by trained nurses using mercury
sphygmomanometers on each of two visits.”> Ambulatory BP
was also measured.

The Didima Study

This community-based sample of 694 Greek adults aged 18 or
more, which included 103 treated hypertensive subjects, had
two clinic visits. Subjects also monitored home BP both in the
morning and in the evening on 3 working days.”

The PURAS Study

This survey of 1184 adults who were randomly selected from
a Spanish population included 195 persons who were known
to be hypertensive.”*

All six studies found that home BPs were higher in men
than in women (as has been shown for ambulatory BPs), and
five of the six studies showed that home BPs increased with
age (the Tecumseh Study did not evaluate this parameter).

COMPARISON OF HOME AND
CLINIC PRESSURES

The original observation of Ayman and Goldshine that home
BPs are usually much lower than clinic BPs has been
confirmed in a number of studies,® including the population
surveys described earlier, in which most subjects were nor-
motensive. In the Didima study of 562 normotensive subjects,
home and clinic BPs were very similar (using the second of
two clinic visits): clinic SBP was 1 mm lower, and DBP was
1 mm higher.”> Home BP was higher on day 1 of monitoring
than on subsequent days. These differences may be more
marked in older subjects.” The correlations between the clinic
and home readings in the population studies were quite close,
ranging from 0.73/0.64 (for SBP and DBP, respectively) in the
Pressioni Arteriose Monitorate e Loro Associazioni (PAMELA)
study to 0.84/0.77 in PURAS.*

In hypertensive subjects, the differences between clinic
and home BPs are greater than in normotensive subjects, as
shown in Figure 6-3. A notable exception to this was the
Hypertension Optimal Treatment (HOT) trial, which included
a substudy of 926 treated hypertensives who had their BP
evaluated by both clinic and home measurements, using
a semiautomatic device in both cases.”” No differences
were noted between the two (the average levels of BP were
137/83 mm Hg both in the clinic and at home). The reasons
for this are not clear, but the authors suggested that patients
with white-coat hypertension were unlikely to have been
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pressures in 18 studies published since 1992.



included in HOT. However, as shown in Figure 6-3, the
greatest discrepancies between home and clinic BPs occur in
people with higher clinic BPs.

In patients with severe hypertension, clinic BPs may be
20/10 mm Hg higher than home readings, and these clinic
readings are also higher than readings taken in hospital by
a nurse. The Ohasama study found that the correlations
between home and clinic BPs were stronger in untreated
(r = 0.57 and 0.54 for SBP and DBP) than treated hyperten-
sive subjects (r = 0.30 and 0.38).**

In some cases, home BPs may show a progressive decline
with repeated measurement, but this is by no means always
seen.”® Kenny and colleagues measured BP by four different
techniques on three occasions, separated by intervals of
2 weeks, in 19 patients with borderline hypelrtension.36 The
techniques included conventional clinic measurement, basal
BP (measured after lying for 30 minutes in a quiet room), day-
time ambulatory BP, and self-recorded home BP. None of the
four measures showed any consistent change over the 3 study
days, although a nonsignificant downward trend was noted in
all of them. For all 3 days, the clinic BPs were consistently
higher than any of the other measures, but there were
no significant differences between any of the other three
measures. The average difference between clinic and home
BPs was 9/4 mm Hg.

That the clinic-home difference results from the setting
rather than the technique of BP measurement can be demon-
strated by having patients take readings both at home and in
the clinic. In the clinic, the patients’ and the physicians’ read-
ings are usually very similar, and in both cases they are higher
than home readings. In 30 treated hypertensive patients who
were evaluated with both clinic and home readings, clinic BPs
were taken either by the physician or by the patient using an
electronic device, and the values were the same."”

Home Monitoring and the
White-Coat Effect

The WCE is conceptualized as the increase of BP that occurs
during a clinic visit. Although investigators agree that it
should be defined as the difference between the clinic BP
measured by a physician or other health care worker and some
other BP, there is less agreement concerning what the measure
of basal BP should be. The most widely used is the daytime
ambulatory BP, mainly because this is convenient, and also
because it is the best predictor of cardiovascular morbidity.
Another way of measuring it would be to use the home BPs
instead of ambulatory BPs. Because the home BP is usually
very close to the daytime average of the ambulatory BP, it
follows that the WCE will generally be similar when measured
in either of these two ways. Most studies have found that
home BP is not itself associated with a significant WCE. In a
study of hypertensive patients in three family practices in
England, Little and associates measured an average WCE of
18.9/11.4 mm Hg for ABPM and 14.3/5.0 for HBPM.” In
another study, the correlations between home and ambulatory
BP WCEs were close (r = 0.83 for SBP and 0.68 for DBP), a
finding that is not surprising because they were not truly inde-
pendent measurements.”® An example of the WCE demon-
strated by self-monitoring is shown in Figure 6-4; the first
home readings were high, and subsequent ones were much
lower than the readings taken in the clinic.

Home Monitoring of Blood Pressure

The similarity and correlations between the home and
ambulatory estimates of the WCE do not necessarily imply
that home BP can replace ambulatory BP for identifying
individuals who have an exaggerated WCE. Stergiou and asso-
ciates examined this issue in 189 hypertensive patients.” The
average WCE was the same by both home and ambulatory cri-
teria, and the two methods gave moderately good correlations
(0.64/0.59), but on an individual basis, for the identification
of an exaggerated WCE (defined as >20/10 mm Hg) the
agreement was not so close. Of the 189 patients, 164 (87%)
were classified the same (for systolic WCE) by both methods,
whereas 25 (13%) were classified differently. Expressed
another way, 13 patients (7%) had an exaggerated systolic
WCE by both methods, 18 (9.5%) by ambulatory BP but not
home BP, and 7 (4%) by home BP and not ambulatory
BP. Although these results are disappointing, the WCE is
inherently not a highly reproducible measure.

Correlations between Home and
Ambulatory Pressures

The discrepancy between home and clinic BPs raises the
following question: Which is closer to the patient’s true BP? In
practice, the best approximation to the true BP is the daytime
or 24-hour average, obtained with 24-hour monitoring,
because of all the available measures of BP, this gives the best
prediction of risk. Several studies have compared home, clinic,
and ambulatory BP levels in the same individuals. An example
of this is a study that my colleagues and I performed in the
early 1980s in 93 patients with a wide range of BPs. These
patients took their own BPs over a 3-week period, and they
also had measurements of clinic BP and 24-hour ABPM. The
home BPs were closer to the 24-hour average than the clinic
BPs and were more closely correlated (r = 0.69 for SBP and
0.71 for DBP) with the daytime BP than the clinic BPs. In
addition, there was a progressively greater discrepancy
between the clinic BP and the true BP at higher levels of clinic
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Figure 6—4  Self-monitored systolic blood pressure (SBP)
and heart rate (HR) taken on 2 consecutive days preceding
a clinic visit (on day 3). All measurements were made by the
patient using the same monitor.
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BP. Since then, several others (including the Ohasama study)
have confirmed that the correlation between home and ambu-
latory BP is closer than for either of them with clinic BP.

What Is a Normal Home Blood Pressure?

The distribution of BP in the population is in the form of a
gaussian or bell-shaped curve, which tails off at the higher
end. Any division into “normal” and “high” BP is thus arbi-
trary, and this applies whichever measure of BP is used. In
practice, the need for such a dividing line is that it can be used
as a treatment threshold. One common technique used to
define the upper limit of a variable such as BP, which is con-
tinuously distributed in the population, is to take the 95th
percentile, which defines the upper 5% as being “abnormal.”
A variation of this method is to use the mean plus 2 SD, which
is very similar to the 95th percentile. An obvious problem with
this is that hypertension affects more than 95% of the indi-
viduals, especially at older ages; another is that hypertensive
individuals are often excluded from population surveys. Thus,
if in the population studies described earlier, the upper limit
of normal home BP was defined as the 95th percentile, the
values would range from 137/86 to 152/99 mm Hg, which are
clearly too high. In a meta-analysis of 17 studies of home BPs
in normotensive subjects, Thijs and associates used a number
of techniques to define the upper limit of normal.* One was
to use the 95th percentile, which gave a level of 135/86 mm
Hg; the mean plus 2 SD gave 137/89 mm Hg.

An alternative method of defining the upper limit of
normal home BP is to estimate the home BP equivalent to a
clinic BP of 140/90 mm Hg, as has also been done for ambu-
latory BP. In the meta-analysis by Thijs and associates, two
techniques were used to derive the home BP equivalent to
140/90 mm Hg.* The first was to compute the linear regres-
sion between clinic and home readings, which gave a value for
the home BP of 125/79 mm Hg. The second was the percentile
method, which calculated the percentile in the distribution of
clinic BPs that corresponded to 140/90 mm Hg, and used the
same percentile for the distribution of the home BP; this gave
a value of 129/84 mm Hg. In the PAMELA study, the home
BP equivalent to a clinic BP of 140/90 was 133/82 mm Hg,
calculated by the linear regression method.** The values for
some of the more important population studies are shown in
Table 6-4.

In 1996, the American Society of Hypertension recom-
mended that an appropriate level for the upper limit of
normal home BP would be 135/85 mm Hg.** This was based
on the finding that home BPs tend to be somewhat lower than
clinic BPs and is in accord with the results of several studies,

as described earlier. It is also consistent with the prospective
findings of the Ohasama study, in which home BPs higher
than 138/83 mm Hg were found to be associated with
increased mortality.”” The same value has been adopted by
JNC 7 and the American Heart Association.”” As with office
BP, a lower home BP goal is advisable for certain patients,
including diabetic patients, pregnant women, and patients
with chronic kidney disease.

Home Monitoring in Children

Increasing attention is being paid to the issue of hypertension
in children, particularly because, with the epidemic of obesity,
it is likely that its prevalence will increase. The phenomenon
of white-coat hypertension occurs in children just as in
adults,™ so it makes sense to use out-of-office monitoring in
addition to clinic measurements. So far, relatively few studies
of HBPM have been conducted in children. One useful study
was performed by Stergiou and associates in 55 children aged
6 to 18 years, of whom 26 were hypertensive by clinic BP
criteria.* Strong correlations existed between clinic BP and
home BP (0.73 for SBP and 0.57 for DBP) and also between
home BP and ambulatory BP (0.72/0.66). In the hypertensive
children, the home SBP was lower than both clinic and ambu-
latory BPs, whereas in normotensive children, the ambulatory
BP was higher than both clinic and home BPs. The authors
concluded that home BP is difficult to interpret in children.
Clearly, more studies are needed in this area.

HOME BLOOD PRESSURES, TARGET
ORGAN DAMAGE, AND PROGNOSIS

One of the factors that has limited the acceptance of home BPs
for clinical decision making has been the lack of prognostic
data, but evidence now indicates that home BP predicts
cardiovascular morbidity better than clinic BPs. A larger body
of evidence shows that home BP correlates more closely than
clinic BP with measures of target organ damage, which can be
regarded as surrogate measures for morbidity.

Home Blood Pressure and
Target Organ Damage

In one of the first studies using HMBP, investigators reported
that regression of left ventricular hypertrophy (LVH) evaluated
by electrocardiography correlated more closely with changes
of home BP than with clinic BP following the initiation of
antihypertensive treatment.*® Several studies since then have

Table 6-4 Proposed Upper Limits of Normal Home Blood Pressure from Population Studies

Home BP Equivalent to 140/90 mm Hg in Clinic

Study N Clinic BP Home BP Percentile Regression
PAMELA*! 1,438 127/82 119/74 — 132/81
Didima®? 562 118/73 120/72 140/86 137/83
Dubendorf?' 503 130/82 123/77 133/86 —
PURAS®* 989 126/76 118/71 134/84 131/82

BP, blood pressure; N, number of subjects.



indicated that the correlation between echocardiographically
determined LVH and BP is better for home than for clinic
readings.”” However, in one study of 84 previously untreated
hypertensive patients, home SBP and clinic SBP gave similar
correlations with left ventricular mass index (LVMI, r = 0.31
and 0.32), but they were not as close as the correlation
between ABPM and LVMI (r = 0.51).* In a study of treated
hypertensive patients, home BP correlated with LVMI, but
clinic BP did not.*®

Home BP has also been related to other measures of target
organ damage. It has been reported to correlate more closely
than clinic BP with microalbuminuria,"” as well as with
carotid artery intima-media thickness.*’

Home Blood Pressure and Prediction
of Cardiovascular Events

Two studies compared the predictive value of clinic and office
measurements, and both showed that home measurements
are potentially superior. In the first study, a population-based
survey in the town of Ohasama, Japan, 1789 people were
evaluated with home, clinic, and 24-hour BP measurements.>
Over a 5-year follow-up, home BP predicted risk better than
clinic readings. After 10 years, prediction of risk became
stronger with more home readings, up to a maximum of
25 measurements; there was no evidence of a threshold
number.”” The second study of home BP and prognosis was
conducted in France and recruited 4939 elderly hypertensive
patients who were currently receiving treatment. The investi-
gators found that morbid events observed over a 3.2-year
follow-up period were predicted by the home BP at baseline,
but not by the clinic BP.’! One particularly interesting aspect
of this study was that patients who had normal clinic BPs but
high home BPs were at increased risk, a phenomenon known
as masked hypertension. It is not known whether the variability
of home BP readings is an independent predictor of events,
although some evidence indicates that the variability of
daytime readings measured with ABPM may be.”

Isolated diastolic hypertension, in which the SBP is normal
and the DBP is raised, is a common finding, especially in
younger hypertensive patients. There has been some contro-
versy about its prognosis, but the only report using HBPM (the
Ohasama study) concluded that the condition is benign.” The
threshold values for defining it were a home SBP lower than

Table 6-5 Value of Different Methods of Blood Pressure
Measurement in Clinical Practice

Method of BP Measurement

Utility Clinic Home Ambulatory
Predicts outcome ~ + + +4+
Diagnostic use + + ++
“Normal” limit 140/90 135/85 135/85 (day)
Evaluation of + ++ +

freatment
Improves - + -

adherence

BP, blood pressure; ++, well demonstrated; +, demonstrated in
at least 1 study; —, not yet demonstrated.

Home Monitoring of Blood Pressure

138 mm Hg and a DBP higher than 85 mm Hg. In contrast,
patients with isolated systolic hypertension were at increased
risk.

Home BPs have correlated with prognosis in at least two
other settings. A prospective study of 77 hypertensive diabetic
patients whose clinical course was followed over a 6-year
period using both clinic BP and HBPM found that home BP
predicted the loss of renal function (decrease of glomerular
filtration rate) better than the clinic BP>* In the Tecumseh
study of 735 healthy young adults (mean age, 32 years), home
BP predicted future BP over 3 years better than clinic BP.””
The relative advantages of clinic BP, HBPM, and ABPM are
shown in Table 6-5.

HOME MONITORING FOR THE
DIAGNOSIS OF HYPERTENSION

The goal of BP measurement in the initial evaluation of
hypertensive patients is to obtain an estimate of the true BP, or
the average over prolonged periods of time, for which any of
the three measures available for clinical use (clinic BP, HBPM,
and ABPM) is a surrogate measure. It is generally accepted
that the best measure is the 24-hour level, on the grounds that
several prospective studies found that it is the best predictor of
risk. As discussed earlier, two studies also showed that home
BP is predictive. Because many of the readings taken during
ABPM are taken in the setting of the home, reasonably close
agreement would be expected, although the self-monitored
home readings tend to be taken during periods of relative
inactivity. The potential advantages of home readings over
clinic readings for evaluating the true BP are twofold: first, the
home readings largely eliminate the WCE; and second, larger
numbers of readings can be taken. Investigators have demon-
strated that a better estimate of the true BP can be obtained by
taking a few readings on several different occasions than by
taking a larger number on a single occasion.'

A limitation of home BPs is that they usually represent the
level of BP at the lower end of the waking range, when the
patient is relatively relaxed. Thus, they do not necessarily pro-
vide a good guide to what happens to the patient’s BP during
the stresses of daily life, such as at work. The BP at work tends
to be higher than the BP at home, and it is similar to the clinic
BP, although the latter is not necessarily a good guide to the
level of BP at work. In patients with mild hypertension, my
colleagues and I found only a moderate correlation between
home and work BPs (r = 0.55 for SBP and 0.65 for DBP).
Although most subjects do show a higher BP at work than at
home, we have encountered others whose BP is the same or
even higher at home. This is particularly true of women with
young children.

Diagnosis of White-Coat versus
Sustained Hypertension

In the patients with newly diagnosed hypertension in the
clinic setting, the first issue is whether the patient has sus-
tained hypertension or white-coat hypertension, because anti-
hypertensive mediation is more likely to be prescribed in the
former case. White-coat hypertension is conventionally diag-
nosed by comparing the clinic and ambulatory (typically day-
time) BPs. Whether self-monitored home BPs can be used as
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substitutes is unresolved. Larkin and associates found that
79% of patients would be classified the same way using either
ambulatory or home readings, whereas the remaining 21%
would not.” Two other studies found that home BPs are not
very reliable for diagnosing white-coat hypertension.”>”’

Some years ago, my colleagues and I proposed an algo-
rithm for the detection of patients with white-coat hyperten-
sion (Fig. 6-5), whereby patients with persistently elevated
clinic BP and no target organ damage would undergo self-
monitoring; if this showed high readings (>135/85 mm Hg),
the patient would be diagnosed with sustained hypertension,
but if it was lower than this level, 24-hour BP monitoring
would establish which patients had white-coat hypertension.
This algorithm was evaluated in 133 previously untreated
hypertensives, all of whom had elevated clinic BPs on two
visits and measured their home BP for 6 days.’® All underwent
ABPM, which identified 38 (28%) with white-coat hyperten-
sion. However, nearly half of these patients (39%) were not
diagnosed by the algorithm, because they had high home BPs.
The main finding from this study was that a high home BP
does not exclude the possibility of white-coat hypertension.
However, these data did support the idea that if the home BP
was normal, white-coat hypertension was likely. A somewhat
similar study was performed by Mansoor and White in 48
untreated patients with at least two elevated clinic BP readings
who were evaluated with home BP (three readings in the
morning and evening for 7 days) and ABPM.?® These investi-
gators studied how well a home BP of 135 mm Hg or higher
predicted ambulatory hypertension (defined as a daytime SBP
>135 mm Hg or DBP >85 mm Hg). The sensitivity was 41%,
and the specificity was 86%. The low sensitivity is perhaps not
surprising because, as discussed earlier, home readings may
underestimate the daytime BP. These investigators found that
the sensitivity for detecting ambulatory BP could be increased
by lowering the threshold level for home BP to 125/76 mm
Hg, but this of course would result in a larger number of false-
positive results. Because the correlations between home and
ambulatory BPs are in the region of 0.7 to 0.8, it would be
unreasonable to expect a precise correspondence between any
level of home BP and the establishment or exclusion of ambu-
latory hypertension.

Schema For Evaluating Need For Treatment

| Clinic BP raised |

A
| Target organ damage? Iﬁ

No
Continue v
< ol ] VYes| | Start
tq | Home BP raised? e —
monitor — 1
No
Y
No Yes

24-hr BP raised?

Figure 6-5  Algorithm for evaluating hypertensive patients
using clinic, home, and ambulatory blood pressures (BPs).

HOME MONITORING FOR THE
EVALUATION OF ANTIHYPERTENSIVE
TREATMENT IN CLINICAL PRACTICE

When patients are having their antihypertensive medication
initiated or changed, it is necessary to measure their BP on
repeated occasions. HBPM is ideal for this purpose because it
can obviate the need for many clinic visits. It has the addi-
tional advantage of avoiding the biases inherent in clinic BP
measurements.

The validity of using home readings for monitoring the
effects of antihypertensive treatment has been well established
in numerous studies that compared the response to treatment
evaluated by clinic, home, and ambulatory BPs. Despite the
general parallel between clinic and home BPs during treat-
ment, considerable discrepancy may exist between the two in
individual patients. Thus, in a study of 816 patients treated
with trandolapril, the correlation coefficient between the
clinic and home BP response, although highly significant, was
only 0.47 for SBP and 0.36 for DBP.*® The slope of the line was
also rather shallow and indicates that a decrease of 20 mm Hg
in clinic BP is on average associated with a decrease of home
BP of only 10 mm Hg. Other studies have shown that drug
treatment lowers clinic BP more than home BP; in a study of
760 hypertensive patients who were treated with diltiazem 300
mg/day, the clinic BP fell by 20/13 mm Hg, and the home BP
fell by 11/8 mm Hg.® In another study, losartan lowered clinic
BP by 17/13 and home BP by 7/5 mm Hg, and trandolapril
lowered clinic BP by 17/13 and home BP by 7/5 mm Hg;
changes of ambulatory BP were closer to the changes of home
BP®! It is well recognized that drug treatment also lowers
ambulatory BP less than clinic BP.* One study looked at the
effects of exercise training on clinic and home BP. Clinic BP
fell by 13/8 in the experimental group and 6/1 mm Hg in the
controls, whereas home BPs fell by 6/3 and 1/-1 mm Hg,
respectively.”” Examples of the different responses of clinic
and home BP are shown in Figure 6-6.

An example of the potential value of HBPM for evaluating
the effects of antihypertensive treatment is shown in Figure
6-7, which illustrates the results of a study in which two anti-
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Figure 6-6  Change of clinic and home systolic blood
pressures (SBPs) with antihypertensive drug treatment: results
of nine recent studies, one of which included a placebo
period.
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Figure 6~7  Comparison of the effects of two
antihypertensive drugs (amlodipine and losartan) versus
placebo evaluated by ambulatory blood pressure
monitoring. Asferisks show where a significant BP difference
was noted between the two drugs. (Data from Ishimitsu T,
Minami J, Yoshii M, et al. Comparison of the effects of
amlodipine and losartan on 24-hour ambulatory blood
pressure in hypertensive patients. Clin Exp Hypertens.
2002;24:41-50.)

hypertensive drugs (amlodipine and losartan) were compared
with placebo by ABPM.* The medications were taken at 8 AM,
and both drugs had a similar effect on lowering BP in the
middle of the day (when patients are most likely to be seen in
the clinic). However, in the early morning (corresponding to
the trough measurement) and in the evening, the longer-
acting amlodipine was clearly superior. These differences
between the two drugs would be detected by HBPM.

How Many Readings Are Needed to
Establish the Efficacy of Treatment?

It is helpful to know what the minimum number of home
readings should be to establish a stable level when assessing
the response to antihypertensive treatment, whether using
medications or nonpharmacologic treatment. To determine
the influence of the number of readings used to define the dif-
ference between two average BP levels (which may be before
and after treatment), Chatellier and associates instructed
patients to take three readings in the morning and three in the
evening over a period of 3 weeks.”> These investigators then
calculated the SDD between two means derived from
increasing numbers of individual readings over two 10-day
periods. As shown in Figure 6-8, the SDD between the two
means decreased progressively as larger numbers of individual
readings were used to define each of the two means. About
80% of this reduction was obtained when 15 readings were
used to define a mean, and including a larger number of
readings brought little additional precision. The authors
concluded that three readings taken over 5 days (preferably
at the same time of day) should be sufficient to detect a drug-
induced fall of BP.®®

Home Monitoring of Blood Pressure
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Figure 6-9  Use of home monitoring of blood pressure to
evaluate the effectiveness of an antihypertensive drug
(enalapril). Note the rapidity of the response. (Modified from
Chatellier G, Day M, Bobrie G, Menard J. Feasibility study
of N-of-1 trials with blood pressure selfmonitoring in

hypertension. Hypertension. 1995;25:294-301.)

Identifying Optimal Treatment

The increasing number of drugs available for the treatment of
hypertension has done relatively little to improve the success
of controlling hypertension in the population. In part, this
may be because people vary widely in the degree to which they
respond to any one drug, and there is no infallible way of pre-
dicting which drug is best for which patient. It is thus largely
a matter of trial and error, which has traditionally required a
large number of clinic visits. One potential way of improving
this situation is using home monitoring for “N-of-1” trials, in
which each patient is given a number of different medications
in sequence.”® Because individual drugs vary in the time
needed to achieve their full effects on BP, it is likely that a
minimum of 3 weeks would be needed to test each drug,
although the BP readings need be taken only for the last few
days of each period. However, as shown in Figure 6-9, the
response in some instances may be quite rapid.
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Home Monitoring for Guiding
the Intensity of Treatment

One important study examined the implications of using
home readings to guide antihypertensive therapy.”® Four
hundred patients with poorly controlled hypertension were
randomized to have their medication adjusted either by their
home or clinic DBP, but the practitioners were blinded as to
which measure was being used. If the DBP was higher than
89 mm Hg, treatment was intensified, if it was between 80 and
89 mm Hg, no adjustment was made, whereas if it was less
than 80 mm Hg, the intensity of treatment was reduced.
Because clinic BP readings tend to be higher than home read-
ings, it is perhaps not surprising that more patients in the
home BP group had their medications discontinued than in
the clinic BP group, and conversely, those in the clinic BP
group had more medications added. At the end of the study,
all the measures of BP (clinic, home, and ambulatory) were
higher in the home BP group. LVMI was not significantly
higher in the home BP group, however. The authors con-
cluded that the HBPM strategy could be more cost-effective,
but they admitted that in the absence of large-scale prospec-
tive studies, management of hypertension based exclusively
on HBPM could not be recommended.

Does Home Monitorin
Blood Pressure Control?

Improve

Substantial evidence indicates that HBPM can improve BP
control; a recent meta-analysis of 18 randomized trials com-
paring home monitoring with usual care found that BP con-
trol was improved by about 4/2 mm Hg in the home
monitoring groups.” One study randomized hypertensive
African Americans to usual care, self-monitoring of BP, or
“community-based monitoring,” which involved having BP
checked three times a week in a community health center. At
3 months, the BP had decreased the most in the self-moni-
toring group, with smaller changes in the community-moni-
tored group, and no change in the controls.®® Another study
compared self-monitored BP against usual care and found a
significant reduction of 24-hour BP in the former, again with
no change in the control group.®” The changes were most pro-
nounced in African Americans, in whom mean arterial pres-
sure decreased by 9.6 mm Hg in the monitored group, but it
increased by 5.2 mm Hg in the usual care group. In a study of
622 hypertensive patients who were treated with losartan,
there was a modest increase in BP control as a result of adding
HBPM (66% versus 60% achieving target) that was more pro-
nounced in women than in men.”

Table 6-6 Advantages of Home Blood Pressure over Clinic
Blood Pressure Monitoring in Trials of Antihypertensive
Treatments

Better correlation with changes of target organ damage
Smaller sample size

Evaluation of time course

No placebo effect

Estimation of the trough-to-peak ratio

HOME MONITORING FOR THE
EVALUATION OF ANTIHYPERTENSIVE
TREATMENT IN CLINICAL TRIALS

Most of the large clinical trials of antihypertensive treatment
have used clinic-based BP measurements. It is surprising how
little use has been made of HBPM in clinical trials, despite its
obvious advantages, which are summarized in Table 6-6.

Better Correlation with Target
Organ Damage

These studies raise the question of which measure of BP
best describes the changes of the true BP. One of the
strongest arguments for using HBPM to assess the response to
antihypertensive treatment comes from the Italian Study on
Ambulatory Monitoring of blood Pressure and Lisinopril
Evaluation (SAMPLE), which used three methods of BP
measurement (clinic, ambulatory, and self-monitoring) to
relate the changes in BP resulting from treatment with an
angiotensin-converting enzyme inhibitor to the regression of
LVH.”" The changes of clinic BP showed no significant corre-
lation with the changes in LVMI, whereas both HBPM and
ABPM did. The implication of this finding is that when a dis-
crepancy exists between the effects of antihypertensive drug
treatment on clinic and home-measured BP, the latter may be
more meaningful.

Evaluation of Time Course of Treatment

HBPM is also ideal for evaluating the time course of the treat-
ment response. As shown in Figure 6-9, for a drug with a
relatively rapid onset of action such as enalapril, the maximal
fall of BP is seen within 1 day of starting the drug, and the BP
also returns to the pretreatment level quite promptly.®

Estimation of the Trough-to-Peak Ratio

An ideal antihypertensive drug regimen should lower BP
smoothly throughout the day and night. This is usually
evaluated by estimating the trough-to-peak (T/P) ratio. The
trough is the BP reduction at the end of each dosing period,
measured just before the next dose of medication is taken. The
peak is the maximal BP reduction recorded after taking the
medication. It is desirable to have a T/P ratio of at least 60%,
but the closer it is to 100%, the smoother the BP control will
be. HBPM can be a useful way of estimating the T/P ratio.
Morning readings are taken just before the dose (trough), and
evening readings (or midday) approximate the peak effects for
many long-acting drugs. Menard and associates used this pro-
cedure to evaluate the effects of enalapril and found a T/P
ratio of 77%, which is similar to estimates made using ABPM.”

No Placebo Effect

Another advantage of HBPM is that it is relatively immune to
the placebo effects seen with clinic BP.”? This is probably
because much of the placebo effect seen with clinic BP
measurement is nothing more than an attenuation of the
WCE. The dotted line at the bottom of Figure 6-6 illustrates
this point.



Smaller Sample Size

One of the advantages of using HBPM rather than traditional
clinic measurements in trials of antihypertensive drugs is that
fewer patients should be needed to show an effect. The greater
statistical power inherent in the use of home recordings rather
than clinic recordings for the evaluation of antihyperten-
sive medications was well illustrated in a study by Menard
and associates.”* They used a double-blind, within-patient
crossover study, with 2-week periods of three different treat-
ments (a diuretic, a 8-blocker, and both together), separated
by 2-week placebo periods. They measured clinic BPs at the
end of each treatment period, and patients also recorded their
BPs at home using a semiautomatic machine. The effective-
ness of all three treatments was similar for both measures of
BP. The greater number of home readings increased the sensi-
tivity of the study to detect a difference of BP between the dif-
ferent treatments. It was estimated that to detect a treatment
effect of 5 mm Hg, 27 patients would be needed if clinic BPs
were used for the evaluation, but only 20 patients if home BPs
were used. Similar results were obtained in a different study by
Imai and colleagues.”” Using an SDD of 7.0 mm Hg for SBP
and 5.1 mm Hg for DBP, 23 subjects would be needed to
detect a 5 mm Hg decrease of SBP and DBP at an a of 0.05.
Thus, the high reproducibility and low placebo effect of home
BP mean that it is very efficient at detecting treatment
changes.

COST-EFFECTIVENESS OF HOME
MONITORING

Some evidence indicates that self-monitoring may be cost-
effective (Table 6-7). In a randomized study conducted by the
Kaiser Permanente Medical Care Program in San Francisco,
430 patients with mild hypertension, most of whom were
taking antihypertensive medications, were randomized either
to a usual care group or to self-monitoring.”” The patients’
technique was checked by clinic staff, and they were asked to
measure their BP twice weekly and to send in a record of their
readings every month. At the end of 1 year, the costs of care
(which included physician visits, telephone calls, and labora-
tory tests) were 29% lower in the self-monitoring group,
which also had slightly better BP control. Most patients and
their physicians considered the self-monitoring procedure to
be worthwhile. The authors estimated that the annual cost of
self-monitoring was $28 per year (in 1992 dollars), which
assumed a $50 monitor depreciated over 5 years, $10 for
training (also depreciated), $1 for BP reporting, and $6 for

Table 6-7 Cost-Effectiveness of Home Monitoring*

Service Home BP Usual Care Difference
Office visit $54 $101 $47
Phone calls $17 $8 -$8
Procedures $17 $16 -$1
Total $88 $125 $37

*Costs are reported in 1992 dollars.

Data from Soghikian K, Casper SM, Fireman BH, et al. Home
blood pressure monitoring: Effect on use of medical services
and medical care costs. Med Care. 1992;30:855-865.

Home Monitoring of Blood Pressure

follow-up to enhance adherence. Combining this estimate
with their study results led to an estimated cost saving
per patient of $20 per year. Projecting these numbers on
a national level, the investigators estimated that about 15
million hypertensive patients in the United States are candi-
dates for self-monitoring, and that 20 of the 69 million annual
hypertension-related physician visits could be saved, with a
cost saving of $300 million per year. These numbers seem very
optimistic, but they clearly establish the potential for cost
saving using home BP monitoring.

FUTURE TRENDS

It is likely that the use of self-monitoring for the routine
evaluation of hypertensive patients will continue to grow in
the foreseeable future. Several factors will drive this trend.
They include the recognition of the inaccuracy of physicians’
measurements, increasing time pressure on physicians to
spend less time with patients, the cost and inconvenience
of having to make an office visit for a BP check, and the
increasing availability of inexpensive and accurate electronic
devices. This may be viewed as part of a general movement in
which patients are playing an increasingly important role in
the management of their health. In the past, the paternalistic
medical model assumed that only physicians knew how to
take BP, and the patient’s only duty was to follow orders.
Medical care was centered in the hospital or clinic (Fig. 6-10,
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Figure 6-10  Two models of hypertension care. Upper, The
traditional model in which blood pressure (BP) is measured
only at clinic visits. Lower, The virtual hypertension clinic, in
which patient care is home based, and BP readings are
transmitted to the physician on a regular basis.
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upper). This is rapidly changing. BP monitors are advertised
directly to the consumer rather than to the physician, and
patients are playing an ever larger role in their own manage-
ment. For a condition such as hypertension, the center of care
may soon be the patient’s home rather than the physician’s
office (Fig. 6-10, lower).

Teletransmission of Readings

Because HBPM involves the acquisition of relatively large
numbers of readings, processing of the data is also needed.
Thus, a typical protocol will involve three readings twice a day
on 3 days a week, which over a 2-week period would give 36
readings. Most studies have used manual data entry by the
patient, which is clearly inefficient and has a potential for
systematic bias (patients may disbelieve and ignore extreme
readings) and error. Because the readings are taken by elec-
tronic devices, there is in principle no reason why the patient
should have to write them down at all. Readings can be stored
and processed in several ways. Some devices have a printer
attached, which at least avoids observer bias. Others have
a memory, from which the data can be downloaded (for
example into the physician’s computer, as in the Omron IC),
transmitted by a telephone-modem link to a central com-
puter, or connected to the patient’s own personal computer if
available. So far, teletransmission of home BP data has been
used only for research purposes, mainly because insurance
companies and Medicare have not been willing to pay the cost
of the procedure. It is to be hoped that this will change in the
near future.

CONCLUSIONS

The growth of the use of HBPM and of its accompanying
technology raises the issue of relationships with ambulatory
and clinic measurements of BP. Clearly, the clinic measure-
ment is going to remain the cornerstone of BP measurement
for the foreseeable future, but it is increasingly going to be
supplemented by measurements made outside the medical
environment. It is likely that roles will exist for both self-
monitoring and ABPM, because the two procedures give basi-
cally different types of information. Thus, ABPM can give a
representative profile of BP over the whole 24-hour period,
but it is less well suited to tracking changes of BP over
prolonged periods. Self-monitoring is usually only carried out
during periods of relative relaxation and is therefore unlikely
to be able to capture what happens during stressful periods.
Similarly, it cannot be used to obtain any information about
sleep-related BP changes.
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Chapter 7

Ambulatory Blood Pressure Monitoring

in Hypertension
William B. White

Since the 1970s, studies have supported direct and inde-
pendent associations of cardiovascular risk with observed
ambulatory blood pressure (BP) and inverse associations with
the degree of BP reduction from day to night. The daytime
and nighttime mean BPs, as well as the difference between
daytime mean and nighttime mean BP derived from ambula-
tory BP monitoring (ABPM) data, allow the identification of
high-risk patients, independent of the BP obtained in the
clinic or office setting. Although ABPM is not required for the
routine diagnosis of hypertension, it can identify white-coat
hypertension and can evaluate the extent of BP control.
Clinical trials during the past decade clearly demonstrate the
importance of ABPM in the evaluation of antihypertensive
drug therapy to ensure 24-hour BP control.

In the 1960s, intra-arterial recording provided the only
means of following changes in BP over time during typical
activities of daily living. The development and commercial
availability of lighter-weight, quiet, easy-to-wear automated
noninvasive BP recorders facilitated the collection of large
volumes of data (~100 measurements in a 24-hour study
period) while a subject pursues activities of daily living. Data
derived from ABPM have made important contributions to
our understanding of BP behavior and its complications, as
well as the definitions of daytime and nighttime normoten-
sion, the prognostic value of ambulatory BP, and the evalua-
tion of antihypertensive drug therapy.

CIRCADIAN VARIATION OF
BLOOD PRESSURE

The circadian variation in BP and its association with cardio-
vascular events, including both myocardial infarction and
stroke, are well established.! BP follows a highly reproducible
pattern, characterized by a low span during sleep, an early
morning, postawakening rise, and a higher sustained span
during wakefulness. Evidence that the circadian periodicity of
BP is synchronized with the sleep-wake cycle also comes from
observations in shift workers. For example, a complete and
immediate reversal of the circadian BP rhythm occurs on the
first occasion of a session of night shifts.” As a result of the
shift in work schedules, the peak BP in night workers is
recorded at about 10 to 11 pM, rather than during the typical
early morning period.’

Clinical Importance of the Nighttime
Decline (“Dipping”) in Blood Pressure

Nocturnal BP reductions of 10% to 30% are consistently
found in the majority of people. However, about 25% to 30%

of hypertensive patients do not display this decline in noc-
turnal BP*; instead, some have a blunted drop, or none at all,
and others have an excessive drop in BP. The absence of a noc-
turnal decline in BP varies according to the patient population
and is more prevalent in the elderly,” in African Americans,’
and in postmenopausal women.” The term nondippers was
coined by O’Brien to describe those individuals in whom
the decline in nighttime BP is less than 10% of the daytime
value and who also have a higher propensity for stroke.*®
Subsequently, other investigators showed that nondipping of
both systolic BP (SBP) and diastolic BP (DBP) was associated
with more severe target organ damage and a poorer prog-
nosis.>!® Cardiovascular risk has been shown to be directly
associated with the difference between the observed value of
the 24-hour ambulatory BP and that predicted from the
office BP.

The validity of an arbitrary proportional threshold to
define dipping status has been questioned.!' The repro-
ducibility of the proportional fall in nighttime BP compared
with daytime values has proved poor in some studies,'>"
because sleep quality and the depth of sleep from one night to
the next may influence the degree of dipping. Larocca and I
proposed that an absolute BP value may be more appropriate
to define nocturnal hypertension.!! A consensus panel of the
American Society of Hypertension originally proposed the
definition of nocturnal hypertension as being a mean night-
time SBP/DBP higher than 125/80 mm Hg,"* based on epi-
demiologic and cross-sectional studies that measured target
organ damage. More recently, a committee organized by the
American Heart Association suggested using a value of
125/75 mm Hg."

When evaluated in a systematic fashion, the reproducibility
of an absolute definition of nocturnal hypertension was
superior to the proportional decreases used typically in the
literature."" Twenty-four-hour BP data were extracted from
recordings obtained during the placebo run-in phase of a
series of clinical trials conducted in hypertensive patients
diagnosed according to clinic BP. Patients with hypertension
at night were identified using three different criteria: those
with a less than 5% decrease in nocturnal BP compared with
daytime, those with a less than 10% decrease in nocturnal BP
compared with daytime, and those with a mean nocturnal BP
of more than 125/80 mm Hg. Repeatability analyses confirmed
that a mean nighttime BP of more than 125/80 mm Hg is
more reproducible than the other two criteria. About half of
the patients identified as nondippers on the basis of the first
ABPM were considered nondippers based on the second
assessment performed after 4 to 8 weeks."' The reproducibility
of the dipper status also proved superior using SBP rather
than DBP (Fig. 7-1). These findings suggest that the effect on
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ambulatory blood pressure monitoring sessions 4 to 8 weeks
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(From White WB, Larocca GM. Improving the utility of the
nocturnal hypertension definition by using absolute sleep
blood pressure rather than the “dipping” proportion. Am J
Cardiol. 2003;92:1439-1441)

the absolute nocturnal BP may provide a more appropriate
approach to evaluating the efficacy of antihypertensive agents.

Early Morning Blood Pressure Surge

In most individuals who sleep at night, a rapid rise in both BP
and heart rate occurs during the early morning, a phenom-
enon termed the early morning BP surge. At this time of day,
a corresponding increase is noted in the incidence of cardio-
vascular events. Studies have consistently shown that acute
myocardial infarction is more prevalent between 6 AM and
noon than at other times of the day or night.'® Additionally,
the incidences of subarachnoid hemorrhage,'” ischemic
stroke,'® hemorrhagic stroke,"™ and transient ischemic
attacks® are highest in the first 4 to 6 hours after awakening.

Evidence for a link between the increase in BP during the
morning hours and target organ damage comes from a study
conducted in elderly Japanese hypertensive patients.”’ Using
ABPM, the level of the early morning BP surge was calculated
by means of the difference between the average SBP during
the 2 hours after awakening and the average SBP during the
1 hour that included the lowest value during sleep. The 519
patients studied were divided into two groups according to
the extent of the morning surge. The highest deciles of the
population had a surge of 55 mm Hg or greater (average,
69 mm Hg), and at baseline there was a 57% prevalence of
silent cerebral infarcts, as opposed to only 33% in the
remaining patients whose average morning surge in SBP
was 29 mm Hg. During the follow-up period, which averaged
3.5 years, 19% of patients with a large early morning BP surge
suffered a clinical stroke, compared with 7.3% of those with
the smaller BP surge. Future research in this area needs to
evaluate the impact of antihypertensive therapies to provide
cerebrovascular protection.

PROGNOSTIC VALUE OF AMBULATORY
BLOOD PRESSURE

Both prospective clinical and population-based studies have
shown that ambulatory BP predicts cardiovascular events,
even after adjustment for conventional BP in the doctor’s
office or clinic. The first study to evaluate ambulatory BP in a
prospective fashion was by Perloff and colleagues, who estab-
lished that the incidence of cardiovascular events was greater
in patients with higher daytime ambulatory BP than in those
with lower daytime values, independent of the office BP
values.? Subsequently, several outcome studies showed than
ambulatory BP is superior to conventional clinic BP measure-
ments in predicting cardiovascular events.”*! Of these studies,
two considered the prognostic value of ambulatory BP in the
general population.”**! In both studies, after adjustment for
gender, age, smoking status, baseline clinic BP, and antihyper-
tensive treatment, ambulatory SBP proved to be a superior
predictor of cardiovascular death, compared with clinic
BP. Additionally, in the study by Sega and co-workers,” night-
time BP was the best parameter for predicting cardiovascular
outcomes.

Until 2003, the ambulatory BP data used to predict cardio-
vascular endpoints were typically recorded in untreated
subjects participating in clinical trials who were receiving
placebo during the run-in phase. The prognostic value of
ambulatory BP in patients with treated hypertension was
reported in the Office versus Ambulatory Blood Pressure
Study.™ This study followed 1963 patients for a median of
5 years (range, 2 to 12 years), during which 157 patients had
new major cardiovascular events. After adjustment for age,
sex, body mass index, use of lipid-lowering drugs, and a his-
tory of cardiovascular events, the study showed that higher
24-hour mean ambulatory SBP and DBP were independent
risk factors for new cardiovascular events. Even after adjusting
for clinic BP, 24-hour and daytime SBP and DBP predicted
outcomes. Comparison of outcomes for patients with a 24-
hour mean ambulatory SBP of less than 135 mm Hg versus
those with a mean value of 135 mm Hg or higher showed that
those with the higher 24-hour mean SBP had a higher cardio-
vascular risk. This was true especially when the patients were
classified according to their clinic BP (Fig. 7-2).

WHITE-COAT HYPERTENSION

Two prospective studies using ABPM established the relatively
benign prognosis of white-coat hypertension.”>* Although
the white-coat “effect” is quite common, the diagnosis of true
white-coat hypertension in the untreated patient occurs
in just 1 out of 10 patients reporting to the physician’s office
or clinic.*?

In 1994, Verdecchia and co-workers from Italy defined
white-coat hypertension as an office BP greater than 140/90
mm Hg but a daytime mean BP of 136/87 mm Hg in men and
131/86 mm Hg in women diagnosed with hypertension; the
incidence of fatal and nonfatal cardiovascular events in a
follow-up period of up to 7.5 years was virtually identical in
normotensive and white-coat hypertensive subjects (0.47 and
0.49 events per 100 patient-years, respectively).”’ By com-
parison, the incidence rates of cardiovascular events in
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pressure (BP) on cardiovascular (CV) outcomes in the Office
versus Ambulatory Study. (Modified from Clement DL, De
Buyzere ML, De Bacquer DA, et al. Prognostic value of
ambulatory blood-pressure recordings in patients with treated
hypertension. N Engl J Med. 2003,348:2407-2415.)

dippers and nondippers with ambulatory hypertension were
1.79 and 4.99 per 100 patient-years, respectively.

In the United Kingdom, Khattar and co-workers used a
different definition of white-coat hypertension: clinic SBP of
140 to 180 mm Hg and 24-hour mean ambulatory SBP lower
than 140 mm Hg and DBP lower than 90 mm Hg, measured
using intra-arterial monitoring.” In patients without compli-
cations at baseline, incidence rates of left ventricular hyper-
trophy and degrees of carotid intimal-medial hypertrophy
over the 10-year follow-up period were significantly lower in
the patients with white-coat hypertension than in those with
sustained hypertension. The clinical relevance of this study
comes into question however, because intra-arterial record-
ings are not routinely used in practice and often yield much
different results than noninvasively derived ABPM values.

The low risk of cardiovascular events in patients with
white-coat hypertension could suggest that little to no benefit
may be gained by treating them. This concept was supported
by observations from the Systolic Hypertension in Europe
study, in which incidence rates of stroke and myocardial
infarction were significantly higher in the patients with
moderate sustained hypertension (by ABPM) than in those
with nonsustained hypertension.”® Active antihypertensive
treatment (nitrendipine alone or in combination with a thi-
azide diuretic or an angiotensin-converting enzyme inhibitor)
reduced the incidence of such events only in patients with
moderately sustained hypertension, with the most benefit
derived by patients with a daytime mean SBP of 160 mm Hg
or greater.” In contrast, Verdecchia and colleagues performed
a three-country prospective cohort analysis of the relationship
between ambulatory BP and stroke outcomes in nearly 6000
patients and control subjects.”” During the follow-up period,
the adjusted hazard ratio for stroke was 1.15 (95% confidence
interval, 0.61, 2.16) for the white-coat hypertensives (P = .66)
and 2.01 (95% confidence interval, 1.31, 3.08) for the ambu-
latory hypertension group (P = .001). Nevertheless, concern
regarding a possibly higher long-term risk was raised by the

Ambulatory Blood Pressure Monitoring in Hypertension

investigators, because stroke rates began to increase in the
white-coat hypertensive subjects, compared with the nor-
motensive subjects, after about 8 years of observation.

A long-term controversy regarding white-coat hyper-
tension that has not been resolved is whether this syndrome
predisposes patients to sustained hypertension. A consensus
from the European Working Party on Blood Pressure
Measurement in 2001 recommended that further longitudinal
research be conducted to clarify the transient, persistent,
or progressive nature of the condition in the long term.*”> A
10-year follow-up study of newly diagnosed hypertensive
patients in Denmark comprising 420 with white-coat hyper-
tension and 344 who were confirmed as being truly hyperten-
sive, according to baseline ABPMs, were compared with 146
normotensive subjects.’® The incidence of events was greatest
in the truly hypertensive group, but it was also significantly
greater in the white-coat hypertensive compared with the nor-
motensive group.

CLINICAL SIGNIFICANCE OF
WHITE-COAT NORMOTENSION

The converse of white-coat hypertension has been termed
white-coat normotension or masked hypertension (i.e., normal
clinic BP, but elevated ambulatory BP).” It is likely that
because most patients with white-coat normotension would
tend not to be diagnosed as hypertensive, and would hence go
untreated for a considerable time, they are likely to be at
enhanced risk of the long-term consequences of hypertension.
In fact, Liu and associates reported that, in patients with
masked hypertension, left ventricular mass index and relative
wall thicknesses in the heart and carotid arteries were similar
to the values observed in patients with sustained hyperten-
sion.” The prevalences of discrete atherosclerotic plaques and
increased carotid intimal-media thickness were also similar
in patients with white-coat normotension and in those with
sustained hypertension.” The prevalence of white-coat hyper-
tension has been estimated at about 8%, and masked hyper-
tension at values have been estimated at 5%, although this
topic has been poorly studied."*

USING AMBULATORY BLOOD PRESSURE
MONITORING IN THE MANAGEMENT
OF HYPERTENSION

The diagnosis of hypertension and the decision to initiate
drug treatment are traditionally based on office BP measure-
ments. However, prospective cohort studies clearly show that
the prognostic capabilities of office BP have been inferior to
those of ABPM when the two were compared directly in many
research reports.*”*® Most notably, clinic BP measurements
correlate poorly with 24-hour mean ambulatory BP, especially
in men both before and during antihypertensive treatment.”®
The findings of the study by Clement and co-workers support
the more extensive use of ABPM.*

ABPM has certain advantages in the evaluation and treat-
ment of patients with hypertension, but its use needs to be
considered in relation to the cost of the equipment and data
evaluation, information gained, additional consultations
required, and possible inconvenience to the patient. An
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Use Of Ambulatory Blood Pressure In Hypertension Management

Office blood pressure
> 140/90 mm Hg in low-risk patients (no target organ disease)
> 130/80 mm Hg in high risk patients (target organ disease, diabetes)

Y

Y

| Self-monitored BP < 135/85 mm Hg |

| Self-monitored BP > 135/85 mm Hg

Y

| Perform ambulatory BP monitoring |

Y

Y

24-hr BP < 130/80 mm Hg|

| 24-hr BP > 130/80 mm Hg |

Y

Y

Follow-up with nondrug therapy

| Initiate antihypertensive therapy |<—

on a 6—12-month basis
Repeat ambulatory BP measurement
every 1-2 years

\
24-hr BP < 130/80 mm Hg|

Y

v
|24-hr BP > 130/80 mm Hg

Y

Maintain present therapy
Follow-up with ABP
every 2 years

Change antihypertensive therapy
to improve control

om->m>; -

\4
Follow-up with ABP every 2 years |

Figure 7-3  Use of ambulatory blood pressure (ABP) in hypertension management. BP, blood pressure. (Modified from White
WB. Ambulatory blood-pressure monitoring in clinical practice. N Engl J Med. 2003,348:2377-2378.)

algorithm for the use of self-monitoring of BP and ABPM
measurements may help to maximize the benefits of ABPM
when identifying patients who would benefit from antihyper-
tensive therapy (Fig. 7-3).” Self-monitoring (or home moni-
toring) of BP helps to restrict the use of ABPM to those
patients who have a large disparity between clinic measure-
ments and out-of-clinic values. Ideally, patients should
measure their BP twice daily at home and while at work over
a minimum of a 1-week period. During the past 1 to 2 years,
research suggests that a normal average home BP is about
120/80 mm Hg.">*"*

Impact of Ambulatory Blood Pressure
Monitoring on Advances in Treatment

ABPM has been increasingly used for drug efficacy evaluation.
ABPM may reveal important differences among antihyperten-
sive agents as well as among different doses of a particular
drug. This effect is most notable for determining the duration
of action, because the devices are capable of obtaining
numerous values over the course of a 24-hour dosing period.
Not surprisingly, some commonly used once-daily antihyper-

tensive drugs have been shown to provide suboptimal control
toward the end of the dosing interval.® As discussed later,
with once-daily dosing and drug administration in the
morning on arising to encourage patient adherence to
therapy, incomplete BP control at the end of the dosing
interval could actually coincide with the time of the greatest
risk of an acute cardiovascular event.

Analyses of Ambulatory Blood Pressure Data
in Antihypertensive Drug Trials

Data from ambulatory BP studies in hypertension trials may
be analyzed in several ways (Table 7-1). A consensus regarding
a superior, single method of analysis has not been reached,
despite numerous attempts by many committees in several
countries. The use of 24-hour means, daytime and nighttime
means (or preferably awake and sleep values), BP loads (the
proportion of values higher than a cutoff value during
wakefulness (typically >140/90 mm Hg) or sleep (typically
>120/80 mm Hg) divided by the total number of BP read-
ings), area under the 24-hour BP curve, and smoothing
techniques designed to remove some of the variability from



Table 7-1 Means for Assessment of Ambulatory Blood
Pressure Data in Clinical Trials

24-hour averages (standard deviation is used as a measure
of variability)

Hourly means (used in assessment of 24-hour curves)

Awake (daytime) and sleep (nighttime) means (requires
accurate patient diaries or actigraphy)

Blood pressure loads (proportions or areas under the blood
pressure-time curve)

Changes from 24-hour baseline values (placebo subtracted)

Smoothness index (a form of data reduction to take into
consideration blood pressure variability)

Nocturnal blood pressure decline (dipper/nondipper)

Data smoothing techniques (cosinor analyses, Fourier
transformation, modeling)

the raw BP data analysis are among the most popularly
utilized methods of analysis.***

Features of any method of analysis for ambulatory BP
data should include the statistical ease of calculation, the
clinical relevance of the measure, and the relationship of the
parameter with the hypertensive disease process. Many of
these analytic methods meet all these criteria. For example,
the 24-hour mean BP remains the most important parameter
for evaluation in antihypertensive drug trials because it is a
strong predictor of hypertensive target organ disease, is easy to
calculate, utilizes all of the ambulatory BP data, and is highly
reproducible in both short-term and long-term studies.*>**

Smoothing of ambulatory BP data may be used to aid in
the identification of the peak and trough effects of an antihy-
pertensive drug.’*! The variability in an individual’s BP curve
may be large, as a result of both mental and physical activity;
thus, evaluating the peak antihypertensive effect of a short-
acting or intermediate-acting drug may be difficult. Other
than the benefits associated with examining pharmacody-
namic effects of new antihypertensive drugs, data and curve
smoothing for 24-hour BP monitoring appear to have little
clinical relevance. Furthermore, editing protocols are not
uniform in the literature, and missing data may alter the bal-
ance of mean values for shorter periods of time. To avoid
excessive data reduction in a clinical trial, one statistical expert
suggested that data smoothing should be performed on indi-
vidual BP profiles rather than on group means."

Utility of Ambulatory Blood Pressure
Monitoring in Clinical Trials

ABPM has been helpful in comparing antihypertensive drugs,
especially when assessing duration of action. Numerous
examples in the literature now illustrate this benefit, including
the superiority of ambulatory BP over clinic BP in assessing
the trough-to-peak ratio of various agents.**!

Comparisons of Drugs within the Same Class

In a multicenter study, Neutel and colleagues compared the
-blockers bisoprolol and atenolol in 606 patients by means
of both clinic BPs and ABPM.* Following therapy, the seated
BP in the clinic at the end of the dosing period was reduced
12/12 mm Hg by bisoprolol and 11/12 mm Hg by atenolol.

Ambulatory Blood Pressure Monitoring in Hypertension

Although these changes were significantly different from base-
line for both drugs, no significant differences occurred during
comparisons across drugs. By using ABPM, it was determined
that the daytime BPs (6 AM to 10 pM) and the BPs during
the last 4 hours of the dosing interval (6 AM to 10 AM) were
lowered significantly more by bisoprolol than by atenolol.
This finding was present whether the assessment was made by
examination of the overall means, area under the curve, or BP
loads. These data demonstrated that despite no difference in
office BP, significant differences in efficacy and duration of
action were demonstrated when the drugs were assessed by
24-hour ABPM.

Comparisons of Drugs in Different Classes

Lacourciere and co-workers in Canada studied the angiotensin
II receptor blocker telmisartan (at doses of 40 to 120 mg once
daily) and compared it with the long-acting calcium antago-
nist amlodipine (5 to 10 mg once daily) in a clinical trial using
24-hour ABPM at baseline and following 12 weeks of double-
blind treatment.”” Although these agents have similar and very
long plasma half-lives, they have entirely different mechanisms
of action. This bears relevance because it is known that as
BP and heart rate fall during sleep, plasma renin activity grad-
ually increases. The renin-angiotensin-aldosterone system is
further activated in the early morning on awakening, thus
increasing the contribution of angiotensin to the postawak-
ening surge in BP.*!

Both amlodipine and telmisartan lowered clinic BP to sim-
ilar values at the end of the dosing period. However, reduc-
tions in ambulatory DBP with telmisartan were greater than
those with amlodipine during the nighttime, as well as during
the last 4 hours of the dosing interval. In addition, the ambu-
latory BP control rates (24-hour DBP <85 mm Hg) were
higher following telmisartan treatment (71%) than following
amlodipine (55%). Thus, these data also demonstrate the
improved ability of ABPM to discern pharmacodynamic
changes between two drugs with relatively similar pharmaco-
kinetic profiles.

Assessing the Effects of Chronotherapeutic Agents

In general, chronotherapeutics attempts to match the effects
of a drug to the timing of the disease being treated or
prevented.” In the case of hypertension and cardiovascular
diseases, this pharmacologic concept has a great deal of
clinical relevance because BP and heart rate have distinct,
reproducible circadian rhythms. Additionally, most cardiovas-
cular diseases, including myocardial infarction, angina and
myocardial ischemia, and stroke, have circadian patterns with
their highest incidence in the early morning.*!

The approach for the chronotherapeutic treatment of
hypertension and angina pectoris differs from conventional
treatments that deliver medication to achieve a constant
effect, regardless of the circadian rhythm of BP. Researchers
have made attempts to alter the effects of conventional
drugs by administering these agents before sleep versus on
arising.*"*®? In one of these studies,” the angiotensin-
converting enzyme inhibitor quinapril was given in the early
morning versus at bedtime in patients with stage 2 hyperten-
sion. The study was conducted in a double-blind crossover
design with quinapril given at either 8 AM or 10 PM for 4 weeks
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Table 7-2 Evaluation of the Effects of Morning versus
Evening Dosing of Antihypertensive Therapy to Patients with
Hypertension

Quinapril (20 mg)

BP Parameter

(mm Hg) Baseline  Am Dosing  PM Dosing
Daytime systolic BP 15416 138x16 13714
Daytime diastolic BP 1017 899 90+9
Nighttime systolic BP ~ 140£15 13220 127+18*
Nighttime diastolic B> 90+7 8310 819"

*P < .001 versus morning administration.

TP < .05 versus morning administration.

BP, blood pressure.

Modified from Palatini P, Racioppa A, Raule G. Effect of timing
of administration on the plasma ACE inhibitor activity and the
antihypertensive effect of quinapril. Clin Pharmacol Ther.
1992;52:378-383.

in each period. As shown in Table 7-2, daytime BP was
reduced similarly by both dosing regimens. In contrast, night-
time SBP and DBP were decreased to a significantly greater
extent with the evening administration of quinapril. Measure-
ment of angiotensin-converting enzyme activity showed that
the evening administration of quinapril induced a more
sustained decline in plasma angiotensin-converting enzyme,
but not a more pronounced change. The findings in this study
are of substantial interest because nocturnal BP has not been
an area of focus, and in many types of hypertensive patients,
BP during sleep may remain unknowingly elevated, despite
seemingly normal BP in the physician’s office.

Other studies showed little change in BP or heart rate in
response to altering the dosing time of these long-acting
agents to the nighttime.*"** However, many of these studies
had small sample sizes and low statistical power to show
changes less than 5 to 7 mm Hg in ambulatory BP. Thus,
whether altering the dosing time of a long-acting antihyper-
tensive agent truly changes the level of ambulatory BP control
has not been proven with any degree of statistical confidence.

Chronotherapeutic Drug Delivery

Delivery systems have been specifically developed for the
chronotherapeutic delivery of antihypertensive therapy;
examples of these are the controlled-onset extended-release
(COER) delivery system and the chronotherapeutic oral drug
absorption system (CODAS) delivery system—both use ver-
apamil HCl as the active agent.*' In multicenter double-blind
randomized clinical trials, these agents were shown to lower
early morning BP, heart rate, and the rate-pressure product
effectively when they were administered at bedtime. These
findings may be of clinical importance in hypertensive
patients, especially those who have increased risk of coronary
disease, because epidemiologic analyses show that heart rate is
an independent predictor of cardiovascular risk in patients
with hypertension.”' Furthermore, the reduction in the rate-
pressure product, an index of myocardial oxygen demand,
may benefit patients whose augmented rate-pressure product
increases their risk for myocardial ischemia, as shown by
Deedwania and Nelson.” The CONVINCE trial was designed

in part to understand the benefits of delivering a chrono-
therapeutic regimen of verapamil in the early morning.” This
large-scale outcome study failed to show a difference in early
morning events among chronotherapy, COER-verapamil, and
standard of care administration of atenolol or hydrochloro-
thiazide. However, the reason may well have been the lack of
statistical power to show differences as a result of early termi-
nation of the trial for a nonmedical and nonscientific
rationale.”

BEFORE YOU GET STARTED:
THE MONITORING DEVICES AND
THEIR VALIDATION

The ABPM recorders are automated, programmable devices
that utilize either an auscultatory or oscillometric method for
measurement. In general terms, the auscultatory devices
employ the use of a microphone to detect Korotkoff sounds
and are reasonably accurate for BP measurement, especially
if the Korotkoff sound is gated to the R wave of the electro-
cardiogram.’**> The oscillometric technique detects initial
and maximal arterial “vibrations” in the cuff and calculates
the mean arterial pressure via an algorithm developed by the
manufacturer of the device. The more sensitive the algorithm,
the more accurate is the device. Oscillometric BP devices lose
precision with extremes of high and low BP values.*®

The newest devices have become quite small and light-
weight—most weighing 200 to 300 g—and have quiet motors
capable of obtaining up to 100 BP readings in a 24-hour
period. The devices are fairly simple to program for measure-
ments at 15- to 20-minute intervals during the daytime and
every 20 to 30 minutes during the night. Most of the devices
have an algorithm built into their software that recognizes
“erroneous” readings (excessive motion, physiologically
impossible values) and will perform a repeat of the scheduled
BP measurement in 1 to 2 minutes after the failed measure-
ment. Although this is often an annoyance to patients, this
feature makes the devices far more likely to obtain at least two
to three valid BP readings per hour, so the entire 24-hour
period can be fully evaluated.

It is practical for the staff applying the ABPM recorder to
be fully trained in the handling of the equipment, to have the
means to calibrate the device with a T-tube connected to a
mercury column, and to become skilled in educating patients
on various aspects of the recording that they are about to
undertake. Anis Anwar and I have found over the years
that patient education greatly enhances the potential for a
successful 24-hour recording of the BP.>> ABPM should be
performed on typical working days, so the most representative
values will be obtained.

Having independent clinical validation of these devices is
important, because physicians need to be satisfied that ABPM
devices have been evaluated according to established criteria.””
It is highly advisable to use only ABPM devices that have been
independently validated and have passed the test criteria of
one of the various published standards for automated BP
devices.

The Association for the Advancement of Medical Instru-
mentation published a standard for electronic or aneroid
sphygmomanometers in 1987,”® which included a protocol
for the evaluation of the accuracy of devices, and this was



followed in 1990 by the protocol of the British Hypertension
Society.”® Both protocols were revised in 1993.°%¢! These pro-
tocols had the common objective of standardization of valida-
tion procedures to establish minimum standards of accuracy
and performance and to facilitate comparison of one device
with another. Since their introduction, many BP measuring
devices have been evaluated according to one or both proto-
cols (see http://www.dableducational.org).

In 2002, the Working Group on Blood Pressure Monitoring
of the European Society of Hypertension produced an
updated protocol, named the International Protocol, which
permits simplification of validation procedures without losing
the merits of the much more complicated earlier protocols.®*
The International Protocol is applicable to the majority of BP
measuring devices on the market, so the validation procedure
has been confined to adults more than 30 years old (because
this group contains the majority of subjects with hyperten-
sion), and it has no recommendations for special groups, such
as children, pregnant women, and the elderly, or for special
circumstances, such as exercise.

CONCLUSIONS

Results generated by ABPM have established that, even after
adjustment for established risk factors, a progressive increase
occurs in the risk of cardiovascular morbidity and mortality
with elevated 24-hour, daytime, and nighttime BP. Studies in
older Japanese patients showed the importance of the early
morning BP surge on cerebrovascular target organ damage.
The technique of ABPM measurements has become widely
adopted to identify effective therapeutic options that provide
BP control throughout the dosing interval.

In the practice setting, the contribution of ABPM to the
management of hypertensive patients is increasingly acknowl-
edged. Although in the past, this technology was considered
experimental, this designation has changed recently, with
improved insurance coverage for performing ABPM in
specific patients and support for its use in certain subgroups
of hypertensive patients both by the Seventh Report of the
Joint National Committee on Prevention, Detection,
Evaluation, and Treatment of High Blood Pressure® and by
the Council on High Blood Pressure Research of the American
Heart Association."
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Chapter 8

Secondary Hypertension:
Renovascular Hypertension

William J. Elliott

In most Westernized countries, and especially among older
individuals, renovascular hypertension is the most common
remediable cause of elevated blood pressure (BP)."* Although
Goldblatt and colleagues developed the animal model that led
to an understanding of the basic pathophysiology of this condi-
tion in 1934, the diagnosis and management of this condition
have changed substantially since the mid-1970s, in large part
because of more efficient diagnostic procedures, more effective
and more specific antihypertensive medications, and the results
of randomized clinical trials.® This chapter attempts to review
the more recent data that support the use of risk assessment
before screening tests, the selective use of angiography, and
the limitation of invasive but potentially curative procedures
to those patients who are most likely to benefit from them.

DEFINITIONS

Renovascular Hypertension versus
Renal Artery Stenosis

Unlike the diagnosis of most other cardiovascular and
nephrologic conditions, renovascular hypertension can be
diagnosed only retrospectively, by means of a physiologic BP
response to an intervention. In this sense, renovascular hyper-
tension is analogous to some infectious diseases, in which a
firm diagnosis can be made only after acute and convalescent
titers are compared. Classically, renovascular hypertension
can be correctly and properly diagnosed 6 to 12 weeks after an
intervention (see later), only if the BP is lower than it was
before the intervention, with the patient taking the same or
fewer antihypertensive medications.” The patient is said to be
“cured” when the diastolic BP is less than 90 mm Hg without
antihypertensive medications or “improved” if either the dia-
stolic BP is less than 90 mm Hg with fewer medications than
before the intervention or the diastolic BP is lower by 15% or
more with the same or fewer medications than before the
intervention.

In contrast to renovascular hypertension, which has a
physiologic basis for its diagnosis, renal artery stenosis is a
diagnosis based on anatomic criteria. Classically, renal artery
stenosis was diagnosed when the patient had a greater than
75% narrowing of the diameter of a main renal artery or a
more than 50% luminal narrowing with a poststenotic dilata-
tion.” These criteria were based on planar images derived from
renal angiograms. For various reasons, many contemporary
authors use less stringent criteria; typically, a 50% luminal
narrowing is the minimum in the current literature.

The distinction between renovascular hypertension and
renal artery stenosis has several important ramifications. First,

as many as 32% of normotensive people (and 56% of those
>60 years old) have relatively advanced renal arterial stenoses
at angiography, but few have resistant hypertension.® This
important fact has been rediscovered recently, as a result of
“incidental” findings in people having angiography in other
vascular beds (see later).”'" Second, surgical removal of a
small kidney presumed to have ischemic nephropathy (from
renovascular hypertension) was followed by normotension in
only 25% of the patients in whom it was attempted."’ Third,
results of attempts to categorize the diagnostic performance of
tests meant to assist in the identification of people with reno-
vascular hypertension are likely to be different from similar
attempts to identify renal arterial stenoses, because the latter
can usually include two arteries per person, whereas the
former can only be done on a per-patient basis.

Subtypes of Renovascular Disease

Fibromuscular Dysplasia

Fibromuscular dysplasia (FMD) is a noninflammatory,
nonatherosclerotic vascular disease that preferentially affects
small to medium-sized arteries."> Although described in
nearly every vascular bed, it most commonly affects the renal
arteries (60% to 75%, where it preferentially involves the distal
two thirds of the main renal arteries), the neck and intracra-
nial arteries (25% to 30%), the visceral arteries (10%), and the
arteries of the extremities (5%). Three major pathologic types
have been discerned: medial dysplasia (which is the most
common type that affects the renal arteries), intimal fibroplasia
(<10% of cases), and adventitial (or periarterial) fibroplasia
(<1% of cases).”” Medial dysplasia itself can be divided into
three subtypes. The most common is medial fibroplasia (75%
to 80% of all cases), which is recognized pathologically by
alternating bands of thinned media and thickened collagen-
containing fibromuscular ridges. This condition appears on
an angiogram as the typical “string of beads” in which the
diameter of the beads is greater than the diameter of the arte-
rial lumen. Perimedial fibroplasia accounts for only 10% to
15% of cases, is recognized pathologically by heavy collagen
deposits in the outer half of the media, and angiographically
resembles medial fibroplasia, except the “beads” are smaller
than the diameter of the arterial lumen. Medial hyperplasia
(1% to 2% of cases) has true smooth muscle cell hyperplasia,
but no fibrosis, and it appears angiographically as a smooth
stenosis, without banding or beading.

The origin of FMD is uncertain, but it may be, in part,
genetic. It is much more common in women, and is, by far, the
most common cause of renovascular hypertension in young
women (15 to 30 years of age). It has been associated with
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cigarette smoking, ergotamine, methysergide, o,-antitrypsin
deficiency, pheochromocytoma, type IV Ehlers-Danlos syn-
drome, Alport’s syndrome, cystic medial necrosis, neurofibro-
matosis, and coarctation of the aorta (the last two especially in
children).

FMD is important in renovascular hypertension for two
major reasons. Unlike atherosclerotic disease, it rarely pro-
gresses to renal arterial occlusion or ischemic nephropathy.
Most important, when FMD is found in the main renal
arteries, patients respond extremely well to angioplasty
without stenting. Most recent series indicate that about 40%
to 55% are “cured,” with another 30% to 40% “improved”
after angioplasty. Because FMD occurs most commonly in
young women, the prospect of saving years of expensive drug
treatment by performing successful angioplasty is economi-
cally attractive.

Atherosclerotic Disease

Probably about 90% of current patients with renovascular
hypertension have atherosclerotic disease as the underlying
pathologic reason for the arterial stenosis. This progressive,
occlusive process preferentially affects the ostium and proxi-
mal third of the main renal artery, as well as the nearby aorta.
As with all other atherosclerotic vascular diseases, it is found
with increasing frequency with advancing age, and it has the
usual associated risk factors (diabetes, dyslipidemia, tobacco
use, and prior history of cardiovascular events).

Other (Less Common) Causes
of Renovascular Disease

Many additional causes (either extrinsic or intrinsic to the
vessel) of renovascular hypertension have been described.
On a population basis, Takayasu’s arteritis may be the most
important, especially in India or Japan. Renal arterial
aneurysms are a common finding in patents with medial
fibroplasias, but these lesions are often seen in saccular forms
(as large as 2 cm) at the bifurcation of the renal artery. Case
reports have been published of renovascular disease attributed
to nonstenotic, but quite long, aberrant renal arteries.'* Renal
arterial stenoses can arise from emboli that are frequently
generated during endovascular manipulation, which can
sometimes lead to acute deterioration in renal function. In
about 20% of hypertensive patients with aortic dissection,
renovascular hypertension has developed, typically without
dissection of the renal artery. Finally, several case reports of
kidneys that move more than 7.5 cm while patients change
from supine to erect posture suggest that this can result in
FMD, and nephropexy is curative.

ESTIMATES OF PREVALENCE
AND RISKS (IF UNTREATED)

Traditionally, the prevalence of renovascular hypertension was
estimated at about 5% of all hypertensive individuals, but it
varied from less than 1% to more than 50%, depending on the
degree of screening in the study population. FMD is much
more common among young hypertensive women; it com-
prised 30% to 40% of cases of renovascular hypertension at
referral centers when angioplasty was just becoming estab-

lished. Today, its prevalence is diminishing (to <10%), as
the general population ages and atherosclerotic renovascular
disease becomes more prevalent.

Some risks of renovascular hypertension are probably
independent of its underlying pathology. The risk of cardio-
vascular events increases exponentially with ascending levels
of BP, irrespective of the cause of hypertension.'* Renovascular
hypertension tends to be resistant to the usual drug therapies,
but administration of either angiotensin-converting enzyme
inhibitors or angiotensin receptor blockers can provoke acute
deterioration of renal function. Recurrent pulmonary edema
can be a presenting symptom of renovascular hypertension, and
it frequently improves or disappears after opening the artery.

Other risks of renovascular hypertension depend on the
underlying disease process. Patients with FMD, for example,
seldom sustain renal artery occlusion or ischemic nephropathy,
which is a major risk for patients with atherosclerotic renal
vascular disease. In an important series of 220 patients with
atherosclerotic disease who were followed by ultrasound (US)
to observe the natural history of the disease, progressive renal
arterial stenosis was seen in 31% over 3 years, including 18%
of originally nonstenotic arteries, with eventual occlusion in 9
of 295 arteries.'® For those with stenoses of less than 60%
originally, 28% had disease progression, as opposed to 49% in
those with stenoses greater than 60%. In addition, progressive
renal cortical atrophy was noted in 21% of patients when the
original degree of renal arterial stenosis was more than 60%."”
In the Cardiovascular Health Study, renovascular hyper-
tension (detected by duplex ultrasonography) was associated
with a 1.96-fold increased risk of coronary events, independent
of baseline BP."® Ischemic nephropathy is an important (albeit
often unrecognized) consequence of atherosclerotic renovas-
cular hypertension and a common cause of end-stage renal
disease,” and it is associated with an extremely poor prog-
nosis, even after dialysis is instituted.”” These important, but
potentially preventable, sequelae of atherosclerotic renovas-
cular disease have called attention to the need for better detec-
tion and treatment of this disease.

PATHOPHYSIOLOGY

Classically, the pathophysiology of renovascular hypertension
involves progressive stenosis of the renal artery, that leads to
hypoperfusion of the juxtaglomerular apparatus, release of
renin, and increased production of angiotensin II. This process
causes increases in sympathetic nerve activity, intrarenal
prostaglandin synthesis, aldosterone synthesis, and nitric
oxide production, and, most important for the development
of hypertension, a direct decrease in renal sodium excretion.?!
This sequence has been well validated acutely, beginning with
Goldblatt’s dogs,” but the situation in chronic renovascular
disease is somewhat more complicated. Over time, the
increased plasma renin activity falls as plasma volume
expands, especially when chronic kidney disease is present
(most easily modeled in animal experiments by a prior con-
tralateral nephrectomy, which has been called the one-clip,
one-kidney Goldblatt model). During the chronic phase, both
BP and intravascular volume can be reduced by angiotensin II
antagonists or by relief of the arterial stenosis.

In some animal models, a “third phase” exists in the two-
kidney, one-clip Goldblatt model, during which removal of



the arterial stenosis does not result in an abrupt or complete
fall in BP to that of the age-matched control animal. This
finding may be important in humans, because early experience
with revascularization surgery had more successes in lowering
BP when hypertension had been present for less than 5 years
before the operation.

DIAGNOSTIC EVALUATION

Many authorities have proposed multiple diagnostic algorithms
for renovascular hypertension. Most, however, share the basic
steps discussed here (and shown in Fig. 8-1):

1. An initial estimation of the absolute risk of renovascular
hypertension can be based solely on clinical clues.

2. If the patient is unwilling to accept surgery (should it be
required, even to repair a dissection or perforation during
angioplasty), only medical management is advised.

3. A sensitive screening test can be offered to patients with an
intermediate probability of renovascular hypertension.
The result will dichotomize between those who need no
further testing (but only medical management) and those
who require a more specific test.

4. A renal angiogram can be offered to patients at high risk
for renovascular hypertension.

Controversy still exists, however, regarding appropriate cutoff
points for the decision points for steps 3 and 4, and especially
about which screening test is most appropriate for most
patients. %

Initial Risk Estimation

Since the early 1970s, many authors have identified character-
istics that distinguish individuals with renovascular hyperten-
sion from those who have primary (or “essential”)
hypertension. Many of these were identified in the now classic

(using “Clinical Prediction Rule”; see Table 8-2)

Assessment of absolute risk for renovascular hypertension
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study of 2442 hypertensive patients, of whom 880 had reno-
vascular disease (35% of whom had FMD).” Repeatedly
identified characteristics that differentiate between renovas-
cular hypertension and primary hypertension are shown in
Table 8-1. These features make it possible to estimate the
absolute risk of renovascular hypertension for an individual
using only clinical information (i.e., without any diagnostic
testing).”® Tt is no longer necessary to submit every hyperten-
sive patient to an extensive workup for renovascular hyper-
tension, because most patients fall into the very low-risk
category (<15% in Fig. 8-1).

Dutch investigators proposed a “clinical prediction rule”
(summarized in Table 8-2) that they derived from one cohort
of patients, validated in a separate cohort,?® and revalidated in
a third cohort of patients with drug-resistant hypertension
(35 with renovascular hypertension and 145 without it at
angiography).”” A nomogram (summarized in the right-hand
columns of Table 8-2) provides the prior probability of reno-
vascular disease, from a sum of the number of “points”
accrued, based on that individual’s history, physical examina-
tion, and simple laboratory studies. This method of identi-
fying individuals at high risk for renovascular hypertension
has been adopted by those responsible for preauthorization of
renal angiograms in several managed care systems in the
United States. It does not address all the risk factors for reno-
vascular disease; the BP or serum creatinine response to a
renin-angiotensin blocker would be a welcome addition.”

Screening Tests

Many reasonably sensitive screening tests for renovascular
hypertension have been developed. Some are based on physi-
ologic parameters (e.g., renin activity or blood flow to each
kidney), some are more anatomically based (magnetic reso-
nance angiography [MRA] and computed tomographic
angiography [CTA]), and some combine aspects of each
(Doppler US and captopril scintigraphy [CS] (Fig. 8-2).

Figure 8-1 A diagnostic algorithm for
renovascular hypertension. ACE,
angiotensin-converting enzyme; RAS,
renal artery stenosis.
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Table 8-1

Clinical Clues to Renovascular Hypertension

Characteristic

Approximate Relative Risk (vs. Primary Hypertension)

Abdominal bruit (especially diastolic component)
Recent loss of BP control (or onset of hypertension)
Unilateral small kidney

Keith-Wagener-Barker grade Ill or IV fundi

History of “accelerated/malignant hypertension”
Unprovoked hypokalemia (<3.4 mEq/L)

Increase in serum creatinine after ACE inhibitor or ARB
No family history of hypertension

Atherosclerotic disease in another vascular bed
Elevated plasma renin activity

History of cigarette smoking

Recurrent pulmonary edema

Proteinuria

Older age (per decade of life)

Hypertension refracfory to an appropriate three-drug regimen

— = = = = 2 = = = NN O

NN OGN ©o© oo

ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; BP, blood pressure.

Table 8-2 Clinical Prediction Rule for Estimating the Absolute Risk of Renovascular Hypertension*

Probability of

Current or Points (Sum from Renovascular Hypertension
Clinical Characteristic Never Smoked Former Smoker Left Side) (95% Confidence Interval)
Age (yr) =20 =90 (92-100)
20-29 0 0 19 90 (82-97)
30-39 1 4 18 89 (78-95)
40-49 2 8 17 87 (72-92)
50-59 3 5 16 80 (62-8¢)
60-69 4 5 15 72 (46-84)
70-79 5 6 14 62 (40-80)
Female gender 2 2 13 47 (28-65)
ASCVD* 1 1 12 37 (18-55)
History of hypertension <2 years 1 1 11 25 (14-40)
BMI <25 kg/m? 2 2 10 15 (7-28)
Abdominal bruit 3 3 9 11 (5-20)
Serum creatinine 8 8 (3-12)
0.5-0.75 mg/dL 0 0 7 5 (2-10)
0.75-1.0 mg/dL 1 1 6 3 (1-8)
1.0-1.2 mg/dL 2 2 <5 <2 (0-5)
1.2-1.65 mg/dlL 3 3
1.7-2.2 mg/dL 6 6
=2.3 mg/dL 9 9
Hypercholesterolemia 1 1
(>250 mg/dL, or on treatment)

*The sum of the point score (from the second or third column, depending on the history of smoking, is found in the fourth column and
correlates with the prior probability of renovascular hypertension (in the fifth column).
ASCVD, signs, symptoms, or clinical evidence of atherosclerotic cardiovascular disease; BMI, body mass index (weight in kg/[height

in cm]?).

Data from Krijnen P, van Jaarsveld BC, Steyerberg EW, et al. A clinical prediction rule for renal artery stenosis. Ann Intern Med.

1998;129:738-740.

Dutch investigators reported a selective overview of the
world’s literature regarding the relative performance of
screening tests for renal artery stenosis. This endpoint was
chosen because many studies (especially for MRA and CTA)
report only correlations between the arterial appearance in
the screening test and the angiogram (i.e., analysis per artery),

rather than per patient (as should be the case if renovascular
hypertension were the endpoint). In an attempt to avoid
various biases that often complicate evaluations of test per-
formance (relative to renal angiography), they included only
4 studies of the captopril challenge test, 14 reports about CS,
24 publications regarding Doppler US, 15 trials of MRA, and
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A After captopril

Without captopril

Figure 8-2  Scintigrams suggestive of renovascular hypertension. A, One hour after captopril, 25 mg orally. B, Without
captopril (or another angiotensin-converting enzyme inhibitor as part of his routine antihypertensive drug regimen). Note the
impressive difference in the uptake in the left kidney, despite bilateral disease found subsequently (see Fig. 8-3A). This
patient’s blood pressure was reduced so much after a second angioplasty that his daily antihypertensive regimen was reduced
from four drugs to one (an a-blocker he preferred to continue for its benefits on nocturia, not for blood pressure).

5 studies of CTA.*® After comparing the area under the
receiver-operator curves for each test, these investigators con-
cluded that CTA and gadolinium-enhanced MRA were the
best tests, but more experience was warranted with each.
Three years later, they reported the results of a prospective,
multicenter study of CTA and gadolinium-enhanced MRA
compared with angiography in 356 patients and concluded
that neither CTA nor MRA was sufficiently reproducible or
sensitive enough to rule out renal artery stenosis in hyperten-
sive patients®® (Fig. 8-3).

The summary of a more inclusive literature review of the
sensitivity and specificity of each of the four tests in common
clinical use today to screen for renal artery stenosis is provided

in Table 8-3. These data were obtained by reviewing the world’s
published literature from 1990 to 2004 and abstracting articles
that reported the results of each test, compared with renal
angiography. Case reports were excluded. The minimal diag-
nostic criterion for renal artery stenosis varied across studies
(range, 50% to 75%). Some authors counted patients and
others arteries; either was accepted, but the former was used if
both were provided.

Older Tests

Many tests have been evaluated to screen the general hyper-
tensive population for renovascular disease. Several of these

Table 8-3 Performance Characteristics (Weighted Averages of the World’s Literature 1990 to 2004) and Advantages and
Disadvantages of Four Commonly Used Screening Tests for Renovascular Hypertension

Magnetic Computed

Screening Test Captopril Scintigraphy ~ Doppler Ultrasound Resonance Angiogram  Tomographic Angiogram
Number of publications 56 39 23 11

Number of 4295 3470 1788 1485

patients/arteries

Sensitivity 0.79 0.82 0.88 0.86

Specificity 0.82 0.90 0.88 0.94

Advantages Noninvasive; not Noninvasive; No contrast needed; Excellent image quality

expensive; may
predict BP results
after revascularization

Less accurate in renal
impairment, bilateral
disease, obstructive
uropathy

Disadvantages

inexpensive; predicts
BP results after
revascularization
Operator-dependent;
less useful in obesity,
bowel gas, branch
lesions, FMD

excellent image

quality

Expensive; poor
images with stents
or distal stenoses
(e.g., FMD); overcalls
moderate stenoses

Expensive; time-
consuming to process
and interpret; not
widely available; large
amount of contrast
sometimes needed

BP, blood pressure; FMD, fibromuscular dysplasia.
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A Before angioplasty

B After left stent

Figure 8-3  Digital subtraction renal angiograms from the same patient as Figure 8-2. A, Before angioplasty. B, After left
renal angioplasty and stent placement. Angioplasty and stent placement were first attempted on the left side because of the
scintigram in Figure 8-2, which suggested this was the kidney more at risk for progressive disease or thrombosis. There was
little blood pressure lowering 6 weeks after the left stent placement, so a second angioplasty was performed (with stent
placement) into the right renal artery. Four years later, the patient suffered a posterior dissection of the infrarenal aorta, which
was successfully repaired surgically without manipulation of the renal arteries; he died 1.5 years later of an acute myocardial
infarction, with all office blood pressures lower than 140/90 mm Hg since the second stent placement.

were reported to be useful in certain patients, locales, or situ-
ations, but they have generally fallen into disuse. The original
assay for plasma renin activity, which is acutely involved in the
pathophysiology of renovascular hypertension, was found not
to be very sensitive or specific; the newer assay may be better,
as is using it in conjunction with an estimate of the 24-hour
urinary excretion of sodium. The original claims for the “cap-
topril challenge test” (of Miiller and colleagues™) have not
been verified in several other series,’* although it is better
than the random (or “unstimulated”) plasma renin activity.”
Plasma aldosterone concentrations can be elevated in primary
or secondary hyperaldosteronism, so the test’s specificity for
renovascular hypertension is reduced. Several methods of
comparing renin activity in blood taken from renal and other
veins have been studied (renal vein renin ratios and the renal-
—systemic renin index, each with and without captopril stim-
ulation), but these require an invasive procedure, usually with
intravenous contrast to document the position of the catheter,
and they have therefore become less widely used.

In about 1964, a rapid-sequence intravenous pyelogram
became the standard screening test for renovascular hyperten-
sion, and it was once recommended for all patients with newly
diagnosed hypertension. The need for intravenous contrast
and its relatively poor performance characteristics (74%
sensitivity, 86% specificity over the literature), however,
caused this test to fall into disfavor in the late 1980s and to
be displaced by CS and Doppler US. Renal scintigraphy
(without captopril) avoids intravenous contrast, but it has
only about 74% sensitivity and 77% specificity. It is now
performed usually only after a CS scan has been interpreted as
abnormal.

Captopril Scintigraphy

The performance characteristics of isotopic scans using tech-
netium-99 diethylenetriaminepentaacetic acid (**Tc-DTPA),
iodine-121 hippurate, and **Tc-mercaptoacetyltriglycine
(®Tc-MAG,;, also known as *Tc-mertiatide) have all been
enhanced after acute inhibition of the renin-angiotensin
system by an oral dose of captopril. Using patient- and artery-
weighted averages, over the entire world’s literature, this test is
about 79% sensitive and 82% specific, but these estimates are
heavily influenced by several publications that report much
worse results than the rest of the world. In fact, a proper meta-
analysis of these data should not be reported, because of the
high degree of inhomogeneity across the studies (P < 107 by
Riley-Day test). Some of the variability may be because dif-
ferent isotopes were used (e.g., MAG; is better for detecting
bilateral disease), unusual characteristics of subjects studied
(accuracy may be decreased in blacks and in patients who take
calcium antagonists), or different diagnostic criteria used in
different studies. The test is now widely available, relatively
inexpensive, and simple to perform; criteria for interpretation
have been published by a consensus panel.*®

Disparities about the performance of CS can be high-
lighted in the reports with large numbers of patients. The
most remarkable of these publications include the following:
the report with the largest number (505 patients, 263 with
renal artery stenosis: 68% sensitivity, 90% specificity), done in
Holland*; the second-largest (380 patients, 125 with >70%
stenosis, 83% sensitive, 93% specificity), done as a prospec-
tive, multicenter cooperative study in Europe™; the one with
the highest prevalence of disease (100 patients, 54 with



stenosis >70%, 92% sensitivity, 80% specificity)*’; and the one
with the worst results (140 patients, 41 with renal artery
stenosis, 77% sensitivity, 44% specificity).”® Bilateral renal
arterial disease, obstructive uropathy, and an elevated serum
creatinine concentration (>2.0 mg/dL) all reduce the accuracy
of CS using *Tc-DTPA, the most commonly used isotope.
Whether these factors account for the differences reported in
these studies is unknown.

Several retrospective analyses suggest that the results of CS
may correlate better with BP outcomes after angioplasty or
surgery than with the results of renal angiography. In hyper-
tensive patients with normal renal function, CS had an overall
sensitivity and specificity of about 90% each for renovascular
hypertension when results were interpreted using now-current
standard techniques; the mean positive predictive value in 291
patients from 10 studies was 92%.%” Conversely, the only
prospective, randomized clinical trial to date (discussed later)
showed no relationship between CS results and BP response
after angioplasty.®® A 1996 cost analysis suggested that CS,
followed by angioplasty, was cost-effective only when it was
performed in a population with a pretest probability greater
than 30%; other screening tests available at that time were not
cost-effective.”

Doppler Ultrasound

Duplex US provides both anatomic and physiologic informa-
tion, by directly identifying renal arteries (using B-mode US)
and providing hemodynamic measurements within them
(Doppler flow studies). Its disadvantages (time consumed,
operator dependence, and limited quality of images owing to
obesity or overlying bowel gas) can be overcome by scanning
fasting patients in the early morning, after a “bowel prepara-
tion” similar to that undertaken before colonoscopy.*’ Even
with such precautions, however, there is little agreement in the
literature about the performance characteristics of Doppler
US for renal artery stenosis: 82% sensitivity (range, 0% to
98%) and 90% specificity (range, 73% to 100%). Again, one
sees a high degree of inhomogeneity across the world’s litera-
ture regarding Doppler US (P < 107" by Riley-Day test) that
no doubt reflects its operator dependence and the need for
proper patient preparation. In addition, Doppler US often
makes it difficult to distinguish between a 50% to 69%
stenosis and a more than 70% stenosis, so most reports of
Doppler US use a 50% stenosis as the lower limit of detection
of a “significant stenosis.”

Several studies have confirmed the value of the renal resis-
tive index (measured during Doppler US) as a predictor of BP
outcomes after angioplasty. In the original report involving
5950 patients screened with Doppler US, 131 of 138 patients
with renal artery stenosis by angiogram underwent revascu-
larization.*' Little BP lowering after angioplasty was found in
34 of 35 with renal resistance indices of 80 mm Hg or more,
but successful results were obtained in 90 of 96 with a renal
resistance index of less than 80 mm Hg. The authors therefore
concluded that patients with renal artery stenosis and a renal
resistance index of at least 80 mm Hg are unlikely to have
lower BP after revascularization, stabilization of renal func-
tion, or kidney survival. A report involving 74 patients who
had renal revascularization not only confirmed these observa-
tions, but also indicated that administering captopril before
Doppler US (but not CS) distinguished between patients who
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did and those who did not have a BP reduction after revas-
cularization.” A cost-to-benefit analysis (based on clinical
studies of 74 patients seen in Québec, Canada) suggested that
Doppler US is more cost-efficient, but less sensitive than
MRA.*

Magnetic Resonance Angiography

MRA was first reported to show excellent images of native
stenotic renal arteries in 1993, and 22 subsequent publications
assessed the performance characteristics of this technique (and
variants, including phase-contrast and gadolinium-enhanced
imaging) relative to renal angiography (see Table 8-3). Across
all studies, MRA has a sensitivity of 88%, a specificity of 88%,
and no significant inhomogeneity (P = .19). In the 2001
review of Vasbinder and associates, gadolinium-enhanced
MRA and CTA had identical and nearly perfect performance
characteristics,”® but the prospective study reported by the
same group in 2004 indicated that both interobserver varia-
tion and sensitivity were much poorer than expected.”” Some
of the problem may result from the high prevalence of FMD
(36%) in their sample, because these stenoses are typically
in the distal two thirds of the renal artery, an area not well
visualized by the MRA technique.

Most of the technical challenges related to image acquisi-
tion (relative to the duration of breath holding), contrast
injection, and subject positioning have now been overcome.*
The remaining limitations to MRA of the renal arteries include
its expense, contraindication in claustrophobia (said to affect
~10% of patients), a tendency to overestimate moderate
stenoses (40% to 69%), the need for carefully timed intra-
venous injection of gadolinium, reduced accuracy in small,
branch and distal renal arteries, obfuscation of signal by
indwelling stents, and lack of functional information in the
results. Its major advantages include the lack of nephrotoxic
contrast, excellent image quality, and utility in patients with
advanced renal impairment.

Only one study has so far compared outcomes after angio-
plasty based on MRA measurements before the procedure.*
Although this report breaks new ground regarding criteria for
a “successful angioplasty” (reduction in diastolic BP >15% or
reduction in serum creatinine >20%), and it uses “normal
renal volume” along with a calculated “renal flow index” as a
stratifying tool, the authors reported that it had a 91% sensi-
tivity and a 67% specificity predicting outcomes in their 23
patients. This experience bears repetition. More recently, a
prospective three-way comparison of CS, captopril-enhanced
Doppler US, and MRA (each versus renal angiography) in
41 patients with a 75% prevalence of renal artery stenosis
showed MRA to have the best performance characteristics.*’
Furthermore, because of this, MRA as the primary screening
test leads to the lowest direct costs if the prevalence of renal
artery stenosis in the tested population is greater than 20%.
Almost any strategy involving successful revascularization
saved more lives than did medical treatment alone in their
cost-utility model.*®

Computed Tomographic Angiography

With the exception of its need for intravenous contrast and
more effort involved in reconstructing images of interest, CTA
is similar to MRA for screening for renal artery stenosis. CTA
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has not been as widely studied as other methods, but it had
nearly perfect performance characteristics in the original
analysis of Vasbinder and colleagues.”® Even after the dis-
appointing results in their prospective study, however, the
overall sensitivity of CTA is 86%, with a specificity of 94%.
More worrisome is the presence of significant inhomogeneity
(P <.0001) among only 11 studies; only about 25% of this is
the result of the prospective study of Vasbinder and asso-
ciates.” Nearly all the rest is the result of three studies that
report nearly perfect correlation with renal angiography.

CTA is not yet as widely available as the other screening
tests and so far has not been correlated with BP-lowering
outcomes after intervention. The technique requires extensive
computer technology and programming expertise to track all
possible nonplanar arterial segments, so the time to recon-
struct and interpret images is longer than for other screening
tests. Major concern exists about the volume of intravenous
contrast that is necessary to obtain good images. Like MRA,
CTA is not quite as accurate with small, branch, or distal renal
arteries, and it can be a problem for claustrophobic patients.
Indwelling stents are not a concern, as they are with MRA.
Cost-effectiveness calculations have not yet been done for this
modality, but it is likely that they should be similar (if a bit
more expensive) than those done for MRA.

Angiography

General agreement exists across the literature that renal
angiography is the “gold-standard” for the diagnosis of renal
artery stenosis. Similarly, nearly all authorities agree that indi-
viduals who have a very high absolute risk of renal artery
stenosis or renovascular hypertension should proceed directly
to renal angiography, rather than undergo an imperfect
screening test. If the result were to be read as normal, the
ordering physician would likely regard it as a false-negative
result and would send the patient to angiography, anyway.
Renal angiography gives no functional information about the
relative status of the kidneys, and it carries several risks,
including anaphylactoid shock, radiocontrast-induced renal
failure, and complications related to vascular access.

Intravenous Digital Subtraction Renal Angiography

This method, which was developed in the early 1980s to
avoid arterial puncture and its attendant risks, involves the
administration of contrast in a large bolus through a vein.
With appropriate breath holding and widely available digital
subtraction technology, intravenous digital subtraction renal
angiography can produce images that rival those of conven-
tional intra-arterial dye delivery. Although the intravenous
angiogram cannot be followed as quickly by angioplasty
(because it requires an arterial puncture that was originally
avoided), its proponents point out that this allows some time
for reflection by physicians regarding whether angioplasty is
truly appropriate (see later).

Intra-aortic Renal Angiogram

Intra-aortic renal angiography is the traditional method of
diagnosing renal artery stenosis. As with all angiograms, intra-
arterial limitations to blood flow may not revealed by a two-

dimensional “lumenogram.””’ Many cardiologists are now

comfortable with intravascular US as a useful method of
interrogating the vascular lumen for various types of obstruc-
tion; this may be more useful for FMD of the renal arteries.*
Catheter-based measurements of gradients across renal arte-
rial stenoses were once nearly universal, but these are seldom
performed today. Most operators prefer to place a guidewire
(for the following angioplasty catheter) across the stenosis,
rather than a pressure-measuring catheter.

”Drive-by” Renal Angiograms

A major controversy in many hospitals and in medicine today
involves the expanding role of cardiologists in the “fortuitous”
diagnosis and subsequent immediate, catheter-based manage-
ment of renal artery stenosis.'” There is little doubt that car-
diologists can, and often do, diagnose renal artery stenosis
during routine cardiac catheterization, in 11% to 39% of
patients.”*>>* Reported yields in patients undergoing periph-
eral angiography are even higher (44% to 50%). So far, only
one group has reported the results of selective renal angiog-
raphy done during scheduled coronary angiography, before
which the patients were stratified by criteria that could put
them at risk for renovascular hypertension.” These included
(1) severe atherosclerosis, (2) severe or resistant hypertension,
(3) unexplained renal impairment, and (4) history of acute
pulmonary edema. These investigators found that 39% of
their 837 patients had renal atherosclerosis; 14% had stenoses
of 50% or greater, and 7% had stenoses of 70% or greater. The
last group was more likely to be older and female and to have
poorer renal function, higher BP, and carotid arterial disease.
Although the report carefully avoids mention of whether any
patient underwent renal angioplasty, the authors plan to
follow these patients for cardiovascular and renal complica-
tions, and this will add to our knowledge of the natural (or
postintervention) history of patients with fortuitously dis-
covered renal artery stenosis.

Although injection into the main renal arteries can be done
easily and selectively, with as little as 4 mL of contrast injected
by hand, and is associated with few reported acute complica-
tions,” many clinicians have questioned why such investiga-
tions are done. Indeed, the largest reported single-center
experience with stenting renal arteries comes from cardiolo-
gists; 363 arteries were stented between 1993 and 1998, with
100% procedural success and a 21% restenosis rate at an
average of 16 months.” In some health care systems, payments
for coronary angiography are higher if other vessels are
injected, and they are higher still when angioplasty of another
vessel is performed. At least one author has written, “routine
imaging of renal arteries during coronary angiography ... is
not indicated.”

As with many controversies in medicine, few published
data exist to support either position regarding routine per-
cutaneous intervention after fortuitous discovery of a renal
artery stenosis. A conservative approach is supported by two
reports of its natural history. One involved a series of 68
patients with renal artery stenosis found during aortography
done for other reasons at the Mayo Clinic in Rochester,
Minnesota. During only medical management for 39 months,
these patients had no change in BP, an increase in antihyper-
tensive medications from 1.6 to 1.9 per patient, and only a
slight increase in serum creatinine concentration (1.4 to
2.0 mg/dL).”” More recently, among 85 patients with inciden-



tally discovered renal artery stenosis, few required renal revas-
cularization, and 24 of the 27 deaths during 2 years of follow-
up were unrelated to the renal arteries.”® The risks and benefits
of angioplasty for incidentally discovered renal artery stenosis
are cogently summarized by Textor," and they require bal-
ancing the hazards of stenting (atheroemboli, dissections,
thrombosis, and renal failure) with the potential benefit on
BP, progressive renal disease, or recurrent pulmonary edema.
One wonders whether a renal artery stenosis discovered fortu-
itously will have a different response to such therapy than one
found after an intensive, premeditated search, based on prior
probabilities.

THERAPY

For reasons discussed in detail later, controversy currently
exists regarding not only which method of revascularization is
better for most patients, but also whether any revasculariza-
tion at all is warranted, thus leaving most patients simply to be
treated with medications.”»***>** Table 8-4 lists some factors
that help in this decision with an individual patient. There is
general agreement that if BP cannot be controlled, or if a pro-
gressive decline in renal function occurs (perhaps owing, in
part, to efforts to control BP), revascularization should be
more strongly considered.*®

Surgical Revascularization

Surgical revascularization for renal artery stenosis is per-
formed less frequently than in the past probably because
renal angioplasty with or without stenting has increased in
popularity.”” Some surgeons believe that angioplasty changes

Table 8-4 Factors Influencing Selection of Patients for
Revascularization

Positive (Favorable) Response after

Revascularization

Recurrent “flash” pulmonary edema

Refractory hypertension despite an appropriate three-drug
regimen

Progressive declining renal function

Acute, reversible increase in serum creatinine after
angiofensin-converting enzyme inhibitor or angiotensin
receptor blocker therapy

Recent institution of dialysis in a patient suspected of
ischemic nephropathy

Renal resistive index <80 mm Hg on Doppler ultrasound

Negative (or No Favorable) Response after

Revascularization

Blood pressure <140/90 mm Hg on fewer than three
antihypertensive drugs

Normal renal function

Unilateral small kidney (<7.5 cm length)

History or clinical evidence of cholesterol embolization

Renal resistive index 280 mm Hg on Doppler ultrasound

Heavy proteinuria (>1 g/day)

More than 10-year history of hypertension

Renal artery stenosis <70%
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only the timing of the “definitive procedure”: in case of a mis-
adventure with angioplasty, emergency surgery is required;
in other cases, angioplasty may only postpone an inevitable
operation. For these reasons, it is useful and customary to
arrange surgical backup when scheduling a renal angiogram
with possible angioplasty. For technical and anatomic reasons,
bypasses from nonaortic donor (splenic, celiac, mesenteric, or
hepatic arterial) sites are now more popular than traditional
aortorenal bypass and renal endarterectomies. These newer
and more elaborate procedures limit manipulation of the
diseased aorta and minimize atheroembolism, but at the
expense of a somewhat higher perioperative mortality rate
(2% to 6%). Most of the deaths are related to graft failure or
other complications of widespread atherosclerotic vascular
disease.

Several very experienced surgeons have reported an 80% to
90% rate of “cured” or “improved” BP after an operation.
Patients with normal renal function fare better than those
with renal impairment. Nine surgical series from 1987 to 1995
reported improved or stabilized renal function in 82% of 596
patients with renal impairment over an average of 35 months
of follow-up (with 5% mortality), compared to 64% of 383
patients with renal impairment treated with angioplasty
during the same time period (and a mean follow-up time of
only 11 months).”® One large series of 247 patients reported
similar outcomes, whether open surgical or percutaneous
revascularizations were performed.*

Angioplasty

Currently, angioplasty (alone) is the treatment of choice for
fibromuscular dysplasia. Technical success rates vary between
82% and 100%, and restenosis rates vary between 5% and
11% after 1 year.® In seven large series, 78% of patients having
primary angioplasty had either “cure” (using classic termi-
nology) or “improvement” in BP.*® Branch lesions or those in
segmental arteries are more difficult to reach with a catheter,
and therefore fewer patients with these achieve lower BPs.'

Angioplasty (without stenting) for atherosclerotic disease
is less successful than for FMD. In a review of large series of
adults undergoing renal angioplasty through 1995, only 65%
of 1664 procedures resulted in “cured” or “improved” BPs.*®
About 19% were technical failures, and the restenosis rate at
1 year was about 13%. Less success was found with angio-
plasty of ostial lesions, sequential stenoses of a single artery, or
stenoses in multiple renal arteries to the same side. This obser-
vation led to a randomized trial of angioplasty versus angio-
plasty plus stenting in 84 patients with ostial lesions.®® At 6
months, restenosis was much less common in those receiving
stents (25% versus 70%), but no differences were noted across
groups in BP or deterioration in renal function. About one
third of the patients had major complications related to the
procedure.

The results of uncontrolled series reporting renal angio-
plasty to preserve renal function are difficult to interpret
because of the lack of a comparable control group. Overall,
most large series report little change in serum creatinine con-
centration or other measures of renal function after angio-
plasty (compared with preprocedure values), although this
may well result from about the same proportion of patients
who experience deteriorating renal function as those who
improve."” One report suggests that angioplasty can stabilize

101



102 | Diagnosis

or delay shrinkage of the renal cortex,” but this observation
bears repeating with more sensitive measures of renal func-
tion in a large number of patients.

Angioplasty Plus Stenting

The addition of an expandable stent to balloon angioplasty in
the renal arterial bed has many theoretical advantages, partic-
ularly in locations at high risk for restenosis. Stenting reduces
or resolves complications from local dissection, prevents
elastic recoil (thought to be involved in acute restenosis and
thrombosis), and nearly eliminates pressure gradients across
lesions after angioplasty. Because of these advantages, many
operators now prefer to place a stent whenever possible in the
renal arterial bed, despite the paucity of published compara-
tive data and the relatively short time of follow-up available
since its introduction.

The largest experience with renal artery stenting comes from
a registry of 1058 patients followed for at least 6 months.®*
Technical success was universal; overall, there was a significant
decline in BP (168 +29/84 + 15 to 147 £ 21/78 + 12 mm Hg;
P < .05), a slight decrease in antihypertensive medications per
patient (2.4 to 2.0), and an improvement in renal function
(from 1.7 £ 1.1 to 1.3 £ 0.8 mg/dL) in a 4-year follow-up period,
during which the overall mortality was 26%. Other smaller
and more recent reports show similar results, although about
the same number of patients suffered deteriorating renal
function as improved after the procedure.'*"*>%* Restenosis
rates vary between 10% and 30% (depending on the length of
follow-up). Stenting may have special benefits in renovascular
hypertension in patients with deteriorating (as opposed to
abnormal but stable) renal function.®>*® A recent report
suggests that successful angioplasty with stenting resulted in
a reduced serum level of brain natriuretic peptide in 27
patients, but no control group was studied simultaneously.®’

Medical Management

Another option for patients with renovascular disease that has
taken on greater importance since the publication of recent
clinical trials (see later) is intensified antihypertensive drug
therapy, with additional measures to improve other athero-
sclerotic risk factors (e.g., aspirin, hepatic 3-methylglutaryl-
coenzyme A reductase inhibitors, smoking cessation, and
glycemic control). Most would agree that the latter should be
widely adopted, particularly because the long-term prognosis
in atherosclerotic renovascular disease (despite all available
interventions) is at least as poor as seen in diabetic patients
and in patients with a previous myocardial infarction. This
finding would support a recommendation that the low-
density lipoprotein cholesterol level for patients with renovas-
cular hypertension should be less than 100 mg/dL, as it is for
other patients at high risk for atherosclerotic cardiovascular
disease.

The major concern about intensified antihypertensive drug
therapy is the risk of acute deterioration in renal function that
sometimes occurs when an angiotensin-converting enzyme
inhibitor or an angiotensin receptor blocker is added to the
regimen. These drugs are effective in reducing BP in 86% to
92% of patients with renovascular hypertension (most com-
monly in combination with a diuretic and a calcium antago-
nist) and, in the largest published experience, require

discontinuation in only about 5% of patients during the first
3 months.®® The increase in serum creatinine concentration
typically reverts to baseline after stopping the angiotensin-
converting enzyme inhibitor or angiotensin receptor blocker;
this can be an indication for renal revascularization.

CLINICAL TRIALS AND META-ANALYSES
THEREOF

Three major types of clinical trials related to therapy of reno-
vascular hypertension have been organized, although their
interpretation is complicated by crossovers, other con-
founders, and the continuing evolution of what is considered
“state-of-the art” treatment protocols.

Surgery versus Angioplasty

One small study randomized hypertensive patients with
atherosclerotic renal artery stenosis to surgery versus balloon
angioplasty (before stents became popular). Surviving patients
had a follow-up angiogram at 4 years. The patency of both
renal arteries was higher for surgically treated patients than
for those who underwent angioplasty (96% versus 75%).
Otherwise, few differences were noted, including total costs
of care.”

Surgery versus Medical Management

Fifty-two patients with atherosclerotic renal artery stenosis
at risk for ischemic nephropathy were randomized to surgery
or medical therapy in the mid-1990s. Mortality at 5 years of
follow-up was not different between the groups; most patients
died of comorbid diseases, not renal failure.”®

Angioplasty versus Medical Management

Three studies have compared an initial angioplasty (without
stenting) with medical therapy. In the French study, 49 of 76
eligible hypertensive patients with unilateral atherosclerotic
renal artery stenosis of 75% or greater (or =60% with a posi-
tive screening test) were randomized from 1992 to 1995, and
ambulatory BP monitoring at 6 months after randomization
(or time of termination) was the primary endpoint.”* Medical
management was given to 26 patients; 23 had angioplasty
(2 of whom had stents). During follow-up, one patient in the
medical management group was withdrawn because of a
BP-related hospitalization, seven were terminated early for
refractory hypertension, and seven required angioplasty
before 6 months. In the angioplasty group, one had a dissec-
tion of the renal artery with segmental renal infarction, five
others had hematomas, and three developed restenoses
requiring a repeat procedure, but all completed 6-months of
follow-up. A that time, no significant differences in ambula-
tory BP were noted between groups, but significantly fewer
medications were needed in the angioplasty group (P = .009).
Surprisingly, office BPs measured by doctors were also
significantly lower in the angioplasty group, but not when BPs
were measured by an objective oscillometric device. The
authors concluded that angioplasty reduces antihypertensive
drug requirements, but it is associated with more complica-
tions than previous authors had noted.



In the Scottish and Newcastle Renal Artery Stenosis trial,
55 of 135 eligible hypertensive patients who were taking at
least 2 antihypertensive drugs and who had a 50% or greater
renal artery stenosis on angiogram were randomized,
stratified by unilateral (# = 27) or bilateral disease.”* The pri-
mary endpoints were the changes in BP and serum creatinine,
at baseline and at 6 months of follow-up. Among the interven-
tion group, there were 2 nephrectomies, 2 venous bypasses,
and 21 angioplasties. Five patients in each group had angio-
plasties during follow-up (3 to 54 months). After 6 months of
follow-up, BP differences across groups were not significant,
although at the last follow-up, in the bilateral disease group,
these were lower (by 26/10 mm Hg; P < .05) in the interven-
tion group. No significant differences were noted in serum
creatinine concentration, either before and after follow-up or
across randomized groups. Regarding safety, there were no
differences in major outcome events during follow-up, but
40 of 135 patients who had angioplasty suffered complica-
tions. The authors concluded that a modest improvement
in BP was seen with angioplasty only in those patients with
bilateral disease, at the expense of a significant complication
rate.

The largest study was from the Dutch Renal Artery
STenosis Intervention Cooperative (DRASTIC) group.*®
These investigators randomized 106 of 169 eligible patients:
56 to angioplasty (2 with stent) and 50 to drug therapy. All
patients were either taking at least two antihypertensive drugs
or had previous deterioration in renal function with an
angiotensin-converting enzyme inhibitor, and they had a 50%
or greater renal artery stenosis and a serum creatinine con-
centration lower than 2.3 mg/dL at baseline. At 3 months of
follow-up, BPs were not different between the groups,
although the number of antihypertensive drugs was lower in
the angioplasty group (1.9 £ 0.9 versus 2.5 £ 1.0; P = .002).
Serum creatinine, creatinine clearance (by Cockroft and
Gault’s formula), and the percentage of patients with an
abnormal CS all favored the angioplasty group. During the
next 9 months, 3 of the angioplasty group had revasculariza-
tion surgery, and 22 (or 44%) of the original drug therapy
group underwent angioplasty (and 2 more were lost to follow-
up). Using intent-to-treat analyses, no significant differences
were noted in any parameter between groups at 12 months.
The authors therefore concluded that angioplasty has little
advantage over antihypertensive drug therapy. However, this
widely quoted study has certain controversial aspects. The
categoric BP responses at 12 months are often overlooked:
the angioplasty group had more improved (68% versus 38%),
fewer worsened (9% versus 33%; P = .002), and more “cured”
(7% versus 0%) patients. Within the group originally assigned
to drug therapy, those who later underwent angioplasty had a
significantly larger fall in BP from 3 to 12 months than those
who were maintained on drug therapy alone (P < .0001), a
finding suggesting a problem with the intent-to-treat analysis.
According to expert radiologists who reviewed all angiograms
after randomization, five patients in each group had stenoses
of less than 50% (and did not meet this inclusion criterion).
Angioplasty was technically unsuccessful in four patients
(7%) randomized to that group. Renal arteriography was
repeated at 12 months in 91 of the original 106 patients; 23 of
48 (48%) in the angioplasty group had restenosis of 50% or
greater, compared with 35 of 43 (81%) in the drug-treatment
group (including 4 occlusions); these restenosis rates are
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much higher than seen in previous studies.'”*® Fully 35% of
the patients had a “normal” CS, which has been reported to
predict little BP response to angioplasty; this may be the
reason that the baseline CS was not predictive in this cohort.
Aside from the finding that only 2 of 56 patients received a
stent, many unanswered questions remain after DRASTIC.
Some will perhaps be answered by STents in Atherosclerotic
Renovascular disease (STAR),”® which plans to randomize 140
patients with a 50% or greater renal artery stenosis and a cre-
atinine clearance of less than 80 mL/minute/1.73 m” to angio-
plasty plus stent plus medical therapy (with antihypertensive
and lipid-lowering drugs) versus medical therapy alone. The
primary outcome is a 20% reduction in creatinine clearance
over a 2-year period, with extended follow-up to 5 years.

The three trials of angioplasty versus medical therapy were
subjected to two meta-analyses.”*”> Surprisingly, despite con-
sidering the same 210 patients, these trials had slightly dif-
ferent conclusions. In one, no significant differences were
found in any endpoint (BP, medications, or renal function).”
Patient-specific data were available to Ives and associates, who
reported a slightly larger overall reduction in BP in the angio-
plasty group (6.3/3.3 mm Hg; P = .02/.03) versus drug treat-
ment.”* The change in serum creatinine concentration was
just barely beyond significance (P = .06), but it favored the
angioplasty group. The ASTRAL trial (Angioplasty and Stent
for Renal Artery Lesions, comparing angioplasty with or
without stent with drug therapy), proposed to the United
Kingdom’s Medical Research Council, may resolve the uncer-
tainties, but only if several hundred patients are enrolled.

SUMMARY

Although many unanswered questions about renovascular
hypertension remain, most authorities agree on the following:
(1) the absolute risk for the disease can be estimated with
reasonable accuracy, using only clinical information, thereby
sparing many patients further evaluation; (2) patients with a
very high absolute risk of disease should proceed to angiog-
raphy if they are willing to undergo revascularization; (3) a
screening test should be done for those with an intermediate
absolute risk of disease; the choice of test may depend more
on local expertise and cost that on a comparison of published
performance characteristics; (4) angioplasty should be offered
to patients with fibromuscular dysplasia; and (5) whether the
current enthusiasm for angioplasty with or without stenting is
warranted for atherosclerotic renovascular hypertension is
still uncertain, and the topic needs further research.
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Since the mid-1970s, the number of distinct hypertensive
syndromes clearly related to increased mineralocorticoid
activity has grown. The list includes excessive aldosterone
production (resulting from primary aldosteronism and gluco-
corticoid-remediable aldosteronism [GRA]), excessive deoxy-
corticosterone (DOC) production (resulting from congenital
adrenocortical enzyme deficiency of 11@-hydroxylase or
17a-hydroxylase and glucocorticoid resistance), and activa-
tion of mineralocorticoid receptors by cortisol (resulting from
incomplete conversion of cortisol to cortisone at target tissues
with cortisol gaining inappropriate access to mineralocorti-
coid receptors). In these disorders, the underlying hormonal
disturbance alters blood pressure (BP) regulation, and
definitive mechanisms have been elucidated.

CLINICAL PRESENTATION

Mineralocorticoid hypertension is usually of adrenocortical
origin and is associated with symptoms and signs that raise
clinical suspicion of the diagnosis and help the physician in
planning a rational diagnostic and therapeutic approach. The
diagnostic evaluation should start with a careful history and a
thorough physical examination. The clinical history should
include the age of onset of hypertension, any family history of
mineralocorticoid hypertension, early death of affected family
members resulting from cerebrovascular accidents and devel-
opment of secondary sexual characteristics, and signs and
symptoms related to hypokalemia (i.e., muscle weakness,
tachycardia or palpitations, and polyuria). During the physical
examination, the examiner should look for signs of chronic
severe elevated BP and should note the presence or absence of
secondary sexual characteristics and the signs of androgen or
cortisol excess. Following this, a few basic laboratory tests are
indicated. Laboratory testing should include the determina-
tion of serum electrolytes, blood urea nitrogen, creatinine,
plasma concentrations of aldosterone, cortisol, renin activity,
and 24-hour urinary excretions of sodium, potassium, creati-
nine, aldosterone, and free cortisol. The types of information
thus obtained are categorized into groups, each indicating
either a diagnosis or a need for further testing (Table 9-1).

INITIAL EVALUATION

Assessment for mineralocorticoid hypertension is recom-
mended under the following circumstances:

1. Patients who develop spontaneous hypokalemia

2. Patients who develop moderately severe hypokalemia
(serum potassium concentration <3.0 mEq/L) with con-
ventional doses of diuretics, even if levels normalize after
diuretics are withdrawn

3. Serum potassium levels that fail to normalize after 4 to 6
weeks without diuretics

4. Angiotensin II blockade that fails to normalize serum
potassium values

5. Patients with refractory hypertension with no obvious
evidence for a secondary cause

In the hypokalemic patient, the initial assessment should
determine whether the hypokalemia is the result of renal
potassium wasting. A 24-hour urinary potassium excretion
greater than 30 mEq when the serum potassium is less than
3.5 mEq/L usually reflects renal potassium wasting, whereas
lower excretion rates suggest extrarenal loss (Fig. 9-1). The
occurrence of hypokalemia with renal potassium wasting
suggests an exaggerated exchange of sodium for potassium
exchange at renal distal tubular sites. The response to spirono-
lactone (100 mg twice daily for 5 days) during a salt load can
demonstrate conclusively whether renal potassium wasting is
truly mineralocorticoid dependent. An elevation in serum
potassium concentration with a concomitant reduction in
urinary potassium excretion with spironolactone indicates
mineralocorticoid-mediated renal potassium wasting. Liddle’s
syndrome, a familial, non—steroid-dependent, renal potassium-
wasting disorder associated with hypokalemia and hyperten-
sion, does not respond to spironolactone.’

HYPERTENSIVE SYNDROMES RESULTING
FROM EXCESS PRODUCTION OF
DEOXYCORTICOSTERONE

Adrenocortical Enzyme Deficiency

The best-defined circumstance in which DOC plays a
significant role is in syndromes characterized by a deficiency
of 11B- or 17a-hydroxylation of steroids (Fig. 9-2).>* These
disorders are usually congenital, but they may be induced by
excessive production of estrogen® or androgens’ from either a
benign or a malignant tumor. In addition to these two hyper-
tensive forms of congenital adrenal hyperplasia, excess DOC
production occurs in a variety of disorders, including DOC-
producing tumors® and primary glucocorticoid resistance.”
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Table 9-1  Mineralocorticoid-Dependent Renal Potassium-Wasting Disorders with Hypertension
Plasma Humoral Characteristics

Condition Cortisol Renin Aldosterone
Cushing'’s syndrome (ectopic ACTH excess) 1 — —
Primary aldosteronism (adenoma)* N | 1
Idiopathic aldosteronism* (hyperplasia) N | )
Secondary aldosteronism N Kl Kl
Dexamethasone-responsive aldosteronism N | i

Excess deoxycorticosterone production* N | |

Excess corticosterone productiont N | |
11B-hydroxylase deficiencyt | - -

17 a-hydroxylase deficiencyt | — —

*Spironolactone responsive.
tDexamethasone responsive.

N, normal.

ACTH, adrenocorticotropic hormone.

Serum potassium
< 3.5 mEq/L

¥

Measure 24-hr
urinary potassium
excretion Uy+V

[
: L 4
| (UcV) > 30 mEq/24 hr| | (UcsV) > 30 mEq/24 hr |
Renal Extrarenal
potassium loss potassium loss
¥ ¥

Further evaluation

Sodium loading o
as warrante

after potassium
repletion

|
v v

No renal potassium [
wasting in response wasting in response
to sodium loading to sodium loading

¥ ¥

Administer
spironolactone

Renal potassium

Evaluate
for potassium-losing
nephropathy

|
v v
No response Reponse

(mineralocortoid (mineralocortoid
independent) dependent)

¥ ¥

Proceed to Table 9-1

Liddie’s syndrome

Figure 9-1 A simplified approach to determine the origin
of hypokalemia in a hypertensive patient. Ug:V, urine
potassium per 24-hr urine volume. (Modified from Bravo EL.
What to do when potassium is high or low. Diagnosis.
1988:10:1-6.)

11B8-Hydroxylase Deficiency

Findings on physical examination provide the most important
clues to the presence of this enzymatic deficiency. Virilization
in female patients or precocious puberty with advanced mas-
culinization in male patients (caused by increased androgen
production) are prominent features of 11p-hydroxylase
deficiency. Deficiency of 113-hydroxylase results in reduced
production of cortisol, corticosterone, and aldosterone. Subse-
quent overproduction of adrenocorticotropic hormone (ACTH,
also known as corticotropin) drives the zona fasciculata to
increase production of DOC, which produces a type of miner-
alocorticoid hypertension. There is also increased formation of
dehydroepiandrosterone (DHEA) and androstenedione, which
produces hypergonadism. Deficiency of 113-hydroxylase is
confirmed by demonstrating increased levels of plasma 11-
deoxycortisol and urinary tetrahydro-11-deoxycortisol and
17-ketosteroids.

17a-Hydroxylase Deficiency

Abnormalities in steroid production in the 17a-hydroxylase
deficiency syndrome result in reduced production of 17a-
hydroxyprogesterone and the distal steroids in the 17-hydroxy
pathway, deoxycortisol and cortisol. Resultant overproduction
of ACTH stimulates the uninvolved 17-deoxy pathway to
increase the levels of progesterone, DOC, corticosterone,
18-OH DOC, and 18-hydroxycorticosterone. Because DOC
causes salt and water retention, total suppression of renin syn-
thesis and subsequent suppression of aldosterone result.
Deficiency of 17a-hydroxylase reduces production of all
adrenal and gonadal androgens, including testosterone,
DHEA, and androstenedione, resulting in a form of hyper-
gonadotropic hypogonadism and abnormalities of sexual
development. The hypogonadal consequence of the enzyme
deficiency accounts for most of the clinical features of the dis-
order. Women with this syndrome have primary amenorrhea,
disproportionately long limbs relative to the trunk, absent
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Figure 9-2  Pathways of adrenal hormone synthesis. DHEA, dehydroepiandrosterone. (From Watts NB. Congenital
adrenal hyperplasia. In: Hurst JW [ed]. Medicine for the Practicing Physician, 4th ed. Stamford, CT: Appleton & Lange 1996,

p 566.)

axillary and pubic hair, infantile breast and genital develop-
ment, absent uterus, and an incomplete vagina. In men,
the testes do not produce testosterone, with resulting
decreased masculinization; male patients also have reduced
axillary and public hair and ambiguous genitalia. Increased
production of DOC and corticosterone, as well as decreased
androgen secretion, establishes the diagnosis of 17a-hydroxylase
deficiency.

In both 11B- and 17a-hydroxylase deficiency disorders,
dexamethasone, by inhibiting ACTH release, decreases DOC
production and results in normalization of arterial BP and
serum potassium concentration.

Glucocorticoid Resistance

The control of cortisol synthesis is through a negative feed-
back loop in which cortisol feeds back on the pituitary to
inhibit ACTH secretion.® In generalized inherited glucocorti-
coid resistance, cortisol secretion remains ACTH dependent,
but it is reset to a higher level than normal. Affected individ-
uals do not develop features of Cushing’s syndrome, because
the peripheral tissues and pituitary are equally resistant. An
ACTH-dependent increase in mineralocorticoids (primarily
DOC) and in adrenal androgens occurs. Because there is no
peripheral resistance to these hormones, they produce clinical
effects. Therefore, the clinical presentation is caused by excess
adrenal androgens (virilization, precocious puberty) and by
excess mineralocorticoids (hypertension, hypokalemia).

Two strategies are used to treat generalized glucocorticoid
resistance. The first employs high amounts of exogenous glu-
cocorticoid, such as dexamethasone, to suppress adrenal stim-
ulation by ACTH. Therapy is monitored by measuring the
serum concentrations of cortisol, DOC, and androgen.

Alternatively, mineralocorticoid or androgen antagonists can

be used.

HYPERTENSIVE SYNDROMES
RESULTING FROM ACTIVATION

OF MINERALOCORTICOID RECEPTORS
BY CORTISOL

118-Hydroxysteroid Dehydrogenase
Deficiency

11B-hydroxysteroid dehydrogenase deficiency syndromes
result in excessive activation of mineralocorticoid receptors by
a steroid dependent on ACTH, rather than by the conven-
tional mineralocorticoid agonist. This steroid appears to be
cortisol. Mineralocorticoid receptors in the distal nephron
have equal affinity for their two ligands—aldosterone and
cortisol—but are protected from cortisol by the presence of
11B-dehydrogenase, which inactivates cortisol by converting it
to cortisone (Fig. 9-3).” The 11,18-hemiacetal structure of
aldosterone protects it from the action of 113-hydroxysteroid
dehydrogenase so that aldosterone gains specific access to the
receptors. When this mechanism is defective because of either
congenital 11p3-hydroxysteroid dehydrogenase deficiency or
enzyme inhibition (by licorice or carbenoxolone), intrarenal
levels of cortisol increase, causing inappropriate activation of
mineralocorticoid receptors.'” The resulting antinatriuresis
and kaliuresis lead to hypertension and hypokalemia.
Biochemically, elevations in urinary free cortisol excretion
and in the ratio of the urinary metabolites of cortisol to those
of cortisone, as well as prolongation of the half-life of titrated
cortisol, are noted. Plasma cortisol concentrations usually are
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not elevated. The signs and symptoms are reversed by
spironolactone or dexamethasone and are exacerbated by
administration of physiologic doses of cortisol.

Cushing’s Syndrome (Resulting from
Ectopic Adrenocorticotropic Hormone
Excess)

The recognizable causes of Cushing’s syndrome include
Cushing’s disease (72%), ectopic ACTH excess (12%), adrenal
adenoma (8%), carcinoma (6%), and hyperplasia (4%) (see
also Chapter 12). The typical clinical presentation of Cushing’s
syndrome includes truncal obesity, moon facies, hyper-
tension, plethora, muscle weakness and fatigue, hirsutism,
emotional disturbances, and typical purple skin striae.
Carbohydrate intolerance or diabetes, amenorrhea, loss of
libido, easy bruising, and spontaneous fracture of ribs and
vertebrae may also be encountered. Patients with ectopic
ACTH excess may not have the typical manifestations of
cortisol excess, but they may present with hyperpigmentation
of the skin, severe hypertension, and marked hypokalemic
alkalosis.

The incidence of hypokalemic alkalosis in the ectopic
ACTH syndrome is greater than 90%, compared with only
10% in Cushing’s syndrome of other causes.'" It is widely
supposed that corticosterone or 11-DOC is responsible for
mineralocorticoid excess, but poor correlation exists between
the levels of these steroids and the degree of hypokalemia. A
better predictor of hypokalemia is the level of cortisol.'>"?
Several studies suggest that the ratio of cortisol to cortisone
metabolites is increased in all forms of Cushing’s syn-
drome."*"” Ulick and associates advanced the hypothesis that

excessive circulating cortisol overwhelms the enzyme, thus
escaping conversion of cortisol to cortisone and gaining
inappropriate access to mineralocorticoid receptors.'® Walker
and co-workers demonstrated a negative correlation between
the extent of impairment of 113-hydroxysteroid dehydro-
genase and plasma potassium concentration in 26 patients
with Cushing’s syndrome, 9 of whom had higher cortisol-to-
cortisone ratios than the 15 patients with pituitary Cushing’s
and the 2 patients with adrenal adenomas.!”

The determination of the 24-hour urinary free cortisol
concentration is the best available test for documenting
endogenous hypercortisolism.'® A level higher than 100 pg/24
hours suggests excessive cortisol production. There are virtu-
ally no false-negative results. False-positive results may be
obtained in non-Cushing’s hypercortisolemic states (e.g.,
stress, chronic strenuous exercise, psychiatric states, glucocor-
ticoid resistance, and malnutrition). If differentiation between
pituitary and ectopic sources of ACTH cannot be made based
on plasma levels alone, pharmacologic manipulation of
ACTH secretion should be performed. The overnight dexa-
methasone suppression test requires only a blood collection
for serum cortisol the morning after the patient has taken a
1.0-mg dose of dexamethasone at 11 pm of the previous
evening. In physiologically normal subjects, cortisol levels at
8 aM will be suppressed to 5.0 pg/dL or less.

When the syndrome has been diagnosed by appropriate
biochemical testing, the cause must be identified. Radioim-
munoassay of plasma ACTH is the procedure of choice for
pinpointing the basis of hypercortisolism, but this test is
not available in many hospitals. In patients with ACTH-
independent Cushing’s syndrome, ACTH levels have usually
been suppressed to less than 5 pg/mL. In contrast, patients
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with the ACTH-dependent form tend to have either normal or
elevated levels of ACTH, usually higher than 10 pg/mL. In
patients with Cushing’s disease (i.e., basophilic pituitary
microadenomas), ACTH release can be inhibited only at
much higher doses of dexamethasone (2 mg every 6 hours for
2 days). The established criterion for the test is that suppres-
sion of the 24-hour urine and plasma steroids to less than 50%
of baseline indicates pituitary Cushing’s syndrome (i.e.,
Cushing’s disease). Failure to suppress these concentrations to
less than 50% of baseline is considered consistent with an
ectopic source of ACTH or ACTH-independent Cushing’s
syndrome. The best way to differentiate pituitary ACTH
excess from the ectopic production of ACTH is with the
inferior petrosal sinus procedure for ACTH concentration,
which is invasive and carries its own risks."” The test has been
characterized in the literature as having 100% specificity
and 100% sensitivity. The criterion currently used after
corticotropin-releasing hormone administration is that the
ACTH gradient between the inferior petrosal sinus and the
peripheral site will be greater than 2 if the patient has
Cushing’s disease.

Surgical resection of a pituitary or ectopic source of
ACTH or of a cortisol-producing adrenocortical tumor is the
treatment of choice for Cushing’s syndrome. For pituitary
Cushing’s syndrome, transsphenoidal pituitary adenomec-
tomy is the treatment of choice,” but total hypophysectomy
may be required in patients with diffuse hyperplasia or large
pituitary tumors. Bilateral adrenalectomy for Cushing’s
disease is universally successful in alleviating the hypercorti-
solemic state; however, 10% to 38% of individuals may later
develop pituitary tumors and hyperpigmentation (Nelson’s
syndrome).*! Radiotherapy (i.e., external pituitary irradiation,
seeding the pituitary bed with yttrium or gold) has also been
used, with occasionally good results.”* The long-acting ana-
logue SMS 201-995 (octreotide) has been used with varied
success to treat ectopic ACTH syndromes®; some benefit has
been reported in Cushing’s disease and Nelson’s syndrome.
Cyproheptadine has had limited success in the treatment of
Cushing’s disease. Ketoconazole, an inhibitor of several steroid
biosynthetic pathways, has been used for rapid correction of
hypercortisolism in patients awaiting definitive intervention.**
Mitotane (o,p’-DDD), an insecticide derivative, induces
destruction of the zonae reticularis and fasciculata with
relative sparing of the zona glomerulosa. Mitotane has been
used to treat Cushing’s syndrome associated with adrenal
carcinoma and to suppress cortisol secretion in Cushing’s
disease.”

HYPERTENSIVE SYNDROMES RESULTING
FROM EXCESSIVE ALDOSTERONE
PRODUCTION

Primary Aldosteronism

Clinical Recognition

The clinical manifestations of primary aldosteronism are
not distinctive. The clinical decision to initiate a laboratory
assessment is based on observing one of a number of clinical
characteristics described in the previous section on initial
evaluation.

Screening Tests

For screening purposes, hypokalemia, whether spontaneous
or provoked, provides an important clue to the presence
of primary aldosteronism. However, substantial numbers of
patients with primary aldosteronism do not present with
hypokalemia (Fig. 9-4); the serum potassium concentration is
normal in 7% to 38% of reported cases.*? In addition, 10%
to 12% of patients with proven tumors may not have
hypokalemia during short-term salt loading (Fig. 9-5).

Plasma renin activity (PRA) of less than 1 ng/L/hour that
fails to rise to more than 2 ng/mL/hour after salt and water
depletion and upright posture have been used as a screening
test to exclude primary aldosteronism. However, many (~35%)
patients have values that rise to more than 2 ng/mL/hour
in response to appropriate stimulation (Fig. 9-6). In addi-
tion, about 40% of subjects with essential hypertension
have suppressed PRA, and 15% to 20% of these patients
have values lower than 2 ng/mL/hour under conditions of
stimulation.”

The plasma aldosterone to plasma renin ratio is used to
define the appropriateness of PRA for the circulating concen-
tration of aldosterone.” It is assumed that the volume expan-
sion associated with the presence of an aldosterone-producing
tumor suppresses the release of renin without affecting the
autonomous production of aldosterone. The test has several
limitations. First, the inherent variability in plasma levels of
aldosterone, even in the presence of a tumor, translates into
variability in the absolute value of the ratio. Second, the use of
drugs that prolong stimulation of renin long after their dis-
continuation may alter the ratio. Third, many (~40%)
patients have suppressed PRA, which gives rise to a high rate
of false-positive tests.”® In my experience, the sensitivity of the
test is only 58%.

Diagnosis

The diagnosis of primary aldosteronism often can be estab-
lished with relative ease. In the hypertensive patient receiving
no treatment who demonstrates significant hypokalemia
(<3 mEq/L) with inappropriate kaliuresis (24-hour urinary
potassium >30 mEq), PRA less than 1 ng/mL/hour, and
elevated plasma or urinary aldosterone values, the diagnosis
is unequivocal. Often, however, the diagnosis is not obvious
because of equivocal values. In such cases, multiple measure-
ments are needed during salt loading (Table 9-2). In my expe-
rience, the single best test for identifying patients with
primary aldosteronism is the measurement of 24-hour uri-
nary aldosterone excretion during salt loading.”® An aldos-
terone excretion rate greater than 14 ug/24 hours following
salt loading distinguishes most patients with primary aldos-
teronism from those with essential hypertension; only 7% of
patients with primary aldosteronism have aldosterone excre-
tion values that fall within the range for essential hypertension
(Fig. 9-7). In contrast, substantial numbers (~39%) of
patients with primary aldosteronism have plasma aldosterone
values that fall within the range for essential hypertension.
The findings of hypokalemia and suppressed PRA provide
corroborative evidence for the diagnosis of primary aldoster-
onism, but their absence does not preclude the diagnosis. The
sensitivity of various screening and diagnostic tests for pri-
mary aldosteronism is shown in Table 9-3.
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Figure 9-4  Serum potassium (K) values during normal dietary sodium intake. Each point represents the mean of at least
three deferminations. For patients with primary aldosteronism, solid circles represent adenomas (n = 70) and open circles with
dotted centers represent hyperplasia (n = 10). The crosshatched area represents 95% confidence limits (3.5 to 4.6 mEq/L) of
values obtained from 60 healthy subjects. (From Bravo EL, Tarazi RC, Dustan HP, et al. The changing clinical spectrum of
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normokalemic despite salt loading. Aldosterone excretion rates and renal function were similar in those who remained
normokalemic and in those who became hypokalemic. Na, sodium. (From Bravo EL, Tarazi RC, Dustan HP, et al. The
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Figure 9-6  Supine plasma renin activity values the
morning after 4 days of sodium deprivation. Patient
identification is as in Figure 9-4. The crosshatched area
represents the 95% confidence limits (1.06 to

12/18 ng/mL/hour) of values obtained from 47 healthy
subjects. Twenty-nine patients (36%) with primary
aldosterone had values higher than 2.0 ng/mL/hour;

12 patients (17%) with primary hypertension had values
lower than 2.0 ng/ml/hour. (From Bravo EL, Tarazi RC,
Dustan HP, et al. The changing clinical spectrum of primary
aldosteronism. Am J Med. 1983;74:641-651 )

Table 9-2 Outpatient Oral Salt-Loading Protocol
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Figure 9-7  Aldosterone excretion rate after 3 days of high
sodium infake. For patients with primary aldosterone, solid
circles represent adenomas (n = 70) and open circles
represent hyperplasia (n = 10). The crosshatched area
represents the mean (4.0 pg/24 hour) and +2 standard
deviations (8.0 pg/24 hour) of values obtained from 47
healthy subjects. No patient with primary aldosteronism had
a value within the 95% normal range. Ten patients (14%)
with primary hypertension had values that fell within the
range obtained in patients with primary aldosteronism.
Using a reference value of greater than 14 pg/24 hours
after a high sodium intake for 3 days, the sensitivity and
specificity of the test are 96% and 93%, respectively. (From
Bravo EL, Tarazi RC, Dustan HP, et al. The changing clinical
spectrum of primary aldosteronism. Am J Med.
1983,74:641-651.)

Preparation
Discontinue all diuretic agents.

Raise serum potassium if it is still less than 3.5 mEq/L after 1 to 2 weeks of diuretic abstinence.
If elevated blood pressure is a concern, use calcium antagonists, a-blockers, or B-blockers.

Procedure

At baseline, draw blood for sodium, potassium, chloride, and carbon dioxide.

On days 1 to 5 inclusive, add to usual dietary intake 1 level full teaspoon of salt daily.

On days 4 and 5 of increased salt intake, collect 24-hour urine for sodium, potassium, chromium, and aldosterone.

On day 6 (the morning after the last urine collection), draw blood for sodium, potassium, chloride, carbon dioxide, plasma

aldosterone, and plasma renin activity.

Biochemical Differentiation between Adenoma
and Hyperplasia

The most common cause (70% to 80% of all proven cases) of
primary aldosteronism is an aldosterone-producing adenoma.
Approximately 20% to 30% of cases are caused by hyperplasia
of the zona glomerulosa layer of the adrenal cortex (idiopathic

hyperaldosteronism). Some reports suggest the rare occur-
rence of a syndrome intermediate between adenoma and
hyperplasia.’’ The distinction between these two processes is
important because surgical intervention is not effective in
cases of hyperplasia. An adenoma is likely in the presence
of spontaneous hypokalemia of 3.0 mEq/L or less, plasma
18-hydroxycorticosterone values greater than 100 ng/dL,”
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Table 9-3  Sensitivity and Specificity of Various Screening and Diagnostic Tests for Primary Aldosteronism

Sensitivity* Specificityt

Test Standard (Number of Patients) (Number of Patients)

Serum potassiumi Spontaneous 0.73 (58/80) 0.94 (66/70)
(<3.5 mEq/L)

Serum potassium§ Provoked 0.86 (70/80) 0.96 (67/70)
(<3.5 mEqg/L)

Plasma renin activity{q Suppressed 0.64 (51/80) 0.83 (58/70)
(<2.0 ng/mlL/hr)

Aldosterone excretion rate§ Nonsuppressible 0.96 (77/80) 0.93 (65/70)
(>14 pg/24 hr)

Plasma aldosterone concentration§{ Nonsuppressible 0.72 (31/43) 0.91 (31/34)

(>22 ng/dL)

*Sensitivity: fraction of subjects with the disease who have positive results.
tSpecificity: fraction of subjects without disease who have negative results.

1Normal sodium intake for 3 to 5 days.
§High sodium intake for 3 days.
f9Low sodium intake for 4 days.

{Standards for aldosterone excretion rate and plasma aldosterone concentration represent the upper 95% range of values obtained

in subjects with essential hypertension.

and an anomalous postural decrease in plasma aldosterone
concentration.” In addition, patients with adenomas are
largely unresponsive to changes in sodium balance,*® and they
appear to be exquisitely sensitive to ACTH, unlike patients
with hyperplasia, who are more sensitive to angiotensin II
infusions.” A plasma 18-hydroxycorticosterone value lower
than 100 ng/dL or a postural increase in plasma aldosterone,
or both, is usually associated with adrenal hyperplasia, but it
does not completely rule out the presence of an adenoma.”®

Localizing Procedures

The adrenal computed tomography (CT) scan should be
considered the initial step in localization. It is noninvasive,
and all adenomas 1.5 cm in diameter or larger can be located
accurately. Only 60% of nodules measuring 1.0 to 1.4 cm in
diameter are detected by CT, however, and nodules smaller
than 1.0 cm in diameter are very difficult, if not impossible, to
detect. The overall sensitivity of localizing adenomas by high-
resolution CT scanning exceeds 90%.%>*” Adrenal venous
aldosterone levels should be measured when the results of the
adrenal CT scan are ambiguous and biochemical evidence for
the presence of a tumor is overwhelming. Bilateral adrenal
venous sampling for the measurement of aldosterone concen-
tration is still the most accurate test for localizing aldosterone-
producing tumors. When technically successful, and both
adrenal veins are entered, the accuracy of comparative adrenal
venous aldosterone levels in confirming either a tumor or
hyperplasia exceeds 95%.”® The ratio of ipsilateral to con-
tralateral aldosterone usually is greater than 10:1. Correct
placement of the catheter in the adrenal vein is essential and is
best evaluated by obtaining simultaneous ACTH-stimulated
selective adrenal venous cortisol levels, measured in the
same samples as the aldosterone levels. An adrenal vein—to-
peripheral vein cortisol ratio of 2:1 indicates that the catheter
is in the adrenal vein at the time of sampling. An aldosterone
ratio of 10:1 or greater in the presence of symmetrical ACTH-
induced cortisol response is diagnostic of an aldosterone-

producing adenoma. Unfortunately, this procedure is invasive
and technically demanding, and it requires considerable skill
and experience. There is an appreciable incidence of compli-
cations, including adrenal and iliac venous thrombosis and
extravasation of dye into the gland, which can lead to adrenal
insufficiency.

A Simplified Approach to the Diagnosis

of Primary Aldosteronism

A simplified approach to the diagnosis of primary aldoster-
onism is shown in Figure 9-8. In untreated patients who have
spontaneous hypokalemia (serum potassium <3 mEq/L),
inappropriate kaliuresis (urinary potassium >30 mEq/24
hour), PRA less than 1 ng/mL/hour, plasma aldosterone
greater than 22 ng/dL, and an aldosterone excretion rate
greater than 14 pg/24 hours when the urinary sodium concen-
tration is 250 mEq/24 hours or higher, the diagnosis is incon-
trovertible. Under these conditions, additional biochemical
studies to differentiate a tumor from hyperplasia can be per-
formed, followed by an adrenal CT scan to determine which
adrenal gland could be the site of an adenoma. Patients who
are normokalemic but who have a history of becoming signi-
ficantly hypokalemic during conventional diuretic therapy or
who have persistent hypokalemia despite attempts at potas-
sium repletion should have a salt-loading test. This can be
accomplished in the outpatient setting (see Table 9-2). An
aldosterone excretion rate greater than 14 ug/24 hours when
the urinary sodium is at least 250 mEq/24 hours suggests
excessive aldosterone production. Additional studies can then
be performed to confirm and localize a tumor.

Therapeutic Choices

Medical therapy is indicated in patients with adrenal hyper-
plasia, in those with adenoma who are poor surgical risks, and
in those with bilateral adrenal adenomas that may require
bilateral adrenalectomy. Total bilateral adrenalectomy has no

13
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Figure 9-8  Algorithm for the diagnosis of primary aldosteronism. 18-OHB, 18-hydroxycorticosterone; PAC, plasma
aldosterone concentration; PRA, plasma renin activity. (From Bravo EL. Primary aldosteronism. Urol Clin North Am.

19089:16:481-486.)

place in the management of primary aldosteronism, because
adrenal insufficiency may be more difficult to treat than
hypertension caused by aldosteronism. The hypertension
associated with primary aldosteronism is salt and water
dependent and is best treated by sustained salt and water
depletion (Fig. 9-9).”*" The usual doses of diuretics are
hydrochlorothiazide, 12.5 to 50 mg/day, or furosemide, 80 to
180 mg/day, in combination with either spironolactone, 100
to 200 mg/day, or amiloride, 10 to 20 mg/day. These combina-
tions usually result in prompt correction of hypokalemia and
normalization of BP within 2 to 4 weeks (Fig. 9-10).*" In some
cases, the addition of either a f-adrenergic blocker or a
vasodilator may be needed to normalize BP. Spironolactone
and amiloride are both capable of controlling BP and nor-
malizing the serum potassium concentration in patients with
primary aldosteronism.*? However, spironolactone may be
more efficacious. In 11 of 24 patients who took both amiloride
and spironolactone at different times in the course of long-

term (>5 years) medical therapy, BP was 123 * 4.6 (standard
error [SE])/82 + 1.8 (SE) mm Hg with spironolactone and
134 £ 3.9 (SE)/80 % 2.5 (SE) mm Hg with amiloride. The
serum potassium concentration during spironolactone therapy
was 4.6 £ 0.2 (SE) mEq/L, and it was 4.1 + 0.1 (SE) mEq/L
with amiloride. None of the differences was statistically signifi-
cant, perhaps because of the small number of patients. However,
spironolactone was associated with more adverse effects. In 17
patients started on a spironolactone regimen, the most
common complaints included breast tenderness in 13, breast
engorgement in 8, muscle cramps in 7, and sexual dysfunction
in 5. These adverse effects had no relation to dose. The only
adverse effect noted with amiloride was muscle cramping,
which was usually related to dose. This study also showed that
the medical management of primary aldosteronism in reliable
patients is an acceptable alternative to surgery if such therapy
is warranted by overriding co-morbid conditions or strong
preference. During long-term follow-up, no strokes, myocar-
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Figure 9-9  The effect of adequate volume
depletion on the blood pressure of patients
with primary aldosteronism and resistant
hypertension. Spironolactone (200 mg/day)
and hydrochlorothiazide (50 to 100 mg/day)
were added to current therapy. Blood pressure
and plasma volume values were those
obtained after 8 to 12 weeks of continued
therapy. Mean arterial pressure was
significantly reduced in all. For the group as a
whole, it fell from 138 + 2t0 103 + 9

(SEM) mm Hg (P < .01). Associated with
reductions in mean arterial pressure were
decreases in plasma volume (from 114% = 3%
to 97% + 2% [SEM] normal) (P < .01). (From
Bravo EL. Primary aldosteronism. Issues in
diagnosis and management. Endocrinol Metab
| Clin North Am. 1994,23:271-282.)
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Rights were not granted to include this figure in electronic media.
Please refer to the printed publication.

Figure 9-10  Diuretic therapy in primary aldosteronism. The
effect of spironolactone combined with hydrochlorothiazide
(HCTZ) on blood pressure and serum potassium (K)
concentrations in patients with aldosterone-producing tumors.
(From Bravo EL, Dustan HP, Tarazi RC. Spironolactone as a
nonspecific treatment for primary aldosteronism. Circulation.

1973,48:491-498)

dial infarctions, or heart failure episodes occurred in any
patient. None of the patients experienced any malignant
transformation of their tumors. Only 5 of 24 patients had a
noticeable increase (>0.5 cm) in the size of the adrenal tumor,
as measured by CT. Eplerenone, a selective aldosterone
receptor antagonist, may be used in place of spironolactone.
However, no studies to date have compared the efficacy of
eplerenone with that of spironolactone in patients with pri-
mary hyperaldosteronism. Agents that block transmembrane
calcium flux and inhibit in vitro aldosterone production
induced by angiotensin II, ACTH, and potassium*’ are potent
direct arteriolar vasodilators, and in some studies, they are
reported to have natriuretic properties.** For these reasons,
calcium channel blockers should be ideally suited for treating
the hypertension associated with excessive aldosterone pro-
duction. In a study by Bravo and colleagues,* nifedipine (30
to 80 mmg/day) was given to eight hypertensive patients with
solitary adenomas for at least 4 weeks, followed by the addi-
tion of spironolactone (100 to 200 mg/day) for 4 weeks, after
which nifedipine was discontinued, and patients remained on
spironolactone alone. The following factors were assessed in
the fourth week of each phase of the study: weekly averages of
supine home BPs, plasma volume, PRA, plasma aldosterone
concentration, and serum electrolyte levels. Nifedipine
decreased BP, but not to normal levels, and it did not alter
plasma volume, PRA, aldosterone, or serum potassium con-
centrations. Spironolactone normalized BP and serum potas-
sium concentration, reduced plasma volume, and increased
PRA and plasma aldosterone concentration. Nifedipine in

Secondary Hypertension: Mineralocorticoid Excess States

combination with spironolactone did not result in a greater
antihypertensive effect than spironolactone alone. These
results suggest that nifedipine is not as efficacious as spirono-
lactone in the treatment of primary aldosteronism.

In the majority of patients, surgical excision of an aldos-
terone-producing adenoma leads to normotension, as well as
reversal of the biochemical defects. At the very least, surgery
renders BP easier to control with medications. Neither the
duration and severity of hypertension nor the degree of target
organ involvement has any relation to arterial pressure
response after surgery.* One year postoperatively, about 70%
of patients are normotensive. The restoration of normal
potassium homeostasis is permanent.

Patients planning to undergo surgery should receive drug
treatment for at least 8 to 10 weeks, both to decrease BP and
to correct metabolic abnormalities. These patients have a
significant potassium deficiency that must be corrected pre-
operatively because hypokalemia increases the risk of cardiac
arrhythmias during anesthesia. Prolonged control of BP
(=3 months before surgery) permits the perioperative use of
intravenous fluids without producing hypertension and
decreases morbidity. Administration of antihypertensive
medications usually is continued until surgery, and glucocor-
ticoid administration is not needed preoperatively. After
removal of an aldosterone-producing adenoma, selective
hypoaldosteronism usually occurs, even in patients whose
PRA had been stimulated with long-term diuretic therapy.*’
Potassium supplementation therefore should be given cau-
tiously, and serum potassium values should be monitored
closely. Residual mineralocorticoid activity is often sufficient
to prevent excessive renal retention of potassium, provided
sodium intake is adequate. If hyperkalemia does occur,
furosemide in doses of 80 to 160 mg/day should be started.
Treatment with fludrocortisone is not often necessary. If it is
needed, 0.1 mg/day may be used as the initial dose, and ade-
quate salt intake should be continued. Abnormalities in aldos-
terone production can persist for as long as 3 months after
tumor removal.

Glucocorticoid-Remediable Aldosteronism

GRA is an inherited autosomal dominant disorder that
mimics an aldosterone-producing adenoma.*® The disorder is
caused by a genetic mutation that results in a hybrid or
chimeric gene product that fuses nucleotide sequences of the
11B-hydroxylase and aldosterone synthase genes.* This
chimeric gene arose from unequal crossing between the 11f3-
hydroxylase and aldosterone synthase genes. These two genes
are located in close proximity on human chromosome 8, are
95% homologous in nucleotide sequence, and have an iden-
tical intron-exon structure. The structure of the duplicated
gene contains 5’ regulatory sequences conferring the ACTH
responsiveness of 11p-hydroxylase, fused to more distal
coding sequences of the aldosterone synthase gene (Fig. 9-11).
This hybrid gene is expected to be regulated by ACTH and to
have aldosterone synthase activity. It allows ectopic expression
of aldosterone synthase activity in the ACTH-regulated zona
fasciculata, which normally produces cortisol.”® Aldosterone
synthase oxidizes the C-18 carbon of a steroid precursor, such
as corticosterone or cortisol, thus leading to the production of
aldosterone and the hybrid steroids 18-hydroxycortisol and
18-oxycortisol (Fig. 9-12). This abnormal gene duplication
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Figure 9-11  The diagram depicts unequal crossing over between aldosterone synthase and 11p-hydroxylase (11-OHase)

genes. Each gene is represented by a wide bar, with the location of exons indicated by either black (11-OHase) or stippled
(aldosterone synthase) bands. One of the two products of unequal crossing over will have a chimeric gene fusing sequences
of the normal aldosterone synthase and 11-OHase genes. In this example, unequal crossing over is depicted as occurring in

5 3
—LWimr 1

Aldosterone synthase = Chimaeric gene

the intron between exons 3 and 4. (From Lifton RP, Dluhy RG, Powers M, et al. A chimaeric 118-hydroxylase/aldosterone
synthase gene causes glucocorticoid-remediable aldosteronism and human hypertension. Nature. 1992;355:262-265.)

can direct genetic screening for this disorder with a small
blood sample. An important clinical clue is the age of onset of
hypertension. Patients with GRA typically are diagnosed with
high BP as children; conversely, patients with other mineralo-
corticoid excess disorders, such as aldosterone-producing ade-
nomas and idiopathic hyperplasia, usually are diagnosed in
their 30s to 60s. A strong family history of hypertension, often
associated with early death of affected family members from
cerebrovascular accidents, is seen in some families with GRA.

No controlled studies of treatment of patients with GRA
have been conducted. Theoretically, the suppression of ACTH
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with exogenous glucocorticoid should correct all GRA abnor-
malities. However, this therapy may be limited by complica-
tions of glucocorticoid administration. Another concern with
glucocorticoid treatment is that patients may undergo a brief
period of mineralocorticoid insufficiency when therapy is
initiated before the renin-angiotensin axis recovers fully.
Additional treatment modalities include mineralocorticoid
receptor blockade with spironolactone and inhibition of the
mineralocorticoid-sensitive distal tubule sodium channel
with amiloride.
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Figure 9-12  Regulation of aldosterone production in the zona fasciculata in the normal adrenal and model of the
physiologic abnormalities in the adrenal cortex in glucocorticoid-remediable aldosteronism (GRA). Ectopic expression of
aldosterone synthase (AldoS) enzymatic activity in the adrenal fasciculata results in GRA. ACTH, adrenocorticotropic
hormone; All, angiotensin Il; 18-OH cortisol, 18-hydroxycortisol; 18-OXO cortisol, 18-oxycortisol. (From Lifton RP, Dluhy RG,
Powers M, et al. Hereditary hypertension caused by chimaeric gene duplications and ectopic expression of aldosterone

synthase. Nat Genet. 1992;2:66-74.)
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Chapter 10

Secondary Hypertension:

Pheochromocytoma
William F. Young, Jr.

Catecholamine-secreting tumors that arise from chromaffin
cells of the adrenal medulla and the sympathetic ganglia
are termed pheochromocytomas and extra-adrenal cate-
cholamine-secreting paragangliomas (“extra-adrenal pheochro-
mocytomas”), respectively. Many clinicians use the term
“pheochromocytoma” to refer to both adrenal pheochromo-
cytomas and extra-adrenal catecholamine-secreting paragan-
gliomas because the tumors have similar clinical presentations
and are treated with similar approaches.

CLINICAL PRESENTATION

Although catecholamine-secreting tumors are rare (annual
incidence of 2 to 8 cases per million people),’ it is important
to suspect, confirm, localize, and resect these tumors because
the associated hypertension is curable with surgical removal
of the tumor, the risk of a lethal paroxysm exists, and at least
10% of the tumors are malignant. These tumors occur with
equal frequency in men and women, primarily in the third,
fourth, and fifth decades. Patients harboring catecholamine-
secreting tumors may be asymptomatic. However, symptoms
usually are present and result from the pharmacologic effects
of excess circulating catecholamine concentrations. The
resulting hypertension may be sustained or paroxysmal.
Episodic symptoms may occur in spells, or paroxysms, that
can be extremely variable in presentation but typically include
forceful heartbeat, pallor, tremor, and diaphoresis. Spells may
be either spontaneous or precipitated by postural change,
anxiety, medications (e.g., metoclopramide, anesthetic agents),
exercise, or maneuvers that increase intra-abdominal pres-
sure. Although the types of spells experienced across the
patient population are highly variable, spells tend to be stereo-
typical for each patient. However, the clinician must recognize
that most patients with spells do not have a pheochromocy-
toma (Table 10-1).2

Additional clinical signs of catecholamine-secreting tumors
include hypertension, hypertensive retinopathy, orthostatic
hypotension, constipation (megacolon may be the presenting
symptom),” painless hematuria and paroxysmal attacks
induced by micturition (associated with urinary bladder para-
gangliomas), hyperglycemia and diabetes mellitus, hypercal-
cemia, and erythrocytosis. Thus, the presentation of patients
with catecholamine-secreting tumors may mimic other disor-
ders (Table 10-2). Some of the co-secreted hormones that may
dominate the clinical presentation include corticotropin (or
adrenocorticotropin, leading to Cushing’s syndrome),
parathyroid hormone-related peptide (hypercalcemia),
vasoactive intestinal polypeptide (watery diarrhea), and
growth hormone-releasing hormone (acromegaly).*’” The

symptomatic presentations of pheochromocytoma that are
most commonly missed by clinicians are cardiomyopathy and
heart failure.*'° Many physical examination findings can
be associated with genetic syndromes that predispose to
pheochromocytoma; these findings include retinal angiomas,
marfanoid body habitus, café au lait spots, axillary freckling,
subcutaneous neurofibromas, and mucosal neuromas on the
eyelids and tongue.

A “rule of 10” has been quoted for describing the charac-
teristics of catecholamine-secreting tumors: 10% are extra-
adrenal, 10% occur in children, 10% are multiple or bilateral,
10% recur after surgical removal, 10% are malignant, 10% are
familial, and 10% of benign sporadic adrenal pheochromocy-
toma occur as adrenal incidentalomas.''? None of these
“rules” are precisely 10%. For example, recent studies suggest
that up to 20% of catecholamine-secreting tumors are
familial.”

Pheochromocytomas are localized to the adrenal glands
and have an average size of 4.5 cm (Fig. 10-1)."* Paragangliomas
are found where chromaffin tissue exists: along the para-
aortic sympathetic chain, within the organ of Zuckerkandl
(at the origin of the inferior mesenteric artery), in the wall of
the urinary bladder, and in the sympathetic chain in the neck
or mediastinum.'>'® In early postnatal life, the extra-adrenal
sympathetic paraganglionic tissues are prominent; these
tissues then degenerate, leaving residual foci associated with
the vagal nerves, carotid vessels, aortic arch, pulmonary
vessels, and mesenteric arteries. Odd locations for paragan-
gliomas include the neck, intra-atrial cardiac septum,'” sper-
matic cord, vagina, scrotum, and sacrococcygeal region.

SYNDROMIC PHEOCHROMOCYTOMA
AND PARAGANGLIOMA: ROLE FOR
GENETIC TESTING

Approximately 10% to 20% of patients with catecholamine-
secreting tumors have associated germline mutations (inher-
ited mutations present in all cells of the body) in genes known
to cause genetic disease.'”'®'” The familial neurocrestopathic
syndromes associated with adrenal pheochromocytoma
include familial pheochromocytoma; multiple endocrine
neoplasia type 2A (MEN 2A: pheochromocytoma, medullary
thyroid carcinoma [MTC], and hyperparathyroidism) and
type 2B (MEN 2B: pheochromocytoma, MTC, mucosal neu-
romas, thickened corneal nerves, intestinal ganglioneuro-
matosis, and marfanoid body habitus); neurofibromatosis
type 1 (NF1); von Hippel-Lindau disease (VHL: pheochro-
mocytoma, retinal angiomas, cerebellar hemangioblastoma,
renal and pancreatic cysts, and renal cell carcinoma); and
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Table 10-1
type Spells

Differential Diagnosis of Pheochromocytoma-

Table 10-2 Conditions That Pheochromocytoma May
Mimic or Cause

Endocrine

Pheochromocytoma

“Hyperadrenergic spells”

Thyrotoxicosis

Primary hypogonadism (menopausal syndrome)
Medullary thyroid carcinoma

Pancreatic tumors (e.g,, insulinoma)
Hypoglycemia

Carbohydrate intolerance

Cardiovascular

Labile essential hypertension

Cardiovascular deconditioning

Pulmonary edema

Syncope

Orthostatic hypotension

Paroxysmal cardiac arrhythmia and torsade de pointes
Angina

Renovascular disease

Psychological

Anxiety and panic attacks

Somatization disorder

Hyperventilation

Factitious (e.g., drugs, Valsalva maneuver)

Pharmacologic

Withdrawal of adrenergic inhibitor

Monoamine oxidase inhibitor therapy and decongestant

Sympathomimetic ingestion

lllegal drug ingestion (cocaine, phencyclidine [PCP],
lysergic acid diethylamide [LSD])

Chlorpropamide-alcohol flush

Vancomycin (“red man syndrome”)

Neurologic

Postural orthostatic tachycardia syndrome (POTS)
Autonomic neuropathy

Migraine headache

Diencephalic epilepsy (autonomic seizures)
Stroke

Cerebrovascular insufficiency

Other

Unexplained flushing spells
Mast cell disease

Carcinoid syndrome

Recurrent idiopathic anaphylaxis

familial paraganglioma (Table 10-3).** Additional neurocu-
taneous syndromes associated with catecholamine-secreting
tumors include ataxia-telangiectasia, tuberous sclerosis, and
Sturge-Weber syndrome. Other diagnoses associated with
catecholamine-secreting tumors that do not appear to be
inherited are the Carney triad (gastric leiomyosarcoma, pul-
monary chondroma, and extra-adrenal catecholamine-
secreting tumors),? cholelithiasis, and renal artery stenosis.

Resistant essential hypertension

Renovascular hypertension

Myocardial ischemia

Dilated cardiomyopathy

Hypertrophic obstructive cardiomyopathy

Pulmonary edema: cardiogenic and noncardiogenic

Adult respiratory distress syndrome

Syncope

Cardiac arrhythmia

Apical left ventricular hypertrophy

Stroke

Vasculitis

Multiple organ failure with disseminated intravascular
coagulopathy

Hemobilia, jaundice, and pancreatic infarction

Hypermetabolism with weight loss and fever (interleukin-6)

Hyperthyroidism

Diabetes mellitus

Orthostatic hypotension (adrenomedullin)

Cushing’s syndrome (ectopic corticotropin-releasing
hormone/corticotropin)

Primary aldosteronism (possible aldosterone-stimulation
factor yet to be identified)

Acromegaly (growth hormone-releasing hormone)

Primary hyperparathyroidism (parathyroid hormone-related
peptide)

Watery diarrhea (vasoactive intestinal polypeptide)

Constipation/ostipation (adrenomedullin)

Acute abdomen

Psychiatric disorders (e.g., panic aftacks)

Catecholamine-secreting paragangliomas may be asso-
ciated with familial paraganglioma, NF1, VHL, the Carney
triad, and, rarely, MEN 2. From the Mayo Clinic of Rochester,
Minnesota, series of 236 patients with paraganglioma, 29
patients (12.3%) had a documented family history of para-
gangliomas; 19 of these had familial paraganglioma, 5 had
VHL, and 1 had MEN 2B.'® Four patients presented with the
Carney triad.'>*® Genetic testing is available for nearly all
these disorders. Families should be offered genetic counseling
before genetic tests are performed. To obtain informative
genetic testing results, a symptomatic family member should
always be tested first.

Multiple Endocrine Neoplasia Type 2

MEN 2A is an autosomal dominant syndrome.” The MEN 2A
phenotype includes pheochromocytoma (usually bilateral
adrenal neoplasms), MTC, and hyperparathyroidism. Almost
all patients with MEN 2A have MTC, which is typically
detected before the pheochromocytoma is identified.”” Very
rarely, the patient with MEN 2A may have an extra-adrenal
catecholamine-secreting paraganglioma. Approximately 15%
of patients with MEN 2A develop hyperparathyroidism.*
The prevalence of MEN 2A is approximately 1 in 35,000 indi-
viduals. Numerous mutations throughout the RET proto-



oncogene have been documented in individuals with MEN
2A. The RET proto-oncogene, located on chromosome 10q11.2,
encodes a receptor tyrosine kinase. Pheochromocytoma is most
frequently associated with mutations in codon 634 (located in
exon 11) of the RET proto-oncogene. Mutations in codon 634
are found in approximately 80% of all patients with MEN 2A.
Variants of MEN 2A include MEN 2A with Hirschsprung’s
disease and MEN 2A with cutaneous lichen amyloidosis.
MEN 2B is also an autosomal dominant syndrome, and it
represents approximately 5% of all MEN 2 cases. This genetic

Figure 10-1 A computed tomography (CT) scan of the
abdomen with intravenous contrast from a 68-year-old
woman with a 5-year history of spells of headache,
palpitations, nausea, and dizziness. The 24-hour urine
studies were abnormal: metanephrines, 4402 pg (normal,
<400 pg); normetanephrines, 4220 pg (normal, <900 pg);
norepinephrine, 248 pg (normal, <170 pg); epinephrine,
183 pg (normal, <35 pg); and dopamine, 146 pg (normal,
<700 pg). The CT image shows a typical 6.0 x 4.9-cm
complex (cystic and solid) left adrenal mass consistent with
pheochromocytoma (arrow). Following a- and B-adrenergic
blockade, the patient underwent laparoscopic removal of a
95-g pheochromocytoma. Postoperatively, the patient’s 24-
hour urinary metanephrines and catecholamines normalized.

Secondary Hypertension: Pheochromocytoma

condition is also very rarely associated with extra-adrenal
catecholamine-secreting paraganglioma. The MEN 2B pheno-
type includes pheochromocytoma (usually bilateral adrenal
neoplasms), MTC, mucosal neuromas, thickened corneal
nerves, intestinal ganglioneuromatosis, and marfanoid body
habitus.””* The mucosal neuromas are typically located in the
lips, buccal mucosa, conjunctiva, eyelids, and on the anterior
tongue. Like MEN 2A, MEN 2B is caused by mutations in the
RET proto-oncogene. MEN 2B is primarily associated with
mutations in codon 918 (located in exon 16).

Opverall, pheochromocytoma occurs in approximately 50%
of patients with MEN 2. More than 95% of patients with
MEN 2A and more than 98% of patients with MEN 2B have
identifiable mutations in the RET proto-oncogene. Mutation
analysis is commercially available and should be considered in
patients with: bilateral pheochromocytoma, co-phenotype
disorders, tumor onset at a young age (e.g., <21 years of age),
or a family history of pheochromocytoma.

von Hippel-Lindau Disease

VHL is an autosomal dominant syndrome.** The VHL pheno-
type includes pheochromocytoma (usually bilateral adrenal
neoplasms), retinal angiomas, cerebellar hemangioblastoma,
epididymal cystadenoma, renal and pancreatic cysts, and renal
cell carcinoma. Rarely, these patients may have an extra-
adrenal catecholamine-secreting paraganglioma.'® The
prevalence of VHL is approximately 1 in 35,000 indi-
viduals. Patients are classified as having VHL type 1 (without
pheochromocytoma) or VHL type 2 (with pheochromocy-
toma).?” Approximately 20% of patients with VHL have the
type 2 phenotype. VHL type 2 is further characterized into
three subtypes: (1) patients with type 2A lack renal cell carci-
noma and have a low frequency of hemangioblastoma and
retinal angioma, (2) patients with fype 2B have renal cell car-
cinoma and variable expression of hemangioblastoma and
retinal angiomas, and (3) patients with type 2C have
pheochromocytoma only. VHL-associated pheochromocy-
tomas have a noradrenergic phenotype and secrete primarily
norepinephrine.”® The VHL tumor suppressor gene is located
on chromosome 3p25-26. More than 300 VHL mutations
have been identified. In up to 97% of VHL cases, pheochro-
mocytoma is associated with missense mutations (rather than
truncating or null mutations) in the VHL gene. Nearly 100%

Table 10-3  Autosomal Dominant Syndromes Associated with Pheochromocytoma and

Paraganglioma

Syndrome Gene*

Typical Tumor Location

MEN 2A and 2B

von Hippel-Lindau disease VHL
Neurofibromatosis type 1 NF1
Familial paraganglioma SDHD
Familial paraganglioma SDHB
Familial paraganglioma SDHC

RET proto-oncogene

Adrenal medulla: bilateral

Adrenal medulla: bilateral
Adrenal-periadrenal

Head and neck, rarely adrenal
Abdomen and pelvis, rarely adrenal
Head and neck

MEN, multiple endocrine neoplasia; NF1, neurofibromatosis type 1 gene; SDHB, succinate
dehydrogenase B gene; SDHC, succinate dehydrogenase C gene; SDHD, succinate dehydrogenase D

gene; VHL, von Hippel-Lindau tumor suppressor gene.
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of patients with VHL have identifiable mutations in the VHL
gene. Mutation analysis is commercially available and should
be considered in patients with: bilateral pheochromocytoma,
co-phenotype disorders, tumor onset at a young age (e.g., <21
years of age), or a family history of pheochromocytoma.

Neurofibromatosis Type 1

Approximately 2% of patients with NF1 develop a
catecholamine-secreting neoplasm (typically an adrenal
pheochromocytoma). The prevalence of NFI, an autosomal
dominant syndrome, is approximately 1 in 3000 individuals.
NF1 is caused by mutations in a tumor-suppressor gene (NFI)
located on chromosome 17q11.2. Utilizing a multistep testing
protocol, more than 95% of mutations within the NFI gene can
be identified. However, unless a patient with a catecholamine-
secreting tumor presents with additional clinical characteris-
tics consistent with a diagnosis of NF1 (e.g., multiple café au
lait spots, axillary and inguinal freckling, subcutaneous
fibromas, macrocephaly), genetic testing for the NFI gene is
not recommended.

Familial Paraganglioma

Familial paraganglioma is an autosomal dominant syndrome
characterized by paragangliomas that are most often located
in the head and neck, but they also occur in the thorax,
abdomen, pelvis, and urinary bladder. The occurrence of
catecholamine hypersecretion in familial paraganglioma
depends on tumor location; approximately 5% of head and
neck paragangliomas and 50% of abdominal paragangliomas
are hormone producing.'® The average age at diagnosis is
30 to 35 years, and it can vary greatly within a family (average
of 14.3 + 9.6 years difference; range, 0 to 37 years).”' Familial
paraganglioma is caused by mutations in the succinate dehy-
drogenase (SDH; succinate:ubiquinone oxidoreductase) sub-
unit genes SDHB, SDHC, SDHD, which compose portions of
mitochondrial complex I1.** Most germline mutations in
SDHD, located on chromosome 11q23, have been identified
in multigenerational families with head and neck paragan-
gliomas.” In families with SDHD mutations, penetrance
depends on the parent of origin: the disease is not manifest
when the mutation is inherited from the mother but is highly
penetrant when inherited from the father.”> Mutations in
SDHB, located on chromosome 1p35-36, and SDHC, located
on chromosome 1q21, have been associated with families that
have abdominal as well as head and neck paraganglioma.**
In families with SDHB and SDHC mutations, no imprinting
effects have been observed in inheritance pattern. The SDH
gene mutation detection rate in individuals with familial
paraganglioma is currently unknown. SDHB, SDHC, and
SDHD mutation analysis is commercially available and should
be considered in all patients with paraganglioma because
of the high prevalence of SDH mutations in this population.
In addition, SDHB mutations have been associated with
increased risk of malignant paraganglioma.’®”® Patients with
SDHB mutations are also at increased risk of renal cell carci-
noma and papillary thyroid cancer.”® Finally, large germline
deletions of SDHB and SDHD have been identified in families
with paraganglioma®; these large deletions are not detected
by mutation analysis methodologies that molecular diagnostic
laboratories currently offer.

Carney Triad or Syndrome

The Carney triad or syndrome is a rare disorder that primarily
affects young women, and it is characterized by gastric stromal
sarcoma, pulmonary chondroma, paraganglioma, adrenal
cortical adenoma, and esophageal leiomyomas.?® The longest
reported interval between detection of the first and second
components of the syndrome is 26 years (mean, 8.4 years;
median, 6 years).”® The Carney triad is a chronic, persistent,
and indolent disease. Although the disorder may be inherited,
the responsible gene has yet to be identified.

DIAGNOSTIC INVESTIGATION

Case Finding

Pheochromocytoma should be suspected in patients with
hypertension accompanied by one or more of the following:
hyperadrenergic spells (e.g., self-limited episodes of nonexer-
tional palpitations, diaphoresis, headache, tremor, and pallor),
resistant hypertension, a familial syndrome that predisposes
to catecholamine-secreting tumors (e.g., MEN 2), an inciden-
tally discovered adrenal mass, or a history of gastric stromal
tumor or pulmonary chondromas (Carney triad). The diag-
nosis must be confirmed biochemically by demonstrating the
presence of increased urine or plasma concentrations of cate-
cholamines or their metabolites (including metanephrines).

Most laboratories now measure catecholamines and
metanephrines by high-performance liquid chromatography
with electrochemical detection or with tandem mass spec-
troscopy.”’ These techniques have overcome the problems
with fluorometric analysis (e.g., false-positive results caused
by a-methyldopa and other drugs with high native fluo-
rescence).

At Mayo Clinic, the single most reliable test for identifying
catecholamine-secreting tumors is measurement of meta-
nephrines in a 24-hour urine collection'**; this conclusion is
shared by other groups.*>* If clinical suspicion is high, then
urinary catecholamines (epinephrine, norepinephrine, and
dopamine) are measured in addition to the 24-hour urine
metanephrines. Fractionated plasma free metanephrines,
which are products of intrapheochromocytoma cate-
cholamine metabolism, are also obtained.* Some groups have
advocated that fractionated plasma free metanephrines
should be a first-line test for pheochromocytoma.**
However, other groups have found that fractionated plasma
free metanephrines lack the necessary specificity to be recom-
mended as a first-line test; therefore, this measurement should
be reserved for high-suspicion cases. High-suspicion cases
include patients who have one or more of the following:
resistant hypertension, spells, a family history of pheochro-
mocytoma, a genetic syndrome that predisposes to pheochro-
mocytoma (e.g., MEN 2), a past history of resected
pheochromocytoma and now have recurrent hypertension or
spells, or an incidentally discovered adrenal mass that has
imaging characteristics consistent with pheochromocytoma
(e.g., marked enhancement with intravenous contrast
medium on computed tomography [CT], high signal intensity
on T2-weighted magnetic resonance imaging [MRI], cystic
and hemorrhagic changes, larger size [e.g., >4 cm], or bilater-
ality).'”**! In addition, measuring fractionated plasma free



metanephrines is a good first-line test in pediatric patients,
because obtaining a complete 24-hour urine collection is
often difficult in children.

A study that compared the diagnostic efficacy of the two
main pheochromocytoma testing methods in an outpatient
population found that the sensitivity of fractionated plasma
free metanephrines was 97%, and the sensitivity of urinary
total metanephrines and catecholamines was 90%."" The
specificity was 85% for fractionated plasma free metanephrines
and 98% for urinary total metanephrines and catecholamines.
The likelihood ratios for positive tests were 6.3 for fraction-
ated plasma metanephrines and 58.9 for urinary total
metanephrines and catecholamines. In this study, an adrenal
pheochromocytoma was missed by urinary testing in two
patients with familial syndromes and in one asymptomatic
patient with an incidentally discovered adrenal mass. A
dopamine-secreting extra-adrenal paraganglioma was missed
by plasma testing in one patient. Therefore, in the common
clinical setting, when sporadic pheochromocytoma is sus-
pected, 24-hour urinary metanephrines and catecholamines
provide adequate sensitivity and a lower false-positive rate
than fractionated plasma free metanephrines.

A recent review of the literature that examined the
diagnostic efficacy of measuring fractionated plasma free
metanephrines in the biochemical investigation for pheochro-
mocytoma found that a normal result adequately ruled out
pheochromocytoma®; however, a positive result only mod-
erately increased the likelihood of disease, especially when
sporadic pheochromocytoma is suspected. The plasma
normetanephrine fraction is responsible for most false-
positive results, and the concentration of plasma normeta-
nephrine increases with age.* During screening for sporadic
pheochromocytoma, the false-positive rate of fractionated
plasma free metanephrines can be significantly reduced by
using age-dependant cutoffs for interpretation of the results.*®
Reducing the false-positive rate may save expenditures related
to confirmatory imaging.*’ Because fractionated plasma free
metanephrines are highly specific, their true value comes from
normal results that rule out pheochromocytoma.

For patients with episodic hypertension, the 24-hour urine
collection should be started with the onset of a spell. When
the 24-hour urine is collected in this manner, patients with
pheochromocytoma have one or both the following findings:
(1) levels of 24-hour urine catecholamines that are increased
more than twofold higher than the upper normal limit
(e.g., norepinephrine >170 ug, or epinephrine >35 ug, or
dopamine >700 ug) or (2) levels of urinary metanephrines
(e.g., >400 ug) or normetanephrine (e.g., >900 ug) that are
significantly increased to more than the upper normal limit.
In 130 patients with benign sporadic adrenal pheochromocy-
tomas who were surgically treated at Mayo Clinic from 1978
to 1995, the following were noted: (1) 24-hour urinary total
metanephrines (metanephrine and normetanephrine) were
increased to more than the upper normal limit in 94% of
patients, (2) 24-hour urinary norepinephrine or epinephrine
was increased more than twofold higher than the upper
normal limit in 93% of patients, and (3) diagnostic increases
occurred in either 24-hour urine metanephrines or cate-
cholamines in 99% of patients.'* Over a span of 20 years at
Mayo Clinic, histamine and glucagon stimulation testing was
performed in 542 patients in whom pheochromocytoma was
strongly suspected, despite normal 24-hour urinary cate-

Secondary Hypertension: Pheochromocytoma

Table 10-4 Medications That May Increase Measured
Levels of Catecholamines and Metanephrines

Tricyclic antidepressants

Levodopa

Drugs containing catecholamines (e.g., decongestants)

Amphetamines

Buspirone, and most psychoactive agents

Withdrawal from clonidine and other drugs

Ethanol

Acetaminophen and phenoxybenzamine (may increase
measured levels of fractionated plasma metanephrines in
some assays)

cholamine or metanephrine excretion. Of these patients, none
had positive stimulation test results.”” Therefore, because of
currently available methods, there is no longer a role for
provocative histamine and glucagon testing.

Although it is preferred that patients not receive any med-
ication during the diagnostic evaluation, treatment with most
medications may be continued, with some exceptions (Table
10-4). Tricyclic antidepressants are the agents that interfere
most frequently with the interpretation of 24-hour urine
catecholamines and metabolites. To screen for catecholamine-
secreting tumors effectively, treatment with tricyclic antide-
pressants and other psychoactive agents listed in Table 10-4
should be tapered and discontinued at least 2 weeks before
any hormonal assessments. In addition, catecholamine secre-
tion may be appropriately increased in situations of physical
stress or illness (e.g., stroke, obstructive sleep apnea).
Therefore, the clinical circumstances under which measure-
ments of catecholamines and metanephrines are made must
be assessed in each case.

Clonidine Suppression Test

The high false-positive rate for plasma catecholamines and
metanephrines triggered the development of a confirma-
tory test—the clonidine suppression test—to distinguish
pheochromocytoma from false-positive elevations. Clonidine
(0.3 mg) is administered orally; plasma catecholamines or
metanephrines are measured before and 3 hours after the
dose. In patients with essential hypertension, plasma cate-
cholamine concentrations decrease (norepinephrine and epi-
nephrine <500 pg/mL or a >50% fall in norepinephrine), as
do plasma normetanephrine concentrations (into the normal
range or a >40% fall). However, these concentrations remain
elevated in patients with pheochromocytoma.’"*

Clinicians have used many other approaches to screen for
and to confirm the presence of catecholamine-secreting
tumors. Although plasma catecholamines are convenient to
collect, they are not as sensitive as 24-hour urinary measure-
ments, and they add little information to the diagnostic
evaluation.” Plasma concentrations of catecholamines are
affected by diuretic treatment, smoking, and renal insuffi-
ciency. The plasma levels of chromogranin A, which is co-
stored and co-secreted with catecholamines, are increased in
80% to 90% of patients with catecholamine-secreting
tumors.”*>> Moreover, plasma levels of neuropeptide Y are
increased in up to 87% of patients with these tumors.*®
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Renal Failure

Measurements of urinary catecholamines and metabolites
may be invalid in patients with advanced renal insufficiency.”’
Serum chromogranin A levels have poor diagnostic specificity
in these patients.” In hemodialyzed patients who do not have
pheochromocytoma, plasma norepinephrine and dopamine
concentrations are increased threefold and twofold, respec-
tively, higher than the upper normal limit.”*® However, stan-
dard normal ranges can be used for interpreting plasma
epinephrine concentrations.®" Therefore, when patients with
renal failure have plasma norepinephrine concentrations that
are increased more than threefold higher than the upper
normal limit or epinephrine that is increased to more than
the upper normal limit, pheochromocytoma should be
suspected.” One study found that plasma concentrations of
free metanephrines are increased approximately twofold in
patients with renal failure; this finding may be useful in

Discontinue Interfering Medications

A

Clinical suspicion
(pretest probability)
High I Low

v v

the biochemical evaluation patients with marked renal
insufficiency or renal failure.”” However, an earlier study
suggested that concentrations of fractionated plasma free
metanephrines could not distinguish between 10 patients
with pheochromocytoma and 11 patients with end-stage renal
disease who required long-term hemodialysis.*®

Factitious Pheochromocytoma

As with other factitious disorders, factitious pheochromocy-
toma can be difficult to confirm.®* The patient usually has a
medical background. The patient may “spike” the 24-hour
urine container or self-administer catecholamines.®>*

Localization

Localization studies should not be initiated until biochemical
studies have confirmed the diagnosis of a catecholamine-

Figure 10-2  Evaluation and treatment of
catecholamine-secreting tumors. Clinical
suspicion is triggered by the following:
paroxysmal symptoms (especially hypertension);
hypertension that is intermittent, unusually labile,
or resistant to treatment; family history of
pheochromocytoma or associated conditions;

24-hr urine: 24-hr urine:

Fractionated metanephrines

Fractionated metanephrines

or incidentally discovered adrenal mass.
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secreting tumor (Fig. 10-2). The first localization test should
be computer-assisted imaging of the adrenal glands and
abdomen (MRI or CT) (sensitivity, >95%; specificity, >65%)
(Fig. 10-3).”” Approximately 90% of these tumors are found in
the adrenal glands, and 98% are found in the abdomen.®® If
the results of abdominal imaging are negative, scintigraphic
localization with iodine-123-meta-iodobenzylguanidine
(*®I-MIBG) is indicated (Fig. 10-4). This radiopharmaceu-
tical agent accumulates preferentially in catecholamine-
secreting tumors; however, this procedure is not as sensitive as
initially hoped (sensitivity, 80%; specificity, 99%).%’ In a study
of 282 patients with catecholamine-secreting tumors that
were surgically confirmed, the sensitivities of imaging studies
were 89% for CT, 98% for MRI, and 81% for 'I-MIBG.”®
Catecholamine-secreting paragangliomas are found where
chromaffin tissue is located (e.g., along the para-aortic sympa-
thetic chain, within the organ of Zuckerkandl at the origin of
the inferior mesenteric artery, in the wall of the urinary
bladder, and in the sympathetic chain in the neck or medi-
astinum).'® Tumor size is correlated with the degree of
increase in plasma free metanephrine concentration,”! but not
with the degree of increase in catecholamine concentrations.”
In one study, tumor diameter was strongly correlated with
summed plasma concentrations and urinary outputs of
metanephrine and normetanephrine (r = 0.81 and 0.77;
P < .001).”" All the tumors associated with a plasma
metanephrine concentration that was greater than 15% of the
combined increases of normetanephrine and metanephrine
were either located in the adrenal glands or appeared to be
recurrences of previously resected adrenal tumors. The den-
sity of the image (black is less dense) on CT scans is attributed
to x-ray attenuation. The extremes of the CT density spec-
trum are air (black) and bone (white). The Hounsfield scale is
a semiquantitative method of measuring x-ray attenuation.
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Typical Hounsfield unit (HU) values are as follows: air, 0 HU;
adipose tissue, —20 to —150 HU; kidney, 20 to 50 HU. If an
adrenal mass measures less than 0 HU on nonenhanced CT,
the likelihood that it is a benign adenoma is close to 100%.
A study of patients who underwent helical CT (17 with
pheochromocytoma, 11 with adrenocortical carcinoma, 23
with adrenal adenoma, and 16 with metastasis to the adrenal
gland) found the following: (1) on nonenhanced CT scans,
the mean attenuation of adenomas (8 HU) was significantly
lower than the mean attenuation of pheochromocytomas
(44 HU), adrenocortical carcinomas (39 HU), and metastases
(34 HU) (P < .001); (2) on 10-minute delayed contrast-
enhanced CT scans, the mean attenuation of adenomas
(32 HU) was significantly lower than the mean attenuations of
pheochromocytomas (83 HU), carcinomas (72 HU), and
metastases (66 HU) (P < .001).”> When adenomas were com-
pared with carcinomas, pheochromocytomas, and metastases
at optimal threshold values (50% for absolute percentage
of enhancement loss and 40% for relative percentage of
enhancement loss at 10 minutes), the diagnostic sensitivity
and specificity for adenomas were 100%.” In the past, there
was concern that administering ionic contrast medium to
patients with pheochromocytoma could precipitate a hyper-
tensive crisis.”* However, with the availability of nonionic
contrast medium, although it may be prudent to have the
patient receive an a-adrenergic blocker before imaging, it is
not mandatory.”

If a typical (<10-cm) unilateral adrenal pheochromocy-
toma is found on CT or MRI, '"®I-MIBG scintigraphy is
superfluous, and the results may confuse the clinician.”®”’
However, if a paraganglioma is identified on CT or MRI, then
'I-MIBG scintigraphy is indicated, because the patient
has an increased risk of having additional paragangliomas
and malignant disease. Performing preoperative '*’I-MIBG

B

Figure 10-3 A magnetic resonance imaging (MRI) scan of the abdomen from a 59-year-old woman with an 8-year history of
episodic diaphoresis, headache, palpitations, and tremor. Hypertension was diagnosed only recently. The fractionated plasma
free metanephrines were abnormal: metanephrines, 4.3 nmol/L (normal, <0.5 nmol/L); and normetanephrines, 1.24 nmol/L
(normal, <0.9 nmol/L). The MRI images show a typical 3.2 x 4.0-cm complex (cystic and solid) right adrenal mass consistent
with pheochromocytoma (arrow) that has increased signal intensity on T2-weighted images. A, T1-weighted image.

B, T2-weighted image. Following a- and B-adrenergic blockade, the patient underwent laparoscopic removal of a 28-g
pheochromocytoma. Postoperatively, the fractionated plasma free metanephrines normalized.
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A

B

Figure 10-4  Magnetic resonance imaging (MRI) and iodine-123 ('2l)-meta-iodobenzylguanidine (MIBG) imaging from a
48-year-old man. Pheochromocytoma was suspected in this previously normotensive man after a single dose of
metoclopramide was administered; within minutes, he developed chest pressure, shortness of breath, tachycardia, and
diaphoresis. His blood pressure rose to 240/130 mm Hg, and he developed pulmonary edema. The echocardiogram showed
severe global hypokinesis (ejection fraction was 20% to 25%). Pheochromocytoma was appropriately suspected and was
confirmed with a 24-hour urine test for fractionated metanephrines and catecholamines: metanephrines, 120 pg (normal,
<400 pg); normetanephrines, 13,901 pg (normal, <900 pg); norepinephrine, 597 pg (normal, <170 pg); epinephrine, 3.8
pg (normal, <35 pg); and dopamine, 222 pg (normal, <700 pg). A, Coronal abdominal MRl image shows a 9.6 x 6.2-cm
retroperitoneal mass located next to the inferior vena cava and just below the right renal vein (arrow). B, '23l-MIBG whole-
body scan shows a large intense area of uptake in the right upper quadrant of the abdomen that corresponds to the mass
seen on MRI; no other abnormal uptake is seen. Following a- and f-adrenergic blockade, the patient underwent laparoscopic
removal of an 11 x 7 x 5-cm paraganglioma that was arising near the right renal hilum. Postoperatively, the 24-hour urinary

fractionated metanephrines and catecholamines normalized.

scintigraphy in patients with large (>10-cm) adrenal pheo-
chromocytomas may be indicated to identify metastatic
disease; however, finding metastatic disease preoperatively
does not usually change the surgical treatment plan.

Localizing procedures that can also be used, but are rarely
required, include central venous sampling and computer-
assisted imaging of the chest, neck, and head. Results of selec-
tive venous sampling for catecholamines are frequently
misleading because of periodic secretion; however, some
medical centers have had successful results.”®”® Other local-
izing studies, such as somatostatin-receptor imaging with
indium-111 ("'In)-labeled pentetreotide, may also be con-
sidered.*®®! Positron emission tomography scanning®? with
fluorine-18 (**F)-fluorodeoxyglucose (FDG) or carbon-11
(*'C)-hydroxyephedrine or 6-'"*F-fluorodopamine is capable
of identifying paragangliomas that may be detected with less
expensive techniques,® but this procedure should be reserved
for identifying sites of metastatic disease in '*I-MIBG-
negative patients (Fig. 10-5).%

TREATMENT

The treatment of choice for pheochromocytoma is complete
surgical resection. Careful preoperative pharmacologic prepa-
ration is crucial to successful treatment. Most catecholamine-
secreting tumors are benign and can be totally excised. Tumor
excision usually cures hypertension.

Preoperative Management

Some form of preoperative pharmacologic preparation is
indicated in all patients with catecholamine-secreting neo-
plasms. However, no randomized, controlled trials that com-
pare the different approaches have been undertaken.
Combined a- and (-adrenergic blockade is one approach to
control the patient’s blood pressure (BP) and to prevent intra-
operative hypertensive crises.® o-Adrenergic blockade should
be started 7 to 10 days preoperatively to normalize BP and to
expand the contracted blood volume. Target BPs are less than



Figure 10-5  Fluoride-18 fluorodeoxyglucose (FDG)
positron emission tomography (PET) scan from a 43-year-old
woman who had a 2.5-cm urinary bladder paraganglioma
resected 7 years previously. The patient developed recurrent
signs and symptoms of a catecholamine-secreting tumor. The
fractionated plasma free metanephrines were abnormal:
metanephrines, 0.25 nmol/L (normal, <0.5 nmol/L); and
normetanephrines, 16.0 nmol/L (normal, <0.9 nmol/L). The
FDG-PET scan shows bony and nodal metastatic disease
involving the third and sixth thoracic vertebral bodies, third
lumbar vertebra, right femur, left second costochondral
junction, anterior left fifth rib, posterior left ninth rib, left
scapula, posterior midsacrum, right anterior iliac crest,
posterior left innominate bone, right acetabulum, and left
external iliac and inguinal lymph node chains.

120/80 mm Hg (seated), with systolic BP higher than 90 mm
Hg (standing); both targets should be modified for patient
age and co-morbid disease. On the second or third day of
a-adrenergic blockade, patients are encouraged to start a diet
high in sodium, because of the catecholamine-induced
volume contraction and the orthostasis associated with
a-adrenergic blockade. Once adequate o-adrenergic blockade
is achieved, p-adrenergic blockade may be initiated, which
typically occurs 2 to 3 days preoperatively.

a-Adrenergic Blockade

Phenoxybenzamine is the preferred drug for preoperative
preparation to control BP and arrhythmias.®>® It is an irre-
versible, long-acting, nonspecific a-adrenergic blocking
agent.”” The initial dose is 10 mg one or two times daily, and
the dose is increased by 10 to 20 mg every 2 to 3 days as
needed to control BP and spells. The final target dosage of
phenoxybenzamine is 20 to 100 mg daily. The patient should
be cautioned regarding the orthostasis that occurs almost
universally. The selective o,-adrenergic blocking agents pra-
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zosin, terazosin, and doxazosin are preferable to phenoxyben-
zamine when long-term pharmacologic treatment is indicated
(e.g., for metastatic pheochromocytoma) because they have
more favorable side effect profiles. However, these agents are
not routinely used in the preoperative situation because they
fail to achieve complete a-adrenergic blockade.

B-Adrenergic Blockade

The B-adrenergic antagonist should be administered only
after a-adrenergic blockade is effective; 3-adrenergic blockade
alone may cause more severe hypertension owing to the unop-
posed o-adrenergic stimulation. Preoperative (3-adrenergic
blockade is indicated to control the tachycardia associated
with both the high circulating catecholamine concentrations
and the a-adrenergic blockade. The clinician should exercise
caution if the patient is asthmatic or has heart failure. Chronic
catecholamine excess can produce myocardiopathy,® a finding
that may become evident after initiation of (-adrenergic
blockade, which can result in acute pulmonary edema.
Therefore, when the p-adrenergic blocker is administered,
it should be used cautiously and at a low dose. For example,
a patient is usually given 10 mg of propranolol every 6 hours
to start. On the second day of treatment, the (-adrenergic
blockade (assuming the patient is tolerating the f-adrenergic
blocker) is converted to a single, long-acting dose. The dose is
then increased as necessary to control the tachycardia (goal
heart rate is 60 to 80 beats/minute). Labetalol (a combined
a- and B-adrenergic blocker) has been shown to be effective
in the treatment of hypertension associated with pheochro-
mocytoma. However, some instances of paradoxical hyperten-
sive responses have been reported while patients are taking
labetalol. These cases are presumably the result of incomplete
a-adrenergic blockade. Therefore, the safe use of labetalol as
primary therapy is controversial; the primary role for this
agent may be medically managing patients with metastatic
disease.

Catecholamine Synthesis Inhibitor

a-Methylparatyrosine (metyrosine) should be used with
caution and only when other agents have been ineffective.
Although some centers have used this agent preoperatively,
most centers reserve it primarily for those patients who cannot
be treated with the typical combined a- and (-adrenergic
blockade protocol for cardiopulmonary reasons. Metyrosine
inhibits catecholamine synthesis by blocking the enzyme
tyrosine hydroxylase. Metyrosine’s side effects can be disabling
and they include sedation, depression, diarrhea, anxiety,
nightmares, crystalluria and urolithiasis, galactorrhea, and
extrapyramidal manifestations.

Calcium Channel Blockers

Calcium channel blockers (CCBs), which block norepinephrine-
mediated calcium transport into vascular smooth muscle,
have been used successfully at several medical centers preop-
eratively to prepare patients with pheochromocytoma.®!
Nicardipine is the most commonly used CCB. It is given orally
to control BP preoperatively and is then infused intravenously
intraoperatively. In a study conducted between 1988 to 1996
in France, 70 patients with pheochromocytoma were operated
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on and managed with CCBs.”” Nicardipine was used in 61
patients, and other CCBs were used in the remaining patients.
Based on patients’ plasma volume and BP control, the duration
of preoperative treatment ranged from 24 hours to several
weeks. Intraoperatively, nicardipine infusion was started after
intubation, adjusted according to systolic BP, and stopped
before ligation of the tumor venous drainage. Elevated systolic
BP (values >200 mm Hg) occurred in 10 patients and was
effectively controlled by nicardipine in all cases. Heart rates
faster than 100 beats/minute occurred in 51 patients and were
easily controlled by esmolol. Arrhythmias were infrequent,
and only one patient required treatment.” No surgical deaths
occurred in 113 patients with pheochromocytoma who were
managed perioperatively with CCBs and who were operated
on at the Cleveland Clinic in Cleveland, Ohio.”" This study
showed that preoperative ai-adrenergic blockade is not essen-
tial in patients with pheochromocytoma. When CCBs are
used as the primary mode of antihypertensive therapy, they
may be just as effective as o- and B-adrenergic blockade.

Acute Hypertensive Crises

Acute hypertensive crises may occur before or during opera-
tion, and they should be treated intravenously with sodium
nitroprusside, phentolamine, or nicardipine. Sodium nitro-
prusside is an ideal vasodilator for intraoperative manage-
ment of hypertensive episodes because of its rapid onset of
action and short duration of effect. This agent is administered
as an intravenous infusion, 0.5 to 5.0 pg/kg/minute; the max-
imum dose should not exceed 800 pg/minute. Phentolamine
is available in lyophilized form in 5-mg vials; the initial
infused dose should be 1 mg, followed by repeat 5-mg boluses
or a continuous infusion. Nicardipine can be started at an
infusion rate of 5 mg/hour and titrated for BP control (max-
imum = 15 mg/hour).

Anesthesia and Surgery

Resecting a catecholamine-secreting tumor is a high-risk sur-
gical procedure, and an experienced surgeon and anesthesiol-
ogist team is required. The last oral doses of a- and
B-adrenergic blockers can be administered early in the
morning on the day of operation. Fentanyl, ketamine, and
morphine should be avoided because they can potentially
stimulate catecholamine release from a pheochromocytoma.”
In addition, parasympathetic nervous system blockade with
atropine should be avoided because of the associated tachy-
cardia. Induction of anesthesia may be achieved with intra-
venous injection of propofol, etomidate, or barbiturates, in
combination with synthetic opioids.”> Most anesthetic gases
can be used, but halothane and desflurane should be
avoided.”” Cardiovascular and hemodynamic variables must
be monitored closely. Continuous measurement of intra-
arterial pressure and heart rhythm is required. When patients
have heart failure or decreased cardiac reserve, monitoring
of pulmonary capillary wedge pressure is indicated. Surgical
survival rates are 98% to 100%. Four perioperative deaths
occurred in a series of 165 patients operated on in Paris,
France from 1975 to 1997.%* No surgical mortalities resulted
in 113 patients with pheochromocytoma operated at the
Cleveland Clinic from 1977 to 1994.°" Adverse perioperative
events or complications occurred in 32% of 143 patients

operated at Mayo Clinic from 1983 to 1996.'* The most
common adverse event was sustained hypertension in 36
patients. In this Mayo Clinic series, there were no periopera-
tive deaths, myocardial infarctions, or cerebrovascular events.
The preoperative and perioperative treatment approach out-
lined here is the same for adults and pediatric patients.”**

In the past, an anterior midline abdominal surgical
approach was usually used for resecting adrenal pheochromo-
cytoma. However, the procedure of choice for patients with
solitary intra-adrenal pheochromocytomas that are smaller
than 8 cm in diameter is now the laparoscopic approach.”® In
a series of 39 patients with pheochromocytoma who under-
went laparoscopic adrenalectomy, the mean duration of hos-
pitalization was only 1.7 days.”” If the pheochromocytoma is
in the adrenal gland, the entire gland should be removed.
Laparoscopic adrenalectomy for pheochromocytoma should
be converted to open adrenalectomy for difficult dissection,
invasion, adhesions, or surgeon inexperience.” If the tumor is
malignant, as much of the tumor should be removed as pos-
sible. If a bilateral adrenalectomy is planned preoperatively,
the patient should receive glucocorticoid stress coverage while
awaiting transfer to the operating room. Glucocorticoid cov-
erage should be initiated in the operating room if unexpected
bilateral adrenalectomy is necessary. Cortical-sparing bilateral
adrenalectomies have been used to treat patients with MEN 2
and VHL.”'%°

An anterior midline abdominal surgical approach is indi-
cated for abdominal paragangliomas. The midline abdomen
should be inspected carefully. Paragangliomas of the neck,
chest, and urinary bladder require specialized approaches.
“Unresectable” cardiac pheochromocytomas may require
cardiac transplantation.'®!

Hypotension may occur after surgical resection of the
pheochromocytoma, and it should be treated with fluids and
colloids. Postoperative hypotension is less frequent in patients
who have had adequate preoperative o-adrenergic blockade.
If both adrenal glands were manipulated during surgery,
adrenocortical insufficiency should be considered as a poten-
tial cause of postoperative hypotension. Because hypo-
glycemia can occur in the immediate postoperative period,
blood glucose levels should be monitored, and the fluid given
intravenously should contain 5% dextrose.

BP is usually normal by the time of hospital discharge.
Some patients remain hypertensive for up to 4 to 8 weeks
postoperatively. Long-standing, persistent hypertension does
occur and may be related to accidental ligation of a polar renal
artery, resetting of baroreceptors, hemodynamic changes,
structural changes of the blood vessels, altered sensitivity of
the vessels to pressor substances, functional or structural renal
changes, or coincident primary hypertension.

Long-Term Postoperative Follow-up

Approximately 1 to 2 weeks after surgery, catecholamines and
metanephrines should be measured by collecting a 24-hour
urine. If the levels are normal, the resection of the pheochro-
mocytoma should be considered complete. The survival rate
after removal of a benign pheochromocytoma is nearly that of
age- and sex-matched physiologically normal controls.
Increased levels of catecholamines and metanephrines
detected postoperatively are consistent with residual tumor,
either a second primary lesion or occult metastases. If bilateral



adrenalectomy was performed, lifelong glucocorticoid and
mineralocorticoid replacement therapy should be prescribed.
Twenty-four-hour urinary excretion of catecholamines and
metanephrines or plasma metanephrines should be checked
annually for life. The annual biochemical testing assesses for
metastatic disease, tumor recurrence in the adrenal bed, or
delayed appearance of multiple primary tumors.'”? The
highest tumor recurrence rates are found in patients who have
one or more of the following: a positive family history, a right-
sided adrenal tumor, or a paraganglioma.'® Follow-up com-
puterized imaging is not needed unless the metanephrine or
catecholamine levels become elevated or the original tumor
was associated with minimal catecholamine excess.

Consider genetic testing for patients with one or more of
the following: a family history of pheochromocytoma, a para-
ganglioma, or any signs that suggest a genetic origin (e.g.,
retinal angiomas, axillary freckling, café au lait spots, cere-
bellar tumor, MTC, hyperparathyroidism). In addition, all
first-degree relatives of the patient with a pheochromocytoma
or a paraganglioma should have biochemical testing (e.g.,
24-hour urine for fractionated metanephrines and cate-
cholamines). When a patient has an identified mutation,
genetic testing of first-degree relatives should proceed in a
stepwise fashion (i.e., parents first).!**

MALIGNANT PHEOCHROMOCYTOMA

The distinction between benign and malignant cate-
cholamine-secreting tumors is difficult to make based on clin-
ical, biochemical, or histopathologic characteristics. MIB-1 is
a monoclonal antibody that is immunoreactive with Ki-67, a
nuclear antigen that is detectable only during the proliferative
stages of the cell cycle and is a surrogate measure of the bio-
logic processes that are present in phenotypically aggressive
neoplasms. The MIB-1 labeling index is the fraction of tumor
cells that are labeled by Ki-67. In one study, the MIB-1 labeling
index of more than 3% was 100% specific and 50% sensitive
for malignant pheochromocytoma.'® In another study, logistic
regression showed that the proliferative index (P = .0072), size
(P =.0022), and extra-adrenal location (P = .0012) of the pri-
mary tumor were independently predictive for malignancy.'®
However, malignancy is generally determined by finding
direct local invasion or disease metastatic to sites that do not
normally have chromaffin tissue, such as lymph nodes, bone,
lung, and liver. Malignancy is rare in patients who have
adrenal familial syndromes, but it is common in patients with
familial paraganglioma caused by mutations in SDHB.
Patients with SDHB mutations are more likely to develop
malignant disease and neoplasms other than paraganglioma
(e.g., renal cell carcinoma).”*® A study of 90 malignant and
60 benign pheochromocytomas found that the risk of malig-
nancy increases as the size of all pheochromocytomas
increases; however, tumor size does not reliably predict malig-
nancy in pheochromocytomas with local disease only.”®
Although the 5-year survival rate for patients with malig-
nant pheochromocytoma is less than 50%, the prognosis is
variable. Approximately 50% of patients have an indolent
form of the disease, with life expectancy of more than 20
years, and the other 50% of patients have rapidly progressive
disease with death occurring within 1 to 3 years. Metastatic
sites include local tissue invasion, liver, bone, lung, and lymph
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nodes. Endobronchial metastases have been reported.'”’
Metastatic lesions should be resected if possible. Skeletal
metastatic lesions that are painful or threaten structural
function can be treated with external radiation therapy or
cryoablation therapy. External radiotherapy can also be used
to treat unresectable soft tissue lesions.'” Local tumor irradi-
ation with therapeutic doses of “'I-MIBG has produced
partial and temporary responses in approximately one third of
patients.'” ' A review of 116 patients with malignant
pheochromocytoma or paraganglioma summarized the expe-
riences with *'I-MIBG therapy at 24 centers in 10 countries
from 1983 to 1996. Of the studied patients, the following out-
comes were documented: initial symptomatic improvement
in 76%, tumor responses in 30%, and hormonal responses in
45%.""* Five patients (4.3%) had complete tumor and hor-
monal responses that ranged from 16 to 58 months at the time
of reporting. Of the 89 patients for whom follow-up data were
available, 45% of responders had relapses, with recurrent or
progressive disease after a mean interval of 29.3 £ 31.1 months
(median, 19 months). Of patients who initially responded to
PI1-MIBG therapy, death following treatment was reported in
33% after a mean of 23.2 months (median, 22 months). Of
nonresponding patients, death following treatment was
reported in 45% after a mean of 14.3 £ 8.3 months (median, 13
months).!* Sporadic dramatic responses to *'I-MIBG treat-
ment have been reported,'!” and there may be a role for high-
dose 'I-MIBG treatment in patients with high "*'I-MIBG
uptake and rapidly advancing disease that has been unsuccess-
fully treated with other approaches.'** Thrombotic therapy of
large, unresectable liver metastases and radiofrequency abla-
tion of small liver metastases are options to be considered.
Radiofrequency ablation involves the percutaneous or intra-
operative placement of an electrode into the lesion with guid-
ance from ultrasound or CT. The needle tip contains multiple
curved electrodes that can be deployed to span a lesion up to
7 cm in diameter. The radiofrequency signal produces ionic
agitation in the tissue and results in frictional heating with
controllable temperatures of 95° to 100° C. This temperature
is maintained for approximately 10 minutes, with the goal of
destroying the tumor and a 1-cm margin of surrounding
normal tissue. Pacak and colleagues reported radiofrequency
ablation to a single rib lesion in a patient with metastatic
pheochromocytoma.''® When catecholamine-containing cells
are destroyed, there is concern that a hypertensive crisis could
be provoked. Therefore, when radiofrequency ablation or
cryoablation is considered, the patient should be prepared
with a- and B-adrenergic blockade and tyrosine hydroxylase
inhibition. In selected cases, long-acting octreotide is beneficial
in controlling BP.!!”!18

Combination chemotherapy may be considered if the
tumor is aggressive and the patient’s quality of life is affected.
In a nonrandomized, single-arm trial, the efficacy of
chemotherapy (CVD protocol: cyclophosphamide, 750 mg/m?
body surface area on day 1; vincristine, 1.4 mg/m* on day 1;
and dacarbazine, 600 mg/m* on days 1 and 2 and every 21
days) was studied in 14 patients with malignant pheochromo-
cytoma.""” The combination CVD protocol produced a
complete and partial tumor response rate of 57% (median
duration, 21 months; range, 7 to >34). All responding patients
had objective improvement in performance status and BP.
Hypertensive episodes may be induced by CVD chemo-
therapy.'”® Hypertension and spells can be controlled with
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combined a- and B-adrenergic blockade or inhibition of cate-
cholamine synthesis with metyrosine.

Managing patients with malignant pheochromocytoma
can be frustrating because curative options are limited.
Clearly, innovative prospective protocols are needed to iden-
tify new treatment options for this neoplasm.'?!

PHEOCHROMOCYTOMA
IN PREGNANCY

Pheochromocytoma in pregnancy can cause the death of both
the fetus and the mother. The treatment of hypertensive crises
is the same as for nonpregnant patients, except nitroprusside
is contraindicated; the fetus is very susceptible to cyanide
toxicity. Although some controversy exists regarding the most
appropriate management,'** pheochromocytomas should be
removed promptly if they are diagnosed during the first two
trimesters of pregnancy. Preoperative preparation is the same
as for nonpregnant patients. If medical therapy is chosen, or
if the pregnancy is in the third trimester, one operation is
recommended to perform a cesarean section and to remove
the pheochromocytoma at the same time. Spontaneous labor
and delivery should be avoided.
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Chapter 11

and Giuseppe Mancia

DEFINITIONS AND DIAGNOSIS

In normal subjects, sleep is characterized by major changes in
the physiologic mechanisms responsible for cardiovascular
(CV) regulation, including an increase in parasympathetic
activity and a reduction in sympathetic drive. These changes
lead to marked reductions in blood pressure (BP) and heart
rate.!” In parallel, a change in breathing patterns occurs:
respiration becomes slower and more regular than in the
awake period. These changes in part derive from reduced
physical activity at night, but they are also determined by
the neural changes related to sleep itself.” Therefore, any
alteration in the physiology of sleep may result in impor-
tant changes in the nocturnal modulation of BP and heart
rate.

Increasingly frequent problems affecting sleep are alter-
ations in breathing patterns at night that lead to concomitant
alterations in the neural and CV effects of sleep. These condi-
tions, known as sleep-disordered breathing (SDB) syndromes,
include habitual snoring, sleep apnea, Cheyne-Stokes
breathing syndrome, and sleep hypoventilation syndrome
(Table 11-1).* The full clinical picture including sleep apnea
and its associated symptoms, often also extending to daytime
(Table 11-2), is termed sleep apnea syndrome (SAS).

SASs are characterized by multiple cessations of respiration
during sleep that induce partial arousals and interfere with the
physiologic cyclic shift between the various sleep stages. These
sleep structure alterations have been associated with daytime
somnolence. Airflow arrests and reductions lasting more than
10 seconds are considered significant. Apnea is defined as
complete breathing cessation, and hypopnea is a reduction in
breathing amplitude of 50% or more. The usual duration of
apnea and hypopnea episodes is 20 to 30 seconds, with a pos-
sible prolongation up to 1 minute. The occurrence of more or
less frequent oxygen desaturations, or of electroencephalo-
graphic arousals, is considered an additional diagnostic tool to
identify these conditions.*’

Apneas are typically classified as being central, predomi-
nating in central sleep apnea syndromes (CSAS), obstructive,
predominating in obstructive sleep apnea syndromes (OSAS),
or mixed. The criterion differentiating between OSAS and
CSAS is the concomitant presence or absence of efforts to
breathe, respectively.

Obstructive sleep apnea is the result of upper airway
obstruction, which may be the effect of the upper airway
collapse, facilitated by anatomic (e.g., obesity, acromegaly,
adenotonsillar hypertrophy, myxedema, micrognathia), neu-
romuscular (myotonic dystrophy or other neuromuscular
diseases), or toxic (sedative drugs, alcohol consumption)
factors or by a combination of these.*®

Secondary Hypertension: Sleep Apnea
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Apneas of central origin are caused by a dysfunction of
neural centers that regulate respiration, whether idiopathic
(primary), of organic causes (e.g., lower brainstem lesions), or
induced by conditions external to the central nervous system
(chronic obstructive pulmonary disease, heart failure, med-
ications).

In apneas of mixed origin, airway collapse typically depends
initially upon a central mechanism and subsequently upon an
obstructive one.

Currently, the diagnosis of these disorders is based on sleep
studies. These studies involve overnight monitoring of
numerous parameters (e.g., nasal air flow, snoring sounds,
abdominal and thoracic movements, blood oxygen saturation,
intraesophageal pressure, electrocardiogram), usually in a con-
trolled hospital setting. An extensive monitoring including at
least 12 channels is termed polysomnography and constitutes
the gold standard for the diagnosis and classification of SASs.

The diagnosis and evaluation of the severity of SASs
are most commonly based on the apnea-hypopnea index
(AHI), defined as the average number of apneas and hypop-
neas per sleep hour. Alternatively, the term respiratory distur-
bance index (RDI) is also used. This index is calculated by
adding the number of apnea episodes to the number of
hypopneas and to that of respiratory efforts—related arousals
(RERA). The American Academy of Sleep Medicine Task
Force recommends an AHI greater than 5 and the presence of
symptoms as criteria for a diagnosis of OSAS.” Other indices
of OSAS severity are sometimes used, including the oxygen
desaturation index (OD], i.e., the average number of signifi-
cant oxygen desaturations per hour of sleep) and the arousal
index (the number of electroencephalographic arousals per
hour of sleep). A recently proposed index is the cross-power
index (CPI, i.e., the integral of the cross-spectrum modulus
between concomitant fluctuations in systolic BP and oxygen
saturation).’”

Subjects who have an AHI of less than 5 but who generally
snore most of the night are classified as habitual snorers and
do not meet criteria for the formal diagnosis of OSAS.

Given the cost and limited availability of polysomnog-
raphy, in practice, screening for OSAS is based on the presence
of symptoms, and it may be further aided by questionnaire-
based methods (e.g., the Berlin questionnaire).?

The main clinical consequences of SASs are related to the
CV and metabolic changes they induce, including arterial
hypertension (discussed later), and to the relative sleep depri-
vation and daytime tiredness and/or sleepiness caused by
reduced quantity and impaired quality of sleep. The latter,
apart from a general reduction in a patient’s quality of life,
may lead to important complications, such as car and work
accidents or episodes of sudden falls.’



Table 11-1 Classification of Sleep Disordered
Breathing Syndromes

Habitual snoring

Sleep apnea syndromes (SASs)
Obstructive sleep apnea syndrome (OSAS)
Central sleep apnea syndrome (CSAS)
Mixed sleep apnea syndrome

Cheyne-Stokes breathing syndrome

Sleep hypoventilation syndrome

Table 11-2  Clinical Features of Obstructive Sleep
Apnea Syndrome

Daytime

Excessive daytime sleepiness
Impaired concentration
Irritability/personality change
Decreased libido

Night-time

Snoring

Unrefreshing sleep

Choking episodes during sleep
Witnessed apneas

Restless sleep

Nicturia

From Management of Obstructive Sleep Apnoea/hypopnoea in
Adults: A National Clinical Guideline. Edinburgh, Scotland:
Scottish Inercollegiate Guidelines Network, 2003.

EPIDEMIOLOGY OF OBSTRUCTIVE
SLEEP APNEA SYNDROME

The prevalence of SDB depends on the definition applied (see
earlier) and on the population under study. It is estimated that
about 20% of the general population displays obstructive
apneas (AHI = 5), whereas a full clinical picture of OSAS
is seen in around 1% to 5% of men and in 0.5% to 1% of
women.*'®!" The prevalence of habitual snoring is even
higher, reaching about 25% to 35%.'”"! The overall prevalence
of sleep apneas increases with age, but this increase depends
mainly on central apneas, whereas OSAS displays a peak of
prevalence in middle-aged subjects,'? with a decline after the
age of 65 years.'” Men are much more frequently affected by
OSAS than women, and although the prevalence tends to
increase importantly in postmenopausal women who do not
receive hormone replacement therapy, it remains lower in
women than in men in the same age stratum."’

The major epidemiologic factor associated with the
presence of OSAS is increased body mass. The increasing
prevalence of OSAS in Western countries parallels the pro-
gressive increase in the prevalence of overweight and obesity;
OSAS is seen in about 40% of obese men and in a slightly
smaller percentage of obese women. Approximately 70% of
patients with OSAS are obese.'®**

Although OSAS is a condition affecting mainly adults, its
presence in children should not be neglected, not only because
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of its relatively high prevalence (2% in children aged 2 to 8
years, apparently related to adenotonsillar hypertrophy) but
also because of its clinical consequences, including hyperten-
sion, nocturnal enuresis, growth retardation, and cognitive
impairment.'’

OBSTRUCTIVE SLEEP APNEA SYNDROME
AS A CAUSE OF SECONDARY
HYPERTENSION: CLINICAL EVIDENCE
AND MECHANISMS

Although arterial hypertension is a common finding in
patients with OSAS, the complex link between these two phe-
nomena is still far from being fully explained. This is because
both conditions frequently appear on a common background
of obesity, metabolic syndrome, and increased sympathetic
activity. Nevertheless, sufficient evidence is available to
support the view that hypertension and OSAS are linked with
each other through the following: (1) an association related to
common underlying causes, mainly obesity; and (2) a causal
relationship, in which OSAS causes an elevation in BP,
through acute (transient BP peaks immediately following
apnea episodes) and chronic (elevated BP both day and night)
mechanisms.

Association between Obstructive Sleep
Apnea Syndrome and Hypertension

Population studies on the association between OSAS and
hypertension demonstrated that the latter condition may be
present in more than 50% of patients with OSAS, a percentage
approximately 1.5 to 2 times higher than in OSAS-free
subjects.'®!” A strikingly high prevalence of OSAS was seen in
patients with drug-resistant hypertension (96% in men and
65% in women), a finding suggesting that OSAS may be one
of the most important causes of refractory hypertension.
Indeed, in patients with refractory hypertension, a careful
sleep history is mandatory, and a screening procedure (e.g.,
the Berlin questionnaire®) is highly recommended, followed
by a sleep study whenever SDB is suspected.'®

However, because of many epidemiologic, genetic, clinical,
hematologic, biochemical, and physiologic similarities
between OSAS and arterial hypertension (Table 11-3)," it was
hypothesized that these two conditions merely coexist within
the common framework of underlying obesity and associated
metabolic changes. This possibility was considered in
numerous cross-sectional and case-control studies. Multi-
variate analyses of study results, by taking into consideration
potential confounders, have indeed consistently demonstrated
a significant and independent association between OSAS and
hypertension that is clinically relevant. A common finding in
these studies was a significantly higher BP in patients with
OSAS during the day, but even more so at night, a finding
reflected by a reduced nocturnal BP fall or a “nondipping”
profile.?’ The difference in BP between persons with and those
without OSAS varied among studies, but a clinically and
epidemiologically relevant increase of about 10 mm Hg for
systolic and 5 mm Hg for diastolic BP was frequently
reported.'®® When the risk of hypertension was expressed as
an odds ratio, after adjusting for confounders, the excess risk

1S5
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Table 11-3  Similarities between Obstructive Sleep Apnea
Syndrome and Essential Hypertension

Similar Epidemiologic Findings

Increased prevalence of obesity and central obesity

More common in middle-aged men than women

More common in older than younger women

More common in black than white individuals

More common with alcohol abuse: alcohol an important
cause of hypertension and can also worsen obstructive
sleep apnea and snoring

Similar Genetic Characteristics
Similar hereditary pattern present for obstructive sleep
apnea and essential hypertension

Similar Clinical Findings
Improvement with weight loss
Increased prevalence of the following:
Snoring

Cardiovascular complications

Renal damage

Cognitive dysfunction

Headaches

Impotence

Nondipping blood pressure during sleep
Increased blood pressure variability
Diabetes and insulin resistance

Similar Hematologic and Biochemical Findings
Increased sympathetic activity

Elevated atrial natriuretic factor

Reduced renin levels during sleep

Elevated hematocrit

Hyperuricemia

Elevated ratio of vasoconstrictor to vasodilator
prostaglandins

Reduced testosterone levels in men

Reduced endothelium-dependent relaxation factor (nitric oxide)
Reduced blood fibrinolytic activity

Increased platelet activation and aggregation
Elevated erythropoietin levels

Elevated plasma fibrinogen levels

Elevated endothelin

Increased peripheral resistance

Elevated leptin levels

Elevated von Willebrand factor

Elevated digitalis-like factors

Increased oxidative stress

Abnormal lipid peroxidation

Elevated C-reactive protein

Similar Changes in Physiologic Mechanisms

(Mainly Autonomic) Responsible for

Cardiovascular and Respiratory Regulation

Increased chemoreceptor reflex sensitivity as seen by
exaggerated pressor response and ventilation response
to hypoxia

Reduced baroreceptor reflex sensitivity

Modified from Silverberg DS, Oksenberg A. Are sleep-related
breathing disorders important contributing factors to the
production of essential hypertension? Curr Hypertens Rep.

2001;3:209-215.

seen in different studies ranged from 1.3-fold to as high as
9.7-fold, depending on the population under study and on the
method used to define OSAS.'"*"* Some discrepancies have
been noted among studies regarding whether BP levels corre-
late with the severity of OSAS,'"" but at least in two large
studies a clear-cut dose-effect relationship was seen.'®*! In one
of these studies, the increase in severity of OSAS by one apneic
episode per hour of sleep increased the risk of having hyper-
tension by approximately 1% (Fig. 11-1)."°

Although these studies have clearly shown the existence
of an independent association between OSAS and hyper-
tension, they provide no information on whether the relation-
ship is one of cause and effect. The only clinically significant
evidence available to support the view that OSAS actually
causes hypertension (even if it is not the sole cause in most
patients) and that the risk of developing hypertension in
OSAS is dose dependent (i.e., related to OSAS severity) was
provided by the longitudinal part of the Wisconsin Sleep
Cohort Study. In 709 subjects followed for 4 years, after
adjustment for baseline hypertension status, body mass index,
neck and waist circumferences, age, sex, alcohol and cigarette
use, odds ratios for developing hypertension were 1.42, 2.03,
and 2.89 for baseline AHI of 0.1 to 4.9, 5 to 14.9, and greater
than 15.0, respectively, when compared with subjects with an
AHI of 0.7

Information on factors associated with the development
of hypertension in the population with SDB is still limited.
It appears that an elevated risk of hypertension is mainly seen
in young and nonobese subjects with severe OSAS," in
contrast to the tendency toward increased hypertension
with advancing age observed in the general population. The
mechanisms responsible for this association remain poorly
understood. It could be hypothesized, however, that the lower
CV reactivity and impaired CV control mechanisms that
characterize elderly subjects could render them partly
resistant to the effects of repeated nocturnal airway obstruc-
tion and hypoxia, which increase BP through a hypoxia-
related activation of the same mechanisms.

Although OSAS is certainly the most important type
of SDB in terms of hypertension development, habitual
snoring without clinically relevant apnea also seems to play
an independent role in determining increased BP.** It also
appears relevant in pregnant women. In this population,
habitual snoring is prevalent and is independently predictive
of maternal hypertension and fetal growth retardation.”

Pathophysiologic Mechanisms Linking
Obstructive Sleep Apnea Syndrome
with Hypertension

Obstructive sleep apneas are known to influence BP and heart
rate directly and acutely. This type of apnea is also responsible
for increases and fluctuations in BP and heart rate that are ini-
tially confined to nighttime and subsequently extend to day-
time. These changes are the consequence of (1) the mechanical
effects of repeated Miiller’s maneuvers (i.e., the abrupt fall in
intrathoracic pressure caused by an attempt to inspire, despite
partly or completely obstructed upper airways), (2) the effect
of chemoreceptor stimulation by hypoxemia and hyper-
capnia, and (3) arousal followed by restart of breathing after
apnea. This process leads to a typical hemodynamic pattern
consisting of two distinct phases (Fig. 11-2):
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Figure 11-1  Age-, gender-, and body mass index-adjusted

odds ratios for hypertension associated with apnea-
hypopnea index levels of 5, 15, 30, 40, 50, 60 and 70.
(From Lavie P, Herer P, Hoffstein V. Obstructive sleep apnoea
syndrome as a risk factor for hypertension: Population study.
BMJ. 2000;320:479-482.)

1. The first phase consists of the hemodynamic changes
associated with the respiratory efforts against obstructed
airways (Miiller’s maneuver) combined with the effects of
chemoreflex stimulation. The former depend on a complex
interaction of factors: increased venous return to the right
ventricle, shifting of the interventricular septum to the left,
impaired filling of the left ventricle, reduced stroke
volume, and pulsus paradoxus (decreased systolic BP
during attempted inspiration) related to changes of trans-
mural pressure in the aorta. Initially, the hemodynamic
effects of Miiller’s maneuver prevail, leading to an abrupt
fall in sympathetic activity and a reduction of BP; later, a
progressive fall in oxygen tension and an increase in carbon
dioxide tension activate chemoreceptors and lead to a con-
comitant increase in sympathetic activity and an initial rise
of BP.%*

2. The restarting of breathing usually occurs after arousal
(owing to hypoxemia and hypercapnia) and is charac-
terized by hyperventilation and a further withdrawal of
parasympathetic activity, accompanied by a reduction in
baroreflex sensitivity. The occurrence of these changes on
the background of markedly increased sympathetic activity
leads to an abrupt increase in BP and heart rate.>*

As a consequence of the foregoing pattern, the average
values of BP and heart rate are higher in the sleep periods
between successive apneas, characterized by resumption of
ventilation, than during apnea. The difference is approxi-
mately 25 mm Hg for mean BP and 10 to 15 beats/minute for
heart rate (Fig. 11-3).%

The involvement of autonomic factors has been confirmed
by the observations that apneic episodes are associated with
signs of sympathetic excitation independent of the effects of
obesity alone.”” In patients with severe OSAS, the occurrence
of repeated and frequent apnea-related surges in sympathetic
activity may directly contribute to an increase in average
nocturnal BP levels. This may translate into the absence of
the physiologic nocturnal BP fall (nondipping) or even into a
higher mean BP level at night than during the day (reverse
dipping); in fact, both phenomena are frequently observed in
patients with OSAS, even if daytime values remain within
normal limits. OSAS may be the most important cause of
nondipping in the general population (Fig. 11-4).">%
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Figure 11-2  Acute physiologic changes during and
immediately following an obstructive apneic episode. BP,
blood pressure; HR, heart rate; PNS, parasympathetic
nervous system activity; SNS, sympathetic nervous system
activity.
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Figure 11-3  Original tracings showing the changes in
continuous noninvasive finger blood pressure (BP) at the time
of the apnea-hyperventilation cycles characterizing the
obstructive sleep apnea syndrome.

Although the acute hemodynamic effects of apnea are
easily conceivable, the mechanisms responsible for the devel-
opment of chronic hypertension and, in particular, for the
extension of high BP levels into the daytime are poorly
understood. Several possible explanations have been sug-
gested (Fig. 11-5).

Changes in Chemoreflexes, Arterial Baroreflexes,

and Sympathetic Activity

Numerous experiments performed in subjects with OSAS
provide clear evidence of the persistence of an enhanced
efferent sympathetic activity to the muscle region in humans
who also suffer from daytime OSAS; these findings are inde-
pendent of obesity, hypertension, or gender.”’ However, the
mechanisms responsible for sustained elevation of sympa-
thetic neural activity are still largely unknown. Alterations in
the chemoreflex and baroreflex control of sympathetic CV
modulation appear to be of particular importance. Indeed,
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Figure 11-4  The 24-hour systolic
and diastolic blood pressure
profiles for patients with obstructive
sleep apnea and their matched
controls. Data are given as mean =
standard error of the mean. Note
the clearly reduced nocturnal fall in
blood pressure in the patients with
obstructive sleep apnea (OSA).
Asterisks indicate times at which
the individual differences are
statistically significant. (From Davies
CWH, Crosby JH, Mullins RL, et al.
Case-control study of 24 hour
ambulatory blood pressure in
patients with obstructive sleep
apnoea and normal matched
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Figure 11-5 Main mechanisms involved in the
pathogenesis of cardiovascular disease in obstructive sleep
apnea syndromes. The role of obesity was included. BRS,
baroreflex sensitivity; ChRS, chemoreflex sensitivity; PNS,
parasympathetic nervous system activity; RAAS, renin-
angiotensin-aldosterone system activity; SNS, sympathetic
nervous system activity.

the sensitivity of chemoreflex-mediated increase in sympa-
thetic activity in response to hypoxia is enhanced in OSAS,*
whereas arterial baroreflex sensitivity is reduced during both
day and night.”

Systemic Humoral Changes

The information on possible changes in the renin-angiotensin
system in OSAS is limited and frequently conflicting. Higher
angiotensin-converting enzyme activity”> and higher aldos-
terone excretion® in patients with OSAS than in controls, as
seen in some studies, suggest that the renin-angiotensin-
aldosterone system may be involved in the pathogenesis of

control subjects. Thorax.
2000;55:736-740.)

OSAS-related hypertension. However, it is not clear whether
this involvement is merely secondary to other changes (e.g.,
sympathetic activation) or whether the system has an inde-
pendent role.

Endothelial Function and Inflammation

Studies on the pathogenesis of CV diseases including hyper-
tension have shown an important role played by generalized
inflammatory processes, paralleled by impaired endothelial
function. Such changes occur also in OSAS, probably as a
result of repeated exposure to hypoxia.

Data that support the involvement of endothelial dys-
function in OSAS include elevated levels of circulating
endothelin-1, reduction of levels of nitric oxide metabolites,
impairment of endothelium-dependent vasodilation, and
enhanced sensitivity to vasoconstrictors.’>®

An important mechanism in the pathogenesis of hypoxia-
induced endothelial dysfunction in OSAS may be increased
generation of free radicals, similar to that observed in the
oxidative stress provoked by ischemia and reperfusion.
Oxidative stress leads to a generalized inflammatory response
in other conditions as well as in patients with OSAS; ele-
vated levels of several markers of inflammation, including
C-reactive protein, tumor necrosis factor-a, and interleukin-6
have been observed.”*! The foregoing changes may lead to a
chronic increase in vascular resistance and, as a consequence,
to arterial hypertension, in parallel with an acceleration of
atherosclerosis.

Metabolic Consequences of Obstructive
Sleep Apnea Syndrome

Elevated levels of leptin, a hormone involved in the pathogen-
esis of obesity and metabolic syndrome, were repeatedly
demonstrated in OSAS, even after adjustment for body fat.*"**
Other metabolic alterations typical of the metabolic syn-
drome, such as insulin resistance, have also been observed; the
degree of these alterations correlated with the severity of
OSAS.*"* The origin of these changes is uncertain, but both



hypoxia and fragmented sleep may be involved. The epidemio-
logic association and pathophysiologic similarities between
OSAS and metabolic syndrome make some authors believe
that the former should be considered an additional element of
the latter (the so-called Z syndrome).

Impact of Obstructive Sleep Apnea Syndrome
on Central Nervous System Mechanisms

Sleep disturbance is an important source of generalized stress.
Fragmented sleep, repeated arousals, and oxygen desaturation
were shown to be among the most important determinants of
an abnormal circadian rhythm of BP.** Furthermore, frag-
mented sleep in habitual snorers is related to an increased risk
of hypertension, even in subjects without OSAS.*

CLINICAL IMPORTANCE OF
HYPERTENSION RELATED TO
OBSTRUCTIVE SLEEP APNEA SYNDROME

The investigation of the prognostic importance of OSAS is
strongly influenced by the concomitant presence of important
risk factors for CV disease, above all abdominal obesity, but
also insulin resistance, diabetes, dyslipidemia, increased sym-
pathetic activity, and worsened respiratory function.”® These
factors can hardly be accounted for in studies exploring the
prognostic relevance of OSAS, and this makes the interpreta-
tion of their results extremely difficult.

In one of the first studies on this issue, He and colleagues
not only showed an association between OSAS and CV
mortality, but also demonstrated that this association is dose
dependent. The risk of death in this study was linearly related
to the AHI, with a tendency of the slope of this relationship to
increase when the AHI was higher than 20.”” The most con-
vincing evidence on the prognostic importance of OSAS
comes from a 7-year follow-up study of a cohort of middle-

Cardiovascular
disease

Coronary
artery Cardiovascular
disease event
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aged men without diabetes or hypertension at baseline. The
risk of CV morbidity was independently increased by the
presence of OSAS (36.7% of subjects with OSAS developed
CV disease versus 6.6% of subjects without OSAS) (Fig.
11-6).*® These results were further supported by the demon-
stration of an increased CV risk in untreated patients with
severe OSAS.* When focusing specifically on particular types
of CV consequences of OSAS, associations with coronary
heart disease, heart failure, cardiac arrhythmias, and cere-
brovascular diseases were observed.’®”' Some data suggest
that OSAS may be of particular importance in predicting cere-
brovascular complications and less important in predicting
coronary events.’? A particular difficulty that affects cross-sec-
tional studies on the association between OSAS and cere-
brovascular events lies in that, in many cases, SDB occurs or
worsens after a stroke.”’ According to a recent longitudinal
cohort study, OSAS is a significant risk factor for the com-
posite outcome of death and stroke, independent of other risk
factors including hypertension and atrial fibrillation.”**

The prognostic consequences of OSAS are not equal in all
populations. The occurrence of OSAS does not appear to
influence morbidity and mortality in elderly patients.’* Some
data are available to indicate that snoring by itself can also be
a risk factor, especially in younger persons.>

Some studies have dealt with intermediate endpoints, such
as left ventricular structure and function or structural and
functional changes in large arteries. Although in some of these
studies, a relationship between OSAS and left ventricular mass
or diastolic dysfunction was seen, it appears that it was
exclusively related to hypertension and not to OSAS itself.**
Conversely, an acceleration of atherosclerotic changes in carotid
arteries was seen in patients with OSAS.>> Taken together,
these data may thus corroborate the hypothesis that OSAS is
independently associated with adverse consequences in the
cerebral (or peripheral) circulation, whereas its cardiac effects
seem to be mediated by other changes, such as hypertension.
This hypothesis requires further confirmation, however.

Figure 11-6  Incidence of
cardiovascular disease events
during 7 years of follow-up in
otherwise healthy middle-aged
men at baseline. This figure
shows the proportion of
individuals with an incidence of
cardiovascular event, coronary
artery disease, hypertension,
and overall cardiovascular
disease in those with
incompletely treated obstructive
sleep apnea (OSA), those with
efficiently treated OSA, and
those without OSA. (From
Peker Y, Hedner J, Norum J,

“Incompletely treated

Emgj\%;'&:g;é osa et al Increased incidence of
(n=15) cardiovascular disease in middle-

aged men with obstructive sleep
apnea: A 7-year follow-up.

Am J Respir Crit Care Med.
2002;166:159-165.)

Non-OSA (n=122)

(39
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MANAGEMENT OF HYPERTENSIVE
PATIENTS WITH OBSTRUCTIVE SLEEP
APNEA SYNDROME

One of the key features defining any type of secondary hyper-
tension is the observation that by treating the underlying con-
dition, BP is improved. Currently, the treatment of choice in
OSAS is the nocturnal application of either classic or modified
nasal continuous positive airway pressure (CPAP).* By
increasing pressure in the airways, CPAP prevents the collapse
of the upper airways and the occurrence of obstructive
apneas. This leads to a major reduction in the frequency of
apneas and to a disappearance of apnea-related BP and heart
rate peaks.”® A reduction in the pressor response to apneas was
also seen on the first night after CPAP suspension,’ a finding
suggesting that regular CPAP may, at least in part, reverse the
adverse changes in CV regulation caused by OSAS.

Numerous clinical studies have assessed the possible asso-
ciation between the application of CPAP in OSAS and pro-
longed arterial BP reduction. Unfortunately, some of these
studies were affected by methodologic problems, the most
important being the lack of proper control groups and
inadequate BP measurement techniques. Only a few placebo-
controlled studies are currently available, but even these do
not provide definitive answers.

In contrast to the discouraging results of studies using oral
preparations as placebo, in two analyses in which CPAP at
subtherapeutic pressures was used as a physical placebo in
control groups, significant BP reductions were demonstrated
in active treatment groups, particularly when daytime BP was
considered.””® The average reductions of BP induced by
effective CPAP in one of these studies, characterized by a
particularly long treatment time (9 weeks), were 10.0 mm Hg
during the day and 10.3 mm Hg at night (Fig. 11-7).””

Convincing evidence that treatment of severe OSAS may
be beneficial for CV risk reduction was presented in a recent
analysis of observational data. When compared with OSAS-
free subjects, the subjects with severe OSAS but no CPAP
treatment displayed a three times higher risk of CV events,
both fatal and nonfatal, even after adjustment for major risk
factors. No excess risk was seen in subjects who received CPAP
treatment, but this was the case also in a subgroup of subjects
with mild and moderate OSAS and no CPAP treatment.*

The mechanisms underlying the BP-lowering effect of
CPAP were investigated in numerous studies, most of them
focusing on changes in autonomic CV control. CPAP reduced
sympathetic and increased parasympathetic activity, increased
stroke volume and cardiac output, and decreased systemic
vascular resistance.” These changes can be mediated by an
increase in baroreflex sensitivity, but also by changes in some
non-neural mechanisms (Fig. 11-8).*" An improvement in
baroreflex sensitivity by long-lasting CPAP treatment was
shown by studies making use of spontaneous baroreflex
analysis, which allows the sensitivity of arterial baroreflex
control of heart rate to be assessed through computer analysis
of the interactions between spontaneous systolic BP fluctua-
tions and the subsequent reflex fluctuations in R-R interval
of the electrocardiogram.>”*”®° The decrease in BP and risk
reduction achieved with CPAP therapy in OSAS patients
may be also derived from an improvement in metabolic
parameters* or endothelial function.®!

Apart from CPAP, some other strategies for treating OSAS
have also been developed, including oral appliances and sur-
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Figure 11-7  Time course of mean arterial pressure (MAP)
before (closed circles) and during (open circles) treatment
with therapeutic (A) and subtherapeutic (B) nasal continuous
positive airway pressure (nCPAP). (From Becker HF,
Jerrentrup A, Ploch T, et al. Effect of nasal continuous
positive airway pressure treatment on blood pressure in
patients with obstructive sleep apnea. Circulation.

2003;107:68-73.)

gical procedures (the most popular being uvulopalatoplasty).
The efficacy of these methods is questionable, however, and
their effects on BP are being studied.

An issue of great importance is the choice of the most
suitable antihypertensive drug or drugs to be administered to
patients with OSAS and high BP. Because increased sympa-
thetic activity appears to be one of the key mechanisms, a pos-
sible benefit from the administration of adrenergic blocking
agents was hypothesized. Although some data are available
to support this hypothesis,** they do not appear sufficient to
allow definitive recommendation of this class of drugs in
treating OSAS-related hypertension, especially in light of the
possible aggravation of the metabolic changes frequently
present in patients with OSAS. Other suggestions focus on
the use of drugs that interfere with the renin-angiotensin-
aldosterone system or long-acting calcium channel blockers
belonging to the dihydropyridine subclass.

CONCLUSIONS

The evidence reviewed in this chapter emphasizes the asso-
ciation between SDB, in particular OSAS, and arterial hyper-
tension, and it provides some insight into the mechanisms
potentially involved in this association. The clinical implica-
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Figure 1-8  Top, Spontaneous
baroreflex control of heart rate
during sleep in normal subjects
(white bars) and untreated
patients with obstructive sleep
apnea syndrome (OSAS, red
bars). Asterisks indicate significant
differences between control and
OSAS groups (P < .0005).
Bottom, Effect of long-term
continuous positive airway
pressure (CPAP) on baroreflex
control of heart rate during sleep.
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tions of the demonstrated link between hypertension and
OSAS include the need for more systematic search for SDB
among hypertensive patients at the time of their diagnostic
evaluation, ranging from an accurate sleep history to per-
formance of full polysomnography when appropriate. This
demanding diagnostic approach should be considered in
obese patients with hypertension and in those hypertensive
patients who display a reproducible attenuation or disappear-
ance of the physiologic nocturnal BP reduction (i.e., “nondip-
pers”) during 24-hour ambulatory BP monitoring. Given the
potential benefits of CPAP in these patients, detection of SDB
and its adequate treatment by properly titrated CPAP could
represent important steps toward better control of BP in
hypertensive patients, in particular in patients with refractory
hypertension.

Because of the large scale of the problem in the general
population and evidence that even mild OSAS (which is
quite common) can induce a significant increase in BP, OSAS
has important implications for both clinical medicine and
public health. OSAS should be addressed much more exten-
sively by hypertension guidelines. At present, the 2003 seventh
report of the Joint National Committee merely mentions
OSAS as a potentially identifiable cause of secondary hyper-
tension,” without discussing the diagnosis and treatment
of OSAS in any detail. Moreover, the 2003 European Society
of Hypertension and European Society of Cardiology guide-
lines for hypertension management fail to address the issue
at all.**

Nocturnal
wakefulness

control of heart rate during sleep
in severe obstructive sleep apnea
syndrome. Am J Respir Crit Care
Med. 2002;166:279-286.)

Non-REM
stage 2

REM
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Chapter 12

Most patients with hypertension have essential hypertension
or well-known forms of secondary hypertension, such as
those associated with renal disease, renal artery stenosis, or
common endocrine diseases (hyperaldosteronism or pheochro-
mocytoma). Physicians are less aware of rare and unusual
forms of hypertension. These may include overestimation of
the true blood pressure (BP) because of technical problems of
BP measurement or rare diseases that usually go unrecog-
nized. In this chapter, we discuss some rare and unusual
causes of hypertension.

TECHNICAL PROBLEMS OF BLOOD
PRESSURE MEASUREMENT

The diagnosis of hypertension is based on BP measurements
with a sphygmomanometer. BP levels of 140/90 mm Hg and
higher are arbitrarily considered hypertensive, whereas BP
levels of 139/89 mm Hg or less are considered normal or
prehypertensive.! The precise diagnosis of hypertension is
based on the assumption that BP measurements are very accu-
rate and can separate 140 from 139 mm Hg. However, many
factors may affect the accuracy of office BP measurements,
and many patients may therefore be falsely labeled as hyper-
tensive or normotensive. Moreover, some technical problems
in BP measurement may give erroneously elevated BP levels
and lead to a wrong diagnosis of hypertension. We briefly
discuss some common technical problems that may increase
BP levels.

Clearly, it is a great challenge to determine BP accurately
(see Chapter 5). The accurate measurement of BP is the sine
qua non for successful management. The guidelines for BP
measurement emphasize the importance of using validated
devices that undergo periodic maintenance and calibration.>’
For example, a cuff that is too narrow or not centered or a
leaky bulb valve may increase the BP reading. Rouse and
Marshall assessed the accuracy of sphygmomanometers in
general practices.* Of 1462 sphygmomanometers, 9.2% gave
inaccurate readings by more than 5 mm Hg. These authors
concluded that because of this inaccuracy, women who are
less than 35 years old may be misclassified as hypertensive and
may receive inappropriate treatment. False BP readings may
be attributed not only to faulty equipment but also to poor
technique. If the patient’s arm is much below heart level, or if
the patient supports his or her own arm with effort, BP will
appear falsely high. A loose cuff or a bladder that balloons
outside the cuff also leads to falsely high readings.

Mejia and colleagues evaluated 15 patients with refractory
hypertension by simultaneous cuff and intra-arterial BP
measurements.” The average cuff diastolic reading was
11.4 mm Hg higher than the intra-arterial reading. Seven
patients had normal mean intra-arterial BP. Of these patients,
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three had a cuff diastolic pressure that was more than
15 mm Hg higher than the intra-arterial reading. This phe-
nomenon was called “cuff inflation hypertension” because the
marked rise of intra-arterial BP occurred during cuff inflation
and rapidly returned to baseline when the cuff was fully
deflated. This phenomenon recurred during each cuff infla-
tion and deflation. In one patient the intra-arterial pressure
increased from 132/65 mm Hg before cuff inflation to
150/90 mm Hg during inflation.

Certain groups of people merit special consideration for
BP measurement. These include the elderly, who often have
isolated systolic hypertension, and obese people, in whom the
inflatable bladder may be too small for the arm size, thereby
leading to “cuff hypertension.”®”

In some elderly patients with very rigid, calcified arteries,
more pressure in the bladder is needed to compress the
brachial artery; this gives rise to falsely high readings, a phe-
nomenon termed pseudohypertension.® The possibility of
pseudohypertension (cuff diastolic BP =15 mm Hg higher
than simultaneously determined intra-arterial pressure)
should be suspected in elderly patients who have little or no
target organ damage, despite markedly high BP readings, and
who suffer inordinate postural symptoms despite cautious
therapy. The Osler maneuver, in which the radial pulse
remains palpable after the pressure in the balloon has
occluded the brachial artery, has been suggested to identify
this entity.® However, this maneuver is not diagnostic because
of marked intraobserver and interobserver disagreement’ and
because it is frequently present in elderly people with normal
BP.'"" An automatic oscillometric recorder or finger BP
measurement may help to diagnose this entity,'" but only
direct intra-arterial reading is diagnostic.

Another common phenomenon that may lead to inaccu-
rate BP readings in elderly patients is an auscultatory gap—a
silent interval that may be present between the systolic and
the diastolic pressures. An unrecognized auscultatory gap
may lead to serious underestimation of systolic pressure or
overestimation of diastolic pressure. Cavallini and associates
evaluated 168 patients with hypertension who were otherwise
healthy and were not receiving medications.'? Classic auscul-
tatory gaps were present in 21% of the patients. Female
sex, arterial stiffness, and atherosclerotic plaques were inde-
pendently associated with the presence of auscultatory gaps.
To avoid the error caused by an auscultatory gap, it is recom-
mended first to estimate the systolic pressure by palpation,
then to inflate the cuff 30 mm Hg above the level of radial
pulse disappearance. The systolic pressure is determined when
Korotkoff sounds first appear, and the diastolic pressure is
measured when the sounds disappear. To avoid overestima-
tion of the diastolic pressure, it is necessary to confirm the
disappearance of the sounds by listening as the pressure falls
another 10 to 20 mm Hg.
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latrogenic Causes

Hypertension related to drugs and other substances represents
an important, modifiable, unnoticed source of secondary
hypertension.”” An accurate and detailed medical history
should include specific inquiries concerning foods, poisons,
and medications, such as vitamins and dietary supplements,
that patients often do not consider to be drugs and therefore
frequently omit from their history. Identification of such
substances is important because their elimination can obviate
the need for unnecessary, costly, and potentially dangerous
evaluations and treatments. When drug-induced or chemi-
cally induced hypertension is identified, discontinuation of
the causative agent is recommended."

Steroids

Hypertension occurs in about 20% of patients treated
with high doses of synthetic corticosteroids. Oral cortisol
increases BP in a dose-dependent fashion. At a dose of
80 to 200 mg/day, the peak increase in systolic pressure is
of the order of 15 mm Hg. The increase in BP is apparent
within 24 hours. The mechanism of glucocorticoid-induced
hypertension remains uncertain and seems to be multi-
factorial. Glucocorticoid-induced hypertension is more
common in elderly patients and in patients with positive
family history of essential hypertension. Certain exogenous
compounds such as liquorice, phenylbutazone, carbenoxolone,
9-a-fluoroprednisolone, and 9-a-fluorocortisol have miner-
alocorticoid activity and, when ingested in excessive quantities,
may produce arterial hypertension, characterized by increased
exchangeable sodium and blood volume, hypokalemia with
metabolic alkalosis, and suppressed plasma renin and
aldosterone levels. Prolonged use of high-dose ketoconazole
may alter enzymatic degradation of steroids and lead to
mineralocorticoid-related hypertension. Skin ointments,
antihemorrhoidal preparations, ophthalmic drops, and nasal
sprays may contain substances with mineralocorticoid activity
(9-a-fluoroprednisolone) or sympathetic amines. Their
excessive use may cause severe arterial hypertension. Discon-
tinuation of these substances is recommended to lower BP.
However, when steroid treatment is mandatory, a diuretic
is the drug of choice because volume overload is the main
mechanism by which steroids raise BP; careful monitoring of
potassium concentrations is necessary.

Sex Hormones

Oral contraceptives induce hypertension in approximately 5%
of users of high-dose pills that contain at least 50 pg of
estrogen and 1 to 4 mg of progestin, and small increases in BP
have been reported even among users of modern low-dose
formulations. Women with a history of high BP during preg-
nancy, those with a family history of hypertension, cigarette
smokers, obese, black, or diabetic women, and those with
renal disease may respond with a greater increase in BP.
Compared with women who have never used oral contracep-
tives, users of oral contraceptives have an increased risk of
development of hypertension (risk ratio, 1.8; 95% confidence
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interval, 1.5 to 2.3). However, only in a small percentage of
women can hypertension be attributed to oral contraceptive
use. The risk of hypertension decreases quickly with cessation
of oral contraceptives, and past users appear to have only a
slightly increased risk. The increased BP is usually minimal,
although severe hypertensive episodes, including malignant
hypertension, have been reported. Cessation of the oral con-
traceptive is recommended when new-onset hypertension
occurs.

Postmenopausal estrogen replacement therapy has minimal
effect on arterial pressure, and rare cases of estrogen-induced
hypertension represent an idiosyncratic reaction to this
therapy. The use of estrogen replacement therapy has been
associated with increased cardiovascular morbidity and mor-
tality, and therefore it is not routinely recommended.'*"” Men
receiving estrogen for the treatment of prostatic cancer may
also exhibit an increase in BP, but this therapy is no longer as
common as it once was. Danazol, a semisynthetic androgen
used in the treatment of endometriosis and hereditary
angioedema, has been reported to induce hypertension as a
result of fluid retention.

Anesthetics and Narcotics

Several anesthetic and narcotic agents such as ketamine
hydrochloride, desflurane, and sevoflurane may induce hyper-
tension. The simultaneous use of vasoconstrictors (felypressin)
with topical cocaine can result in severe hypertension.
Hypertensive responses to naloxone (an opiate antagonist),
especially during attempted reversal of narcotic-induced
anesthesia in hypertensive patients, have also been reported.
Naloxone seems to reverse the antihypertensive effects of
clonidine acutely and can thereby cause a hypertensive
emergency.

Drugs Affecting the Sympathetic Nervous System

Phenylephrine, a sympathomimetic agent with potent vaso-
constrictor activity, has been reported to increase BP severely
following its administration in an ophthalmic solution.
Dipivefrin, an epinephrine prodrug used topically in the
management of chronic simple glaucoma, can also increase
BP in treated hypertensive patients.

The concomitant use of sympathomimetic agents and
B-blockers can severely increase arterial pressure because of
unopposed o-adrenergic vasoconstriction. Antiemetic agents
such as metoclopramide, alizapride, and prochlorperazine
have been reported to increase BP transiently in patients
treated with cisplatin.

Yohimbine hydrochloride—an a,-adrenoceptor antagonist
that was approved for treatment of impotence—may
significantly increase BP in hypertensive patients. Glucagon
may induce severe hypertension in patients with pheochro-
mocytoma. Blocking a-adrenoceptors by either intravenous
phentolamine or oral agents such as phenoxybenzamine or
doxazosin may prevent catastrophic cardiovascular events.

Cocaine intoxication is characterized by a-adrenergic
overactivity associated with increased BP. Cocaine use is
associated with acute but not chronic hypertension.

Sibutramine is a novel serotonin and norepinephrine
reuptake inhibitor that is used as an antiobesity drug.
Sibutramine reduces food intake by enhancing the physiologic
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response of postingestive satiety and increases energy expen-
diture. By activating the sympathetic nervous system, the drug
increases heart rate and BP in obese normotensive subjects. In
obese hypertensive patients, the BP reduction achieved by
weight loss negates the potential BP increase related to the
drug. Nevertheless, obese patients treated with sibutramine
should be monitored periodically for changes in BP.'®
Clozapine is an antipsychotic agent used for schizophrenic
symptoms in patients refractory to classical antipsychotics.
This drug may raise BP by sympathetic activation. Several case
reports of pseudopheochromocytoma syndrome associated
with clozapine have been described. BP and sympathetic over-
activity were normalized on discontinuation of treatment.

Immunosuppressive Agents

Cyclosporine A, a potent, orally active immunosuppressive
drug, may induce arterial hypertension. The incidence of
cyclosporine-associated hypertension (CAH) varies with the
patient population under evaluation. The greatest experience
to date has been with patients undergoing organ transplanta-
tion, and kidney recipients represent the largest single group.
CAH is also common in patients with autoimmune disease
and dermatologic disorders. The risk of CAH is unrelated to
sex or race, but it is dose related, and it increases with age of
the patient and with preexisting hypertension or high serum
creatinine levels. Although most patients present with mild to
moderate asymptomatic BP elevation, others may rapidly
develop severe hypertension and encephalopathy. BP usually
falls after the withdrawal or substitution of cyclosporine
immunosuppression, but hypertension may not remit com-
pletely. Furthermore, it is often not possible to discontinue
therapy. Calcium antagonists have been used successfully, but
some of these agents can increase cyclosporine blood levels.
This approach can be an advantage in another way because it
decreases the required dose of expensive cyclosporine.
Multidrug therapy is usually necessary to control CAH.

Tacrolimus, another immunosuppressive agent that
inhibits calcineurin, may also induce hypertension. However,
it produces less hypertension than cyclosporine A, and there-
fore conversion to tacrolimus may be considered in patients
with CAH. Rapamycin, a novel immunosuppressive agent that
does not inhibit calcineurin, produces little nephrotoxicity or
hypertension.

Over-the-Counter Drugs

Most nonprescription anorexic agents contain combinations
of an antihistamine and an adrenergic agonist (usually phenyl-
propanolamine, ephedrine, pseudoephedrine, or caffeine). All
act by potentiating presynaptic norepinephrine release and by
directly activating adrenergic receptors. a.-Adrenergic intoxi-
cation induced by nasal decongestant and cough medications
containing massive doses of oxymetazoline hydrochloride,
phenylephrine hydrochloride, or ephedrine hydrochloride has
been reported to result in severe hypertension. Phenyl-
propanolamine is the active ingredient in most diet aids and
in many decongestant agents, and it is also used as a substitute
for amphetamine. Little if any increase in BP occurs with
standard doses of phenylpropanolamine, but the use of exces-
sive doses may result in severe hypertension.

Caffeine can acutely and transiently increase BP by
increasing peripheral resistance. The reaction to caffeine is

more pronounced in men than in women and in those with a
positive family history than in those with a negative family
history. Concomitant medications, such as monoamine oxi-
dase inhibitors, antihypertensive drugs, oral contraceptives,
and nonsteroidal anti-inflammatory drugs (NSAIDs) seem to
increase the risk of hypertension. A recent meta-analysis by
Noordzij and associates showed that regular caffeine intake
increases BP. When ingested through coffee, however, the
BP-raising effect of caffeine is small."

Antidepressant Agents

Monamine oxidase inhibitors can induce severe hypertension
when patients consume foods containing tyramine. Some
investigators have reported that monoamine oxidase inhibitors
cause a severe hypertensive reaction even without use of
concomitant medications. Among the various monoamine
oxidase inhibitors, tranylcypromine is the most hazardous,
whereas moclobemide and brofaromine are the least likely to
induce a hypertensive reaction. These drugs exert their effects
by delaying the metabolism of sympathomimetic amines
and 5-hydroxytryptophan and by increasing the storage of
norepinephrine in postganglionic sympathetic neurons.

Tricyclic antidepressants block the reuptake of the neuro-
transmitters in synapses in the central nervous system. There
are some reports that these agents increase BP, mainly in
patients with panic disorders.

Buspirone, a serotonin receptor type la agonist, has also
been reported to increase BP. It is speculated that buspirone
increases BP by its metabolite, 1-2-pyrimidinyl piperazine,
which is an a,-adrenoceptor antagonist, and therefore should
not be used concomitantly with a monamine oxidase inhibitor.
A small but sustained and dose-dependent increase in BP
seems to occur with other serotonin agonists as well.
Venlafaxine has a dose-dependent effect on BP that is clini-
cally significant at high doses. Episodes of severe hypertension
were described in patients treated with other antidepressant
agents such as fluoxetine, fluoxetine and selegiline in combi-
nation, and thioridazine.

Antineoplastic Agents

Several alkylating agents can increase BP. In one series, 15 of
18 patients treated with multiple alkylating agents following
autologous bone marrow transplantation developed hyper-
tension. Hypertensive reactions associated with paclitaxel
treatment have been reported.

Recombinant Human Erythropoietin

Recombinant human erythropoietin (r-HuEPO) has revolu-
tionized the treatment of anemia in patients with renal failure,
both in the predialysis phase and the postdialysis phase.
Not only does this treatment improve well-being, but also it
positively influences cardiac function and permits cardiac
hypertrophy to regress. r-HuEPO can lead to an increase in BP
that appears to be dose related. Systemic hypertension has
been reported to develop, or to worsen, in 20% to 30% of
patients treated with r-HuEPO worldwide. The greatest
increases in BP affect daytime systolic and nighttime diastolic
BP. Hypertension may develop in some patients as early as
2 weeks, and in others as late as 4 months, after the start of
r-HuEPO treatment.



Hypertension has not proved to be a serious general
problem in patients treated with r-HuEPO; however, a
few cases of hypertensive crisis with encephalopathy have
been reported. Several risk factors for the development, or
worsening, of hypertension after r-HuEPO therapy have been
identified. They include the presence of preexisting hyperten-
sion, a rapid increase in hematocrit, a low baseline hematocrit
before r-HUEPO administration, high doses and intravenous
route of administration, the presence of native kidneys,
a genetic predisposition to hypertension, and possibly a
younger age. There are several potential mechanisms by which
r-HuEPO therapy may increase BP in hemodialysis-treated
patients. These mechanisms include increased blood viscosity,
the loss of hypoxic vasodilation, the activation of neuro-
humoral systems (catecholamines, the renin-angiotensin
system), and especially a direct vascular effect. This last
mechanism is supported by several sets of data, and many
factors may be involved in its pathogenesis (increased cell
calcium uptake; imbalance in local vasoactive agents, with
increased synthesis of endothelin-1; a mitogenic effect; or a
platelet-dependent mechanism). By optimizing dialysis treat-
ment, paying close attention to volume regulation, and
administering r-HuEPO subcutaneously and in a fashion to
increase hematocrit gradually, the occurrence of BP increases
can be minimized.

Hemodynamically, r-HuEPO increases BP by a marked
increase in peripheral resistance associated with only a mild
decrease in cardiac output. The hypertension associated with
r-HuEPO has not generally been too difficult to control. In
one study, 42% of patients with r-HuEPO-induced hyperten-
sion had their BP controlled with a single agent. Fluid removal
with dialysis is also helpful. If these measures are unsuccessful,
the dose of r-HuEPO should be lowered, or therapy should be
held for several weeks. Phlebotomy of 500 mL of blood may
rapidly lower BP in patients with refractory hypertension. In
the past several years, patients with mild chronic renal
insufficiency and anemia have been receiving r-HuEPO to
raise their hemoglobin levels. The drug is often associated
with an increase in BP and increases the need for additional
antihypertensive therapy. In general, these patients feel better,
and the benefit of a higher hematocrit appears to outweigh the
additional drugs required to reach their target BP.

Bromocriptine

Bromocriptine mesylate is commonly used for prolactin
inhibition and for suppression of puerperal lactation.
Although bromocriptine often has a hypotensive effect, severe
hypertension with subsequent stroke has been reported in the
postpartum period. Patients with pregnancy-induced hyper-
tension are at increased risk to develop hypertension. The use
of bromocriptine for suppression of lactation is no longer
approved by the Food and Drug Administration.

Disulfiram

Disulfiram is commonly used as a pharmacologic adjunct in
the treatment of alcoholism. Administration of 500 mg/day of
disulfiram for 2 to 3 weeks has been reported to increase BP
slightly. A low dose of 125 mg/day of this agent may also
increase BP. It seems that changes in peripheral or central
noradrenergic activity are responsible for the increase in
arterial pressure.
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Alcohol

Excessive alcohol use has clearly been shown to raise BP and
can also increase resistance to antihypertensive therapy. The
BP effects of alcohol are independent of obesity, salt intake,
cigarette smoking, and potassium intake. A dose-response
relationship exists for the hypertensive effects of alcohol.
Moderation of alcohol intake in those who drink excessively is
recommended as part of the initial management for patients
with hypertension. A reasonable approach is to limit daily
alcohol consumption to no more than approximately 2 oz of
alcohol for men and 1 oz for women.

Nonsteroidal Anfi-inf/ammafory Drugs

NSAIDs can induce an increase in BP and can interfere with
antihypertensive treatment, often by nullifying its effect. Two
meta-analyses demonstrated that, after pooling data drawn
from published reports of randomized trials of younger
adults, the use of NSAIDs produced a clinically significant
increment in mean BP of 5 mm Hg. Elderly patients, those
with preexisting hypertension, salt-sensitive patients, patients
with renal failure, and patients with renovascular hyperten-
sion are at a higher risk to develop severe hypertension when
they are treated with NSAIDs. The mechanisms whereby
NSAIDs raise BP are not fully understood. Inhibiting the
intrarenal synthesis of prostaglandins from arachidonic acid
via cyclooxygenase (COX)-1 and COX-2, the two isoforms of
COX, is probably the main mechanism of action. Interference
with both the control of vascular resistance and the regulation
of extracellular volume homeostasis has been incriminated,
but several other putative mechanisms such as moderation of
adrenergic activity or resetting of the baroreceptor response
may also be involved. NSAIDs may interact with some
antihypertensive agents such as diuretics, p-blockers, and
angiotensin-converting enzyme inhibitors, but they do not
interact as strongly with calcium antagonists, a-blockers, and
centrally acting drugs. NSAIDs vary considerably in their
effect on BP. In a recent meta-analysis, Aw and colleagues
showed that selective COX-2 inhibitors increased BP slightly,
but not significantly more than the nonselective agents,®
but significant inhomogeneity exists across the three COX-2
selective agents. Patients receiving celecoxib experience less
increase in BP compared with those receiving rofecoxib,
whether compared in head-to-head trials, in meta-analyses
against placebo, or against nonselective NSAIDs."” A recent
study by Sowers and associates showed that treatment with
rofecoxib, but not celecoxib or naproxen, induced a significant
increase in 24-hour systolic BP.*! It is wise to balance the risk
of an increase in BP against the expected benefit of treatment
with an NSAID. In patients who take NSAIDs, calcium
antagonists would appear to be preferred to other antihyper-
tensive agents.

Heavy Metals

Several studies show that cumulative exposure to lead, even at
low levels sustained by the general population, may increase
the risk of hypertension. Some studies suggest that arsenic
exposure also may induce hypertension in humans. Several
studies suggest that cadmium exposure may increase BP.
However, in a recent study, environmental exposure to
cadmium was not associated with higher conventional BP or
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24-hour ambulatory BP measurements or with an increased
risk for hypertension.

Scorpion and Black Widow Spider Venom

The venom of scorpions (especially South American species)
and of black widow spiders commonly produces a clinical
picture of profuse perspiration, lacrimation, vomiting, con-
vulsion, and cardiovascular collapse. However, hypertension
and bradycardia occur occasionally. Hypertension is mediated
by a massive discharge of catecholamines into the circulation
produced by the venom, and B- or a-blockade is therefore
effective in this condition.

Amphotericin B

Amphotericin B remains the mainstay of therapy for serious
fungal infections. A few cases of severe hypertension asso-
ciated with the use of amphotericin B deoxycholate have been
reported in the literature, and recently one case report of
hypertension associated with a lipid-containing preparation
of the medication has been described.

Antiviral Treatment in Human Immunodeficiency
Virus Infection

One case report of severe hypertension and renal atrophy asso-
ciated with the protease inhibitor indinavir has been described.
Hypertensive crisis secondary to phenylpropanolamine inter-
acting with triple-drug therapy for human immunodeficiency
virus prophylaxis has also been reported. In addition, potential
drug interactions exist between antiretroviral medications,
particularly the protease inhibitors, and antihypertensive
medications.”

Coarctation of the Aorta

Coarctation of the aorta is a constriction of the lumen of aorta
located most commonly near the ligamentum arteriosum and
the origins of the left subclavian artery. This lesion makes up
approximately 7% of all cases of congenital heart disease.”
Hypertension with weak or absent femoral pulses in a young
person is the most common presentation. Other common
signs include the presence of a systolic murmur over the
anterior chest, bruits over the back, and visible notching of
the posterior ribs on a chest radiograph. Symptoms may not
be present until late in life. Coarctation may be associated
with other congenital heart diseases. Atypical aortic coarcta-
tion in adults most likely represents Takayasu’s arteritis, or
pulseless disease, which usually affects the aortic arch and may
also involve the descending aorta.”* Two-dimensional
echocardiography with Doppler interrogation is usually used
to confirm the diagnosis. Computed tomography or magnetic
resonance angiography can also be used to confirm the diag-
nosis. Before the advent of effective surgery, the mean age of
death was 34 years,25 and the usual cause of death was heart
failure, aortic dissection or rupture, endocarditis, endarteritis,
or intracranial hemorrhage. Surgical correction or percuta-
neous balloon dilatation angioplasty is currently used to
repair the coarctation. BP may paradoxically increase imme-
diately after surgical correction, but this rise is usually tran-
sient.”® The long-term outcome of patients after coarctation

repair is certainly better than it is for those who do not
undergo repair, but survival after surgery is less than in the
general population.”’” Late complications include hyperten-
sion in as many as 70% of patients 30 years after surgery,
recoarctation, aortic aneurysm formation and rupture,
sudden death, ischemic heart disease, heart failure, and cere-
brovascular accidents. Because of the late complications,
careful follow-up is required.

Hormonal Disturbances

Cushing’s Syndrome

Cushing’s syndrome is chronic glucocorticoid excess, with
various causes, that typically produces hypertension. The
pathogenetic mechanisms of Cushing’s syndrome can be
divided into those dependent and those not dependent on
corticotropin (formerly adrenocorticotropin or adrenocorti-
cotropic hormone). The most common form, which is termed
Cushing’s disease and accounts for 60% to 80% of cases
in most series, is generally the result of overproduction of cor-
ticotropin from a pituitary adenoma, in most cases a
microadenoma (<1 cm in diameter).”® Hyperplasia of pitu-
itary corticotrophs has been described in a minority of
patients in whom no tumor could be found.*®** Stressful life
events have been shown to have a pathogenic role in hypothal-
amic-pituitary forms of Cushing’s syndrome.”

Ectopic production of corticotropin may derive from
several types of tumors.* > Most patients with ectopic corti-
cotropin syndrome have small cell lung carcinoma. Plasma
corticotropin concentrations in these patients are extremely
high, and therefore hyperpigmentation, hypertension, edema,
hypokalemia, weakness, and glucose intolerance are generally
present. However, the typical Cushing’s habitus is not present
in many cases, whereas anorexia, weight loss, and other signs
of malignant disease are common. Other cases of ectopic pro-
duction of corticotropin result from more indolent tumors,
such as bronchial, thymic, and pancreatic carcinoids. Patients
with this form of Cushing’s syndrome have characteristics
typical of Cushing’s disease.”® Most ectopic tumors are
benign, and some are so small that they are difficult to locate
even with sophisticated morphologic procedures. Forms of
autonomous adrenal hyperfunction include adrenocortical
adenomas or carcinomas and the rarer primary nodular
adrenal hyperplasia. Adrenal masses discovered by imaging
studies for unrelated reasons (incidentalomas) are almost
always nonhyperfunctioning adrenocortical adenomas. Their
natural history is still under investigation; however, a few such
lesions evolve toward overt Cushing’s syndrome.” Finally,
iatrogenic or factitious Cushing’s syndrome may be rarely
associated with exogenous administration of corticotropin.
Long-term treatment with glucocorticoids (e.g., dexametha-
sone or prednisone) or, in rare cases, with megestrol acetate
may produce clinical features of hypercortisolism.

Hypertension is present in approximately 80% of patients
with Cushing’s syndrome and is the result of one of several
mechanisms. These include a sodium-retaining action of
cortisol, through binding to either mineralocorticoid recep-
tors® or nonreceptor mechanisms, increased production of
mineralocorticoids (usually noted in patients with adrenal
tumors), reduced activity of various vasodepressor mecha-
nisms, in particular endothelial nitric oxide,” increased levels



of renin substrate, and an increased responsiveness to various
pressors. Some other mechanisms may also be involved,
including an increase in erythropoietin.”

Certain features, such as weakness associated with proximal
muscle wasting, skin atrophy, easy bruising after minor
trauma, extensive ecchymoses, purple striae produced by the
rapid enlargement of the trunk and abdomen, hypertension,
and psychological changes, strongly suggest hypercortisolism.
Some patients present with only isolated symptoms, and even
the most common findings, such as truncal obesity and
hypertension, may be absent in some cases.’*’

Biochemical abnormalities associated with hypercorti-
solism include neutrophilic leukocytosis, hyperglycemia,
hypokalemia, hypercholesterolemia, and a hypercoagulable
state.”! For screening of hypercortisolism, a urinary free cor-
tisol assay and an overnight 1-mg dexamethasone suppression
test are suggested. The sensitivity of urinary free cortisol is
95% to 100%, and the specificity is 94% to 98%. Because of
the variability of cortisol secretion from day to day, three
24-hour urine collections are required. Urinary free cortisol
measurements may be less accurate in diagnosing patients
with renal failure and low glomerular filtration rate
(<30 mL/minute). The dexamethasone suppression test that
uses a single 1-mg dose at midnight, after which the plasma
cortisol concentration is measured at 8 AM the next day, has
a sensitivity of 98%.*" A level of less than 5 pg/dL essentially
excludes Cushing’s syndrome. False-positive results are seen in
approximately 10% of patients who do not have Cushing’s
syndrome, especially obese patients or patients with endoge-
nous depression, alcoholism, psychological stress, high con-
centrations of corticosteroid-binding globulin, glucocorticoid
resistance, decreased absorption of dexamethasone; those
taking drugs that stimulate enzyme activity in the liver; those
presenting with abnormal cortisol metabolism; and those
unable to follow directions. False-negative tests can occur in
chronic renal failure and in hypothyroidism. When the
screening test is positive, further evaluation should be done,
first to confirm the diagnosis of Cushing’s syndrome and
second to identify the cause of the syndrome. To confirm the
diagnosis, a low dose of 0.5 mg dexamethasone every 6 hours
for 2 days should be given, and plasma cortisol should be
measured 6 hours after the last of the eight doses. If plasma
cortisol is higher than 5 ug/dL or urinary cortisol is higher
than 10 ug/day, the diagnosis of Cushing’s disease is nearly
always confirmed. In hospitalized patients, a single blood cor-
tisol measurement taken from an indwelling catheter during
sleep at midnight indicates the presence of Cushing’s syn-
drome when values are greater than 5 pg/dL with a sensitivity
of 100%." An increase in plasma cortisol and corticotropin in
response to intravenous administration of the vasopressin
analogue, desmopressin, suggests the diagnosis of pituitary-
dependent Cushing’s disease.

Once Cushing’s syndrome has been diagnosed, the
anatomic cause needs to be determined accurately to
guide therapy. To distinguish corticotropin-dependent from
corticotropin-independent hypercortisolism, corticotropin
can be measured. Concentrations lower than the limit of
detection indicate autonomous adrenal hyperfunction. In
pituitary and ectopic sources of the hormone, the plasma cor-
ticotropin levels are usually high. The levels are extremely high
in patients with an ectopic source, especially in small cell lung
carcinoma. The high-dose dexamethasone suppression test,
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together with the corticotropin-releasing hormone stimula-
tion test, is the most useful in distinguishing pituitary from
ectopic corticotropin-dependent Cushing’s syndrome. Most
pituitary but not ectopic corticotropin-secreting tumors have
corticotropin-releasing hormone receptors and show exag-
gerated corticotropin and cortisol responses to corticotropin-
releasing hormone administration. For localization of pituitary
or ectopic corticotropin-producing tumors and adrenal
masses, computed tomography and magnetic resonance
imaging scans of the pituitary and the adrenal are helpful. The
finding of an incidental adrenal mass does not necessarily
means adrenal hyperfunction; conversely, a normal pituitary
gland on scanning does not exclude Cushing’s disease because
40% to 50% of the pituitary tumors are so small that they are
not recognized.

The choice of therapy depends on the cause of the syn-
drome. For pituitary tumors, transsphenoidal microsurgical
removal of pituitary tumors has become the treatment of
choice. If the syndrome recurs and the patient is not a suitable
candidate for reoperation, pituitary irradiation is appropriate.
For adrenal tumors, or ectopic tumors that cannot be
resected, removal of the adrenal gland or glands may be
helpful. Various drugs that act at the hypothalamic-pituitary
level or on adrenocortical steroid synthesis or at the receptor
level may be used in certain cases.*’

Until definitive therapy is provided, the hypertension
should be treated with antihypertensive agents. Because excess
fluid volume is the main mechanism, a thiazide diuretic in
combination with an aldosterone antagonist is an appropriate
initial choice.

Hypothyroidism

Hypothyroidism may be associated with diastolic hyper-
tension. Streeten and colleagues found diastolic hypertension
in 16 of 40 (40%) patients who became hypothyroid after
radioiodine treatment for hyperthyroidism.”” The same
authors also diagnosed hypothyroidism in 3.6% of 688
patients with newly diagnosed hypertension. Hypertension
was resolved by thyroid hormone replacement therapy in one
third of the patients. In contrast, Bergus and associates found
no association between hypothyroidism and diastolic hyper-
tension.** The mechanism by which hypothyroidism may
increase diastolic BP is not clear. Biondi and associates showed
that patients with hypothyroidism tend to have impaired car-
diac diastolic relaxation and decreased contractility, thereby
leading to low cardiac output.* To maintain tissue perfusion
in the setting of low cardiac output, peripheral resistance
increases by a combination of increased responsiveness of
a-adrenergic receptors and increased levels of sympathetic
nervous system activity.® This compensatory increase in
peripheral resistance tends to raise diastolic more than systolic
BP, as usually seen in hypothyroidism.*’

Hyperthyroidism

Patients with hyperthyroidism tend to have elevated systolic
and low diastolic BP as a result of high cardiac output and
reduced peripheral resistance.”® The isolated systolic hyper-
tension and tachycardia in hyperthyroidism generally respond
well to B-blockers?” while one waits for the definitive treat-
ment of the disease to be effective.
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Hyperparathyroidism

Hypertension is common in patients with primary hyper-
parathyroidism.*’ Patients have increased arterial stiffness and
impaired endothelium-mediated vasodilatation that may
cause elevated BP°**! The relationship between hyperparathy-
roidism and hypertension is not so clear, however, because
hypertension usually does not recede after surgical treat-
ment.”> Moreover, no correlation was found between BP and
either serum calcium or parathyroid hormone levels in 194
patients with primary hyperparathyroidism.”> Therefore,
hypertension is not an indication for surgery for otherwise
asymptomatic hyperparathyroidism. Thiazide diuretics
should be avoided in these patients because these drugs may
cause or exacerbate hypercalcemia. If a diuretic is required,
furosemide can be used safely, because it causes hypocalcemia
and hypercalciuria.

Acromegaly

Acromegaly is a clinical condition caused by chronic growth
hormone (GH) hypersecretion. In the majority of cases, excess
GH is produced by a pituitary adenoma. Secondary pituitary
hyperplasia induced by excess GH-releasing hormone secreted
from the hypothalamus or an ectopic source can also be
responsible for excess GH production, but this is a very rare
cause of acromegaly.”* Acromegaly is rare, with an annual
incidence of about 3 per million and a prevalence of about 40
per million.”>*® The diagnosis of acromegaly should be based
on elevated serum levels of a specific immunoreactive peptide,
insulin growth factor-I (IGF-I), and on the lack of GH sup-
pression during an oral glucose tolerance test. Excess GH
secretion before puberty leads to increased height and gigan-
tism. After cessation of bone growth, the characteristic clinical
features include enlargement of the distal parts of the skeleton
such as the ears, nose, jaw, fingers, and toes, together with soft
tissue overgrowth. In the largest series of patients with
acromegaly, 98% had acral growth and coarsened facial
features, and 90% had soft tissue swelling. The excess GH also
stimulates excessive growth of other tissues, thus causing
organomegaly and multiple symptoms, including excessive
respiration, headache, visual field impairment, peripheral
neuropathy, paresthesias, osteoarthritis, and impotence.””
Hypertension is an important complication of acromegaly
that contributes to the increased morbidity and mortality seen
in this condition. The prevalence of hypertension in acrome-
galic patients ranges from 18% to 60% in different clinical
series,” with a mean prevalence of approximately 35%. This
wide range may result from the different criteria used to
define hypertension and the different techniques used for
measuring BP (conventional sphygmomanometer versus
24-hour ambulatory BP monitoring). In one series, hyperten-
sion was more common in acromegalic patients than in
controls, and BP fell significantly in female patients after
successful surgical treatment.’® In a Japanese series, 37.5% of
patients with acromegaly were hypertensive, a much higher
prevalence than the general population in Japan.* In the
largest series (500 patients), half of patients were hypertensive
or were taking antihypertensive drugs.”” The prevalence of
hypertension is lower in all studies reported so far when the
definition is based on 24-hour ambulatory BP monitoring,
rather than office BP readings: 17% versus 42%°' or 40%

versus 56%.%" Patients with acromegaly exhibit an impaired
nocturnal BP fall and are more likely to be nondippers than
controls.®’®* The cause of hypertension in acromegaly
remains unclear, and several mechanisms may be involved;
sodium retention and volume expansion are common.
Clinical and experimental studies suggest either an indirect,
systemic mechanism underlying the GH-induced and IGF-
I-induced tubular sodium and water absorption or a direct
effect of GH or IGF-I on renal tubular handling of sodium.
However, the mechanisms underlying the antinatriuretic
action of GH excess are not fully understood. A direct
activation of distal tubular sodium channels by IGF-I has been
suggested. Some data indicate that the renin-angiotensin-
aldosterone system (RAAS) is stimulated by GH and IGF-I in
rats, in physiologically normal humans, and in acromegalic
patients, but others show little change in RAAS activity during
GH administration.®® It seems that plasma renin activity is
less suppressed than would be expected, given the sodium
retention in this disease. Some of this may result from
increased prolactin levels, which could stimulate the secretion
of aldosterone.® Karlberg and Ottosson found low renin
concentrations, with an inappropriately elevated aldosterone
levels, in 16 of 24 acromegalic patients.” These observations
suggest that aldosterone secretion is not suppressed and is not
related to concomitantly obtained plasma renin levels.””®
Reduction in atrial natriuretic peptide by GH and IGF-I may
also contribute to the reduced natriuresis seen in patients with
acromegaly.”” Acromegaly is often associated with metabolic
disorders, such as diabetes mellitus, impaired glucose toler-
ance, insulin resistance, and hyperinsulinemia. Hyperinsu-
linemia causes sodium and water retention, activation of
the sympathetic nervous system, activation of the RAAS, and
vascular hypertrophy, thereby leading to hypertension. The
evidence for overactivity of the sympathetic nervous system
is equivocal, but the normal nocturnal fall in norepinephrine
levels and BP is blunted in acromegalic patients. Normaliza-
tion of circadian sympathetic activity and BP profile was
achieved in patients whose acromegaly was completely
cured.”” Sleep apnea may contribute to the absence of a
nocturnal BP fall in acromegaly, as it does in persons without
acromegaly. Because sleep apnea occurs in 60% to 75% of
acromegalic patients, it may constitute an important risk
factor for hypertension and cardiovascular morbidity in this
disease.”! Hemodynamically, cardiac output is increased in
patients with acromegaly, compared with age-and sex-
matched controls.”” The increased output reflects increases in
both heart rate and stroke volume. Augmented peripheral
blood flow causing increased cardiac output may also be a
factor in the development of hypertension in acromegaly.””
Hypertension may accelerate cardiomyopathy in patients with
acromegaly and therefore should be identified and treated
appropriately.
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Chapter 13

The Natural History of Untreated

Hypertension
William J. Elliott

One of the great triumphs of preventive medicine since the
1880s has been the recognition of elevated blood pressure
(BP) as a “strong, graded, and independent risk factor” for
adverse cardiovascular (CV) outcomes (including coronary
heart disease [CHD], stroke, renal failure, and CV death),
which was followed by development of effective and well-tol-
erated drug therapies for this condition that significantly
reduce these risks.' The purpose of this chapter is to review
the important, albeit generally older, information from epi-
demiologic studies and clinical trials that led to the clear and
inescapable conclusion that elevated BP is associated with
adverse CV and, perhaps to a lesser degree, renal outcomes.
The framework of the discussion is shown in Figure 13-1,
which broadly characterizes the progression of prehyperten-
sion to hypertension to target organ damage to adverse
clinical events and finally to death. These issues are covered in
reverse order of their usual chronology in human patients.

CAUSES OF MORTALITY IN
HYPERTENSIVE PATIENTS

Elevated BP was recognized as an important risk factor for
all-cause mortality even before it could be accurately and
objectively measured. It took less than 20 years from the devel-
opment of the Korotkoff method of indirect BP measurement
to publications linking elevated BP measurements to excess
mortality.” Early analyses by the life insurance industry
showed a clear-cut relationship between BP and the risk of a
payout related to death.” Even today, age and BP are the two
most important determinants of the premiums that will be
paid by a person seeking a life insurance policy.* The medical
profession, however, was far behind the business community
in recognizing the importance of lowering elevated BP.
Despite reports from several centers that the administration
of antihypertensive drugs to individuals with diastolic BPs
higher than 130 mm Hg reduced morbidity and even mor-
tality,™® the widely held view into the late 1960s was that
lowering the BP did not affect the unknown underlying
reasons for the vascular complications that followed it and
therefore could not be recommended.” Only in 1971 were
sufficient outcomes data available from the Pooling Project of
the Council on Epidemiology of the American Heart
Association that showed a significant risk for mortality and
morbidity for persons with diastolic BPs between 90 and
114 mm Hg.? Controversies surrounding the rationale and
early development of antihypertensive therapy, from the per-
spective of a person who was prominent in this battle, are
nicely summarized in a book by Marvin Moser, MD.’

Ultimately, mortality is the final event in the natural his-
tory of all diseases, so it is perhaps simplest to consider the
various causes of death in large populations and to compare
the life span and reasons for mortality among hypertensive
and nonhypertensive persons. Unfortunately, this is difficult,
both because of the very long duration of follow-up required
for any large cohort and because hypertension is a major risk
factor for other clinical events and diseases that are more
commonly recognized as an immediate and/or direct cause
of death. It is seldom simple to estimate the proportion of
deaths, for example, from heart disease or stroke that can be
directly attributed to preexisting hypertension. As a result,
vital statistics data typically very much underestimate the true
risk for death that is attributable to hypertension. Projections
from the World Health Organization suggest that hyperten-
sion will increase in importance worldwide during the first
half of the 21st century, even though it is currently the
number 1 cause of preventable death.'’ In the year 2025, an
estimated 1.56 billion hypertensive people are expected to
inhabit the Earth (giving a prevalence of hypertension of
~29.2%), a 60% increase from the year 2000, when the global
prevalence was only 26.4%."" Most persons who will become
hypertensive over the next 20 years are expected to be residents
of economically developing countries, not the developed
countries where hypertension is already so prevalent.

Unfortunately, few population-based reports indicate
causes of death among only hypertensive people. Even if these
did exist, however, their interpretation would be challenging.
It is much more likely that death may be significantly post-
poned when and if BP is lowered than that the ultimate cause
of death would be changed. Thus, recent vital statistics data
indicating that heart disease has remained the number 1 killer
of U.S. citizens since 1918,'* despite dramatic improvements
in population-based estimates of BP awareness, treatment,
and control, are consistent with this hypothesis."* So, too, is
the finding that age-adjusted stroke and CHD mortality rates
have decreased by about 60% and 50%, respectively, since the
National High Blood Pressure Education Program began in
the United States in 1972."° The second, and perhaps most
important, challenge to the interpretation of vital statistics
information derived from death certificates is that hyperten-
sion is seldom listed as a “significant contributing cause of
death,” even when the immediate cause is clearly related to
hypertension (e.g., stroke). Thus, data derived from death
certificates are seldom a reliable measure of the attributable
risk associated with risk factors such as hypertension.

It is nonetheless interesting to examine the existing data,
despite these caveats. In the Prospective Studies Collaboration,
mortality data from 958,074 people without a history of prior
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CV disease enrolled in 61 observational studies were broken
down by age and BP, appropriately corrected for regression-
dilution bias."* During a variable duration of follow-up
(average, 13.3 years), 122,716 deaths were reported. Because
many of these studies were started when the threshold value
for diagnosis of hypertension was higher than it is today (e.g.,
160/95 mm Hg), it was not possible to do analyses restricted
to a prior diagnosis of hypertension. Nonetheless, there was
approximately a twofold higher risk of death, either from
stroke or from ischemic heart disease, for every 20/10 mm Hg
increase in usual BP. Systolic BP was a better predictor than
diastolic BP for death from either heart disease (93% versus
73%, respectively) or stroke (89% versus 83%, respectively),
whereas pulse pressure was not predictive (43% for heart
disease, 37% for stroke). The total number of deaths from
stroke was 11,960 (or ~10% of the total). Ischemic heart
disease accounted for 34,283 deaths (~28% of the total), and
a further 10,092 deaths were attributed to other vascular
causes (or ~8% of the total). About 50% of the deaths were
attributed to non-CV causes, and the remaining 4% of
the deaths had unknown causes. These data, which are sur-
prisingly similar to recent U.S. vital statistics data,'* suggest
that ischemic heart disease kills about three times more
people (with and without hypertension) than stroke and
about four times more people than other vascular diseases.
However, some of the data in the Prospective Collaborative
Studies compilation were derived from populations and eras
in which antihypertensive drug therapy was available. This is
likely to have had a disproportionate effect on these end-
points, with a larger reduction in stroke deaths than other
causes. These data therefore hint that, in a large collection of
data from around the world, hypertensive patients die more
commonly of heart disease than of stroke or other vascular
diseases. The number of individuals from minority popula-
tions in these studies is small, however; vital statistics and
other data from blacks (including African Americans and

Australian Aboriginals) indicate that this rank ordering of
events may be different in specific populations.

In several very early cohort studies conducted before anti-
hypertensive drug therapy was available, this conclusion can
also be corroborated. One of the first reports of mortality
associated with BP was that of Theodore Caldwell Janeway,
who became Sir William Osler’s successor as Chair of
Medicine at Johns Hopkins in Baltimore.” Janeway and his
father practiced medicine and cardiology in New York City for
nearly 30 years. From 1903 to 1912, he measured BP objec-
tively using a mercury column and a cuff around the arm in
9208 new patients in his private consulting rooms. Using
painstaking cataloging methods that were unusual for the day,
Janeway determined that 212 “hypertensive” patients died
during the 9 years: 33% from heart disease, 14% from stroke,
23% from renal failure, and 30% from non-CV causes.
Despite the relatively small number of deaths and the lack of
modern statistical tools, he concluded that systolic BP was a
strong predictor of cardiac and CV death. Very similar results
were reported by Henry A. Christian at Harvard University in
Cambridge, Massachusetts, and others in 1926." A 50-year
follow-up of 293 elderly hypertensive patients showed a some-
what higher proportion dying of heart disease (45%),'° but
this figure was quite similar to that found in a series of 144
hypertensive Australians (41%)."” Putting these and other
observations together suggests that, in the era before anti-
hypertensive therapy, heart disease accounted for about
39% + 6% (weighted average * standard deviation) of deaths
in hypertensive people, stroke was responsible for 21% + 9%,
renal failure for 14% + 8%, and other diseases for 25% + 8%.

Two investigators followed the clinical course of a large
number of hypertensive patients for 20 to 50 years, before the
advent of antihypertensive therapy; these may be the least
confounded studies of the natural history of hypertension,
even if they are very old. In a series of 500 consecutive hyper-
tensive patients in the United States (150 from before the



onset of hypertension, and 350 from an early stage of hyper-
tension, without target organ damage), Perera reported that
most of these patients developed cardiac complications.'®
Although their mean age at diagnosis was only 32 years, over
20 years of average follow-up, 59% to 74% developed left
ventricular hypertrophy (LVH), as assessed by electrocardio-
gram or chest radiograph, respectively, after which they lived
only 6 or 8 more years on average. Fully 50% of these patients
developed heart failure, which was followed by death after
only 4 years. Only 16% developed angina pectoris, but its
onset was followed by a mean survival time of only 5 years.
These relatively young patients with hypertension had a
very abbreviated life span; they typically died of complications
of hypertension in their early 50s. During 50 years of
follow-up of 271 men and 629 women with an initial BP of
160/100 mm Hg or higher, Bechgaard noted excessive mortality
(mostly resulting from cardiac complications, particularly
among the men) during the first 10 years, after which survival
was similar to that expected for their age.'® Even in individuals
whose BPs were not quite so high at presentation, the prognosis
was generally poor, with premature stroke and heart disease
killing most of these patients in their late 40s or early 50s."

Even before effective antihypertensive therapy became
available, the causes of death among hypertensive people
differed according to the severity of the hypertension, as well
as the degree of target organ damage present at diagnosis.
Perhaps the most striking example of the early work in this
area came from the Mayo Clinic, where the Keith-Wagener-
Barker classification of hypertensive retinopathy had pre-
viously been developed.? In 1950, of 100 patients seen there
with grade IV Keith-Wagener-Barker fundi, 59% died of renal
failure (as opposed to 22% with heart disease), whereas there
was a graded increase in deaths from heart disease (from 28%
to 46% to 52%) from grade I to grade II1.*' Of greater impor-
tance than how they died, however, were the differences in
how quickly death occurred: those with grade IV fundi had a
median survival time of about 6 months, with each lower
grade having progressively longer median survival (16 versus
64 versus >90 months for grades III versus II versus I, respec-
tively).? These data have their greatest implication for the
prognosis associated with various levels of target organ
damage, as discussed later.

ADVERSE CARDIOVASCULAR AND
RENAL EVENTS IN HYPERTENSIVE
PATIENTS

Many adverse CV and renal events are more commonly found
among hypertensive than normotensive people; the major
events are listed in Figure 13-1. Unfortunately, not all these
adverse events have been shown to be significantly reduced by
antihypertensive therapy (e.g., aortic aneurysm), and not all
have been linked to hypertension in studies of the general
population (e.g., epistaxis). Consideration in this chapter is
given to the four with the greatest public health implications:
ischemic heart disease, stroke, heart failure, and renal failure.

Ischemic Heart Disease

Even after the advent of effective antihypertensive drug
therapy, ischemic heart disease ranks as the most common

The Natural History of Untreated Hypertension

major consequence of hypertension in the general population.
There is little doubt from many epidemiologic studies done all
over the world that elevated BP is strongly related to eventual
development of ischemic heart disease, but the absolute risk of
developing it depends on geography,” as well as age, and on
the absence or presence (and severity) of other CV risk factors
(see Chapter 16). Contrary to popular belief, only about 5% to
20% of individuals who present with incident CHD were
completely free of CV risk factors in the past.*»* Of all the
risk factors, hypertension has the greatest population-wide
prevalence, even in countries where it is not the risk factor
with the greatest attributable risk for CHD.'"*® Attribution of
risk for CHD across traditional risk factors is difficult because
hypertension, dyslipidemia, diabetes, obesity, and physical
inactivity “cluster,” that is, they are found more commonly
together in individual people than would be expected by
chance. This confounds statistical methods that seek to quan-
tify the effect of “independent” risk factors when they are, in
fact, interrelated.*

The most comprehensive correlation of BP and risk of
fatal or nonfatal CHD was a now-classic meta-analysis of nine
prospective observational studies involving 418,343 people,
4260 CHD deaths, and 596 nonfatal myocardial infarctions
(MIs).”” Although the number of subjects and studies is far
smaller than in the subsequent publication,'* this analysis
included all three epidemiologic studies of incident nonfatal
CHD events (Puerto Rico, Honolulu, and Framingham,
Massachusetts). In each of these, there were 50% to 300%
more nonfatal than fatal events; other data suggest that
the composite endpoint of fatal or nonfatal CHD has about
a 50% to 100% higher incidence than fatal CHD, depending
on the population studied. In each of these analyses,
every study showed an identical trend for the direct relation-
ship between the usual BP level and CHD risk, whether the
study used only fatal cases or both fatal and nonfatal
events. Despite using data from only 4 of more than 40 years
of follow-up from the Framingham Heart Study, the overall
data show a “highly significant, positive, continuous, and
apparently independent” association of the risk of CHD
events with diastolic BP (Fig. 13-2). Further analyses of these
data indicated that, for each 7.5 mm Hg reduction in usual
diastolic BP, a 29% * 1% reduction in CHD risk was observed.
Overall, a difference in usual diastolic BP across the five
categories (~30 mm Hg) resulted in a five- to sixfold increase
in CHD risk. No significant differences in these estimates
were noted for the different studies, for men versus women, or
for studies that reported only fatal versus fatal or nonfatal
CHD events.

Since 1917, ischemic heart disease has ranked as the
number 1 cause of death in the United States. Population-wide
data from the National Health and Nutrition Examination
Survey of 1999 to 2000 and other sources indicate that about
13 million persons in the United States had CHD in 2002.%
About 7.1 million of these persons had a previous MI, and in
2002, 494,382 deaths resulted from CHD (179,514 from acute
MI), with about 865,000 people having a first or recurrent MI
and a total burden of disease of about 1.2 million fatal or non-
fatal MIs that year.*® Although it is difficult to estimate, for the
entire population, the proportion of these events that can be
attributed to hypertension, about half of the people who
suffer a first MI have BP higher than 160/95 mm Hg (the old
definition of hypertension).?®
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Figure 13-2  The “highly significant, positive, continuous,
and apparently independent” relation of usual diastolic
blood pressure to the relative risk of fatal or nonfatal
coronary heart disease, in 418,343 people involved in

nine prospective observational studies. The squares are
proportional to the number of events at each level of
diastolic blood pressure; the vertical bars are the 95%
confidence limits for the relative risk estimates. Serial blood
pressure measurements were obtained in the clinic setting,
and statistical adjustments were performed to account for
repeated measurements that typically regress toward a mean
value over time. (Modified from MacMahon S, Peto R, Cutler
J, et al. Blood pressure, stroke, and coronary heart disease:
. Prolonged differences in blood pressure: Prospective

observational studies corrected for the regression dilution
bias. Lancet. 1990,335:765-774.)

Fatal or nonfatal CHD is the endpoint for which risk
calculators were developed by the Framingham Heart Study
investigators (see Chapter 16). The simplest of these was
adopted by the Third Adult Treatment Panel of the National
Cholesterol Education Program.” At the extremes, these
equations indicated that untreated systolic BP greater than
160 mm Hg does not increase the 10-year risk of CHD in a
very young and low-risk man or woman, but it does increase
the risk by 16% in an older woman with other risk factors.
In high-risk people, untreated systolic BP between 140 and
159 mm Hg increases the 10-year risk of CHD by more than
6% (in a man) or more than 13% (in a woman). This method-
ology, of course, ignores the much higher risk associated with
higher levels of BP, but it does provide an estimate of the
incremental risk of CHD with untreated hypertension. In
the 36-year follow-up of the original Framingham cohort,
hypertension was associated with a increase in risk for CHD
of 2.0-fold in men (age-adjusted rates: 45.4 versus 22.7 per
1000, hypertensive versus normotensive, respectively) and
2.2-fold in women (21.3 versus 9.5).”° In the Framingham
Heart Study, CHD included MI, angina pectoris, sudden
death, other coronary deaths, and coronary insufficiency
syndrome (which could be categorized today as acute coro-
nary syndrome).

Individuals who were screened for participation in the
Multiple Risk Factor Intervention Trial (MRFIT) form a large

data set that has been examined for the relative importance of
various CV risk factors (including BP) and the subsequent
risk for fatal CHD. After an average of 12 years of follow-up,
6327 deaths from CHD occurred among the 316,099 non-
diabetic white men who had no prior history of CHD.?' Even
though some of the men received antihypertensive drug
therapy after screening, there were strong, independent
associations for both systolic and diastolic BP at baseline with
subsequent CHD mortality, although systolic BP was a
stronger predictor than diastolic BP.

The epidemiologic evidence summarized earlier provides
strong support for the view that CHD is part of the natural
history of elevated (but untreated) BP, but these data are con-
founded by temporal trends (especially after antihypertensive
drug therapy became available) and by the concern that these
associations, albeit strong, direct, and highly significant, may
not be causal. The best “experimental evidence” that CHD
events can be prevented by lowering BP comes from clinical
trials, which have the added advantages that follow-up is
generally assiduous and that outcomes are commonly adjudi-
cated by a blinded panel of experts. It is therefore useful to
address the natural history of (untreated) hypertension by
examining the incidence of CHD events during clinical trials
in which one group is given either placebo or no treatment.
The major disadvantages of this approach are that the trials
are generally somewhat remote to contemporary practice
(because it is no longer ethical to give only placebo or no
treatment to hypertensive people) and that the event rates are
confounded by “crossovers” (people originally assigned to
placebo or no treatment whose BP rises to such a dangerous
level that they are given open-label drug therapy or those who
stop active treatment).

Investigators have conducted 23 clinical trials with a
placebo/no treatment arm, in which each randomized arm
included at least 25 subjects who experienced a CHD event
(CHD death or nonfatal MI). The absolute risk of a CHD
event varied greatly in these studies, probably because they
enrolled widely different individuals. Figure 13-3 shows, on
the x-axis, the wide range of absolute risk for CHD (calculated
as CHD events/1000 patient-years of follow-up) across these
23 trials and the corresponding absolute benefit of treatment
(seen in the arm that received active antihypertensive drug
therapy). The number of CHD events prevented (per 1000
patient-years of treatment) is significantly correlated (r = 0.72,
P < .001) with the absolute risk of CHD events in the
untreated group (i.e., those with an unaltered natural history
of untreated hypertension). This relationship has important
economic implications because those at highest absolute risk
derive the most benefit from therapy. The correlation
improves slightly when the 12 trials that used no antihyper-
tensive drug therapy in the placebo group are analyzed
separately (r = 0.83, P <.001).

A few trials that are not included in Figure 13-3 deserve
additional comment. In the first Veterans Affairs (VA) trial,
the only trial that enrolled individuals with no other medical
problems except a baseline diastolic BP between 115 and
129 mm Hg (and no severe target organ damage) after 6 days
in hospital on a low-sodium diet, 70 men were given placebo
and were followed for an average of 16 months. Two men
suffered a first MI, and another had sudden cardiac death; no
such events occurred in the 73 men in the drug-treated
group.’ In the second VA trial, 186 men with diastolic BP
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Figure 13-3  Correlation (r = 0.73, P < .001, unweighted,
or r=0.80, P <.001, weighted for number of events)
between the absolute risk of a coronary heart disease (CHD)
event (calculated per 1000 patient-years of follow-up) in 23
clinical trials involving placebo or no treatment only (open
circles, n = 12) or placebo or no treatment atop other
antihypertensive drugs (closed circles), and the number of
CHD events prevented per 1000 patient-years of treatment.
The values on the x-axis denote the wide variability of the
natural history of (untreated) hypertension in control groups
in clinical trials. The circles are drawn encompassing an
area proportional to the number of CHD events in the trial.
The acronyms of the trials are as follows: ANBP-1,
Australian National Blood Pressure trial no. 1; Coope &
Warrender, Coope and Warrender study; DIABHYCAR,
Diabetes and Hypertension Cardiovascular Events with
Ramipril; Dutch TIA, Dutch Transient Ischemic Attack trial;
EUROPA, European Trial on Reduction of Cardiac Events
with Perindopril in Stable Coronary Artery Disease; EWPHE,
European Working Party on Hypertension in the Elderly;
HDFP, Hypertension Detection and Follow-up Program;
HOPE, Heart Outcomes Prevention Evaluation; IDNT,
Irbesartan Diabetes Nephropathy Trial; MRC-E, Medical
Research Council Trial in the Elderly; MRC-1, Medical
Research Council Trial (in mild hypertension); PART2,
Prevention of Atherosclerosis with Ramipril Trial no. 2; PATS,
Poststroke Antihypertensive Treatment Study; PEACE,
Prevention of Events with Angiotensin-Converting Enzyme
Inhibition; PROGRESS, Perindopril Protection against
Recurrent Stroke Study; QUIET, Quinapril Ischemic Events
Trial; RENAAL, Reduction of Endpoints in Non-Insulin
Dependent Diabetes Mellitus with the Angiotensin I
Antagonist Losartan trial; SCOPE, Study on Cognition and
Prognosis in the Elderly; SHEP, Systolic Hypertension in the
Elderly Program; STOP-1, Swedish Trial in Old Patients with
Hypertension no. 1; Syst-China, Systolic Hypertension in
China trial; Syst-Eur, Systolic Hypertension in Europe trial;
TEST, Tenormin after Stroke and TIA.

between 90 and 114 mm Hg after the same 6 days of hospi-
talized bed rest and a low-sodium diet were given placebo and
were followed for an average of 3.3 years.” In this group, 13
fatal or nonfatal CHD events occurred in the placebo group,
as opposed to 11 in the treated group. The authors believed
that one reason for the absence of a substantive drop in CHD
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events in this trial was the failure to change other risk factors,
such as cigarette smoking and dyslipidemia. These investiga-
tors also showed that among those patients with diastolic BPs
between 105 and 114 mm Hg, 75% fewer morbid events
occurred in the treatment group, compared with the placebo-
treated group; for those with diastolic BPs between 90 and
104 mm Hg, however, the difference was only 35% (and the
odds ratio, which can be calculated today, is not significant).
Because of the high prevalence of “mild” hypertension (dia-
stolic BP between 90 and 114 mm Hg), the United States
Public Health Service funded a randomized, placebo-con-
trolled, prospective trial in six clinics that enrolled 389 men
and women younger than 55 years of age, 196 of whom were
randomized to placebo.” Surprisingly, this trial finished its
planned 7 years of follow-up (and even followed the partici-
pants for another 3 years), because no significant differences
were seen in outcomes between the randomized groups.
However, individuals with stroke or whose BPs exceeded
threshold values were removed from blinded therapy and
were given drug treatment. If only the events that occurred
during blinded therapy are considered, six fatal or nonfatal
MIs occurred in the actively treated group, as compared with
seven in the placebo group; for the entire duration of follow-
up, these numbers grow (15 versus 20), but they still do not
achieve statistical significance.

The trials at the extremes of absolute risk for CHD events
(in Fig. 13-3) are also worthy of comment. Having a very
elevated BP (e.g., as in the first VA trial, discussed earlier, with
32 CHD events/1000 patient-years of observation, but not
shown in Figure 13-3 because only 3 CHD events were
recorded) is only one way to have a very high absolute risk of
CHD. Individuals enrolled in several secondary prevention
trials (e.g., Heart Outcomes Prevention Evaluation, Tenormin
after Stroke and TIA) also have an absolute risk that is greater
than 20 events/1000 patient-years. Similarly, subjects in those
trials that enrolled much older patients (e.g., European
Working Party on Hypertension in the Elderly) have a higher
absolute risk simply because of their advanced age. On
the contrary, the three studies with the lowest absolute risk
(<7 events/1000 patient-years: first Medical Research Council
Trial, Hypertension Detection and Follow-up Program,
Australian National Blood Pressure trial no. 1) each prevented
less than one CHD event for every 1000 patient-year of
treatment.

Stroke

An elevated risk of stroke has been recognized as part of the
natural history of untreated hypertension for centuries, even
before it was possible to measure BP objectively. Stroke
typically occurs sooner in the natural history of untreated
hypertension than CHD, with the larger risk associated with
the highest levels of BP. Before the advent of effective drug
therapy, stroke and hypertensive encephalopathy were the two
major causes of death in patients with “malignant hyperten-
sion.” In fact, in a recent meta-analysis involving 32 studies
and 10,892 patients, elevated diastolic BP was a major pre-
dictor of death (odds ratio, 1.71; 95% confidence interval
[CI], 1.33 to 2.48) and death or dependency after stroke,”
even though, according to current guidelines, BP should
seldom be lowered in the setting of an acute stroke.” In nearly
every epidemiologic study and clinical trial, the relative risk
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for stroke attributable to BP is greater than that for CHD.
Although about 80% of strokes in the developed nations are
the result of ischemic stroke, the less common hemorrhagic
stroke is even more closely associated with elevations in BP,
because the acute rupture of an intracerebral (Charcot-
Bouchard) aneurysm can be pathophysiologically linked to
increased BP in an intracerebral artery. The probability of
stroke-related death, as assessed by the Prospective Studies
Collaborative, is clearly and significantly related to the usual
BP." This analysis, however, does not address the problem of
nonfatal stroke, which ranks first or second in the most
common causes of permanent disability in most of the world.

The now-classic 1990 meta-analysis of 7 large epidemio-
logic cohort studies that originally included 599 fatal and 244
nonfatal strokes”” has been updated and now includes 45
prospective cohort studies involving 448,415 people followed
for an average of 16 years.” Strokes were reported in 13,397
people; 9824 of these were from the 23 studies that recorded
only fatal strokes. Because the stroke subtype was not available
for all studies, the authors were unable to perform separate
analyses for ischemic versus hemorrhagic stroke. Nonetheless,
their conclusions were quite similar, whether examining only
fatal strokes or the composite of fatal and nonfatal strokes: For
each 10 mm Hg increase in usual diastolic BP, the risk of
stroke increased by 84%. The effect was particularly pro-
nounced in younger people, although a significant trend exists
also up to age 80 years. No significant differences were noted
between men and women, although in some ethnicities (e.g.,
African Americans), the trend was even stronger. Figure 13-4
summarizes the findings of these data regarding the relation-
ship of fatal or nonfatal stroke with BP and age. Unlike the
situation in CHD, the 1990 meta-analysis of the effects of
antihypertensive drug therapy showed nearly all the expected
reduction in stroke (-46% = 2%), as compared with the expected
improvement based on epidemiologic studies (—42% + 6%).**

Stroke has remained the number 3 cause of death in the
United States since 1958, when it was displaced from the
second position by cancer. Current estimates are that about
700,000 people experience a new or recurrent stroke in the
United States each year, and about 500,000 have a first
stroke.?® In the United States, nearly 90% of the strokes are
ischemic, approximately 9% are hemorrhagic, and a further
3% are subarachnoid hemorrhages. Approximately 2.6% of
the population (or 5.4 million people) have experienced a
stroke, and in 2003, 157,803 people died of a stroke. Major
risk factors for stroke in U.S. populations include hyperten-
sion (two- to threefold increase in 29% of the population),
atrial fibrillation (fivefold increase in 1% of the population),
smoking (60% increase in 24% of the population), and
diabetes (twofold increase in 10% of the population).

The Framingham Heart Study has excellent data about the
contribution of hypertension to stroke risk. These have not
been put together into a risk calculator in the same way that
10-year CHD risk has been estimated, but several investigators
suggest that the calculations for CHD risk can be increased
by about 33%, which gives a reasonable estimate of the risk of
CV events, of which the major contributor (aside from CHD)
is stroke. In the 36-year follow-up of the original Framingham
cohort, hypertension (defined then as BP =160/95 mm Hg)
was associated with a highly significant 3.8-fold age-adjusted
biennial risk of stroke for men (12.4 versus 3.3 events per 100)
and a 2.6-fold increase for women (6.2 versus 2.4 events per

100).*° In Framingham, the absolute risk for stroke was about
3.5-fold lower in hypertensive men and women than for
CHD; the increment for CHD over stroke in nonhypertensive
men was approximately 6.8-fold, and in women it was
approximately fourfold.

Perhaps because early clinical trials of antihypertensive
drugs showed a relatively uniform and very impressive
reduction in the incidence of stroke, relatively little has been
written from the large U.S. epidemiologic databases (e.g., VA
Hypertension Clinics) regarding the risk of stroke in hyper-
tensive people. However, the 230 stroke deaths observed in
MREFIT screenees that were included in the 1990 meta-analysis
by MacMahon and colleagues show the graded increase in risk
across the usual diastolic BP at baseline.”” These data on the
risk of fatal stroke with increasing levels of diastolic BP were
later published in detail.”” There were 765 deaths from stroke
in their original cohort of 353,340 men over 12 years of
follow-up. Subarachnoid hemorrhage accounted for 139,
intracranial hemorrhage accounted for 227, and 399 were
nonhemorrhagic (or ischemic) stroke. For all subtypes of
stroke, systolic BP was a stronger predictor for stroke death
than was diastolic BP, but both showed a significant increase
in risk as the baseline BP increased, as did the number of
cigarettes smoked per day.

Beginning with the first VA trial, nearly all early studies
that randomized some participants to placebo or no treat-
ment showed an impressive effect on stroke. In fact, the first
terminating event in the first VA trial was a stroke in the
placebo group, which occurred 4 months after randomization.
When the study was terminated, four strokes and one transient

7.7
10 - 50 6.0
i 42 4.5 ;
1 2.58
] 1.58
2 1.0
X
S i 0.79
® 10 i 054 0.67
5 0.38
% i 0.21 °
o I 0.12 .
g o014 o008 @
[) E e
o ] [] Age <45 years
] Age 45-64 years
] B Age = 65 years
0.01 I I I I I
78 87 93 98 103

Usual diastolic blood pressure (mm Hg)

Figure 13-4  Relative risk of fatal or nonfatal stroke in
448,415 persons followed for an average of 13 years,
during which time 13,397 fatal or nonfatal strokes were
observed. The normalized relative risk of 1.0 was assigned
to the middle-aged (45 to 64 years old) individuals with
usual diastolic BP of 91 mm Hg, as in Figure 13-1. Note the
exponential scale on the y-axis. Symbols encompass area in
proportion fo the number of strokes for each group, standard
deviations are shown when they extend beyond the symbol.
(Data recalculated from Figure 6 and data in Prospective
Studies Collaboration. Cholesterol, diastolic blood pressure,
and stroke: 13,000 strokes in 450,000 people in 45
prospective cohorts. Lancet. 1995;346:1647-1653.)



ischemic attack occurred among the 70 men assigned to
placebo, and only one nondebilitating stroke occurred in the
actively treated group.”® Although this was not analyzed sepa-
rately at the time, in today’s world, the impressive 81% relative
risk reduction for stroke or transient ischemic attack out-
weighs the fact that it is not statistically significant (95% CI,
—60% to 2%). The second VA trial enrolled 380 patients with
diastolic BPs between 90 and 114 mm Hg and noted a signi-
ficant reduction in stroke (20 versus 5; relative risk reduction,
74%; 95% CI, 32% to 90%).” The 389 “mildly” hypertensive
people enrolled in the U.S. Public Health Service Cooperative
study also had a reduction in stroke risk (6 versus 1, P = .13),
but the results of this study may have been confounded by
crossovers related to uncontrolled hypertension.*

Figure 13-5 shows the large variability in stroke risk (along
the x-axis) for individuals enrolled in 12 trials comparing
effective antihypertensive drug therapy with only placebo or
no treatment in the “control group.” Trials that experienced
very little BP difference between the two randomized groups
(e.g., trials in which either other antihypertensive drugs were
allowed or B-blockers were given to normotensive people)
were excluded from this analysis. The highest-risk patients
were those with a previous history of neurologic events (e.g.,
Perindopril Protection against Recurrent Stroke Study, Post-
stroke Antihypertensive Treatment Study, Hypertension-
Stroke Cooperative Study Group) or those of advanced
age (e.g., the first Swedish Trial in Old Patients with
Hypertension). In these high-risk people, antihypertensive
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Figure 13-5  Correlation (r= 0.77, P < .001, unweighted,
orr=0.84, P < .001, weighted for number of strokes)
between the absolute risk of stroke (calculated per 1000
patientyears of follow-up) in 12 clinical trials involving
effective antihypertensive therapy versus placebo or no
treatment and the number of strokes prevented per 1000
patient-years of treatment. The values on the x-axis denote
the wide, 28-fold variability of the natural history of
(untreated) hypertension progressing to stroke in control
groups in clinical trials. The circles are drawn encompassing
an area proportional to the number of strokes in the trial.
The acronyms of the trials are identical to those in Figure 13-
3, with the addition of the following: HSCSG, Hypertension-
Stroke Cooperative Study Group; STONE, Shanghai Trial of
Nifedipine in the Elderly.
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drug therapy is quite effective and even cost-effective in pre-
venting a stroke, as shown by the corresponding values on the
y-axis (strokes prevented per 1000 patient-years of treat-
ment). On the contrary, very low-risk people, such as those in
the first Medical Research Council trial on mild hypertension,
had only one stroke prevented for every 850 patients treated
for a year, a finding that dampened enthusiasm for lowering
BP for some years in Great Britain.

Cardiovascular Death

As is clear from the earlier discussion regarding the relation-
ship of BP with death from either ischemic heart disease or
stroke in the data gathered by the Prospective Studies
Collaborative, an impressive association exists between usual
systolic or diastolic BP and CV death, which does include
a few causes of death besides that related to ischemic heart
disease and stroke. In fact, the Prospective Studies Collaborative
collected 10,092 “other vascular” deaths, among their total of
more than 56,000 CV deaths. The “other vascular” deaths were
analyzed separately, however, and no composite of CV deaths
was examined. It is nonetheless clear that the same “strong,
graded, and independent” effect of BP on other vascular death
was seen as for both stroke and CHD mortality."

In the United States during 2003, CV death was expe-
rienced by 34% of those who died: 684,462 deaths from
heart disease (28%) and a further 157,803 deaths (6.45%)
attributed to stroke.'? In 2002, CV disease was listed as a
primary or contributing cause of death on about 1.4 million
death certificates (or ~60% of the total). In the United States,
CV death accounts for more deaths than the next five leading
causes of death combined (cancer, chronic lung disease, acci-
dents, diabetes, influenza/pneumonia).'? In 2001, premature
death (i.e., at age <65 years) from cardiac causes was most
common among Native Americans/Alaskan Natives (at 36%),
followed by Hispanics (23.5%), blacks (31.5%), and whites
(14.7%). Men also had higher rates of premature cardiac
death (24%), as compared with women (10%).*’

Investigators from the MRFIT published an analysis of
25,721 CV disease—related deaths after an average of 22 years
of average follow-up among their 342,815 men without dia-
betes or history of MI who were originally screened for their
study.** Although the focus of the article was ostensibly pulse
pressure, it included an extensive analysis of the effects of both
systolic and diastolic BPs on the risk of CV mortality. The
major conclusion was that both systolic and diastolic BPs
were better predictors than systolic BP, diastolic BP, or pulse
pressure alone. After adjustment for baseline age, race, choles-
terol, and daily number of cigarettes consumed, a significant,
graded increase was noted across the baseline levels of systolic,
diastolic, and pulse pressure for the risk of CV death. This
increase was seen even in those who were only 35 to 44 years
old at the time of screening. As would be expected, the older
men (45 to 57 years old at screening) had a slightly higher
predictive value of pulse pressure than the younger men.

As had been the case previously with “malignant hyperten-
sion,” the very early clinical trials in hypertension also showed
impressive reductions in CV death with treatment, compared
with those given placebo. In the first VA trial, five CV deaths
occurred in 70 patients in the placebo-treated group, whereas
none of the 73 died in the drug-treated group. Although this
would not be considered statistically significant today, two
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deaths were caused by dissecting aortic aneurysms, and one
each resulted from a ruptured aortic aneurysm and presumed
MI (sudden cardiac death).” In the second VA trial, 19 of 186
patients in the placebo-treated group had a CV death, as
opposed to only 8 of 194 in the drug-treated group.*® This
corresponds today to a significant relative risk reduction of
60% (95% CI, 10% to 82%).

The experience with CV death in control groups from
clinical trials that gave some enrollees placebo or no treatment
may be the best way to summarize the time dependence and
variability of CV death as perhaps the ultimate expression of
the natural history of (untreated) hypertension. As with CHD
and stroke, there was wide (16-fold) variability in the risk
of CV death in the 17 trials that reported a total of more than
75 CV deaths (the x-axis of Fig. 13-6). The correlation
between the number of CV deaths prevented and the absolute
risk of a CV event is again highly significant, and it improves
(to r=0.77, P < .001) if one limits the data to trials that did
not begin with antihypertensive drug therapy for subjects
in their control groups (i.e., excluding Heart Outcomes
Prevention Evaluation, European Trial on Reduction of
Cardiac Events with Perindopril in Stable Coronary Artery
Disease, Prevention of Events with Angiotensin-Converting
Enzyme Inhibition, Irbesartan Diabetes Nephropathy Trial).
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Figure 13-6  Correlation (r = 0.70, P < .002, unweighted,
orr=0.79, P <.001, weighted for number of
cardiovascular deaths) between the absolute risk of
cardiovascular death (calculated per 1000 patient-years of
follow-up) in 17 clinical trials with more than 75
cardiovascular deaths in both groups and the number of
cardiovascular deaths prevented per 1000 patientyears of
treatment. The values on the x-axis denote the wide, 16-fold
variability of the natural history of (untreated) hypertension
progressing to cardiovascular death in control groups in
clinical trials. Open circles denote trials in which the
“control” group did not receive antihypertensive drugs;
closed circles denote trials in which antihypertensive drugs
were given to the control group. The circles are drawn
encompassing an area proportional to the number of
cardiovascular deaths in the trial. The acronyms of the trials
are identical to those in Figure 13-3.

Heart Failure

Before the advent of effective antihypertensive therapy, heart
failure was fairly uncommon in the general population. The
initial feature was typically acute pulmonary edema, resulting
from acute left ventricular dysfunction and a hypertensive
emergency in young people with very elevated BPs. This was
a common cause of death in case series of “accelerated/
malignant” hypertension, but chronic heart failure, as seen
today most commonly in older people, was rare. Most
younger patients with moderate to severe hypertension in the
era before antihypertensive treatment died before they were
old enough to manifest chronic heart failure. Thus, part of the
reason for the recent increase in the incidence and prevalence
of chronic heart failure is thought to be the effective treatment
and better BP control in young but severely hypertensive indi-
viduals, treatment that prevents episodes of acute pulmonary
edema. Instead, today, chronic left ventricular dysfunction
typically manifests in older people who have had too many
years of either poorly controlled hypertension (e.g., heart
failure with preserved ventricular function, often seen as a
consequence of LVH) or major cardiac damage from MI or
viral infection.*

Perhaps because of its low incidence and prevalence before
the advent of antihypertensive drug therapy, heart failure was
not commonly categorized in many of these early epidemio-
logic studies. A recent survey of the literature found only 10
population-based studies of the prevalence of heart failure in
the entire literature in which left ventricular systolic perform-
ance was evaluated by echocardiography; the overall prevalence,
which increased with age, ranged between 2.1% and 8.8%.*

In contrast to these data, in 2002, about 4.9 million persons
in the United States had diagnosed heart failure, and about
500,000 were new diagnoses that year. The age-dependent
increase in prevalence is striking after age 55 years, and the
prevalence is nearly 10% in those more than 75 years old.
In 2001, 52,828 U.S. residents died of heart failure, and this
discharge diagnosis has ranked number 1 for Medicare bene-
ficiaries at acute care hospitals since the late 1990s. Recent
data suggest that hypertension and diabetes are the two major
risk factors for heart failure, especially in women, in whom
body mass index and chronic kidney disease are also impor-
tant. In most patients, heart failure is associated with systolic
or diastolic dysfunction, both of which have hypertension as a
major risk factor.* Conversely, once heart failure has been
diagnosed, the probability of finding the usual contributory
risk factors in that population are reversed: hypotension is a
much bigger risk factor for death than is hypertension.*

Heart failure has been most clearly linked to antecedent
hypertension in the Framingham Heart Study. In the 24-year
follow-up, 75% of the people who developed heart failure
had a previous history of hypertension, and a further 5% to
8% had elevated BP when heart failure was first diagnosed
(typically as acute pulmonary edema).”? An analysis of the
Framingham data concluded that systolic BP and pulse pres-
sure were strong predictors of future heart failure (which
developed in 11% of the original Framingham Heart Study
participants, 55% of which was subsequent to a MI).*® The
36-year follow-up of the original Framingham cohort (who
were largely untreated for hypertension for at least 15 years)
indicates a fourfold increase in the risk of heart failure for
men and a threefold increase in women for hypertension



versus BP lower than 140/90 mm Hg, with biennial age-
adjusted rates of 13.9 and 6.3 for hypertensive men and
women, versus 3.5 and 2.1 for normotensive men and women,
respectively.’”® The lifetime risk for heart failure in the
Framingham Offspring Study was 21% for men and 20.3%
for women at 40 years of age, but it is doubled if the baseline
BP (in 1971) was 160/90 mm Hg or higher, as opposed to less
than 140/90 mm Hg."” These data may have been confounded
by antihypertensive treatment (which was widely available in
Framingham beginning in the mid-1960s), so the natural his-
tory of untreated hypertension may result in a
different lifetime risk.

Even very early clinical trials in hypertension showed
impressive reductions in heart failure with treatment, com-
pared with patients given placebo, a finding suggesting that
the natural history of untreated hypertension includes heart
failure early in its course. Despite an average age of only 51
years of participants in the first VA trial, two episodes of heart
failure occurred in 70 patients in the placebo-treated group,
compared with none of the 73 in the drug-treated group.’ In
the second VA trial, which had an average age of 52 years, 11
episodes of heart failure occurred in the 194 patients origi-
nally given placebo, and heart failure did not occur at all in the
drug-treated group.” This finding corresponds today to a
significant relative risk reduction of 95% (95% CI, 20% to
99%). Only four clinical trials that compared active antihyper-
tensive drugs versus placebo/no treatment have observed
more than 11 cases of heart failure in both arms of the trials.
The largest numbers of patients with newly diagnosed heart
failure (150) were seen in the Systolic Hypertension in the
Elderly Program, in which 102 of 2371 patients originally
given placebo developed heart failure over an average of 4.5
years of follow-up (or roughly 24 events/1000 patient-years of
follow-up). In comparison, the group given chlorthalidone
and atenolol, if needed, enjoyed a relative risk reduction of
52%." In the Systolic Hypertension in Europe trial, 43 of the
2297 patients with isolated systolic hypertension who were
treated with placebo developed heart failure (~7.6 events/
1000 patient-years); this was reduced by 36% in the group
given antihypertensive drugs.’ In the Swedish Trial in Old
Patients with Hypertension, 39 of the 815 patients given
placebo developed heart failure (~23 events/1000 patient-
years) over 2.1 years, but the rate was reduced by half in those
given antihypertensive drugs.”® In the Systolic Hypertension
in China trial, heart failure was diagnosed in only 12 of the
2394 patients, but twice as many of the patients who were
originally given placebo were affected as those given antihy-
pertensive drug therapy.”® A summary of all early treatment
trials identified that heart failure occurred in 240 of 6923 sub-
jects given placebo or no treatment, as opposed to 112 of 6914
individuals given drug therapy, a more than 50% reduction.”

The natural history of heart failure thus has changed from
a reasonably common event with a high case-fatality rate in
severely hypertensive young patients in the 1920s to 1960s to
a more chronic condition found mostly among the elderly
now. Effective antihypertensive therapy is doubtless part of
the reason for this change.

Renal Failure

Ever since Richard Bright made the connection between ele-
vated BP and renal disease, hypertension has been continu-
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ously reaffirmed as one of the most important factors con-
tributing to the natural history of renal failure. The most
impressive recent data about the importance of BP as a con-
tributor to renal failure come from a meta-analysis of clinical
trial data in nondiabetic patients in which an angiotensin-
converting enzyme inhibitor was compared with another type
of antihypertensive drug; these data no doubt underestimate
the rate of progression of untreated hypertension to renal
failure because the BPs were controlled, at least to some
degree, in the patients who did not receive the angiotensin-
converting enzyme inhibitor.”’ Over a 4-year period of
follow-up, about 20% of the 919 patients with chronic kidney
disease developed end-stage renal disease (ESRD), and about
45% doubled their baseline serum creatinine or developed
ESRD. Both these endpoints were reduced by about 36%
in those patients who were randomized to angiotensin-
converting enzyme inhibitor therapy. More importantly, the
optimal systolic BP for avoiding doubling of serum creatinine
or ESRD was 110 to 129 mm Hg, and this was particularly
true for individuals who began with more than 1 g/day of
proteinuria (Fig. 13-7).

In the United States, ESRD has doubled in prevalence
since the mid-1990s, with more than 100,000 new cases
joining the 324,000 people already receiving dialysis (or
having a kidney transplant) in 2002. Hypertension is typically
underrecognized as a contributor to the epidemic of ESRD.
Although diabetes mellitus has been ranked first as the cause
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Figure 13-7  Relationship of in-rial blood pressure and risk
of doubling serum creatinine (Scr x 2) or developing end-
stage renal disease (ESRD) in nine randomized, placebo-
controlled trials of angiotensin-converting enzyme inhibitors
in patients with nondiabetic chronic kidney disease. Other
antihypertensive medications were used in the “placebo-
groups” of these trials, so the natural history of blood
pressure (BP) to deteriorating renal function is likely
underestimated by these data. Nonetheless, the data show
that a systolic BP of 110 to 129 mm Hg is the best for
avoiding progressive renal disease, particularly in those
individuals who begin with proteinuria greater than 1 g/day
(red bars). Each vertical bar represents the upper and lower
limits of the 95% confidence intervals (Cl) for each blood
pressure; the line in the middle is the point estimate for each
group. Note the exponential scale used on the y-axis. (Data
from Jafar TH, Stark PC, Schmid CH, et al. Progression of
chronic kidney disease: The role of blood pressure control,
proteinuria, and angiotensin-converting enzyme inhibition. A

patientlevel meta-analysis. Ann Intern Med. 2003;139:244-
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of ESRD for more than 10 years, the 2003 estimates suggest
that hypertension and diabetes coexist in about 39% of newly
dialyzed patients, with “pure” hypertension being more
common than “pure” diabetes (33% versus 15%). Hyper-
tension is thus at least a contributing cause of more than 50%
of cases of incident ESRD.

Unfortunately, no prospective data on ESRD are available
from the Framingham Heart Study, primarily because in the
original cohort of 5209, fewer than two cases would be
expected, given the U.S. population incidence for the time
frame from 1948 to 1998. Much larger databases are necessary
to detect enough cases of ESRD to assess the role of BP in the
natural history of ESRD. The two biggest sources of data are
the screenees for the MRFIT and the Hypertension Clinics in
the U.S. Department of Veterans Affairs Medical System. Both
data sets show an impressive correlation of both systolic and
diastolic BP with the future risk of ESRD.**** In the MRFIT
screenees, 814 of the 332,544 men who were originally 35 to
47 years of age developed ESRD or died of it during 16 years
of follow-up. A strong, graded, and significant relationship
existed between the risk of ESRD and either systolic or
diastolic BP, even after adjustment for eight other risk factors
(including demographics and diseases such as diabetes, heart
disease, and dyslipidemia).>* The adjusted risk of ESRD for
those with BP of 210/120 mm Hg or higher was 22.1 times the
risk for those with BP lower than 120/80 mm Hg. Even after
adjustment for serum creatinine and urinary protein excre-
tion rate at baseline, the significant relationship of BP and
ESRD persisted. In the 32 VA Hypertension Screening and
Treatment Program Clinics, 11,912 men seen from 1974 to
1976 were followed for about 15 years through the VA system
and the U.S. Renal Data System.” In a proportional hazards
model, the 245 patients who developed ESRD had a
significantly higher risk of elevated pretreatment systolic BP
(2.8-fold increased risk for systolic BP between 165 and
180 mm Hg, and 7.6-fold increased risk for systolic BP
>180 mm Hg).

Although most people today think that renal failure is a
relatively late occurrence in the natural history of hyperten-
sion, in the early experience with “malignant hypertension”
and even in the initial trials of antihypertensive therapy, renal
failure was occasionally noted in those who did not receive
antihypertensive treatment. In the first VA trial, progressive
renal disease was seen in two patients in the placebo-treated
group during 18 months of follow-up, but not in patients who
received antihypertensive drugs. In the second VA trial, three
patients sustained irreversible renal damage in the placebo-
treated arm, as opposed to none in the drug-treated arm.
Although these differences are not statistically significant, the
finding that renal failure was completely prevented by anti-
hypertensive treatment in both studies but was seen in the
placebo-treated arms of these trials should serve as a vivid
reminder that renal complications are seen even in the short
term in some hypertensive patients. Although no renal failure
was noted in the patients with “mild hypertension” enrolled in
the U.S. Public Health Services Cooperative Study, 200 cases of
“renal insufficiency” (serum creatinine =2.0 mg/dL and a 25%
increment over the baseline value) were seen over 8.3 years of
average follow-up among the 10,940 patients in the
Hypertension Detection and Follow-up Program, 99 in the
“Stepped Care” group and 101 in the “Referred Care” group.
In the Australian National Blood Pressure Trial, only three

patients developed “renal insufficiency” (serum creatinine
=2.0 mg/dL), two of whom were originally assigned to placebo.
In most of the rest of the clinical trials that had a placebo or
no-treatment group, renal failure and “renal insufficiency”
were uncommon, perhaps because nearly all studies employed
an “opt-out” threshold, in which all patients whose BP
exceeded a very high level (typically 200/120 mm Hg) were
removed from their originally assigned treatment arm and
were given open-label effective antihypertensive drugs.

Other Cardiovascular Endpoints

The three other CV endpoints that were commonly seen in
hypertensive patients before the advent of effective anti-
hypertensive drugs were aortic dissection, peripheral vascular
disease (typically presenting as intermittent claudication, but
sometimes with arterial occlusion requiring amputation), and
vascular dementia. The first two were much more common
among individuals with very high BPs and were seldom noted
in trials of “mild hypertension.” For example, in the first VA
trial, two deaths resulted from dissecting aortic aneurysm and
another from a ruptured abdominal aortic aneurysm; no such
events were seen in the drug-treated group. One case of
peripheral arterial insufficiency developed in the placebo
group of the U.S. Public Health Service trial, but other early
clinical trials did not commonly report this endpoint. The
association of elevated BP and vascular dementia has been a
topic of renewed interest since the finding in the Systolic
Hypertension in Europe trial that antihypertensive drug
therapy significantly reduced the incidence of dementia by
50% over placebo, but the incidence was small in both groups:
21 cases of 2297 in the placebo group, and 11 cases of 2885
in the drug-treated group. Subsequent analyses indicated
that the reduction was primarily in Alzheimer’s dementia (15
versus 8), which is generally attributed to a degenerative,
inflammatory process, rather than to neuronal dropout related
to vascular injury (as in Binswanger’s dementia). Several other
clinical trials, including the Systolic Hypertension in the
Elderly Program, the Medical Research Council Trial in
the Elderly, and the Study on Cognition and Prognosis in the
Elderly, did not show much improvement with effective
antihypertensive drugs over placebo in prevention of vas-
cular dementia. Prevention of dementia was noted in the
Perindopril Protection against Recurrent Stroke Study only in
those patients who suffered a recurrent stroke. Unfortunately,
little attention was paid to early dementia in the era before
effective drug therapy, perhaps because the devastating effects
of premature stroke, MI, heart failure, and renal disease
typically occurred much earlier in the natural history of
hypertension than vascular dementia.

SUBCLINICAL TARGET ORGAN DAMAGE

Left Ventricular Hypertrophy

LVH has been a recognized complication of untreated or
undertreated hypertension for many years, even before the
electrocardiogram was developed. Perhaps because the left
ventricle hypertrophies, like any other muscle during training,
in response to an elevated afterload, it can be thought of as the
“hemoglobin A, of BP,” because it can reflect both the severity



and duration of elevation of the BP. A more detailed dis-
cussion of the role of LVH in the current evaluation and treat-
ment of hypertension can be found in Chapter 15. In early
series of hypertensive patients (before the advent of drug
therapy), LVH was very commonly found at diagnosis (usually
~40% to 60% were affected), and a much higher prevalence
was found during follow-up. In a summary of early treatment
trials, LVH was found in 216 of 6098 subjects given placebo or
no treatment for 3 to 5 years, compared with only 140 of 6150
given active antihypertensive drug therapy.”” Data from the
Framingham Heart Study indicate that LVH was much less
common once antihypertensive agents became available, even
when all other risk factors were similar.”® The most recent
direct evidence that antihypertensive drug therapy reduces
LVH and prevents CV events comes from the Losartan
Intervention for Endpoint Reduction in Hypertension
Study.”’

Retinopathy

Although not widely appreciated by physicians today,
hypertensive retinopathy played a very important role in the
assessment of target organ damage in the era before anti-
hypertensive drugs were available. Papilledema, the hallmark
of “malignant hypertension,” and the lower grades of
Keith-Wagener-Barker retinopathy encompassed one early
classification scheme for hypertension that had important
prognostic implications. The natural history of hypertension
complicated by grade IV funduscopic changes was so poor
that the condition was named malignant hypertension
because few cancers were associated with a worse short-term
mortality rate. Hypertensive retinopathy seldom led to blind-
ness, but the high risk of CV events justified its inclusion
in early systems to predict outcomes, including death. The
natural history of high-grade hypertensive retinopathy has
not been carefully elucidated, but papilledema generally
resolves within a few days after effective antihypertensive
therapy is begun. Several population-based studies have
shown the prevalence of hypertensive retinopathy to range
between 5% and 15%, depending on the site, age of patients,
and how many diabetic patients are in the sample.”® The
incidence of hypertensive retinopathy and progression of this
disease through its usual stages have both been much reduced
since the advent of antihypertensive therapy.*®

Microalbuminuria

Proteinuria (>300 mg/day) is a clear sign of major renal
damage, and it has long been associated with an increased risk
of both CV and renal adverse outcomes. In addition, in several
but not all studies, urinary protein excretion between 30 and
300 mg/day was also a predictor of these problems. Whether
this results only from glomerular damage (e.g., from diabetes
or persistently high BP) or is independent of these is contro-
versial (see Chapter 29 for one side of this debate). The link
between microalbuminuria and the natural history of deteri-
oration of renal function is now widely accepted. Perhaps
because 24-hour urine collections were not commonly carried
out in the days before antihypertensive therapy became avail-
able, few unconfounded data about the natural history of
microalbuminuria exist. Nonetheless, the presence of microal-
buminuria is now considered evidence of target organ damage

The Natural History of Untreated Hypertension

(see Chapter 15), and many sets of guidelines recommend
screening for microalbuminuria during the initial evaluation
of a person with either hypertension or diabetes.

Carotid Intima-Media Thickness

Several clinical trials of antihypertensive agents have studied
the progression of carotid arterial stenoses (see Chapter 22 for
details). Nearly all these trials show progressive stenosis in the
placebo-treated group. Nonetheless, it is difficult to interpret
these data in light of the higher risk of cerebrovascular disease
and stroke when antihypertensive drugs did not confound the
natural history of (untreated) hypertension. It is nonetheless
likely that progressive carotid arterial stenosis contributed to
the higher rate of embolic stroke, and hypertension, diabetes,
and dyslipidemia are probably the biggest risk factors for both
problems.

Binswanger’s Lesions

Magnetic resonance imaging has prompted a resurgence of
interest in typically asymptomatic lacunar infarcts in periven-
tricular and other white matter areas within the brain that had
previously been diagnosed only at autopsy. Several studies
have since shown that these lesions are associated with pro-
gressive dementia and, at least in epidemiologic studies, are
more commonly linked to hypertension. Thus, the natural
history of (untreated) hypertension is likely to include sub-
clinical white matter lacunar infarcts, which correlate in
number and size with prior BP levels (see Chapters 15 and 33
for more details). Some data indicate that these lesions may
also be the result of nocturnal hypotension in older indi-
viduals, because they may be more likely to occur in the
“watershed areas” of the brain that are hypoperfused during
the night (when patients should not note any symptoms) in
those persons whose BPs drop more than 20% compared with
their daytime BP averages or in whom the morning surge in
BP is greater than normal.”*®

Progression to Higher Stages of
Hypertension

One aspect of hypertension that has received very little atten-
tion since the advent of effective antihypertensive therapy is
the natural history of elevated BP to ascend to higher levels.
Accelerated/malignant hypertension is seldom a term we use
today, but decades ago, it was a common reason for admission
to hospital. This was perhaps the most easily recognized form
of hypertension that had progressed to dangerous levels, and
many of the early clinical trials in hypertension documented a
substantive (and nearly complete) reduction in the incidence
of accelerated/malignant hypertension. A summary of nearly
all the placebo-controlled early outcomes trials in hyperten-
sion indicated that 1493 of 13,342 subjects in the placebo or
no-treatment groups progressed in stages of hypertension, as
compared with only 95 of 13,389 in the drug-treated groups.™

PREHYPERTENSION

Although no specific cohorts so far recruited have primarily
been studied for the natural history of progression of
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prehypertension (defined by the Seventh Report of the Joint
National Committee on Prevention, Detection, Evaluation,
and Treatment of High Blood Pressure'’ as BP ranging
from 120 to 139/80 to 89 mm Hg) to hypertension (BP
=140/90 mm Hg), and thereafter to clinical events, several
important studies have shed light on this issue. Both meta-
analyses by the Prospective Studies Collaborative have stressed
that stroke morbidity and mortality, as well as ischemic heart
disease mortality, are increased, in a graded fashion, for indi-
viduals with BPs higher than the lowest studied (typically
115/75 mm Hg)."** Although age is clearly very important,
the risk of CV events in these prospective cohort studies does
show a significant, age-dependent increase, even for cohorts
that start with a BP lower than 140/90 mm Hg. The average
over all age groups is a doubling of CV mortality for every
20/10 mm Hg increase in BP."*

Perhaps the most specific information about the elevated
long-term risk for either morbid or mortal CV events asso-
ciated with prehypertension (compared with those with BP
<120/80 mm Hg) comes from the Framingham Heart Study.”'
During an average of 11.1 years of follow-up of 6859 initially
normotensive participants (2880 with BP <120/80 mm Hg,
2185 with BP 120 to 129/80 to 85 mm Hg, and 1794 with
BP 130 to 139/85 to 89 mm Hg), a significant gradient for
CV event risk was seen across each of the three groups, in both
genders. Even after statistical adjustment for other time-
dependent CV risk factors (e.g., diabetes, body mass index,
cholesterol, and smoking), the risk for CV events for men was
1.1 for BP 120 to 129/80 to 85 mm Hg, 1.8 for BP 130 to
139/85 to 89 mm Hg, and 2.9 for BP of 140/90 mm Hg or
higher, as compared with 1.3, 1.6, and 2.0 for women. Perhaps
more importantly, these data showed that all men and nearly
all women more than 65 years of age with BPs of 130 to 139/85
to 89 mm Hg have al0-year absolute risk of CV events that
exceeds 20%, which is recommended by several worldwide
guidelines as the threshold for antihypertensive therapy.

Some of the excess risk in prehypertension can be attrib-
uted to a higher risk of subsequently developing hypertension.
Like weight and many other physical characteristics, BP tends
to “track” over time, with individuals originally in the upper
tertile staying in the highest third of the population, even as it
increases as one ages. A total of 14,407 normotensive partici-
pants in the first National Health and Nutrition Examination
Survey had BPs measured (once, as in the original study) after
9.5 years.®” Despite using the now-outdated 160/95 mm Hg
threshold, an incidence of approximately 5% (over 10 years)
per decade of age was observed among both men and women,
from 25 to 64 years of age. The incidence of hypertension was
not much different for those in the 65- to 74-year age group,
compared with the 55 to 64 year olds, perhaps because it was
already present in most of them at the first examination. As
with the original study, more hypertension developed among
African Americans than among whites.

The rates of progression of prehypertension to hyperten-
sion were also specifically examined in the Framingham Heart
Study. Prehypertensive individuals were two to three times
more likely to develop hypertension than normotensive
persons over a 26-year follow-up period.”> More recently, the
relatively short-term (3-year) incidence of hypertension was
examined.®* In multivariable logistic regression analyses, the
largest predictors among 9845 participants in either the
original cohort or Framingham Offspring Study were higher

baseline BPs (multivariable odds ratio for men and women,
11.6 and 5.5, respectively, for BP 130 to 139/85 to 89 mm Hg),
age (1.6 and 1.2), weight gain (1.3 and 1.2), and baseline body
mass index (1.1 and 1.0). Even over as short a term as 3 years,
a significant trend was noted in the incidence of hypertension
across baseline BPs: 29.6%, 13.5%, and 4.0% for those aged
35 to 64 years (BPs 130 to 139/85 to 89, 120 to 129/80 to 85,
and <120/80 mm Hg, respectively). Similar results were seen
in 65 to 94 year olds (40.1%, 19.8%, and 12.2%). In fact, in
Framingham, the lifetime risk (over 25 years of follow-up) for
developing hypertension was about 90% for both men and
women, whether starting observations at 55 or 65 years
of age.®” In the same group, the lifetime risk for receiving
drug therapy for hypertension was about 70%. Framingham
participants with preh