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Foreword

In the spring of 1983, I attended Andreas Gruentzig’s percu-
taneous transluminal coronary angioplasty (PTCA) teach-
ing demonstration course in Emory University in Atlanta,
Georgia. I was impressed and excited not only by Gruentzig’s
enthusiastic approach but also by that of many of the other
participants who included Richard Myler, Simon Stertzer,
Spencer King III, and the young fellow Bernie Meier. The
live cases were of course thrilling, sometimes dramatic and
always instructive due to the lively discussion about strategy,
technique, the current balloon dilatation catheters, guiding
catheters, guidewires, and accessories, their shortcomings
and limitations and the rapid developments in the equip-
ment aimed at improving success rates and reducing com-
plications. Tips and tricks in achieving success and avoiding
complications were priceless lessons learned. Schneider
Medintag, USCI and Advanced Cardiovascular Systems
were the major manufacturers of angioplasty equipment
at that time and they and other companies blossomed as a
result of working closely alongside these pioneers in inter-
ventional cardiology in their catheter laboratories. It would
be this collaboration between interventional cardiologists
and industry that would drive forwards the development of
coronary intervention at an exponential pace. At about this
time “over-the-wire” (OTW) balloon dilatation catheters
were developed with the intention of making PTCA appli-
cable to more than just proximal coronary artery lesions.
Soon, however, the cumbersome nature of handling a 300
cm guidewire would lead to the introduction of a rapid
exchange or Monorail balloon catheter by Bonzel in 1986
and this would eventually become the standard delivery
system for coronary balloons and stents worldwide.

Over the next 10 years, my personal experience pro-
gressed rapidly from simple PTCA with Gruentzig’s fixed
wire balloon catheter to multilesion, multivessel and com-
plex PTCA, coronary artery bypass grafts, chronic total
occlusions, primary PTCA in acute myocardial infarction—
initially with the OTW balloon dilatation catheter and
then with the monorail device, directional coronary ather-
ectomy, laser and rotational atherectomy, intracoronary
stent implantation, and intracoronary ultrasound (IVUS)
imaging. I learned much by meeting and watching great
interventional cardiologists at work like Geoffrey Hartzler
at the Mid-America Heart Institute, St. Luke’s Hospital,
Kansas City, Missouri, Bernie Meier in Bern, Switzerland,

John Simpson in Redwood City, California, and David
Cumberland in Sheffield, but the seed of enthusiasm had
germinated in Atlanta. The group photograph of all the par-
ticipants at the meeting in 1983 hangs on my office wall in
Liverpool and is a warm reminder not only of the friends
and colleagues who were fortunate enough to be there too
that year but also of the start of my passion for interven-
tional cardiology. Perhaps you can recognize someone?

In just 40 years, the specialty of interventional cardiol-
ogy has changed dramatically. Not only does it now include
all aspects of coronary artery intervention but also fantas-
tic imaging techniques such as IVUS, optical coherence
tomography (OCT), and techniques for assessing coronary
artery flow using pressure wire technology. A whole array
of guidewires with carefully designed structures and behav-
ioral characteristics and microcatheters have been intro-
duced to help deal with the problem of chronically occluded
arteries using new anterograde and retrograde approaches
through the collateral bed. We have also reached a new era
in coronary artery stenting with the availability of a wide
range of stents with improved profile, flexibility, and deliv-
erability with novel strut designs and drug delivery mecha-
nisms and even a stent that is fully biodegradable once its
scaffolding function and drug delivery tasks have been
completed. Subspecialties of interventional cardiology have
formed to deal with other cardiac pathologies and struc-
tural cardiac defects. For example, transcutaneous aortic
valve implantation (TAVI) for the treatment of aortic valve
stenosis is a good illustration of how the biomedical com-
panies have rapidly developed the technology and reduced
the size of the delivery systems to make the procedure
more user-friendly, more successful, and less complicated
with better outcomes for both patient and operator. Besides
TAVT, percutaneous procedures to treat mitral stenosis, pat-
ent foramen ovale, atrial septal defect, and to occlude the
left atrial appendage have all become standard procedures,
less daunting for the experienced operator and highly suc-
cessful for the patient. Femoral artery closure devices have
been refined and adapted for use in both diagnostic and
therapeutic interventional procedures. Alongside all this,
radial artery catheterization for both diagnostic coronary
angiography and for percutaneous coronary intervention
(PCI) has become routine and now dominates as the favored
route for PCI procedures in many catheter laboratories
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Foreword xiii

around the world. Radial artery closure devices have also
been developed to make the procedures routine with few
complications. In addition, there have been numerous con-
comitant developments in the pharmacology associated
with intervention such as novel antiplatelet and antithrom-
botic therapy especially relevant for PCI in acute coronary
syndromes and in particular acute myocardial infarction.

It goes without saying that to become skilled at inter-
ventional cardiology, trainees should spend time alongside
senior colleagues who themselves are extremely experi-
enced in the specialty, initially assisting and then becoming
a supervised first operator before becoming an independent
interventionist. There is no substitute for spending time in
a busy catheter laboratory both watching and performing
cases if one hopes to avoid learning from the same mistakes
that the pioneers in interventional cardiology made dur-
ing their early experiences. Attending and participating in
courses in interventional cardiology, especially those pre-
senting live case demonstrations are a fantastic medium for
enhancing training and learning and many are still available
and worth the time and expense for those dedicated to mak-
ing a career in this exciting specialty. During my early years,
balloon angioplasty courses in Emory University in Atlanta,
San Francisco, Kansas City, Geneva, Toulouse, Paris, and
London were always great fun and fantastic learning expe-
riences where many friendships and working relationships
were founded and developed. The courses were headed by
the giants of coronary intervention who with the collabora-
tion and financial help from the industry pushed forwards
the evolution of the specialty. Transcatheter Cardiovascular
Therapeutics has perhaps been one of the leading and most
enjoyable of such international meetings over the last two
decades. For many of us, our attendance at such venues
was sponsored by industry and credit is due to them for
our education and training. In return, representatives and
product specialists from industry were regularly present
with the interventionists in their laboratories during cases.
Although this was often for their own education, it was also
for providing advice on how to operate new devices and
angioplasty equipment as well as collecting feedback on the
performance of their latest device. Their input and advice
frequently proved invaluable and they were considered part
of the interventional team responsible for the success of
procedures.

Besides live case demonstrations and national and inter-
national interventional cardiology meetings and symposia,
journals of interventional cardiology and textbooks have
remained an invaluable source of learning. Many of the
textbooks on balloon angioplasty and interventional cardi-
ology have been either written or edited by the great names
in this specialty. In 1997, Ever Grech and myself assembled

numerous talented contributors to our first edition of
Practical Interventional Cardiology and were humbled by
their knowledge, their generosity and their willingness to
participate. Twenty years after Andreas Gruentzig’s first
PTCA, the book highlighted how rapidly the specialty had
moved forwards. Five years later in 2002, the second edi-
tion had 36 chapters written by national and international
colleagues updating the interventional fraternity on new
procedures, new technologies, new pharmacology relevant
to intervention, clinical trials in interventional cardiology,
peripheral intervention, mitral balloon valvuloplasty, per-
cutaneous intervention for structural cardiac defects and
interventional electrophysiology as well as other relevant
topics at that time.

Now we are treated to Practical Interventional Cardiology,
3rd edition, an enormous effort by my friend and colleague
Ever Grech who has put together a fantastic textbook of
interventional cardiology. It consists of 48 superb chap-
ters on the many aspects of coronary artery intervention,
interventional procedures for structural heart disease,
invasive, and interventional electrophysiology, presenta-
tions on training programs and certification in Europe and
the United States and the principles and practice of audit
in interventional cardiology. The list of contributors is out-
standing and again includes authors from major centers
from around the globe—authors who are both experienced
and respected by their peers in the interventional commu-
nity. The book opens with a chapter on the Epidemiology
and Pathophysiology of Coronary Artery Disease by Renu
Virmani and colleagues and ends with a glimpse into the
future of interventional cardiology by Steven L. Goldberg.
The textbook is beautifully illustrated, contemporary,
enjoyable, easy to read and well-referenced and should be
recommended not only to those training in interventional
cardiology, but to experienced interventionists, to catheter
laboratory staff who share in interventional procedures, to
those in industry who wish to familiarize themselves with
the recent developments in intervention and to hospital
and university libraries to make this knowledge available
to everyone with an interest in this fascinating subject. It is
evident from this book that progress in all aspects of inter-
ventional cardiology continues being driven by talented
individuals worldwide. However, it is worth remembering
how it all began, for truly this and subsequent generations
of interventionists responsible for taking the specialty for-
wards into the future are “ .. standing on the shoulders of
giants” (Isaac Newton, 1676).

David R. Ramsdale
Liverpool Heart and Chest Hospital
Liverpool, UK
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Preface

2017 represents an important milestone in Interventional
Cardiology as we celebrate both the 40 anniversary of
the first percutaneous transluminal coronary angioplasty
(PTCA) by Andreas Grintzig in Zurich, Switzerland, and
the 50t anniversary of the first coronary artery bypass
surgery by Rene Favorolo in the USA. The first patient to
undergo PTCA was 39-year-old Adolf Bachmann who is
alive and well to this day. However, although clinically
effective, acceptance of this new technique was by no
means immediate. Skepticism and resistance was wide-
spread for many years as PTCA faced a number of prob-
lems that required technical improvements and scientific
validation.

As I browse through the second edition of Practical
Interventional Cardiology, which was published 15 years
ago, it is readily apparent that subsequent developments in
Interventional Cardiology have been both astonishing and,
in some instances, unexpected.

Astonishing, because the combination of new operator
skills, superior equipment and new pharmacotherapy has
led to a pronounced reduction in procedural risks, which
has in turn propelled a truly exponential worldwide growth
in percutaneous cardiovascular interventional procedures.
The best illustration has to be the development of the intra-
coronary stent. Since its tentative debut as a rigid, awkward
and very expensive item, it has largely overcome its flaws
(and rivals) to become the sleek, safe and highly effective
device that has taken centre stage and is undeniably one
of the linchpins of interventional cardiology. It is easy to
forget that coronary intervention before the advent of the
stent primarily consisted of balloon angioplasty. This was
much riskier and unpredictable than today’s procedures,
which nearly always incorporate a stent (referred to as
PCI), with surgical standby an absolute necessity, for good
reason. Furthermore, the management of acute coronary
syndromes (especially ST-segment elevation myocardial
infarction) was regarded by many as ‘tiger country, where
only pharmacotherapy was deemed to be safe despite the
lack of efficacy and associated high mortality. Thankfully,
those days are gone, and I do sometimes find myself feeling

satisfied to have taken part in such an incredible transition
in such a short space of time.

Unexpected, because no one foresaw the emergence
of some of the new therapeutic interventions. The prime
contender has to be the introduction and rapid growth
in structural heart intervention, in particular percutane-
ous aortic valve implantation (TAVI). As initial concerns,
such as access-site complications, para-valvular leaks and
valve durability continue to be addressed, it is clear that this
procedure has much further to go. It is also interesting to
observe the variation in approaches currently being used
to overcome the complex and difficult problems associated
with percutaneous mitral valve intervention.

By highlighting these areas, I am aware that I have
omitted many other important aspects and developments.
Clearly, a lack of space will not allow me to expand here.
However, I have ensured that these are given their rightful
importance in this new and comprehensively updated edi-
tion. I am sure you will enjoy reading the chapters written
by world leaders in their specialised fields.

Although it has been an onerous task to collate this third
edition within tight time schedules so that it reflects cur-
rent knowledge and practice in a rapidly changing field, it
has been an immensely rewarding experience. I am very
grateful to all the contributors of this book and have been
humbled by their knowledge, their generosity and their
willingness to participate. I am also thankful to our col-
leagues in industry for their assistance in providing techni-
cal details and data. I deeply appreciate the personal efforts,
technical expertise and invaluable assistance of all at Taylor
and Francis Group. In particular, I would like to mention
Lance Wobus, Jessica Vega, Judith Simon (USA), Gabriel
Schenk, Alice Oven, Drew Gwilliams and Ben O’Hara (UK)
at Taylor & Francis Group, as well as Ramya Gangadharan
(India) at diacriTech.

Ever D. Grech

South Yorkshire Cardiothoracic Centre,
Sheffield, United Kingdom
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1.1 Epidemiology of coronary artery
disease

Coronary artery disease (CAD) represents a global lead-
ing cause of death especially for middle- and high-income
countries. In 2012, all-cause deaths were estimated as 56
million worldwide with 17.5 million deaths (31%) attributed
to cardiovascular disease (CVD).! Ischemic heart disease
represented 7.4 million (13%) of people, whilst 6.7 million
(12%) died from stroke. In high-income countries, 70% of
deaths occurred in ages greater than 70 years old mainly
from chronic CVD, cancer, dementia, chronic obstructive
lung disease and diabetes. On the contrary, the percentage of
cardiovascular deaths in low-income countries is relatively
low in comparison to infectious disease, lower respiratory
infections, HIV/AIDS, diarrhoea, malaria and tuberculosis,
which collectively account for almost one-third of all deaths.!

Despite the increase in the survival rates of CAD patients
over the past few decades, the number of individuals with
CVD is estimated to exceed more than 23.6 million by 2030.
Currently one in three adults in the United States (approxi-
mately 71.3 million) has some form of CVD, including
more than 17 million with CAD and 10 million with angina
pectoris.>*

Age is the most powerful risk factor for CVD. Heart
disease and stroke are the first and fourth leading causes
of death in the United States and together, accounted for
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1.9 Conclusions 13
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29.4% of deaths in 2010.° After 40 years, the life-time risk of
coronary heart disease is 49% in men and 32% in women,
according to the findings of the Framingham Heart study.®
Although the incidence of CAD in the United States is on
the decline, observational studies have not yet shown a
reduction in myocardial infarction (MI).”® The National
Registry of Myocardial Infarction with clinical data on 1.9
million acute myocardial infarction (AMI) patients from
2157 US hospitals between 1990 and 2006 has shown that
the proportion of non-ST elevation MI (NSTEMI) increased
from 14% to 59% (p < .0001), whereas the reported ST eleva-
tion MI (STEMI) cases decreased.” Hospital mortality rates,
however, significantly fell amongst all patients (10.4%-
6.3%), STEMI (11.5%-8.0%) and NSTEMI (7.1%-5.2%)
from 1994 to 2006 (all p <.0001).

1.2 Native coronary atherosclerosis

The initial concept of atherosclerosis progression and plaque
phenotypic change was established by Dr. Velican in the
early 1980s who focused on morphological descriptions of
fatty streak lesions to advanced fibroatheromatous plaques
complicated by haemorrhage, calcification, ulceration and
thrombosis.!®!! Similarly, Dr. Michael Davies, a pathologist
devoted to the study of plaque rupture and its associated
features, described in detail the characteristics of plaque

3
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disruption and the role of inflammation in lesion instabil-
ity.!213 The work of various pioneers in the field of atheroscle-
rosis lacked uniform terminology and classification relative
to how lesions progress and become the focal point of acute
coronary syndromes. This gap was eventually addressed by
the American Heart Association consensus group led by Dr.
Stary'®!> in the 1990s where lesions were classified into six
different numerical categories relative to severity. One of the
main weaknesses of the American Heart Association (AHA)
classification was that the atherosclerotic plaque procession is
complicated and not easily categorised by numerical groups.
Moreover, the reference to a numeric nomenclature was found
incomplete by our laboratory considering that under the AHA
classification, all luminal thrombi were thought to exclusively
arise from plaque rupture, excluding other causative entities
like plaque erosion and nodular calcification.’® Also, the AHA
scheme failed to describe an important precursor lesion to rup-
ture, the thin-cap fibroatheroma (TCFA) or ‘vulnerable plaque’.
These limitations prompted us to develop a modified version of
the AHA classification initially published in 2000 and recently
modified in 2015'*'7 (Figures 1.1 and 1.2, and Table 1.1).

Numeric AHA lesion types [-IV were essentially replaced
by descriptive terminology to include adaptive intimal thick-
ening, intimal xanthoma, pathologic intimal thickening (PIT)
and fibroatheroma (FA) with recognised progressive lesion
morphology of early and late FAs. AHA lesion types V and
VI were abandoned since they failed to account for distinct
morphologies of plaque rupture, erosion and calcified nod-
ule that give rise to luminal thrombosis or support the pro-
file of controlled lesions in stable angina patients. The AHA
terminology also does not adequately address the concept
of silent thrombi and vascular healing, which also includes
silent or symptomatic chronic total occlusions (CTO) despite
their presence in over 30% of sudden coronary deaths (SCDs),
where the first manifestation of symptoms may indeed be
sudden death itself.

Descriptive terms that are associated with lesion stabil-
ity such as fibrous or fibrocalcific, and nodular calcification
in the absence of thrombosis - that are observed more com-
monly in patients presenting with stable angina, and with or
without long-standing diabetes mellitus and end-stage renal
disease — were recently introduced by our laboratory (Figures
1.1and 1.2, and Table 1.1)."” Our updated SCD registry of sub-
jects whose first manifestation was CAD showed an absence
of acute thrombus or organising thrombi in over 30% of SCD
cases with healed MI note in half these cases, whilst in the
other half there is only severe coronary narrowing involving
one or more coronary arteries (Table 1.2).18

1.3 Non-atherosclerotic intimal lesions

1.3.1 Intimal thickening and fatty streaks

For 35% of neonates, the intima/media ratio is 0.1 at birth,
and thereafter it continuously increases by up to 0.3 in 2
years.!” Intimal thickening in the absence of atherosclerosis is
considered the earliest vascular change consisting primarily

of smooth muscle cells (SMCs) and extracellular matrix.
Although intimal thickening is more frequently recognised
in atherosclerosis-prone arteries, coronary, carotid, abdomi-
nal and descending aorta, and iliac artery,? it is regarded as
a flow-related adaptive change as the proliferative activity is
very low and supported by an anti-apoptotic phenotype.?-2?
On the contrary, the first of the inflammatory lesion is
termed ‘fatty streak’ or intimal xanthomatous plaque, which
is primarily composed of superficial collections of surface
foam cells derived from circulating monocytes and from the
uptake of lipids by SMCs. In humans, intimal xanthomas
are capable of regression especially in the thoracic aorta and
right coronary artery in young individuals aged 15-30 years
as initially described in early studies? 24 and more recently
in the ‘Pathologic Determinants of Atherosclerosis in Youth’
study.?> Although the precise mechanisms involved in the ini-
tiation and regression of the intimal xanthoma are unknown,
the early progressive lesions are thought to arise from SMC
death in areas of ‘lipid pools’ classified as PIT. Therefore, a
better understanding of this process may help unlock the
point-of-no-return in the process of atherosclerotic change.

1.4 Progressive atherosclerotic lesions

1.4.1 Pathologic intimal thickening

PIT is considered the earliest of progressive change and is
primarily composed of well-developed SMCs near the lumen
embedded in hyaluronan, proteoglycans and type III col-
lagen matrix (Figure 1.3).2¢ The lesions are located in prox-
imity to the media, characterised by areas devoid of SMCs
but rich in hyaluronan and proteoglycans versican, biglycan
and decorin admixed with neutral lipids and free choles-
terol (Figure 1.4).2° Apoptotic SMCs within the lipid pool are
recognised by a thickened basement membrane on periodic
acid Schiff (PAS) staining?” and are thought to support con-
tinued intimal growth. The relationship of lipid pool forma-
tion to the deposition of select proteoglycans and attraction
of lipids with lack of SMC, however, still remains unclear.
There is cause to believe, however, substitutions in the gly-
cosaminoglycans chain on proteoglycans are the initial pro-
atherogenic steps that promote the binding of atherogenic
lipoproteins.?®

Another important lesion hallmark of PITs is the adlumi-
nal accumulation of macrophages, and although not observed
in all cases, this finding particularly near branch points may
be associated with a more advanced stage of the disease.?® The
lipid pools may also exhibit free cholesterol, represented by
varying degrees of fine crystalline structures, but never in
excess. The absence of macrophages with the lipid pools sug-
gests that the free cholesterol in PIT is of non-inflammatory
origin. Moreover, the lipid pools show evidence of micro-
calcification (~0.5 um, but typically <15 um) admixed with
SMC remnants, as well as with calcium hydroxyapatite crys-
tals, are best appreciated by transmission electron micros-
copy and cannot be seen by other imaging modalities such
as multi-slice computed tomography (MSCT), intravascular



1.4 Progressive atherosclerotic lesions 5

Non-atherosclerotic intimal lesions Progressive atherosclerotic lesions
imal . Thin-cap
I'“t'm? Intimal Pathologic intimal thickening (PIT) Fibroatheroma (FA) fibroatheroma
thld(emng xanthoma PIT without macrophage PIT with macrophage Early FA Late FA (TCFA)

Pt |
brous cap

NC

Lesions with acute thrombi

Rupture underiying T ETOSIOM  terbing FA Calcified nodule Plaque fissure O Smooth muscle cells
= — - ——— - -

@ Macrophage foam cells
O Extracellular lipid
“=F Cholesterol clefts

. Necrotic core

. Calcified plaque
O Collagen

. Haemorrhage

O Thrombus

.. Healed thrombus

. Angiogenesis
<« Fibrin

Complications of haemorrhage and/or thrombus with healing and stabilisation

Chronic total Fibrocalciﬁc plaque
(calcified sheet) Nodular calcification

Intraplaque Healed rupture )
haemorrhage Single Iayer Multiple /a ers occlusion (CTO)

Fibrous plaque

@ S .

Figure 1.1 Human coronary lesions’ morphologies categorised as ‘non-atherosclerotic intimal lesions’, ‘progressive athero-
sclerotic lesions’, ‘lesions with acute thrombi’ and other lesion morphologies/features. Ca2+, calcium; LP, lipid pool; NC,
necrotic core; Th, thrombus. Yellow arrowheads = macrophages; yellow arrows = fibrous cap; black arrowheads = neoan-
giogenesis. (Reproduced from Yahagi K et al., Nat. Rev. Cardiol., 13, 79-98, 2015. With permission.)
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Figure 1.2 Simplified scheme for classifying atherosclerotic le
13, 79-98, 2015. With permission.)

ultrasound (IVUS) or optical coherence tomography (OCT).*
Whether microcalcifications play a significant role in the evo-
lution or progression of the lipid pool is yet to be determined.

1.4.2 Fibroatheroma

Distinguished from the lipid pool lesions of PIT, FAs consist
of an acellular necrotic core containing cellular debris and
notable depletion in extracellular matrix, best appreciated by
picrosirius red staining. The necrotic core is encapsulated by a
thick fibrous cap consisting of SMCs within a proteoglycan-
collagen matrix,* which is considered a critical component of

>75% area
luminal narrowing

Sudden death,
stable angina
» or congestive heart failure

sions. (Reproduced from Yahagi K et al., Nat. Rev. Cardiol.,

lesion stability, whilst on the contrary, fibrous cap thinning
invariably occurs prior to plaque rupture.

In our laboratory, FAs are subclassified into those with
‘early’ and ‘late’ necrosis as this distinction may further
enable us to better understand how necrotic cores develop.
Early necrosis is identified by macrophage infiltration into
lipid pools coinciding with a substantial increase in free
cholesterol and diminution of extracellular matrix. Similar
to PITs, lesions with early necrotic cores characteristically
maintain expression of hyaluronan, versican, and biglycan
and type III collagen, which are typically absent in more
advanced plaques with late necrosis, presumably by matrix
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Table 1.1 Updated classification of atherosclerotic lesions based on morphology

Types of lesions

Non-atherosclerotic
intimal lesions

Progressive
atherosclerotic
lesions

Lesions with acute
thrombi

Healed lesions

Subtypes of
lesions

Intimal
thickening

Intimal
xanthoma

Pathological
intimal
thickening

Fibroatheroma
(FA)

Intraplaque
haemorrhage
or plaque
fissure

Thin-cap FA
(TCFA)

Plaque rupture

Plaque erosion

Calcified
nodule

Healed plaque
rupture,
erosion, or
calcified
nodule

Morphological description

Natural accumulation of smooth muscle cells (SMCs) in the absence of lipid,
macrophage foam cells and thrombosis.

Superficial accumulation of foam cells without a necrotic core, fibrous cap or
thrombosis.

Plague rich in SMCs, with hyaluronan and proteoglycan matrix and focal
accumulation of extracellular lipid. Absence of thrombosis.

During early necrosis: focal macrophage infiltration into areas of lipid pools with
an overlying fibrous cap. During late necrosis: loss of matrix and extensive
cellular debris with an overlying fibrous cap. With or without calcification.
Absence of thrombosis.

Large necrotic core (size >10% of plaque area) with haemorrhage, and plaque
area shows presence of angiogenesis. Necrotic core communicates with the
lumen through a fissure. Minimal tear without obvious thrombus.

A thin, fibrous cap (<65 pm) infiltrated by macrophages and lymphocytes, with rare
or no SMCs and relatively large underlying necrotic core (>10% of plaque area).
Intraplaque haemorrhage and/or fibrin might be present. Absence of thrombosis.

TCFA with cap disruption. Thrombosis is present and might or might not be
occlusive. The luminal thrombus communicates with the underlying necrotic core.

Can occur on pathological intimal thickening or on a FA. Thrombosis is present
and might or might not be occlusive. No communication of the thrombus with
the necrotic core.

Eruptive (shedding) of calcified nodule with an underlying fibrocalcific plaque
with minimal or no necrosis. Thrombosis is usually not occlusive.

Healed lesion composed of SMCs, proteoglycans, and collagen type Ill with or
without underlying disrupted fibrous cap, necrotic core, or nodular calcification.
Lesions can contain large areas of calcification with few inflammatory cells and
have a small or no necrotic core. The fibrotic or fibrocalcific collagen-rich plaque
is associated with significant luminal stenosis. Absence of thrombosis.

Source: Reproduced from Yahagi K et al., Nat. Rev. Cardiol., 13:79-98, 2015. With permission.

Table 1.2 Distribution of culprit plaques by sex and age in sudden coronary death (n = 442)

Men

<50 years
>50 years
Total (men)
Women

<50 years
>50 years
Total (women)
Total

Acute thrombi (n = 236)

No acute thrombi (stable severe
CAD) (n = 206)

Rupture

82 (48%)
59 (31%)
141 (39%)

3 (6%)
10 (26%)
13 (16%)

154 (35%)

Organised
Calcified thrombi No
Erosion nodule (CTO) thrombi Total
34 (20%) 3 (2%) 16 (9%) 36 (21%) 171
14 (7%) 6 (3%) 46 (24%) 63 (34%) 188
48 (13%) 9 (3%) 62 (17%) 99 (28%) 359
16 (36%) 0 (0%) 4 (9%) 21 (48%) 44
6 (15%) 3 (8%) 8 (21%) 12 (31%) 39
22 (27%) 3 (4%) 12 (14%) 33 (40%) 83
70 (16%) 12 (3%) 74 (17%) 132 (30%) 442

Source: Reproduced from Yahagi K et al., Atherosclerosis, 239, 260-267, 2015. With permission.
Organised thrombi with healed myocardial infarction (MI) = 62/74 (84%). No thrombi (stable plaque) with healed MI = 1/132 (54%). CAD,
coronary artery disease; CTO, chronic total occlusion.
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Macrophages T-lymphoytes

PIT
w/o mac

PIT
with mac
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I

Figure 1.3 Representative histologic sections showing pathologic intimal thickening (PIT) without macrophage (mac) infil-
tration, PIT with macrophages, early and late fibroatheroma (EFA and LFA, respectively). The left two columns represent
low- and high-power images of sections stained with Movat Pentachrome, and the right three columns show high-power
images of immunohistochemical stains for macrophages (CD68), T lymphocytes (CD45RO) and vasa vasorum (CD31/CD34).
(Reproduced from Otsuka F et al., Atherosclerosis, 241, 772-782, 2015. With permission.)

proteases produced by macrophage (Figure 1.4).2° Notably,
the majority of macrophages within the areas of necrotic
core display features of apoptotic cell death. Free choles-
terol is visualised as empty clefts by routine histopathologic
sectioning and this is another discriminating feature of the
late necrotic core.’ 33 The death of macrophages has been
attributed to defective phagocytic clearance ‘efferocytosis’
of apoptotic cells and is thought to contribute further to the
expansion of the necrotic core.?>3

1.4.3 Thin-cap FA

Morphologically, fibrous cap thinning is the main recognised
feature of lesion instability. The TCFA, traditionally desig-
nated as vulnerable plaque, essentially resembles plaque rup-
ture, although there is an absence of luminal thrombosis and
an intact, but thin fibrous cap.3"** The necrotic core is gener-
ally smaller with fewer numbers of infiltrating macrophages
and overall less calcification compared with plaque rupture.
The fibrous cap is predominantly composed of collagen type I
and contains varying degrees of macrophages and fewer lym-
phocytes with a paucity or absence of SMCs. Fibrous cap

thickness is the main attribute of plaque vulnerability and
thin caps are defined pathologically as <65 um since the thin-
nest portion of remnant ruptured caps is 23 £ 19 um, whilst
95% of the TCFA caps measure <64 um.* On the contrary,
a single clinical OCT study of ruptured plaques report cap
thicknesses of 49 + 19 pm,* which may be more true in-life
considering that formaldehyde fixation and dehydration can
lead to 20%-25% shrinkage of the tissues.

1.5 Coronary thrombosis

1.5.1 Plaque rupture

Oftentimes plaque rupture is fatal and is characterised by a
relatively large necrotic core with an overlying focally dis-
continuous thin fibrous cap and superimposed thrombus.
The luminal thrombus near the rupture site is platelet rich
(white thrombus), whereas the propagated thrombus at the
proximal and distal ends is typically composed of layered
fibrin admixed with erythrocytes (red thrombus). Notably,
the luminal thrombus resultant from plaque rupture is not
always occlusive.
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Figure 1.4 (a) Immunohistochemical identification of extracellular matrix (ECM) molecules hyaluronan and proteogly-
can (versican, biglycan and decorin) in progressive human coronary plaques. Movat Pentachrome staining shows lipid
pool (LP) with or without macrophage infiltration in pathologic intimal thickening (PIT) and necrotic core (NC) formation
in early (EFA) and late fibroatheromas (LFA). There is intense immunstaining of hyaluronan in LPs of PIT, whereas early
NCs show partial loss of staining and late NC exhibits almost complete absence of hyaluronan. A gradual decrease in
versican was also noted from PIT without macrophages in LFA, where the staining was nearly absent in the late NC.

Immunohistochemical reaction to biglycan and decorin were relatively weak; however, the expression of biglycan in LFA
was significantly less as compared with PIT and EFA. (b) Quantitative assessment of hyaluronan and proteoglycan (versi-
can, biglycan and decorin) showed a significant decrease in hyaluronan, versican and biglycan from PIT to EFA and LFA.
(Reproduced from Otsuka F et al., Atherosclerosis, 241, 772-782, 2015. With permission.)

Plaque rupture presumably occurs at its weakest point,
often near shoulder regions; however, we have observed
an equivalent number of disrupted fibrous caps at their
midpoint particularly when rupture occurs during exer-
tion, whilst those dying at rest tend to occur at shoulder
regions.’ Thus, different pathophysiologic and biome-
chanical processes may be involved in the actual rupture
event. Fibrous cap thinning has been linked to infiltrating
macrophages together with their release matrix metallo-
proteinase (MMP),** which further weakens the cap along
with high shear stress.?® Other underlying factors include
microcalcification and iron accumulation within the
fibrous cap*' and macrophage cell death.*? Once the fibrous
cap is breeched, the necrotic core contents are exposed to
the circulating blood initiating a coagulation cascade prin-
cipally involving platelets in response to the exposed lipids
and tissue factor and other pro-coagulants present in the
necrotic core.

1.5.2 Plaque erosion

Plaque rupture of an atherosclerotic plaque had been uni-
formly accepted as the primary causative event in SCDs.*
This widely held paradigm was predicated on morphologic
data from autopsy as well as angiographic imaging studies in
which the presence of surface irregularities was interpreted
as plaque rupture.!?** Meanwhile, in the middle of the 1990s
data were presented that indicated the occurrence of plaque
erosion is another mechanism of acute coronary thrombi in
the absence of plaque rupture. In a series of 20 patients who
died with acute MI, van der Wal et al. found plaque ruptures
in 60% of lesions with thrombi, whilst the remaining 40%
showed ‘superficial erosion’.**

Our experience is similar where plaque erosion is con-
sidered an important substrate for coronary thrombosis in
patients dying from sudden death or from AMI, with an
increased frequency noted in women.!!4¢47 In contrast to
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ruptures, the thrombus in erosions is confined to the luminal
surface without evidence of fissures or communication with
an underlying necrotic core. The term ‘erosion’ is used as it
applies to the general lack of surface endothelium.

Unlike prominent fibrous cap inflammation described in
ruptures, eroded surfaces contain fewer macrophages (rupture
100% vs. erosion 50%, p < .0001) and T lymphocytes (rupture
75% vs. erosion 32%, p < .004).18 Cell activation, indicated by
human leukocyte antigen - antigen D related (HLA-DR) stain-
ing, was identified in macrophages and T cells in 25 (89%)
plaque ruptures and in 8 (36%) plaque erosions (p = .0002).
Besides, eroded plaques tend to be eccentric lesions with the
base of the lesion being rich in SMCs and proteoglycans with
a relatively intact media. Intriguingly, the density of myelo-
peroxidase (MPO) positive cell within the thrombus was sig-
nificantly higher in erosion than in ruptures (erosion: 1632 +
709 cells/mm?, rupture: 759 + 410 cells/mm?, p = .0015), whilst
subadjacent plaque surfaces failed to show significant differ-
ence between lesion types (erosion: 438 + 280 cells/mm?, rup-
ture: 540 + 468 cells/mm?, p = .98). Differences in the cellular
composition of luminal thrombi between rupture and erosion
may influence vascular healing, as women with erosion more
frequently showed a greater prevalence of organising thrombi
compared with those with rupture.’

1.5.3 Calcified nodule

The calcified nodule is considered the least frequent lesion
capable of inducing luminal thrombosis. Heavily calcified
plates with fragmented calcified debris (nodules) embed-
ding in areas of fibrous tissue or fibrin with an absence or

small necrotic core characterise these plaques. In this case,
the fibrous-rich surface is breeched by fragments of calcified
plates, where nodules protrude into the lumen accompanied
by an overlying thrombus. Fibrin is often present between
nodules along with osteoblasts and osteoclasts, and inflam-
matory cells consistent with bony spicules.® Calcified nod-
ules are particularly more common in older males and tend
to occur in the right or left anterior descending coronary
artery, although more frequently observed in carotid arteries.

1.6 Episodic rupture and healing lesions

1.6.1 Healed plaque rupture

Plaque progression beyond 40%-50% luminal narrowing is
thought to occur secondary to repeat thrombosis with subse-
quent vascular healing (Figure 1.5). Healed plaque ruptures
(HPR) as shown by Davies et al. were detected microscopi-
cally as breaks in the fibrous cap, with an overlying repair
reaction consisting of SMCs, proteoglycans and/or a collagen
depending on the phase of healing.*® Early healed repair sites
are rich in proteoglycans along with collagen type III, which
is eventually replaced by collagen type L.

The frequency of HPRs increase coincides with lumen
narrowing®® such that for plaques with 0%-20% diam-
eter stenosis, the incidence of HPRs was 8%; for plaques
with 21%-50% stenosis, the incidence of HPRs was 19%;
and for lesions with >50% narrowing, the incidence of
HPRs was 73%. In our experience, 61% of autopsied hearts
from SCD victims show HPRs with the highest incidence
observed in stable plaques (80% HPRs), followed by acute

Figure 1.5 Healed plaque rupture lesion with severe luminal narrowing. (a) Healed-plaque rupture exhibiting a lipid-rich
haemorrhagic necrotic core with cholesterol clefts, showing a collagenous proteoglycan-rich neointima overlying on old
disrupted fibrous cap (HTh, healed thrombus, arrow, Movat Pentachrome). (b) High-power view of the healed fibrous cap.
(c) Serial sections stained by picrosirius red showing an area of dark-red collagen (type ) surrounding a lipid-rich haemor-
rhagic core. (d) Image of the same section in ‘C’ under polarised light clearly delineates newer bluish—greenish collagen
(type Ill) covering lighter reddish-yellowish fibrous cap disruption (type | collagen). (Reproduced from Burke A et al.,

Circulation, 103, 934-940, 2001. With permission.)
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plaque rupture (75% HPRs) and then by plaque erosion (9%
HPRs).>! Multiple healed ruptures with layering were more
common in segments with acute and healed ruptures, and
the per cent luminal narrowing was dependent of the num-
ber of healed ruptured sites and was significantly greater for
acute ruptures relative to healed ones (79% * 15% vs. 66% *
14%, p = .0001). Although the prevalence of silent ruptures
in the clinical setting remains unknown, a recent large com-
puted tomography (CT)-angiography study in 3158 patients
showed that HPR was an independent predictor of acute
coronary syndrome (ACS), although no differences were
observed in a number of patients with or without HPR.>

1.6.2 Chronic total occlusion

CTO resulting from an occlusive luminal thrombus is a
common finding, observed in 17% of SCDs at autopsy.”
Clinically, CTO is defined as a high-grade native coronary
stenosis with thrombolysis in myocardial infarction (TIMI)
grade 0-1 flow typically of at least 3-month’s duration with a
prevalence of 15%-20% in individuals who undergo diagnos-
tic cardiac catheterisation.> We recently reported that CTOs
of long duration (LD)-CTO (matrix consisting of collagen)
demonstrated severe negative remodelling, whereas CTOs of
short duration (SD)-CTO (matrix consisting predominantly
of proteoglycan with fibrin) demonstrated organising occlu-
sive thrombi with larger underlying necrotic cores that are
markedly less negatively remodelled.** These morphologic
differences along with abrupt and tapering patterns present
in proximal and distal lumens, respectively, likely affect suc-
cessful recanalisation with percutaneous procedures which
could be antegrade or retrograde. Further, CTOs in patients
with coronary artery bypass grafts exhibit the most calcifica-
tion and are more difficult to open percutaneously.>

1.6.3 Calcified plaque

Calcification of atherosclerotic coronary plaques signifi-
cantly varies amongst lesions with no direct correlation with
the disease severity or lesion vulnerability. Together there
are multiple factors which affect calcification such as age/
gender,” renal failure, vitamin D levels and other aspects of
bone metabolism,*® diabetes®” and genetic control.>
Pathologic calcification in atherosclerosis is initiated by
cell death both of SMC and macrophages. Apoptotic SMCs are
considered to be a source of plaque calcification by active or
passive processes involving mineralisation of cell organelles
or through the release of matrix vesicles, a process similar to
those observed in bone formation. Histologically, early calci-
fications are observed as collections of fine granular purple
material of >0.5 um in size®® Macrophage cell death is con-
sidered yet another source of early calcium deposition, recog-
nised as small blocky calcifications (typically <15 um), which
are morphologically distinct from SMCs. Microcalcifications
derived from the apoptotic SMC and macrophages generally
are observed in lipid pools and early infiltration of macro-
phages within the forming necrotic core. However, speckles

or fragments of calcification appear on the abluminal aspect
of the necrotic core near the internal elastic lamina, in FAs,
TCFAs and ruptured plaques. The precise mechanism(s)
underlying the extension of calcifications, however, are less
clear and may involve coalescence and other plaque com-
ponents such as lipids, collagen and proteoglycans, eventu-
ally evolving into calcified plates/sheets. In heavily calcified
burned-out lesions, there are little, if any, macrophage or
other inflammatory cell, and the centre of the necrotic core
may calcify or remain uncalcified.*® Calcified plates may frac-
ture, which results in the formation of nodular calcification
that is accompanied by fibrin deposition.*

1.7 Pathology of neoatherosclerosis

In-stent atherosclerosis called ‘neoatherosclerosis’ has
been reported as untoward complication of coronary stent
implants, which leads to late drug-eluting stents (DES)/bare-
metal stent (BMS) failure from restenosis or stent thrombosis
due to plaque rupture (Figure 1.6).9%¢! Neoatherosclerosis is
histologically identified by lipid-laden foamy macrophages
with or without complications of a necrotic core and/or cal-
cification within the nascent intima.®® In all cases, necrotic
cores of neoatherosclerosis do not communicate with the
underlying native plaques. Clusters of macrophage-derived
foam cells within the peri-strut regions or near the luminal
surface constitute the most frequent and earliest lesion of
neoatherosclerosis. Resident macrophages are often observed
on the luminal aspect of the stent, which undergo apoptotic
cell death giving rise to necrotic cores and more advanced
fibroatheromatous plaques. Intraplaque haemorrhage derived
from the lumen or, to a lesser extent, ‘leaky’ adventitial vasa
vasorum near struts with or without fibrin deposits may also
exist. Similar to native coronary atherosclerosis, it is also con-
ceivable that infiltration of foamy macrophages within the
neointima results in the thinning of fibrous cap, forming a
TCFA, or the necrotic core may be formed close to the lumen
giving rise to a TCFA with complications of in-stent plaque
rupture.

Similar to native disease calcification is another feature of
neoatherosclerosis generally involving stents with long-term
implant duration. The morphologic character of calcifica-
tion varies widely from microcalcification to calcified sheet.
Calcification in neoatherosclerosis attributed to DES may
also be associated with persistent fibrin deposition around
stent struts, which is more commonly observed in paclitaxel-
eluting stents (PES) but to a lesser extent in sirolimus-eluting
stents (SES).

1.8 Prevalence of neoatherosclerosis

The overall prevalence of neoatherosclerosis, as shown by
our laboratory, is significantly greater in first-generation DES
compared with BMS (31% vs. 16%, p < .001).%° Furthermore,
the median stent duration is significantly less for DES com-
pared with BMS (420 days vs. 2160 days, p < .001).%° The ear-
liest atherosclerotic change is characterised by macrophage
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Figure 1.6 Causes of late and very late stent thrombosis attributed to neoatherosclerosis and ‘restenosis’ (a)—(d) and
progression of neoatherosclerosis (e)—(i). Histological and schematic images are shown. Very late stent thrombosis (VLST)
from in-stent plaque rupture with underlying neoatherosclerosis associated with (a) PES and (b) BMS. (c) VLST from in-
stent erosion with underlying neoatherosclerosis associated with an SES. (d) Late stent thrombosis from in-stent erosion
in the presence of restenosis associated with a BMS. Foamy macrophage accumulation (e) around struts in a cobalt-
chromium everolimus-eluting stent, and (f) on the luminal surface within PES. (g) Fibroatheroma (FA) with necrotic core
within neointima of PES. (h) LFA with intraplaque haemorrhage within BMS. (i) Chronic total occlusion in a case of reste-
nosis in an SES with underlying neoatherosclerosis. BMS, bare-metal stent; M¢, macrophage; NC, necrotic core; PES,
paclitaxel-eluting stent; SES, sirolimus-eluting stent; Th, thrombus; LFA, late fibroatheroma. (Reproduced from Yahagi

K et al., Nat. Rev. Cardiol., 13, 79-98, 2015. With permission.)

foam cells, which have been observed as early as 70 days for
PES and 120 days for SES, and much later, 900 days for BMS.
Necrotic cores were observed with equal frequency in PES and
SES within 1 year (PES = 270 days; SES = 360 days), whilst the
earliest duration when necrotic core formation in BMS was
significantly longer (900 days). Moreover, the unstable feature
of neoatherosclerosis (TCFA and in-stent plaque rupture)
was identified within 2 years following first-generation DES
and 5 years following BMS implantation.®® Finally, multiple
logistic regression analysis showed that younger patients,
long implant duration, SES and PES usage, and presence of
unstable plaque underlying the stent were identified as inde-
pendent factors for the development of neoatherosclerosis.®
The earliest finding of neoatherosclerosis in second-
generation cobalt-chromium everolimus-eluting stent
(CoCr-EES) was detected in 270-day implants, which was
longer than first-generation SES (120 days) and PES (70
days).®? The incidence of neoatherosclerosis, however, in
CoCr-EES (29%) did not differ significantly from SES (35%)

and PES (19%).9> A comparison of neoatherosclerotic lesion
characteristic amongst stent cohorts failed to show any dif-
ferences, although the dominant morphology for CoCr-
EES and PES was foamy macrophage clusters (CoCr-EES
= 67%; PES = 87%), which was less frequently observed for
SES (32%).%2 Notably, unstable features of neoatherosclerosis
recognised as TCFA or plaque rupture were not observed for
CoCr-EES.

In clinical practice, late stent failure including stent throm-
bosis and late in-stent restenosis has emerged as major issues
following both BMS and DES implantation.®*-¢® Recently, we
have investigated the association between neoatherosclerosis
and late stent failure from our autopsy stent registry including
614 stented lesions in native coronary arteries (Figure 1.7).
The overall frequency of all cause very late stent thrombo-
sis (VLST) (>1 year) was 3% in BMS, 19% in first-generation
DES and 0% for second-generation DES. In-stent plaque rup-
ture accounts for 83% of VLST in BMS and 15% of VLST in
first-generation DES. Interestingly, beyond 3 years following
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Figure 1.7 (a) Prevalence of neoatherosclerosis in BMS, first- and second-generation DES stratified by duration of implant
(bar graphs) along with the prevalence of restenosis (green line) and thrombosis (orange line) in the lesions with neo-
atherosclerosis and late stent failure. (b) Prevalence of overall stent thrombosis, in association with neoatherosclerosis
(in-stent plaque rupture). (c) Prevalence of in-stent restenosis and its association with underlying neoatherosclerosis. BMS,
bare-metal stent; LST/VLST, late and very late stent thrombosis; Res, restenosis. (Reproduced from Otsuka F et al., Eur.

Heart J., 36, 2147-2159, 2015. With permission.)

stent implantation, all VLST in BMS and 33% of VLST in
first-generation DES were attributed to in-stent plaque rup-
ture (Figure 1.7). In-stent restenosis with underlying neo-
atherosclerosis was most frequent in BMS (6.8%) followed by
first-generation DES (4.2%), and the least frequent in second-
generation DES (3.2%), whilst the duration of the implant was
longer in BMS compared with first- and second-generation
DES. In BMS, restenosis with underlying neoatherosclerosis
was exclusively observed beyond 3 years with a prevalence of
15.4% (Figure 1.7).

1.9 Conclusions

Luminal thrombosis and SCD are predominately due to
plaque rupture, followed by erosion and least frequently in
calcified nodules. The TCFA likely represents an appropriate
target for the diagnosis and treatment of patients at risk for
the future coronary events.

Late de novo neoatherosclerosis is a recently recognised
substrate occurring from an accelerated disease process,
which is now a recognised contributing factor of late in-stent
restenosis or thrombosis attributed to percutaneous coronary
intervention (PCI) and stenting. It is important to emphasise
that the timing with respect to the onset of neoatherosclerosis
is within months to a few years where plaque rupture with
clinical events occur more rapidly than for native coronary
disease, which generally progresses over decades before pre-
sentation with symptoms.

Finally, understanding and treating this worldwide epi-
demic of coronary disease are highly challenging, where it is
imperative to have a comprehensive understanding of coro-
nary plaque pathology, particularly in the setting of inter-
ventional treatment and management. Therefore, we hope
that the pathophysiological features of atherosclerosis as
described in this chapter will aid both physicians involved in
the daily clinical practice as well as those involved in basic
research and scientists developing new treatment modalities.
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Radiation protection

2.1 Introduction

Diagnostic and interventional fluoroscopic procedures
are certainly on the rise and the reliance on imaging is
increasing amongst clinicians and other medical profes-
sionals. However, with growing number of procedures, the
amount of radiation that staff and patients are exposed to
also increases and this is a growing concern.

Medical staffare known to receive the highest occupational
radiation doses, and the important group amongst these are
interventional cardiologists and radiologists who perform
procedures frequently.! Therefore, protection from the sto-
chastic and deterministic effects of radiation is paramount.

Although now there is no hard evidence so that the staff
currently performing x-ray-guided therapeutic procedures are
more prone to developing cancers than the ordinary popula-
tion, individual cases of radiation-induced osteonecrosis, cata-
racts, brain tumours and aplastic anaemia are well recorded.

European and national guidelines require medical staff
working within an interventional cardiology or radiology
environment to have specific training in radiation protec-
tion. Undertaking such training is now a legal requirement
in Europe for these staff.? This training focuses on various
measures for radiation protection as well as behavioural
components, and we will expand on these in this chapter.
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2.2 Radiation units

To quantify the amount of radiation received by patients,
physical quantities such as Kerma and absorbed dose as well
as their International System of Units (SI) unit, the Grey
(Gy), is used. The Gy is defined as the energy deposited per
unit mass of the material, measured in joules per kilogram.
The rate of absorbed dose is measured in Greys per second.

Alpha, gamma and x-rays are forms of ionising radia-
tion, which cause different rates of energy deposition within
the cell, and the Sievert (Sv) is the unit of dose equivalent,
which takes this into account. For medical radiation protec-
tion purposes, units of radiation are usually very small and
measured in mGy, mSV, uGy or uSv.

2.3 Risk estimates

The level of radiation required to produce acute effects is
largely related to the dose. Ionising radiation has two main
biological effects, which include stochastic and determinis-
tic effects. Stochastic effects are statistical in nature, arising
by chance. These include cancer and genetic abnormalities.

The characteristic feature of deterministic or non-stochastic
effects is having a threshold dose below which the effect will
not occur. Above this threshold dose, the likelihood of the
effect occurring increases significantly. Deterministic effects
have an immediate and very predictable alteration to the tissue.

17
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Table 2.1 Threshold doses for deterministic effects

Effect Threshold dose (Gy)
Skin erythema 2-5
Irreversible skin damage 20-40

Hair loss 2-5
Sterility 2-3
Cataracts (lens of eye) 5

Lethality (whole body) 3-5

Foetal abnormality 0.1-0.5

Source: Williams JR and Allisy-Roberts P, Farr’s Physics for Medical
Imaging, Saunders, Philadelphia, pp. 23-47, 2007.

These include radiation cataracts and skin changes such as ery-
thema, ulcers, telangiectasia and dermal atrophy. Severe injuries
can involve the subcutaneous fat as well as muscles (Table 2.1).2

2.4 Fundamentals of radiation protection

Radiation exposure is currently a major concern in inter-
ventional cardiology. The variety and complexity of cases
are rapidly increasing, leading to longer fluoroscopy times
and thus more radiation dose to patient and staff.

Radiation protection is aimed at preventing occurrence of
deterministic as well as risks of stochastic effects, mainly cancer.
Therefore, dose limits are set in the interventional cardiology
laboratory and other departments who use ionising radiation.
Regulatory bodies require the workers to aim at keeping their
occupational exposure doses lower than the set limits, and also
to implement the principles of optimised protection.*

Radiation protection rules proposed by the International
Commission on Radiological Protection (ICRP), published
in 1991, were the basis of the European Directives, which in
turn inform the current legislation in the United Kingdom.?

ICRP introduced three main radiation protection prin-
ciples, which include justification, optimisation and occu-
pational dose limits.

1. Justification

The use of ionising radiation should demonstrate
a clear benefit outweighing the risks to those who are
liable to be exposed. Therefore, a clinician request-
ing or directing an examination requiring x-rays must
carefully consider the need for it in terms of the relative
risks and benefits.

The operator should be absolutely certain that any
examination requiring radiation exposure, such as
angiography, is necessary and consider the likelihood of
the examination influencing patient management and
clinical outcome.? Alternatives such as magnetic reso-
nance imaging or ultrasound/echocardiography should
be considered if that is practical and likely provide the
necessary clinical information.

2. Optimisation (ALARA/ALARP principle)
ICRP has stated that the principle of optimisation is that
in using ionising radiation, the dose should be as low

Table 2.2 Dose limits for occupational exposure

Dose quantity Occupational dose limit

Effective dose 20 mSv per year averaged over
five consecutive years (100
mSv in 5 years), and 50 mSv
in any single year

Equivalent dose in: lens 20 mSv in a year, averaged

of the eye over defined periods of five
years, with no single year
exceeding 50 mSv
Skin 500 mSv in a year
Extremities (hands and 500 mSv in a year
feet)

Source: Adapted from ICRP, Duran A et al., Catheter Cardiovasc
Interv., 81, 562-567, 2013.

as reasonably achievable (ALARA). The UK legislation
terminology is as low as reasonably practicable (ALARP).
The design of equipment and x-ray output control
during fluoroscopy should be maintained and dose
efficient. Technique selection to produce diagnostic
images at the lowest possible dose is essential. Operator
technique to minimise screening times and restrict
views should be advocated. There should be a system
for quality assurance to ensure optimum equipment
performance.
3. Dose limitation
Dose limits apply to those who are employed to work
with radiation and the general public who are likely to
have exposure as a result of work activity. Operators
should be fully aware of dose limits and should there-
fore limit diagnostic and therapeutic examinations
accordingly. Strict dose limits apply to staff. It is impor-
tant to note that dose limits do not apply to patients
and the control of patient dose is exclusively based on
the justification and optimisation principles. There is,
however, a requirement to record sufficient information
so that an estimate of dose to the patient can subse-
quently be made if necessary. This can then be checked
against the reference dose levels on the upper quartile of
national patient surveys (Table 2.2).4

European directives determine UK legislation on health
and safety and regulations of ionising radiation are based
on recommendations of ICRP. Current regulations gov-
erning staff and public safety are the Ionising Radiations
Regulations 1999 (IRR99), which apply to all work places.
The IRR99 is not directed at patient safety from radiation,
other than for the equipment for medical exposures.?

Ionising Radiation Medical Exposure Regulations 2000
(IRMER) are a separate European directive concerned with
patient protection in the UK law. IRMER emphasises the
responsibilities of the employer and the requirements for
justification and optimisation of individual exposures.
In addition to the employer, IRMER identified three key
persons who have a role in respect of diagnostic x-ray
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examinations: the referrer initiating a request, the practi-
tioner considering whether an examination is justifiable in
terms of its risks and benefits and the operator who carries
out the practical side of exposure after authorisation.?

Interventional cardiologists are amongst the health care
professionals who are generally entitled to act as IRMER
practitioners.

2.5 Staff protection

In order to decrease the absorbed dose to the patient and
staff the radiation protection principles of time, distance
and shielding have to be followed.

Dose is directly related to time, so half the time leads to half
the dose. Only essential staff should be in the cardiac catheter
angiography room or suite where they will be exposed to radi-
ation during angiography procedures (Figures 2.1 and 2.2).

2.5.1 Dosimetry

Using dosimeters in cardiac laboratories is paramount to
establishing the occupational doses received by interven-
tional cardiologists and other staff, and this then means that
it is possible to assess whether adequate radiation protection
is taking place or improvements need to be made.

It is recommended that interventional cardiologists
be monitored on a monthly basis to facilitate the prompt

Approximate layout

Table

Waist height Pb shield

Cardiologist o
Radiographer | |@

Full length Pb shield

Nurse

Pb glass screen

[ ) Radiographer 2

Position Av dose (uSv)
Cardiologist Forehead 13.6

Left hand 193
Nurse Right shoulder 18

Angiography PTCA

(uSv per procedure)

Cardiologist 11 25
Nurse 4.1 9.5
Radiographer 1 1 3.9
Radiographer 2 0 0

Figure 2.1 Average radiation dose received by a labora-
tory team during coronary angiography and PTCA.

identification of high doses and implement necessary
changes.

It is recommended that interventional cardiology
departments advocate a policy for their personnel to wear
two dosimeters, one under the lead apron and one at a collar
level outside the lead apron. The dosimeter worn under the
apron is proposed to give a good estimate of the effective
dose and the one worn outside the protective garments can
provide a good estimate of the dose delivered to the unpro-
tected skin and eye lens.*

Further dosimeters can be used on forehead or hands in
the form of ring dosimeters to assess eye lens or hand tissues.

Baumann et al. recently published a study looking
at how real-time quantitative display of radiation expo-
sure during angiographic procedures can significantly
decrease staff radiation dose.” The importance of this topic
was also discussed in 2010 at the board of Cardiovascular
and Interventional Radiological Society of Europe, which
recently created and implemented guidelines alongside the
American Society of Interventional Radiology, under the title
Occupational Radiation Protection for Interventionalists.®

A busy interventional cardiologist who takes all the nec-
essary personal protection precautions is unlikely to have
an annual effective dose more than 10 mSv, and is more
likely to be in the range of 1-4 mSv.*

It is usually deemed appropriate to investigate a radia-
tion dose of 2 mSv or above per month in order to not only
protect the individual but also optimise the safety of other
staff and patients. ICRP recently lowered their dose limit for
the lens of the eye, which has already triggered investiga-
tions in many interventional cardiology facilities and led to
practice modifications.

2.5.2 Protective tools

The most effective way of staff protection from radiation is
to exclude them from the angiography room. These rooms
are designed in such a way that the radiation doses received
outside of the room are equal to or generally very much
lower than the public dose limit.3
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Figure 2.2 Reduction of radiation intensity according to
the inverse square law.
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Even with protective lead shielding placed close to the
primary beam, the dose to the operator is not inconsider-
able and varies at different body sites. The aim of lead aprons
is to protect sensitive parts of the body, the bone marrow
being the most sensitive.

The dose received by the operators is generally not from
the direct beam but scattered radiation from the patient. The
attenuation or loss of intensity of the x-ray beam as it passes
through matter is exponential (Figure 2.3). Therefore small
amounts of shielding of appropriate density can greatly reduce
the intensity of the x-ray beam. 0.5 mm of lead, which is the
standard thickness of lead in an apron, can reduce the inten-
sity of the beam by 90%.

Various types of shielding in the angiography room
can result in substantial dose reduction for the practitio-
ner. These include table-suspended lead skirts, ceiling-
suspended screens, lead gowns, leaded eyeglasses, mobile
shields and disposable patient drapes.*

Interventional cardiology procedures in paediatrics may
be carried out using biplanar systems and the operator is
often standing closer to the patient than in adults, which
can undoubtedly increase the scatter dose, however, lower
dose rates and smaller beams are required in imaging smaller
patients, which may compensate for these other factors.

Arterial access choice and patient arm position are also
important factors in predicting the amount of scatter dose
from the patient. Radial artery access has been demon-
strated to reduce patient dose.”

Personal protective devices include lead aprons, thyroid
shields, eyeglasses and lead-coated gloves. The main protec-
tion tool worn by interventional cardiologists is the wrap-
around aprons with thyroid shields. They should be sized
to fit the individual properly to allow comfort and aid in
being able to wear them throughout the working day and
especially during long complex procedures.

Lead eyeglasses should have protective side shields as
well to provide more protection. They can be used as an
alternative to ceiling-suspended shields.
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Figure 2.3 Absorption/transmission of x-rays by different
thicknesses of lead and bone at different energies (keV,
kilo electron volts).

The operator should always keep their hands out of the
primary beam.

Key points for safe practice in interventional cardiol-
ogy catheter labs include minimising fluoroscopy time and
number of acquired images. Use of available patient dose
reduction techniques, collimation, protective shielding and
appropriate imaging equipment with sound quality assur-
ance program is paramount. Appropriate radiation protec-
tion training, emphasis on wearing personal dosimeters at
all times and knowing the dose limits and your individual
doses are also crucial.

2.6 Patient protection

Cardiac patients are increasingly exposed to cumulative
diagnostic and therapeutic procedures using ionising radia-
tion, such as coronary angiography, percutaneous coronary
intervention (PCI) and nuclear cardiology (Table 2.3).

Modern digital imaging can cause higher doses than cine
imaging. However, the other advantages of digital imaging
outweigh this potential disadvantage. Digital screening pro-
vides a relatively small dose compared with digital acquisi-
tion. It is therefore wise to acquire images only when it is
necessary to obtain a record or when post-acquisition view-
ing of the recorded image will reduce the fluoroscopy time.
The size of the field of view is also very important; increas-
ing the field size from 14-inch to 16-inch more than trebles
the entrance dose.

2.7 Digital cardiac angiography

Quantitative coronary angiography (QCA) has progressed a lot
over the last few decades. From the early 1980s, images used
to be acquired using very expensive cinefilm projectors onto
35-mm cinefilms, with optimal zooming for analysis. Modern
digital imaging allows the drastic reduction of frame rates
without compromising the image quality, and with an advan-
tage of achieving high resolutions up to 512 or 1024 pixels.

The main difference between cinefilm and modern digi-
tal acquisition was that coronary arteries were displayed as
bright arteries on a darker background, resulting in a ‘pin-
cushion’ distortion caused by the concave input screen of
the image intensifier.®

In digital imaging, arteries are visualised as dark struc-
tures on a bright background, with no geometric distortion
from the modern flat panel x-ray detectors. There have been
numerous studies comparing the previous cinefilms to the
current digital imaging, and they have validated that there
are no significant differences in accuracy and precision
between the two techniques and in fact the high contrast

Table 2.3 Average effective dose

Coronary angiography 5-10 mSV
Percutaneous coronary intervention 7-20 mSV
Nuclear cardiology 6-15 mSV
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resolution of digital imaging compensates for the high spa-
tial resolution of the 35-mm cinefilm.®

Digital imaging has also allowed for a reduction in radia-
tion dose and contrast usage, compared with the cinefilm
angiography. This is because digital imaging provides high
detection efficiency, requires fewer retakes with less scope
for poor technique and less need for repeat examinations as
image will not be lost or unavailable.

2.8 Conclusion

Interventional cardiology demands an increasing aware-
ness of the principles of time, distance and shielding as well
as clinical judgement. Staff exposures can be reduced by the
proper configuration of radiographic equipment and the
use of shielding. Real-time dose exposure monitoring may
also allow behavioural changes and reduced exposure.

One of the major advancements for the future may
involve complete elimination of ionising radiation from
the catheter lab and the need for wearing lead aprons, by
replacement of the angiography system with magnetic reso-
nance imaging (MRI) image guidance.’

Image archiving and
communication systems

Prior to the advent of digital imaging, cinefilm was widely
used in hospital cardiac labs. A typical cardiac angiographic
study consisted of 2000-3000 images in 512-matrix format.
Given the available film standards and quality in the early
1980s, cinefilm provided excellent quality for reviewing
cardiac angiographic images. The 1990s also brought an
introduction of digital images into the fairly buoyant digi-
tal market. Despite several manufactures launching digital
solutions as early as 1986, cinefilm remained popular well
into the late 1990s in many countries, despite its inherent
susceptibility to damage and fogging, providing a truly uni-
versal standard for imaging, which could be accessed and
viewed on any non-vender-specific projection system.

It was, however, difficult to copy and store. A patient’s
study became a precious source of images, with a danger of
being lost or destroyed.

Hospitals that chose a digital solution early, found digital
data storage volumes astronomically high and struggled to
justify the cost of approximately 500-700 megabytes for one
angiographic study.

Huge advances in digital technology in the mid-1990s
with the digital revolution saw the costs of memory and
storage spiral downward as manufacturers embraced this
technology. The restrictions mentioned above placed by
cinefilm, caused cardiologists to clamour for alternatives.
Many expressed a strong opinion on trying to keep the
native resolution of the acquired image in a digital for-
mat rather than converting to a cine film, or a video tape
recorder (VTR) format. So after a short romance with other

formats such as super VHS, they started exploring solutions
with their colleagues in radiology.

29 DICOM

The collaboration between the American College of
Radiologists (ACR) and the National Electrical Manufactures
Associations (NEMA) in the United States resulted in devel-
opment of an imaging standard called Digital Imaging and
Communications in Medicine (DICOM),'® which facilitated
a communication standards between different imaging equip-
ment and manufacturers allowing them to integrate but at the
same time allowing them the freedom of end user experience.

2.10 CD medical

DICOM standards allowed the development of CD ROM/
MEDICAL as the standardised medium for image exchange.

Advantages of CD ROM over film

Compact and requires a smaller space for storage
Rapid access

Encryption

No deterioration

Does not need processing

Low cost

2.11 Picture archiving and communication
systems

Despite the convenience and the elegance of a CD, the
obvious benefits of accessing the images by multiple car-
diovascular departments at the same time and not having
to physically carry CD ROMs from hospital to hospital, or
room to room led to the adoption of Picture Archiving and
Communication Systems (PACS).

Picture Archiving and Communication Systems were
given the acronym PACS in the early 1980s and although
the idea was aired in meetings as early as the 1970s, the idea
came into its current form in 1984 in the United States. The
bare essentials of PACS involve the ability to integrate dif-
ferent modalities like, digital plain film, digital subtraction
angiography (DSA), computed tomography (CT) and MRI
together into a common accessible standard. This allowed
the clinical teams to be able to access the medical imaging
information rapidly anywhere where there was a worksta-
tion to facilitate collaboration and coordinate patient care.
The key components include

Image acquisition

Image display

Image transportation/Network
Image archiving

Image management
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PACS along with the integrated local hospital systems
aims to provide a single point of access from workstations
for a seamless workflow and access from thin clients (smaller
computers utilising servers for their main computing power)
for review. It is only limited by the size of the network.

Accessing and storing such vast amounts of data can
become a cumbersome and expensive process. Many sys-
tems rely on magnetic disks, optical disks and magnetic
tapes. These disks are held in server stations in arrays called
storage area networks (SAN), linked with either fibre optical
or network cable. Often the storage is built at two levels, a
short-term rapid access point, where the images for report-
ing are stored and can be accessed immediately with almost
a zero lag time and a longer archive storage utilising slower
but less expensive discs such as the Worm Drives, which are
permanent storage solutions.

These storage devices must conform to national guide-
lines for life span; typically 5-7 years.

When accessing the PACS images the most recent images
are imported to the workstations’ random access memory
(RAM), while the older and larger image files are stored in a
local server ready for rapid access. Despite vast advances in
RAM and the advent of double data rate DDR4 RAM, older
networks are still limited by bandwidth and the lack of the
latest cable (CAT6 and Optical).

Back up of such data also needs to be robust and often
many myriads of back up configurations can be used from
simple redundant arrays of independent disks (RAID), to
more elaborate systems, which are beyond the scope of
discussion.

2.12 Digital coronary angiography

Modern fluoroscopic images are acquired by allowing
x-rays to impinge on a caesium iodide input screen coupled
to an image intensifier. This amplifies the light produced on
the input screen by accelerating photoelectrons through a
potential difference of 20-30 kV. As the input screen is gen-
erally 35 cm and the output screen 2.5 cm, there is consider-
able increase in signal but also loss of spatial resolution. It
is the gain of a bright image that makes it possible to study
moving structures like the heart. A television (TV) camera
picks up the images produced and the consequent video sig-
nal passed through an analogue-digital converter (ADC).
The image matrix produced can vary in size, but 1024 x 1024
x 8 is usually adequate. A frame rate required to monitor
the passage of contrast media through the coronary arter-
ies varies but is around 30 frames per second. Such units,
producing vast amounts of data, present special problems
for PACS. Ten seconds’ worth of real-time cardiac imaging
at 30 frames per second generates 300 megabytes of image
data. To put this in context, this much data is equivalent to
12 abdominal CT scans.

CD-Recordable is a good solution to this problem. It is a
spin-off of both the DICOM standard and the establishment
of the CD-Recordable as a standard exchange medium.

CD technology is already a consumer standard in CD digi-
tal audio, CD interactive (CDI) and CD ROM.

2.13 Advancements in cardiac imaging

Three-dimensional (3D) imaging is one of the major
advancements in cardiovascular imaging, which allows on-
table imaging similar to a CT-like 3D image, allowing for
better navigation and planning of vessels and other struc-
tures. Some catheter labs also allow the fusion or overlay
of these 3D rotational CT or MR angiographic images on
the live 2D fluoroscopic images for better accuracy. One of
the examples is the use of this technology in trans-catheter
valve replacement (TAVR) procedures for precise device
placement.

Next steps in imaging will be the introduction of free-
floating holographic 3D imaging in cardiac catheter labs,
allowing interventionalists to interact with the images and
even slice them into various planes and cross sections for
better planning and navigation at the tableside.’

Information technology will also entail exciting advance-
ments beyond standard reporting and PACS. 3D printing will
allow 3D images to be printed into a resin-based 3D model
for better visualisation of anatomy, and aiding production of
custom-made implantable devices, such as heart valves.

2.14 Conclusion

Over the recent years, PACS has increased the efficiency
of cardiology as a whole with numerous benefits including
better patient care. Its value lies in convenience, reliability,
speed of image retrieval and display and the flexibility of
image data use.

Telecardiology is now widely used, where patient images
are easily accessible across different regions and hospitals
as well as community centres and primary care. This has
allowed networking and collaborative approach to patient
management across different cardiac centres, ultimately
providing optimal patient care to a wider community, with
the help of experts in non-local centres.
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3.1 Introduction

Cardiovascular imaging plays an important role in the
assessment of patients with coronary artery disease (CAD).
Non-invasive anatomical or functional imaging can provide
information on coronary artery anatomy and course, left
ventricular (LV) size and function, myocardial ischaemia
and viability. These parameters can help the interventional
cardiologist choose the best treatment strategy for a given
patient and also provides pivotal prognostic information.
The main non-invasive cardiac imaging modalities which
guide intervention in the assessment of CAD are echo-
cardiography (ECHO), computed tomography coronary
angiography (CTCA), radionuclide myocardial perfusion
scintigraphy (MPS), cardiovascular magnetic resonance
(CMR) imaging and positron emission tomography (PET).

3.2 Stable chest pain assessment

Stable CAD is a leading cause of death and disability world-
wide with substantial associated cost. In the United States
alone 15.4 million people have CAD costing the US econ-
omy $109 billion/year’; in the United Kingdom there are
an estimated 2.0 million people with angina costing the
National Health Service £7.0 billion/year.? The use of non-
invasive anatomical and functional imaging as part of the
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management of patients with CAD is defined in national
and international practice guidelines.>* Many of these
guidelines recommend assessment of pre-test likelihood of
significant CAD in patients presenting with stable chest pain
of suspected cardiac origin (Table 3.1). The 2013 European
Society of Cardiology (ESC) guidelines on the manage-
ment of stable CAD recommend non-invasive imaging for
those with a pre-test likelihood of CAD of between 15%
and 85%.* Guidelines also recommend a baseline resting
echocardiogram for all patients with suspected CAD to rule
out alternative causes of angina, to identify regional wall
motion abnormality (RWMA), for measurement of LV ejec-
tion fraction (EF) for risk stratification and evaluation of
diastolic function. The available non-invasive imaging tests
have varying levels of evidence and different clinical roles.

3.2.1 Anatomical imaging

3.2.1.1 Computed tomography coronary artery
calcium score

Computed tomography (CT) has high accuracy for the detec-
tion of the presence, extent and location of coronary artery
calcification (CAC). CAC scoring may be used as a screening
test to rule out of significant CAD with a calcium score of zero
having a negative predictive value of 93% in a meta-analysis of

25
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Table 3.1 Comparison of pre-test likelihood risk prediction models by sex and gender

Diamond Forrester

Genders et al. Duke (Prior et al.)?

Age  Type of chest pain Male Female
35 Typical 70 26
Atypical 22 4
Non-anginal 5 1
45 Typical 87 55
Atypical 46 13
Non-anginal 14 3
55 Typical 92 79
Atypical 59 32
Non-anginal 21 8
65 Typical 94 90
Atypical 67 54
Non-anginal 28 2
75 Typical - -
Atypical - -
Non-anginal - -
80+ Typical - -
Atypical - -
Non-anginal - -

Male Female Male Female
59 28 30-88 10-78
29 10 8-59 2-39
18 5 3-35 1-19
69 37 51-92 20-79
38 14 21-70 5-43
25 8 9-47 2-22
77 47 80-95 38-82
49 20 45-79 10-47
33 12 23-59 4-25
84 58 93-97 56-84
59 28 71-86 20-51
44 17 49-69 9-29
89 68 - -
69 37 - -
54 24 - -
93 76 - -
78 47 - -
65 32 - -

For the Duke score the mid-point for each decade is displayed.

2 Prior et al. data are a range of pre-test probability depending on the presence or absence of hyperlipidaemia, smoking, diabetes mellitus,
ST/T changes, Q waves and documented previous myocardial infarction.

18 studies.? The CAC score as a screening test offers substan-
tial cost saving and lower false-positive results over the use of
exercise tolerance testing (ETT).> However, recent data sug-
gests that 12% of patients with significant CAD (mainly in the
form of soft plaque) will be missed by CAC assessment only.®

3.2.1.2 CT coronary angiography

Current generation multidetector CT (MDCT) scanners
acquiring 64 slices and above can reliably image the major cor-
onary arteries with a spatial resolution of 0.3-0.5 mm, which
is only slightly lower than that of invasive coronary angiogra-
phy (ICA). Radiation exposure through CTCA has continued
to fall, driven by prospective gating acquisition technology
and other technological advances, and with modern CT scan-
ners, routine CTCA can be performed with a dose of 2 mSv or
less. CTCA has been endorsed as an appropriate investigation
by the American College of Cardiology Foundation (ACCF)
Appropriate Use Criteria for the investigation of patients with
chest pain.” The particular strength of CTCA lies in its abil-
ity to rule out CAD with a negative predictive value of up to
99%. However, the positive predictive value of CTCA is lower
and ranges from 64% to 100%, in part because of false-positive
results due to ‘blooming’ artefact associated with coronary
calcification and intracoronary stents (Figure 3.1). However,
technological progress, for example dual energy imaging,
reduces this limitation and improves imaging of calcified
lesions and stents. A CTCA negative for coronary atheroma
is associated with a good prognosis with annual mortality

of 0.65% as opposed to 1.99% in those with non-obstructive
atheroma.?

In the planning of interventional procedures CTCA can be
used to identify the ostium and anatomical course of vessels
that cannot be selectively cannulated on ICA, imaging of aor-
tic bypass grafts from unanticipated locations, demonstration
of flush occlusions of aortic grafts and the presence, course
and anatomy of anomalous coronary arteries. In addition, the
role of CTCA role in guiding coronary intervention in chronic
total occlusion (CTO) is expanding. Unlike ICA, which is lim-
ited by its two-dimensional projection and luminal contrast
enhancement, CTCA can identify the length, trajectory and
tortuosity of the occluded segment and the severity and distri-
bution of calcification, all of which are important predictors of
procedural success.”? Other methods are under development
that may further enhance the role of CTCA in guiding inter-
ventional procedures. Real-time hybrid CTCA and ICA image
registration!! may be used for selecting the best working angu-
lations for reducing foreshortening and vessel overlapping,
determining stent size and location and providing a reference
vessel path and structure in CTO. Mathematical modelling of
contrast flow within the coronary artery allows the functional
assessment of stenosis comparable to invasive fractional flow
reserve (FFR). The clinical utility of this CT-FFR measure-
ment is currently subject to large scale randomised research.

The role of CTCA following re-vascularisation is less
clear. In terms of diagnosing flow limiting disease post-
CABG, the ACCF Appropriate Use Criteria classify the
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CMR

Figure 3.1 Multimodality imaging in a 53-year-old patient who presented with stable chest pain. Panels (a, c) demonstrate
normal first-pass stress perfusion on cardiac magnetic resonance imaging. Panels (d, f) demonstrate no evidence of scar
on late gadolinium enhancement (LGE) CMR Panels (g-i) are multiplane reconstructed images of the left coronary system
on cardiac computed tomography (CT) angiography. Panel g demonstrates the course of left main stem and left anterior
descending artery. There is evidence of coronary calcification of the left main stem (LMS) and the left anterior descending
(LAD) artery. A closer look at the LMS (h, i) reveals a heterogeneous plague comprising of soft plaque (dark area) and cal-
cium deposits (hard plaque). Panel j demonstrates minor soft plaque in the proximal segments of the right coronary artery.
Panels (k, I) demonstrate invasive coronary angiography (ICA) in the same patient. Even though computed tomography
coronary angiography (CTCA) had raised concerns of >50% stenosis in the LMS, ICA and stress perfusion CMR confirmed

that the lesion was non-significant.

routine use of CTCA as an inappropriate/uncertain indica-
tion or a Class IIb indication, Level of Evidence: C.!213 For
the assessment of in-stent restenosis after percutaneous
coronary intervention the sensitivity of CTCA remains less
accurate than ICA due to blooming artefact from the metal-
lic stent struts, although this is less of a problem with latest
generation scanners, which have demonstrated better accu-
racy for the evaluation of coronary stents.!*

3.2.2 Functional imaging

3.2.2.1 Stress ECHO

Stress ECHO with a physical (treadmill or bicycle), pharma-
cological (predominantly dobutamine, Table 3.2) or electri-
cal stress (via pacing) allows the assessment of myocardial
ischaemia, function and viability. Stress ECHO is the most
widely disseminated and inexpensive technique for the
assessment of CAD.

The ACCF Appropriate Use Criteria recommend stress
ECHO for the investigation of ischaemia in the symptomatic
patient with a low pre-test likelihood of CAD and uninterpre-
table electrocardiogram (ECG) or for patients who are unable
to exercise and with intermediate and high pre-test likelihood
of CAD irrespective of ECG and exercise status. Stress ECHO
is also recommended in asymptomatic patients with new
onset LV dysfunction, history of sustained ventricular tachy-
cardia (VT), frequent premature ventricular contractions

(PVCs), exercise-induced VT or non-sustained VT, syncope
with intermediate or high CAD risk or troponin elevation
without symptoms or additional evidence of acute coronary
syndrome (ACS)."* The 2013 ESC guidelines for the manage-
ment of stable CAD give a Class I recommendation for non-
invasive stress testing of patients with a pre-test probability of
15%-85% and recognise stress ECHO as an imaging option.

Exercise stress ECHO is preferred when feasible due
to the additional physiological data that can be acquired
during the test, such as exercise time and workload.
Pharmacological stress is recommended when there are
resting wall motion abnormalities, for concurrent viability
and ischaemia assessment, and when exercise is not possi-
ble.! Trans-pulmonary contrast ultrasound agents must be
used when two or more myocardial segments are not seen.
This improves visualisation of the endocardial surface and
improves diagnostic accuracy' (Figure 3.2). A normal stress
ECHO is associated with a statistically lower likelihood of
hard cardiac events compared with an abnormal stress echo
(p = .001)."® A normal stress ECHO implies an excellent
prognosis yielding an annual risk of 0.54%."

3.2.2.2 Myocardial perfusion scintigraphy

Radionuclide MPS enables evaluation of cardiac perfusion
and function in patients with suspected CAD. MPS has been
endorsed in the ACCF Appropriate Use Criteria for investi-
gating patients with stable chest pain as an appropriate test
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Table 3.2 Comparison of common pharmacologic agents used for stress testing

Compound

Mechanism of
action

Onset of action
Half-life
Dose

Haemodynamic
effects

Side effects

Dobutamine

Synthetic catecholamine

Alpha-1, beta-1, and
beta-2 stimulation
increases myocardial
02 demand and
secondary
vasodilatation

1-2 minutes

2 minutes

5-40 pg/kg per minute,
depending upon heart
rate response

Target heart rate 85% of
maximum predicted
heart rate

Most common
palpitations, hot flush
and chest pain, most
serious non-sustained

Adenosine

Endogenous
vasodilator of purine
derivative

Stimulation of
adenosine receptor
A2A causing
coronary
vasodilation

Immediate onset

<15 seconds

140-210 mcg/kg per
minute for 4-6
minutes

Slight increase in heart
rate and slight
decrease in blood
pressure (BP)
(adenosine more
than dipyridamole)

Chest pain and
tightness but resolve
rapidly; transient
atrio-ventricular

Regadenoson

Purine derivative

Stimulates A2A
adenosine receptor
causes coronary
vasodilation

1-4 minutes
30 minutes

Regadenoson
0.4 mg/5 mL

Slight increase in heart
rate and slight
decrease in BP

Dyspnoea, headache,
and flushing

Dipyridamole

Pyrimidine derivative

Blocks reuptake of
endogenous
adenosine causing
coronary vasodilation

7-15 minutes

30-45 minutes

40 mcg/kg per minute
for 4 minutes
(maximum
0.56 mg/kg)

Slight increase in heart
rate and slight
decrease in BP

Most common chest
pain

ventricular tachycardia, block
non-fatal myocardial

infarction

where the pre-test likelihood is intermediate to high.? In
the low pre-test likelihood group, it is still appropriate to use
MPS to rule out myocardial ischaemia, if the ECG is uninter-
pretable. Similarly, the current ESC guidelines endorse MPS
for patients with intermediate pre-test likelihood for CAD.

MPS requires the administration of a radioactive per-
fusion tracer (also called a radiopharmaceutical or radio-
isotope), which is usually administered intravenously, and
a gamma camera system, utilising single-photon emission
computed tomography (SPECT), for the detection of the
gamma photons. MPS images are usually acquired at rest
and at stress, most commonly using pharmacological stress
with the vasodilators adenosine, dipyridamole or regadeno-
son (Table 3.2). Mainly, 2-day rest-first MPS protocols are
used but increasingly 1-day stress-only imaging is being
performed. The benefit of the rest-stress MPS protocol is
that it also provides information on the presence or absence
of myocardial infarction and viability (Figure 3.3).

MPS is a diagnostic tool for the detection of myocardial
ischaemia. It is a well-validated, accurate and non-invasive
technique with a sensitivity as high as 90% for the detec-
tion of angiographically defined coronary disease.?! Data

derived from large population studies demonstrate the
prognostic value of MPS. In a pooled analysis of 20,963
patients from 16 published studies in the literature with a
follow-up of slightly more than 2 years, the hard event rate,
that is cardiac death and non-fatal myocardial infarction
(MI), was only 0.7% per year.??

3.2.2.3 Cardiovascular magnetic resonance

CMR is an expanding imaging modality for the functional
and anatomical assessment of a wide range of cardiovas-
cular disease. CMR is safe, does not use ionising radiation,
provides prognostic information, changes clinical outcomes
and guides management (Table 3.3).2%24

CMR is increasingly included in both national and inter-
national clinical guidelines for the investigation of patients
presenting with stable chest pain.>*?> The ESC guidelines
on the management of stable CAD give a Class I recom-
mendation for non-invasive stress testing for those patients
with a pre-test probability of 15%-85%, with stress perfu-
sion CMR being one of the recommended imaging options.*

A stress CMR study takes around 30-60 minutes
and typically includes cine images in multiple planes for
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Figure 3.2 Contrast enhanced stress echocardiography (stress ECHO) in a 47-year-old male patient who presented to the
local chest pain clinic with stable symptoms. Panels (a, b) demonstrate resting end-diastolic (a) and end-systolic (b) frames
of the two chamber view on contrast enhanced stress-ECHO. Panels (¢, d) demonstrate end-diastolic (c) and end-systolic
(d) frames of the two chamber view at peak stress. In the peak stress end-systolic frame (d), apical dyskinesia (black
arrows) is seen with hypercontractility of all other segments. Panel (e) demonstrates severe stenosis of the left anterior

descending artery (white arrow) at subsequent elective diagnostic ICA.

’
»

Figure 3.3 Single photon emission computed tomography myocardial perfusion scintigraphy (MPS) in a 60-year-old
male patient who presented with mild shortness of breath and typical cardiac chest pain. Panels (a) (short-axis) and (b)
(long-axis) are rest MPS images demonstrating reduced perfusion to the basal and mid inferior wall. This is suggestive of
sub-endocardial scar. Panels (c) (short-axis) and (d) (long-axis) are stress MPS images demonstrating reduced perfusion
in the infarct and peri-infarct zone which is involving five to six segments (>10% myocardial ischaemic burden). This scan
suggested that the patient had an inferior infarct and some preserved viable myocardium and significant ischaemia in
the right coronary artery territory. Panel (e) demonstrates chronic total occlusion of the proximal right coronary artery at

subsequent elective diagnostic ICA.
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Table 3.3 Comparison of all the imaging modalities in patients presenting with stable and acute onset chest pain of

uncertain origin

Bedside
Low cost
lonising radiation exposure
Feasibility of use in cath lab
Availability in non-tertiary centre
Coronary anatomy/plaque tissue characterisation
Regional wall motion
Scar
Viability
Myocardial oedema
Differential diagnosis

® Pulmonary embolus

e Myocarditis

e Pericarditis

e Chest infection (consolidation)

TTE/SE CTCA MPS/PET CMR
+++ - - -
+++ + + -

- ++ ++ -
+++ - - -
+++ ++ ++ +

- +++ - +
++ + ++ +++

+ - ++ +++

+ - ++ +++

- - - +++

+ +++ - -

- - - +++

+ + - ++

- +++ - ++

- +++ - +++

Abbreviations: CMR, cardiovascular magnetic resonance imaging; CTCA, computed tomography coronary angiography; MPS, myocardial
perfusion scanning; PET, positron emission tomography; SE, stress echocardiography; TTE, transthoracic echocardiography.

assessment of LV volumes and global and regional func-
tion, stress and rest perfusion for the detection of myocar-
dial ischaemia and late gadolinium enhancement (LGE)
for the delineation of scar (Figure 3.4). The combination of
these above techniques in a single multiparametric exami-
nation allows the quantification of ischaemic burden and
assessment of myocardial viability, which can be used to
risk-stratify patients and guide re-vascularisation. The use
of CMR as a first-line diagnostic tool in patients present-
ing with chest pain has been subject to clinical trials show-
ing high diagnostic accuracy for the detection of significant
CAD.?6?7 One recent meta-analysis demonstrated a pooled
sensitivity of 89% (95% confidence interval [CI]: 88%-91%)
and specificity of 76% (95%CI: 73%-78%).2® Non-invasive
coronary angiography by CMR is not recommended for the
detection of coronary artery stenosis, but like CTCA, it can
identify the presence and anatomical course of anomalous
coronary arteries.?

As for other functional tests, a normal stress CMR study
is associated with a very low major adverse cardiovascular
event rate and an excellent 1-year prognosis in patients with
suspected CAD.3

3.2.2.4 Positron emission tomography

Cardiac PET is a nuclear medicine technique using intrave-
nous injection of a radiotracer for the evaluation of perfusion
and viability. PET can be used to quantify both perfusion and
metabolism as well as determine myocardial viability. PET
requires the use of cyclotron-produced positron-emitting
isotopes (e.g. *2rubidium, *N-ammonia). Although there is
less evidence than for MPS, meta-analyses have suggested
that PET has higher sensitivity for the detection of CAD
than MPS, including in women and obese patients,3"*? likely

due to its higher spatial resolution. The ESC guidelines for
the management of stable chest pain include PET as an non-
invasive stress imaging option.* PET is the gold standard test
for the non-invasive quantification of myocardial blood flow,
allowing the detection of microvascular disease.

3.2.2.5 Hybrid imaging

Hybrid applications of non-invasive imaging are becoming
available that typically involve anatomical imaging (CTCA)
combined with functional imaging for ischaemia (PET, MPS)
(Figure 3.5). This combination offers a promising algorithm
for the evaluation of CAD since it allows anatomical detec-
tion of coronary stenosis and assessment of a lesion’s haemo-
dynamic significance in a single study and it seems to offer
superior diagnostic accuracy when compared with single
modality imaging.** Other combinations including PET and
CMR are also being developed.

3.2.2.6 Which test for which indication?

For the detection of CAD in patients with stable symptoms,
guidelines generally recommend the use of CTCA for lower
risk patients in view of its excellent negative predictive value.
In intermediate risk patients and in those where ICA has
shown coronary stenosis of indeterminate functional sig-
nificance, the value of stress ECHO, MPS, CMR and PET
is generally considered to be similar and the choice of one
of these methods is often determined by local availability
and expertise. CTCA with CT-FFR may play a future role in
this patient group. In patients with a history of myocardial
infarction, scar imaging with LGE CMR appears to provide
the best assessment of residual myocardial viability to guide
re-vascularisation, although no large-scale clinical trials have
yet demonstrated its clinical value.
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Figure 3.4 First-pass stress perfusion cardiac magnetic resonance (CMR) imaging in a 57-year-old female patient. The
patient had a history of coronary artery disease with percutaneous intervention to the left anterior descending artery

2 years ago and represented with stable chest pain symptoms. Panels (a—c) demonstrate three-slice stress perfusion
images from base to apex. A perfusion defect is seen in the inferior wall in all three slices (black arrows), involving at least
six segments (36% myocardial ischaemic burden). Panels (d-f) demonstrate three-slice rest perfusion images from base

to apex showing no perfusion defects. Panel (g) shows LGE images of the complete ventricle with normal signal distribu-
tion in all segments suggesting that this patient has not had previous myocardial infarction. Panel (h) demonstrates severe
stenosis of the mid-right coronary artery (white arrow) at subsequent elective diagnostic ICA. The previous stent in the left

anterior descending artery can be noted in this view (yellow arrow).

. .
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Figure 3.5 Single photon emission computed tomography (CT) imaging (functional imaging) and echocardiogram (ECG)-gated car-
diac CT (anatomical imaging) in a 75-year-old female patient who presented with cardiac sounding chest pain. Panel (a) (rest myo-
cardial perfusion scintigraphy [MPS]images) demonstrates reduced perfusion to the inferior wall suggesting sub-endocardial scar in
the segment. Panel (b) (stress MPS images) demonstrates marked perfusion defect at stress, suggestive of significant ischaemia in
the inferior segments. CT coronary angiography demonstrates soft-plaque in the proximal right coronary artery (c), which is greater
than 75% of the lumen diameter, suggesting a significant coronary lesion. The left coronary arteries did not have any significant
coronary stenosis (d), however, coronary calcification (orange arrows in both sub-panels) was identified at the level of proximal and
mid left anterior descending artery. A minor soft plaque was seen in the proximal segment (red arrows in inferior sub-panel).
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3.3 Acute chest pain assessment

Acute chest pain remains one of the main symptoms of pre-
sentation and admission to hospital. It contributes approxi-
mately 20%-40% of all medical admissions. Even though
contemporary biomarkers of myocardial injury are very
sensitive in detecting ACS, their specificity tends to be low.

Cardiac imaging can contribute to the diagnosis of
ACS, in particular when combined with the clinical his-
tory, ECG findings and cardiac biomarkers. When cardiac
imaging is used appropriately in this setting, it can reduce
the number of missed ACS, filter out those who were
wrongly diagnosed as ACS and guide the management of
those with confirmed ACS.

In patients with confirmed ACS, cardiac imaging can be
used to confirm the presence of ischaemia in the culprit ves-
sel territory and detect ischaemia in non-culprit coronary
territories. In addition, non-invasive imaging provides infor-
mation on the extent of infarction and presence of residual
viable myocardium to guide re-vascularisation decisions.
Furthermore, functional non-invasive imaging can comple-
ment diagnostic ICA to determine the functional significance
of any observed coronary lesions and the extent of ischaemia
to inform the choice of the re-vascularisation strategy.

The available non-invasive imaging tests have different
strengths and limitations in the setting of acute chest pain
presentations and thus differ in their clinical use.

3.3.1 Echocardiography

Bedsides transthoracic ECHO has been endorsed by both
European and American guidelines as the first-line imaging
modality with Class 1, level C evidence for the diagnosis of
RWMA in patients with acute chest pain where the initial

ECG and troponin results are equivocal.>* Using ECHO in
this context can speed up diagnostic time and facilitate rapid
reperfusion therapy if warranted.’ In patients with acute
chest pain, a bedside echo provides structural information
of any acute mechanical complication secondary to ACS,
for example, papillary muscle rupture, ventricular septal
defect and mitral regurgitation. If the echo windows are not
adequate for interpretation, use of contrast can improve the
detection of RWMA and can allow detection of perfusion
defects. Contrast ECHO can also provide incremental mid-
term (30 days) and long-term (2 years) prognostic informa-
tion over a modified thrombolysis in myocardial infarction
(mTIMI) score™ in patients with suspected ACS (Table 3.4).

3.3.2 Stress ECHO

Similar to resting echo, stress ECHO has also been endorsed
by guidelines in patients with suspected ACS with Class I,
level A evidence.!>3 Its role is mainly in patients with no rest-
ing chest pain, normal ECG, negative troponins and a low-
risk score. Several studies have demonstrated high sensitivity
(85%) and specificity (95%) for stress ECHO to diagnose ACS.*
A negative stress ECHO also provides reassuring prognos-
tic information in such patient populations. A prospective,
double-blind, multicentre stress ECHO study of 377 low-risk
patients presenting to the emergency department with acute
chest pain demonstrated a 6-month risk of composite car-
diac events of 4% in patients with a negative stress ECHO and
30.8% in patients with a positive stress ECHO (p < .0001).%*

3.3.3 Cardiac computed tomography

CTCA has been endorsed by the ‘Appropriate Use Criteria
for Cardiac Computed Tomography’ and by the ESC guide-
lines as an appropriate test in the context of acute chest pain

Table 3.4 Pitfalls of imaging modalities in patients presenting with acute onset chest pain

Imaging
modality Pitfalls
TTE ¢ Poor endocardial definition reduces diagnostic yield

¢ Quantification not as reliable as other techniques
e Reliability is questionable when symptoms subside
CTCA e Coronary calcium interferes with interpretation
e Functionally non-significant lesions (moderate stenosis) can lead to increased invasive angiograms
¢ Patients with fast heart rates, atrial fibrillation and abnormal renal function may not be eligible
e Entails radiation exposure and iodinated contrast (nephrotoxic)
Rest MPS e Patients with fast heart rates, atrial fibrillation and abnormal renal function may not be eligible

e Entails radiation exposure

e Soft-tissue (breast) attenuation artefacts reduce the diagnostic accuracy of the test

CMR e Approximately 5% patients suffer from claustrophobia in CMR
e Patients with fast heart rates, high burden of ventricular ectopics are challenging to acquire good

images

¢ Ferro-magnetic implants may not be eligible for CMR
e Patients with severe renal impairment are contraindicated to have gadolinium-based contrast

CMR, cardiovascular magnetic resonance imaging; CTCA, computed tomography coronary angiography; MPS, myocardial perfusion scan-

ning; TTE, transthoracic echocardiography.
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patients with non-diagnostic ECGs, normal/equivocal bio-
markers in the low/intermediate pre-test probability group
with class IIa, level B evidence.”?* CTCA is an alternative
to ICA to exclude ACS and other causes of chest pain (pul-
monary embolus, consolidation, aortic dissection, etc.). A
recent meta-analysis of CTCA in this setting demonstrated
high sensitivity (93%) and specificity (90%) to predict major
cardiovascular events (MACE) at 30 days.*’ There is some
evidence to suggest that incorporation of CTCA in the
emergency department to assess suspected ACS patients
may lead to an increase in requests for invasive diagnos-
tic angiography.*! Long-term outcome studies have shown
excellent prognosis if the initial CTCA was negative.*?

3.3.4 Myocardial perfusion scintigraphy

MPS has been endorsed both by the American ‘Appropriate
Use Criteria for Cardiac Radionuclide’ and the ESC guide-
lines as an appropriate test for patients with suspected ACS
where ECG and biomarkers fail to confirm the diagnosis.34*3
In a pooled analysis of several studies with greater than 2000
patients, rest MPS has demonstrated similar high sensitivity
(90%) and specificity (80%) to diagnose ACS in these chest
pain patients.** A negative rest MPS has also been shown

to provide modest short-term prognosis (3% MACE with
negative MPS versus 10%-30% MACE with positive MPS)
and long-term prognosis (0% MI/death versus 11% MI/8%
cardiac death; p < .001).#>¢ Even though rest MPS is a rea-
sonable rule out test, its sensitivity in patients who no lon-
ger have chest pain is much lower and also rest MPS cannot
differentiate acute ischaemia from an old infarct unless a
follow-up scan in a pain free state is performed.

Initial stress MPS in low-risk patients is safe and has
similar performance to rest MPS alone.*” After the initial
chest pain has settled, a stress-rest MPS protocol to detect
inducible hypoperfusion is more accurate and has greater
prognostic value than rest MPS alone.

3.3.5 Cardiovascular magnetic resonance

Stress CMR has been endorsed both by the American and
the ESC guidelines with Class I, level A evidence for its role
in the assessment of acute chest pain patients when ini-
tial ECG and cardiac biomarkers are non-diagnostic.!*34
Compared with the other imaging modalities, multipara-
metric CMR can provide the most comprehensive informa-
tion on ischaemia, myocardial oedema, scar and regional
wall dysfunction (Figure 3.6). In the context of raised

Figure 3.6 Multi-parametric cardiac magnetic resonance (CMR) imaging in a patient with suspected acute coronary
syndrome (ACS). (a) Three-dimensional wall motion colour-map demonstrating an area of hypokinesia and akinesia (yellow
arrow). (b) Short-axis native T1-map demonstrating elevated T1 in the anterior wall (green arrow), suggestive of tissue
oedema. (c) T2-weighted imaging demonstrating myocardial oedema in the same segment (yellow arrow). (d) Early gado-
linilum enhancement imaging demonstrating absence of microvascular obstruction. (e) LGE imaging showing a small sub-
endocardial scar in the anterior wall (yellow arrow). (f) Extracellular volume (ECV) calculated from the pre-/post-contrast
T1-maps demonstrates a small area of ECV expansion (myocardial oedema/infarction) in the same segments (yellow

arrow). (Adapted from Garg et al., Nat Card Rews, 2016.)%
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biomarkers, CMR can help differentiate myocardial infarc-
tion and other causes of acutely raised cardiac biomarkers
like acute myocarditis. Several small-scale studies have
demonstrated feasibility and safety of CMR in acute chest
pain patients and have shown high diagnostic accuracy for
the detection of ACS (sensitivity 96%-84% and specificity of
85%-83% for CAD).** The addition of T2-weighted imaging
for assessment of myocardial oedema can further increase
the detection of acute myocardial infarction.”® Similar to
other imaging modalities, patients with negative stress
CMR have excellent short-/long-term prognosis.>

3.3.6 Which test for which indication?

In the initial assessment of patients with acute chest pain,
who do not have an indication for urgent invasive angi-
ography, bedside ECHO and CT can aid the diagnosis of
ACS and the differential diagnosis of other conditions. In
patients with a diagnosis of ACS, all functional imaging
tests (stress ECHO, CMR or MPS) can complement invasive
assessment in the catheter laboratory by providing infor-
mation on the presence and extent of inducible ischaemia.
For assessment of scar extent, CMR appears to be the most
appropriate test. CMR is also the most useful test for the
differential diagnosis of patients with ACS presentation and
angiographically normal coronary arteries, as myocarditis,
cardiomyopathy (including Tako-tsubo cardiomyopathy),
and focal infarction following spontaneous reperfusion can
be reliably identified and differentiated.
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Coronary angiography has been the gold standard for
assessment of coronary anatomy since first performed by
Mason Sones in 1958.! However, the coronary angiogram
has many limitations; it gives us information about the
patency of the arterial lumen (lumenography) but no infor-
mation about the vessel wall. In addition, it depends on the
visual estimation of the severity of lesion which could be
misleading as we compare the diseased part of the vessel
to a nearby presumed normal reference segment which is
not always the case. This is clearly evident when we examine
patients who have minimal coronary artery disease (CAD)
on invasive coronary angiography despite the presence of
extensive disease on coronary computed tomography (CT)
angiography. Furthermore, assessment of lesion severity has
shown to be unreliable with significant inter-observer and
intra-observer variability.?

In 1972, Bom et al. developed the first ultrasound imag-
ing catheter for use in humans.® This was used within the
cardiac chambers to obtain internal dimensions and to
assess heart valves. Work on coronary intravascular ultra-
sound (IVUS) started in 1982 and by 1988 the first coronary
images were recorded.*
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The use of IVUS allows excellent visualisation not only
of the vessel lumen but also of the surrounding vessel wall
providing a detailed assessment of the extent of CAD for
proper decision-making.>~” This is dependent on a physical
property of sound waves which penetrate well through the
vessel wall. Additionally, the extent of disease and the ref-
erence vessel size could be easily measured which is very
important for guidance of stent placement and procedural
success. Furthermore, IVUS can differentiate plaque com-
ponents by their acoustic characteristics.?

IVUS has been used for many years in clinical situa-
tions such as ambiguous lesion, assessment of left main
stenosis and evaluation of restenosis and stent thrombosis
(ST). Additionally, it has been the cornerstone for research
trials evaluating the response of the vascular bed after
percutaneous transluminal coronary angioplasty (PTCA)
or implantation of bare-metal stents (BMS), drug-eluting
stents (DES) and more recently bioresorbable vascular
scaffolds (BVS).

Moreover, IVUS has been used to monitor progression or
regression of the burden of atherosclerotic plaque in various
trials and for surveillance for development and progression

37
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of transplant vasculopathy in cardiac transplant patients.
Without IVUS, such information would be only available
through autopsy studies.

By knowing the composition of the plaque, IVUS can
help with strategic planning; for example by guiding the use
of specialised interventional techniques, such as the use of
rotational atherectomy in heavily calcified lesions or direc-
tional atherectomy in bifurcation lesions or lesions with a
large plaque burden. It has also been important in chronic
total occlusions (CTO) intervention by guiding wire posi-
tion into the true distal lumen.

4.1 Principle of IVUS examination

IVUS is based upon the same principles used for ultrasound
elsewhere in the body. It utilises a monorail catheter with an
ultrasound transducer at its tip to generate a two-dimensional
cross-sectional image of the coronary artery similar to a histo-
logic cross section. Due to their different acoustic properties,
the intima, media and adventitia are readily differentiated.

For the purpose of guiding percutaneous coronary inter-
vention (PCI) procedures, we select the worst lesion site
(minimal luminal diameter [MLD]) and compare it to a
relatively normal, adjacent reference site.

Basically IVUS has three major components: a catheter
incorporating a miniaturised ultrasound transducer, a pull-
back device and a console containing the electronics neces-
sary to reconstruct the image.>-3

41.1 IVUS catheters

Depending on the manufacturer, current IVUS catheters in
use range from 20 to 60 MHz for coronary imaging and 10 to
20 MHz for peripheral imaging. With increasing frequency,

Table 4.1 Comparison of different coronary IVUS catheters

radial resolution is improved which comes at the expense of
tissue penetration.

Currently, two types of IVUS catheter designs are avail-
able for use: solid state and rotational. The catheter is usually
centred in the lumen of the vessel. Depending on the type
of the IVUS catheter used, its diameter ranges from 0.87 to
1.17 mm, which could be used as a reference for sizing of
balloons and stents (Table 4.1). Short monorail catheters are
accompanied by a guidewire artefact that is not seen with
the long-monorail solid-state catheter.

4.1.1.1 Solid-state (phased electronic array) IVUS

The IVUS catheter has multiple transducer elements that are
mounted in an annular way at the tip of the imaging cath-
eter. Those elements are activated sequentially in a rotational
fashion in order to generate an ultrasound beam. The result-
ing ultrasound information is then transferred to a computer
system which in turn generates a cross-sectional, real-time
image. The only commercially available solid-state catheter
currently available (Volcano Corporation) has 64 separate
transducer elements and uses a 20 MHz scanning frequency.
These catheters are 3.5 French in size at the transducer and
are compatible with a 5-French guiding catheter over a 0.014"
(inch) guidewire. Larger devices are also available for use
over both 0.018- and 0.035" wires and are designed for use in
the peripheral vessels and aorta. Electronic systems can also
provide simultaneous coloration of blood flow. In addition to
the conventional grey-scale IVUS images, the Volcano solid-
state catheters perform radiofrequency IVUS, also known as
virtual histology or VH-IVUS.

4.1.1.2 Rotational (mechanical) IVUS

The IVUS catheter has a single transducer element located
at its tip that is rotated by an external motor drive attached

Boston Scientific Volcano ACIST
Eagle eye™ Eagle eye™ Kodama™
OptiCross™ Atlantis™ Gold Platinum Revolution™ HD IVUS
Transducer Rotational Rotational Phased array Phased array Rotational Rotational
design
Transducer 40 MHz 40 MHz 20 MHz 20 MHz 45 MHz 40-60 MHz
frequency
Transducer 2.6 Fr/0.87 mm  3.2Fr/1.07mm 3.5F/1.17 mm 3.5F/1.17 mm 3.2Fr/1.07 mm 3.2 Fr/1.07 mm
profile
Transducer 0.054"/1.37 mm 0.061"/1.55 0.056"/1.42 0.056"/1.42 0.060"/1.52 0.061"/1.55
max OD + (0.040" + 0.014")  mm (0.047" + mm (0.042" + mm (0.042" + mm (0.046" + mm (0.047" +
Gw 0.014") 0.014") 0.014") 0.014") 0.014")
Guide catheter 5 Fr/1.67 mm 6 Fr/2.0 mm 5 Fr/1.67 mm 5 Fr/1.67 mm 6 Fr/2.0 mm 6 Fr/2.0 mm
compatibility
Tip to 20 mm 20 mm <10.5 mm <10 mm 30 mm 20 mm
transducer
distance

OD, outer diameter; GW, guidewire; IVUS, intravascular ultrasound
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to the proximal end of the catheter at 1800 rpm (30
revolutions per second).

As the transducer rotates, ultrasound information is
generated, and after it is reflected from tissue, collected to
generate a circumferential cross-sectional image. As the
rotating transducer sits inside the catheter, there is a very
short rapid exchange portion at the tip of the catheters for
use with a 0.014" guidewire. Currently, there are four com-
mercially available rotational coronary imaging catheters
(Boston Scientific, Volcano, Infraredx and ACIST). The
OptisCross Boston Scientific coronary catheter is 2.6 French
in size, is compatible through a 5-French catheter, and uses
a 40-MHz scanning frequency. The Volcano rotational
catheter has a 3.2-French crossing profile and is compatible
through a 6-French sheath and uses a scanning frequency
of 45 MHz. The Infraredx device has a 3.2-French crossing
profile is compatible through a 6-French sheath and uses a
40-MHz scanning frequency; the Infraredx catheter also
provides the ability to perform near-infrared spectroscopy
(NIRS) in addition to IVUS. The ACIST device incorporates
the first high-definition transducer that images at 60 MHz.
It has 3.2-French crossing profile and is compatible through
a 6-French guiding catheter (Table 4.1).

4.1.2 Pullback device

The transducer pullback can be done either manually or
using a motorised pullback device which withdraws the
catheter at a constant speed (between 0.25 and 1 mm/s;
most frequently, 0.5 mm/s), although ACIST allows pull-
back at 20 mm/s.®’

Assessment of lesion length by IVUS is only possible
using motorised transducer pullback. Other advantages of
motorised pullback are (1) controlled catheter withdrawal
so no segment of the vessel is skipped or imaged too quickly
by withdrawing the catheter too rapidly, (2) the ability to
concentrate on images without having to pay attention
to catheter manipulation, (3) volumetric measurements,
(4) consistent and systematic IVUS image acquisition
among different operators and (5) uniform and reproduc-
ible image acquisition for multicentre and serial studies.
Disadvantages of motorised pullback are (1) even at very
slow pullback speeds, it is possible to skip over very focal
lesions, (2) not enough attention may be paid to important
regions of interest and (3) it is not possible to have the trans-
ducer Ssit’ at one specific site in the vessel. Manual trans-
ducer pullback should be at a slow rate similar to motorised
pullback. Advantages of manual catheter pullback are that
it is possible to concentrate on specific regions of interest
by having the transducer ‘sit” at a specific site in the vessel.
Disadvantages of manual catheter pullback include (1) it is
easy to skip over significant pathology by pulling the trans-
ducer back too quickly or unevenly, (2) length and volume
measurements cannot be performed and (3) antegrade and
retrograde manual catheter movement can be confusing
when the study is reviewed at a later date.

4.1.3 Imaging console

The imaging console includes the hardware and software
which are used to convert the IVUS signal into the image as
well as the monitor and recording devices.

4.2 IVUS examination technique

Prior to imaging, intravenous heparin with a target acti-
vated coagulation time (ACT) > 200-250 s. Heparin should
be routinely given to prevent thrombus formation over the
IVUS catheter. Most interventionalists use a 6- or 7-French
guiding catheter. An 0.014-in angioplasty guidewire is
passed distal to the lesion of interest. A stable guiding cath-
eter position with good support is highly recommended
since current ultrasound catheters have less trackability and
a larger profile than those of modern balloon angioplasty
catheters. Intracoronary nitroglycerin (100-200 pg) is rou-
tinely used immediately prior to each imaging run both to
prevent the occasional case of coronary spasm, a compli-
cation seen in 2% of patients® and to achieve maximal epi-
cardial coronary vasodilatation. The IVUS catheter is then
advanced over the guidewire with the imaging transducer
beyond the area of interest.

In manual pullback, the operator will do a controlled
slow withdrawal of the transducer across the area of inter-
est. With motorised pullback, an external ‘sled’ is attached
to the proximal portion of the catheter which when acti-
vated will provide a steady withdrawal of the catheter at a
predetermined speed. Using a pullback speed of 0.5 mm/s
and a frame rate of 30 images/s, 60 images will be produced
from a pullback through a 1-mm segment. Faster pullbacks
are associated with fewer frames per 1-mm segment. With
solid-state catheters, the entire catheter is slowly pulled
back while with rotational catheters the internal imaging
catheter is slowly withdrawn leaving the outer catheter in
place beyond the lesion.

4.3 Image interpretation

When you look at the IVUS image, you have to recognise
the four essential different components: the catheter, the
lumen, the vessel wall and the adjacent structures.

1. The lumen: The flowing blood exhibits a characteristic
echogenic pattern of described as a swirling or speck-
ling pattern. This blood ‘speckle’ helps in image inter-
pretation to separate the lumen from the vessel wall. In
addition, it is useful to make out whether a dissection
plane is connected to the lumen.

2 The vessel wall: Ultrasound is reflected at tissue inter-
faces when the change in acoustic impedance becomes
abrupt. In the coronary arterial wall, two interfaces can
be recognised: one at the border between blood and
the leading edge of the intima (i.e. the luminal border)
and the other at the interface between the media and
adventitia referred to as the external elastic membrane
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(EEM), representing the outer border of the artery. The
trailing edge of the intima is indistinct, merging into
the media. The outer border of the adventitia is poorly
defined and cannot be reliably differentiated from the
surrounding tissues. In young subjects, the normal
value for intimal thickness is 0.15 + 0.07 mm. Most
investigators use 0.25-0.50 mm as the upper limit of
normal (Figure 4.1).>10

3. The adjacent structures: The adjacent structures,
such as arterial side-branches, cardiac veins and
the pericardium, can be differentiated depending on
the size of the artery and the depth of penetration
and the zoom factor or scale.!! Compared with optical
coherence tomography (OCT), IVUS can image the
perivascular structures owing to its higher penetra-
tion which of course decreases with higher frequency
systems.

The arterial side-branches appear first at the
periphery of the image and then join the imaged vessel
on subsequent images during the pullback. On the
other hand, the course of a cardiac vein is either parallel
to or crossing the imaged coronary artery and unlike
side-branches never joins the artery. Therefore, looking
through the images back and forth help to differenti-
ate veins from side-branches. The adjacent structures
serve as landmarks to match images from serial
examinations.

Figure 4.1 An example of a normal coronary artery with
intima (a), media (b) and adventita (c). Note the thickness
of the normal media. The maximum intimal/medial thick-
ness (measured from the leading edge of the intima to
the leading edge of the adventitia) is 0.15 mm. Also note
the minimal guidewire artefact (d) with shadowing (e).
(Courtesy of Gary Mintz.)

4. TVUS image artefacts: There are some artefacts which

could affect the quality and sometimes the interpreta-

tion of the generated IVUS image:!2

a. Guidewire artefact: All TVUS catheters are monorail
designs. Because the rotating transduce design has
a short monorail distal to the transduce, an artefact
generated by the wire lying to one side of the cath-
eter is common. (This is not seen with solid state
catheters.) The wire looks bright and is followed by a
narrow angle beam of acoustic shadowing similar to
calcium. Saying that, however, pulling the guidewire
out during imaging run is not recommended so that
the access to the vessel maintained secure (Figure 4.2).

b. Nomn-uniform rotational distortion (NURD): This
type of artefact occurs only in rotating IVUS systems
and is related to mechanical bending of the driving
cable that rotates the catheter. This leads to oscil-
lations of rotational transducer speed from cycle
to cycle which is seen as a visible distortion of the
image.!? This could occur for a number of reasons
like having acute bends in the artery, kinking of the
imaging sheath, tortuous guide catheter shape or very
small guiding-catheter lumen. The most frequent and
easily correctable cause is excessive tightening of the
haemostatic valve. In extreme cases, fracture of the
driving cable could occur (Figure 4.3).

c. Ring down artefacts: They are seen as bright halos
of variable thickness surrounding the catheter.!?
They are caused by acoustic oscillations in the
transducer, which result in high-amplitude ultra-
sound signals that obscure the area immediately
adjacent to the catheter. Ring-down artefacts cre-
ate a zone of uncertainty adjacent to the trans-
ducer surface. This artefact is present in all types
of IVUS catheters; however, it is more common
in solid-state systems that attempt to minimise
such artefacts by performing a ‘ringdown’ once
the catheter is placed into the vessel. This acts like
a mask or digital subtraction over this area in the
centre of the image.®

d. Reverberation artefact: These artefacts are caused
by secondary, false echoes of the same structure.
They lie along the axial path of the ultrasound
beam as it penetrates tissue. This gives the false
impression of a second interface at multiples of the

» 4.0 mm

Figure 4.2 Two guidewire artefacts (a) with shadowing (b). Note that the guidewire appearance and location change dur-
ing pullback. Guidewire artefacts are seen only with short-monorail intravascular ultrasound (IVUS) catheters unless there

is a second guidewire in the lumen. (Courtesy of Gary Mintz.)
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Figure 4.3 Six panels illustrate different appearances of non-uniform rotational distortion (NURD). NURD occurs only with
mechanical systems. Part of the image is expanded in its circumferential sweep and part is compressed. The image can
appear smeared (a), lumpy (b) or very elliptical (c). Note how the guidewire artefact is also compressed (d). In addition,
note the radiofrequency noise — the bursts of white dots - indicated by the white arrows (e). (Courtesy of Gary Mintz.)

€.

distance from the transducer to the first structure.
Reverberations are more common from strong echo
reflectors such as calcium, stent metal, guiding cath-
eters and guidewires (Figure 4.4).

Motion artefact: This type of artefact may happen
in both mechanical and electronic catheters which
can move as much as 5 mm longitudinally between
diastole and systole.!® This could hinder accurate
assessment of the length of the lesion.

Coronary pulsations: Similar to the motion artefact
which occur in the longitudinal access, characteris-
tic changes in the diameter of the coronary arter-
ies also occur during the cardiac cycle. In normal
coronary arteries although the maximal vessel size
happens during systole, maximal flow is found in
diastole because at that time the resistance to flow in
the intra-myocardial capillaries reaches its mini-
mum.'*1* A reversal of this phenomenon is seen

in presence of muscle bridge where the minimum
diameter is reached during systole because of con-
traction of the muscle surrounding the vessel.
Obliquity, eccentricity and problems of vessel
curvature: Current IVUS imaging systems assume
that the vessel is circular, the catheter is central in
the artery and that the transducer is parallel to the
long axis of it.° However, in clinical practice, this is

not always the case. In fact, both transducer obliq-
uity and vessel curvature can lead to elliptical image
distortion. Transducer obliquity is to be considered
in large vessels where it can lead to overestimation
of dimensions and a distortion of image quality.!6
This reduction in quality of image mainly happens
because the amplitude of the echo reflected from
an interface is dependent on the angle at which the
beam strikes the interface. Accordingly, the sig-
nals are strongest when the catheter is coaxial in
the vessel because the beam strikes the target at a
90° angle.®

Slow flow (blood speckle): With increasing trans-
ducer frequency or when the blood velocity is
decreased, blood speckle is more prominent that it
may obscure the blood-tissue interface particularly
with echolucent plaque, thrombus or neointima.
This becomes more problematic when the catheter is
across a tight stenosis because of stagnation or rou-
leaux formation. Flushing of the vessel with saline
or contrast medium during IVUS imaging can help
to identify lumen from vessel wall.® Conversely,
blood speckle is rarely seen with the 20-MHz solid-
state device (Figure 4.5a and b).

Side lobes: These are extraneous beams of ultra-
sound that are generated from the edges of the
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» 1.5

—— 3.0mm

Figure 4.4 Reverberations are false, repetitive echoes of the same structure that give the impression of second, third, etc.,
interfaces at fixed multiple distances from the transducer. In both examples, true structures are indicated by the arrows

a; and the false structures (reverberations) are indicated by the arrows b. The reverberations follow the same contours as
the true structures. The top example shows reverberations from calcium. In this example, the ‘true’ calcium is closer to

the transducer in panel (a) compared with panel (b); this leads to more reverberations that are closer together in panel (a)
compared with panel (b). (Note that these strong, multiple reverberations are seen mostly after rotational atherectomy.)
The bottom example shows reverberations from stent struts. Reverberations are analogous to looking in one mirror with

another mirror behind you. (Courtesy of Gary Mintz.)

individual transducer elements (Figure 4.6). They
follow the circumferential sweep of the beam. Side
lobes are more problematic when imaging stents
or other strong reflecting structures (e.g. calcium).
They are also partly caused by high gain settings.
Side lobes may obscure the true lumen and stent
borders.

j. Air bubbles artefact: Small trapped air bubbles can
degrade image quality. They can cause either a weak
image or a variety of artefacts. This problem occurs
only with mechanical systems. Recent improve-
ments in transducer housing design have made it

more difficult to trap air bubbles (Figure 4.7a and b).

5. Atheroma morphology: The ultrasound morphologic
appearance of plaques has been compared with histol-
ogy in freshly explanted arteries.”!® This provided the
basis for ultrasound classification of in vivo atheroscle-
rotic plaque morphology. However, ultrasound cannot
detect and quantify specific histologic contents.®
a. Echolucent (‘soft’) plaques: The low echogenicity is

attributed to high lipid content in a mostly cellu-
lar lesion.’-** However, a necrotic zone within the
plaque, an intramural haemorrhage, or a thrombus

could produce a similar appearance on IVUS. The
term ‘soft’ refers to the acoustic signal that arises
from low echogenicity not to the structural or
mechanical characteristics of the plaque,® so some
do not use this term to avoid confusion (Figure 4.8).
Echodense (‘fibrous’) plaques: These represent

the majority of atherosclerotic lesions. Their echo-
genicity is intermediate between echolucent and
highly echogenic calcific plaques.!”2* However, with
increasing fibrous tissue content, the echogenicity of
the tissue is increased; and very dense fibrous plaques
may produce so much attenuation and acoustic
shadowing that they may be misclassified as calcified
(Figure 4.9).

Calcific plaques: These will be discussed in detail in
Section 4.3.

Mixed plaques: Plaques more often contain tissues
with different acoustical subtypes like fibrofatty or
fibrocalcific.® Such mixed plaques could be seen in
the same cross section or in adjacent cross sections
(Figure 4.10).

Thrombus: A thrombus is usually seen as an
intraluminal mass, often with a layered, lobu-
lated, or pedunculated appearance.?>?” It is
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Figure 4.5 (l) Ultrasound is reflected from aggregated blood cells. This is called blood speckle, and it limits the ability

to differentiate lumen from tissue (particularly hypoechoic structures such as soft plaque, neointima and thrombus). The
intensity of blood speckle increases exponentially as transducer frequency increases and as blood flow velocity decreases.
Stasis leading to rouleaux formation and exaggerated blood speckle is most evident when the catheter is across a tight
stenosis or when blood is trapped in a false lumen or cavitated structure. Panel A shows intraluminal blood stasis (a) where
the intima is totally obscured. Moving the transducer re-establishes flow and ‘'unmasks’ the true lumen (b) and plaque (c).
Compare the static blood speckle (a) with that of moving blood (b). A second example of blood stasis causing intense
blood speckle is shown in the complex/ruptured plagque in panel B (white arrow) and panel C. Note that the evacuated
plaque cavity (d) is filled with blood that is more echodense compared with the flowing blood (e) in the lumen. Presumably
the intravascular ultrasound (IVUS) catheter ‘sealed’ the ruptured plaque cavity causing the trapped blood to aggregate
and become intensely reflective. Note the thin flap of tissue (f) separating the cavity from the true lumen. A third example
of blood stasis causing intense blood speckle is shown in panel D. Post-intervention, blood accumulated with the blind
pouch of a medial dissection, aggregated, and became intensely echo-reflective (g) compared with flowing blood in

the lumen (h). The trapped blood eliminated the echolucent appearance of the media, obscuring the media—adventia
border (i). This phenomenon has been called an intramural hematoma. (Courtesy of Gary Mintz.)

Figure 4.7 An air bubble is the most common cause of

Figure 4.6 Side lobes (a) are intense reflections from the a weak image when using a mechanical scanner, and the

edges of strong echo-reflectors —i.e. from calcium (b in panel
a) or stent metal (c in panel b). Side lobes follow the circum-
ferential sweep of the intravascular ultrasound (IVUS) image,
whether that sweep is created mechanically or electronically.
In particular, it is important not to confuse side lobes with
the flap of a dissection (panel a); this confusion is more of an
issue in non-stented arteries. (Courtesy of Gary Mintz.)

usually echolucent or shows a variable grey-scale
with speckling. Blood flow in micro-channels
may also be apparent within some thrombi.
Stagnant blood flow with a greyish-white

most common manifestation of an air bubble is a weak
image (panel A). Flushing the catheter will expel the bub-
ble and improve the image (panel B). If the catheter con-
tains a large amount of air, it is probably safer to remove
and re-prep the catheter to avoid air embolisation.
(Courtesy of Gary Mintz.)

accumulation of specular echoes within the
vascular lumen can resemble a thrombus. This
could be differentiated with injection of contrast
or saline which disperses the stagnant flow and
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Figure 4.8 Soft plaque (a) — also called hypoechoic plaque -
as imaged by four different intravascular ultrasound (IVUS)
machines. Soft plaque is a misnomer since it is not soft to the
touch. Rather, it is ‘visually’ soft. It is also called hypoechoic
plaque, in that it is less echo-reflective when compared with
the adventitia (white arrows). A = CVIS (now SciMed/Boston
Scientific), B = InterTherapy, C = Hewlett-Packard and D =

Endosonics (now Volcano). (Courtesy of Gary Mintz.)

Figure 4.9 Fibrotic (hyperechoic, non-calcific) plaque as
imaged by four different intravascular ultrasound (IVUS)
machines. In each of these examples, there is evidence of
hyperechoic plaque (a) - plaque that is as bright or brighter
than the adventitia. There is no shadowing in panels A, B,
and D. In panel C, the shadowing (b) is either from deep

calcium or from attenuation. A = Hewlett-Packard, B =

InterTherapy, C = CVIS (now SciMed/Boston Scientific) and
D = Endosonics (now Volcano). (Courtesy of Gary Mintz.)

Figure 4.10 Mixed plaque as imaged by four different
intravascular ultrasound (IVUS) machines. Each panel
contains calcium (a), fibrotic plaque (b), and soft plaque
(c) without any one dominant plaque type. A = CVIS (now
SciMed/Boston Scientific), B = InterTherapy, C = Hewlett-
Packard and D = Endosonics (now Volcano). Note that
the reverberations from the guidewire in panel (a) (white
arrow) continue even into the area shadowed by the cal-
cium. (Courtesy of Gary Mintz.)

clears the lumen. However, IVUS diagnosis of
thrombus is usually presumptive as no one fea-
ture is pathognomonic (Figure 4.11a and b).¢

f. Stentstruts: The metallic prosthesis of endovas-
cular stents are strongly echo-reflective. They
create a third IVUS boundary between the lumen
and the EEM. On tracing the stent, it is important
not to mistake guidewire for a sent strut because
both are strong echo-reflectors. The appearance
of different stent designs and the ease or dif-
ficulty in measuring stent cross-sectional area
(CSA) can be seen in Figure 4.12. In general, most
tubular-slotted or multicellular stents have a sim-
ilar appearance. However, measurement of stent
CSA is more reliable with tubular-slotted or mul-
ticellular stents (or coil stents that have a similar
appearance) compared with the clam-shell stent
design. It is important to note that the thickness
of the endothelial layer covering a stent is below
the resolution of IVUS; so, re-endothelialisation
in the absence of intimal hyperplasia(IH) accu-
mulation appears as a stent without overlying
tissue. High-gain settings should be avoided when
imaging the struts to avoid creating the side lobes
(Figure 4.6).

6. Intimal hyperplasia (IH): The intimal hyperplasia of
early-mid in-stent restenosis often appears as tissue with
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Figure 4.11 (a) This example shows an unstable lesion before intervention (white arrow in panel A) and after balloon
angioplasty (panel B); note the new, post-balloon angioplasty filling defect at the origin of the acute marginal branch in
panel B (white arrow). Pre-intervention IVUS (panel C) shows many features of a thrombus: a lobulated, pedunculated
mass (a); a distinct interface with the underlying vessel wall (b); and in real-time, blood speckle within the lesion. Post-
balloon angioplasty IVUS (panel d) shows the thrombus (c) that has embolised into the acute marginal branch. (Courtesy of

Gary Mintz.)

very low echogenicity, sometimes less echogenic than
the blood speckle in the lumen. The intimal hyperplasia
of late in-stent restenosis often appears more echogenic
(Figure 4.13a and b).¢

4.4 Role of IVUS in the presence of calcium

Ultrasound has a much higher sensitivity than fluoros-
copy in the detection of coronary calcification.?®?* Calcific
plaques appear as bright echoes that hinder the penetra-
tion of ultrasound beam beyond. This lack of penetration,
referred to as ‘acoustic shadowing’, makes it impossible to
detect the whole thickness of calcium by IVUS because only
the leading edge is visualised. Calcium can also produce
reverberations — oscillation of the ultrasound beam between
the transducer and the leading edge of calcium with each
oscillation producing a secondary, pseudo-interface behind
the actual leading edge of the calcium. Shadowing is more
sensitive while reverberations are more specific.

The relationship between presence of calcium and stabil-
ity of plaques is unclear. Whereas large calcification is fre-
quently associated with lesion stability, micro-calcifications
are usually found in lipid-rich necrotic core characteristic of
unstable plaques.3®3!

The distribution of calcium could be either superficial
where the leading edge of the acoustic shadowing appears
within the most shallow 50% of the plaque plus media
thickness or deep where the leading edge of the acoustic
shadowing appears within the deepest 50% of the plaque
plus media thickness.

An electronic protractor can be used to measure the arc
of calcium in degrees. Semi-quantitative grading is more
commonly used where the number of quadrants subtended
by calcium is counted and is given a number from 0 (no
calcium) to 4 (circumferential calcium). The length of the
calcific plaques can be additionally measured longitudi-
nally by using motorised not manual transducer pullback
(Figure 4.14a through ¢).°

A comprehensive IVUS report should not only comment
on the presence of calcium but also include additional data
about the distribution (qualitative) and the arc of calcium
(quantitative) for proper interventional planning.®

4.5 Practical integration and basic
measurements

Accurate procedural information is critical, especially
when reviewing cases after completion. It is helpful if online
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Figure 4.12 This example illustrates nine different types of stents; the white arrow shows the stent metal in each image
slice. Most tubular-slotted or multicellular stents have a similar appearance: A =NIR, B = MultiLink, C = AVE GFX, D = Duet,
E = Paragon and F = Palmaz-Schatz. Some coiled stents — such as the CrossFlex (G) or the Wiktor stent — have an appear-
ance that is like a tubular-slotted/multicellular stent. The mesh Wallstent (H) also has a similar appearance, but it has more
stent metal. The design of the Gianturco—Roubin-Il stent (I) results in an IVUS appearance that varies almost mm by mm
over the length of the stent. With the exception of one cross section (a), a complete stent circumference is usually not seen.
Consequently, it is difficult to identify and measure the minimum stent cross-sectional area (CSA). (Courtesy of Gary Mintz.)

Figure 4.13 (a) Intimal hyperplasia (a) can be less ech-
odense than blood speckle (b). Stent CSA measured

12.9 mm?, lumen CSA measured 4.8 mm?, and intimal
hyperplasia CSA measured 8.1 mm?2. The stent is indicated
by the white arrow. (Courtesy of Gary Mintz.)

procedural information is annotated onto the ultrasound
system’s video screen: (1) the timing of IVUS imaging
(e.g. pre-intervention), (2) the procedure being performed

and (3) the target lesion location. All IVUS instruments
have internal clocks, and the time is automatically recorded
onto the image if the clock is properly set. It is ideal to note
the ‘time’ that corresponds to the centre of the lesion. In the
absence of systematic pre-intervention imaging, recording
the ‘time’ corresponding to the lesion may be the only way
to identify the target lesion on subsequent review. Digital
acquisition and limited storage are provided; however, it
is important to avoid overwriting studies on the console
before archiving them permanently.

Imaging should always include careful uninterrupted
imaging of (1) at least 10 mm of distal reference, (2) the lesion
or stented site (s) and (3) the entire proximal reference back
to the aorta at least once during the procedure. This is equally
important in assessing a previously treated lesion site. When
using IVUS, we strongly recommend that the entire artery
be imaged back to the aorto-ostial junction at least once dur-
ing the procedure since it will provide additional informa-
tion about the proximal vessel (e.g. the left main coronary
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Figure 4.14 Calcium (a) shadows the deeper arterial structures, including the external elastic membrane (EEM) (b). Moving
the transducer proximally or, as in this example, distally — even just a small amount — can unmask the EEM. (Courtesy of

Gary Mintz.)

artery [LMCA]) when the primary concern is the left anterior
descending (LAD) but will not add to the cost of the proce-
dure. Measurements should be made offline after the imaging
run is complete, not when the catheter is in the vessel; this
saves procedure time and minimises patient ischaemia.

4.51 Lumen measurements

Lumen measurements depend on using the interface
between the lumen and the intimal leading edge. The
intima could be easily detected in normal subjects because
it has different acoustic properties compared with both the
media and the lumen. The leading edge of this echogenic
layer represents the boundary of the lumen. However, in
young normal people (e.g. post-transplantation), the ves-
sel wall will appear having only a single-layer; and it will
be difficult to make out the intima as a separate layer from
the media. The most inner part of this intima-media layer
could still be differentiated from the lumen and be used as
a marker for luminal border.

After defining the lumen border, the following lumen
measurements are obtained. Measurements should be per-
formed relative to the centre of the lumen, rather than rela-
tive to the centre of the IVUS catheter:

Lumen CSA: The area bounded by the luminal border.
Minimum lumen diameter: The shortest diameter through
the centre point of the lumen.

Maximum lumen diameter: The longest diameter through
the centre point of the lumen.

Lumen area stenosis: Reference lumen CSA minus mini-
mum lumen CSA/reference lumen CSA. The reference
segment used should be specified (proximal, distal, largest
or average).t

4.5.2 EEM measurements

The EEM is identified as a discrete interface at the border
between the media and the adventitia. It is better to use the
term EEM CSA instead of alternative descriptions like ‘vessel

area’ or ‘total vessel area’. EEM circumference and area can-
not be measured accurately at sites where large side-branches
originate or in presence of extensive calcification because of
acoustic shadowing. If acoustic shadowing involves a rela-
tively small arc (90°), planimetry of the circumference can be
performed by extrapolation from the closest identifiable EEM
borders, although measurement accuracy and reproducibility
will be reduced. If the calcification arc is more than 90°, EEM
measurements should not be reported. The EEM could also
be obscured by some stent designs. Disease-free coronary
arteries are circular. With the development of atherosclerosis,
the arteries may remodel into a non-circular configuration.®

4.5.3 Atheroma measurement

Because media thickness cannot be measured accurately
(the leading edge of the media is not a well-defined acous-
tic structure), IVUS cannot determine the true atheroma
area. As a result, IVUS studies in non-stented arteries use
the EEM and lumen CSA measurements to calculate a sur-
rogate for true atheroma area, the plaque plus media (P&M)
area. (in stented arteries the stent forms a third measurable
structure). In practice, the inclusion of the media into the
atheroma area does represent a major limitation of IVUS
because the media constitutes only a very small fraction
of the atheroma CSA. Complete quantification of a non-
stented lesion is possible by tracing the EEM and lumen
areas of the proximal reference, lesion and distal reference
and calculating the following measurements (Figure 4.15):°

Plaque plus media (or atheroma) CSA: The EEM CSA
minus the lumen CSA.

Maximum plaque plus media (or atheroma) thickness: The
largest distance from the intimal leading edge to the EEM
along any line passing through the centre of the lumen.
Minimum plaque plus media (or atheroma) thickness: The
shortest distance from intimal leading edge to the EEM
along any line passing through the luminal centre of mass.
Plaque plus media (or atheroma) eccentricity: Maximum
plaque plus media thickness divided by the minimum plaque
plus media thickness.
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Proximal reference

Minimum P&M
o~ ssthickness
"

Maximum P&M
thickness

Lesion site

Distal reference

EEM CSA = 20.0 mm?
Lumen CSA = 8.6 mm?
Max LD = 3.7 mm
MLD =3.1 mm
P&M CSA =11.4 mm?
P&M eccentricity = 1.5/0.3
Plaque burden = 57%
Arc of Ca=60°

EEM CSA =21.3 mm?
Lumen CSA = 5.3 mm?
Max LD =2.8 mm
MLD =2.3 mm
P&M CSA = 16.0 mm?
P&M eccentricity = 3.0/0.1
Plaque burden = 75%

» 120 mm

EEM CSA = 12.6 mm?2
Lumen CSA = 8.7 mm?
Max LD =3.6 mm
MLD =3.0 mm
P&M CSA =3.9 mm?
P&M eccentricity = 0.5/0.2
Plaque burden =31%

Average reference EEM CSA = 16.3 mmv
Remodeling index = 1.31
Average reference lumen CSA = 9.3 mm?2
Area stenosis = 39%

Figure 4.15 A complete set of intravascular ultrasound (IVUS) measurements in a non-stented artery is shown. The black
line highlights each external elastic membrane, and the white line indicates each image slice’s lumen. Max LD, maximum
lumen diameter; MLD, minimum lumen diameter. The P&M CSA has also been called the atheroma CSA; and the plaque
burden has also been called the atheroma burden. (Courtesy of Gary Mintz.)

Plaque (or atheroma) burden: Plaque plus media CSA
divided by the EEM CSA.

4.5.4 Lesion length measurement

Assessment of lesion length by IVUS is only possible using
motorised transducer pullback (number of seconds x pull-
back speed).

4.5.5 Stent measurements

Complete quantification of a stented lesion is possible by
tracing the EEM and lumen areas of the proximal and distal
reference and the EEM, lumen, and stent areas of the stented
lesion and calculating the following measurements:

Stent CSA: The area bounded by the stent border.
Minimum stent diameter: The shortest diameter through
the centre of mass of the stent.

Maximum stent diameter: The longest diameter through
the centre of mass of the stent.

Stent symmetry: Maximum stent diameter divided by
minimum stent diameter.

Stent expansion: The minimum stent CSA compared with
the predefined reference area, which can be the proximal,
distal, largest, or average reference area.

Similarly, the length of the stent can be only measured in
motorised pullback systems.

4.6 Guiding stent implantation

In day-to-day terms, the following is an algorithm for
IVUS-guided stent implantation:

® Perform pre-intervention IVUS to measure reference
vessel size and measure lesion length.

® Select stent size using maximum reference lumen
diameter whether proximal or distal to the lesion (or for
experienced users, midwall measurements).

® Select stent length based on distance between proximal
and distal references.

® Determine the maximum achievable stent dimension
assuming a 0% residual stenosis.

e Implant a stent according to conventional techniques.

® Repeat IVUS to assess MSA. If the MSA is adequate,
stop. If the MSA is inadequate, perform additional
higher-pressure inflations and, if necessary, use a larger
balloon. If there is malapposition, select a balloon sized
to the distance between the non-apposed intima and
inflate at low pressures. Check to make sure that there
are no complications.

These steps are, conceptually, little different from angiography-
guided stent implantation.
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4.6.1 Stent sizing

Reference segments by IVUS are rarely normal (see above);
rather, they are the most ‘normal-looking’ cross sections prox-
imal and distal to the minimal lumen area (MLA) but (in gen-
eral) within the same coronary segment, i.e. the cross sections
with the largest lumens and the least amount of plaque. IVUS
reference lumen dimension measurements typically indicates
that a larger device can be used without having to resort to
midwall or media-to-media stent sizing as advocated by some
authorities. IVUS ‘true vessel’, ‘media-to-media’ or midwall
dimensions reflect the amount of angiographically silent dis-
ease and the extent of positive remodelling, not just vessel size;
this measurement will be even larger than reference lumen
dimensions. Sizing to the IVUS reference lumen dimension
is safe and effective, especially if followed by IVUS-guided
fine-tuning of the final minimum stent area (MSA). Sizing to
IVUS midwall or media-to-media dimensions is more aggres-
sive and requires more experience and caution.

Angiography measures lesion length from shoulder-to-
shoulder in the least foreshortened projection. sHowever,
it is not always possible to eliminate foreshortening, vessel
tortuosity or bend points. IVUS measures lesion length by
tracking the transducer through the coronary artery during
motorised pullback regardless of bend points, tortuosity or
foreshortening. IVUS reference segment identification and
stent length selection ensure that secondary plaques proxi-
mal and distal to the stenosis will be covered by the stent.

4.7 Clinical applications of IVUS

4.71 Assessment of intermediate non-left
main coronary artery (non-LMCA)
stenosis

The two-dimensional representation of coronary anatomy
provided by angiography is limited in distinguishing inter-
mediate lesions that require stenting from those that simply
need appropriate medical therapy. This is particularly obvi-
ous in diseased reference vessel, foreshortening, tortuous
vessels, calcification, lesion eccentric lesions and poor con-
trast opacification. A challenging question for interventional
cardiologist has been always to treat or to leave moderately
severe lesions which are 40%-70% severe. Such lesions are
clinically important because it has been proposed that acute
myocardial infarctions originate from those lesions.
Fractional flow reserve (FFR) is the gold standard for
diagnosing flow limiting intermediate coronary stenosis.
Research has been done to investigate the use of IVUS for this
purpose mainly by trying to set a definite MLA cut-off point
below which a diagnosis of physiologic significance is made.
However, the use of anatomical tool to detect a functional rel-
evance is a matter of debate. First, there is huge discrepancy in
the size of coronary arteries so saying that one cut-off cannot
fit all vessel sizes. Cut-offs have ranged from 2.0. to 4.0 mm?
with 3.0 mm? being the most common in western patients and

2.4 mm? being the most common in eastern Asian patients. In
addition, there are many factors other than MLA that could
still influence the significance of a coronary lesion like lesion
length and amount of myocardium supplied. Finally, the neg-
ative predictive value is consistently higher than the positive
predictive value indicating that while it might be possible to
use IVUS to decide not to treat an intermediate lesion in cer-
tain clinical situations (an MLA >3.0 mm? is rarely ischaemia
producing), the converse is not acceptable; and IVUS alone
should not be used to justify stent implantation especially in
borderline situations. Table 4.2 shows some studies evaluating
IVUS in non-LMCA stenosis.

4.7.2 Assessment of intermediate LMCA
stenosis

Decisions for revascularisation have been made based on
visual estimation of severity of lesion on angiography.
However, angiographic evaluation of the left main is poor
with the greatest inter- and intra-observer variability of all
coronary segments. This is related to significant foreshort-
ening, ostial angulation and streaming of contrast medium
from the catheter tip. In addition, LMCA disease is usually
diffuse that may even extend into proximal left anterior
descending (LAD) and left circumflex (LCX) with no healthy
reference segment. The following studies have highlighted
the inaccuracy of angiography in LMCA stenosis assessment.

e Hermiller et al.5¢ in 1993, showed that LMCA disease
can be unrecognised and appear normal on the coro-
nary angiogram.

e Coronary Artery Surgery Study (CASS),”” where 870
angiograms were analysed by two readers for evaluat-
ing the reproducibility of interpretation of angiograms
found that LMCA analysis was the least reproducible.

e Lindstaedt et al.>® in 2007 reported an assessment of
51 patients in whom unanimous correct assessment
of LMCA severity by four experienced interventional
cardiologists was only 29%. Correct lesion classification
was achieved in less than 50% by each. This means that
in more than 50% of cases, visual estimation of LMCA
disease was incorrect.

e Hamilos et al.>? in 2009 showed that two reviewers
either (1) disagreed whether the LM was significant
(26%) or (2) agreed but were wrong in their assessment
when compared with FFR (23%).

e Chakrabarti et al.** in 2014 reported that in 11.2% (17
of 152) of patients with ‘core laboratory’ LMCA disease
assessment were considered to be normal by clinical
site analysis in the NCDR, whereas 56.7% (177 of 312)
of patients that were listed as having LMCA disease by
clinical site analysis in the NCDR had no LMCA lesion
by core laboratory analysis.

e Tothetal® in 2014 compared FFR and QCA %DS in 2986
patients (4086 LMCA and non-LMCA lesions). The greatest
variation in the accuracy of the 50% DS cut-oft was seen in
the 152 LMCA lesions (area under the curve, AUC = 0.55).
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Therefore, when making management decisions regard-
ing the LMCA, angiography is often not adequate. Studies
have shown that untreated obstructive (>50%) LMCA
disease is associated with poor outcome.®> However, non-
obstructive LMCA disease is associated with normal
survival; and bypass surgery for non-haemodynamically
significant stenosis could result in early graft closure.®
Therefore, finding another diagnostic modality for inter-
mediate LMCA lesions has become imperative. However,
most patients with LMCA disease have associated disease
in the LAD and/or LCX that might impact the accuracy
of FFR measurements. Compared with FFR, IVUS has an
additional advantage to accurately assess the anatomy of
the LMCA, the reference size of the vessel and involvement
of LAD and LCX ostia if stent implantation is required.
IVUS can also detect the presence and extent of calcifica-
tion, which is useful in proper lesion preparation before
stent insertion, debulking of calcium with rotational
atherectomy, or vessel dilatation with the help of non-
compliant balloons.

On one hand, there is better correlation between IVUS
and FFR in assessing LMCA than in assessing non-LMCA
lesions due to limited variability in each of left main stem
(LMS) length (short), LMS size (large) and amount of sup-
plied myocardium. However, like FFR, IVUS assessment of
LMCA has practical limitations especially for distal LMS
lesions, where it is necessary to image from both the LAD
and LCX as it is not possible to assess the LCX from an
LAD-to-left main stem (LMS) pullback, and it is not pos-
sible to assess the LAD from an LCX-to-LMS pullback.

Most studies have found MLA and MLD to be the two
mostindependent IVUS parameters for predicting ischaemia
having single-photon emission computed tomography
(SPECT) and FFR as the reference. Table 4.3 shows IVUS
studies evaluating the use of MLA and MLD for predicting
ischaemia in intermediate LMCA lesions. However, an MLA
of <6 mm? and a MLD < 2.8 mm are the most accepted cut-
offs for a significant LMCA stenosis in Western patients.
Although heavily debated, these standards for IVUS
evaluation of physiologically significant LMCA stenosis are
recognised in the 2011 American College of Cardiology/
American Heart Association (ACC/AHA) guidelines.**
According to the LITRO Study Group (Spanish Working
Group on Interventional Cardiology) trial,*> IVUS can be
safely used to defer a LMCA lesion with MLA > 6.0 mm?.
In LMCA lesions with an MLA 5.0-6.0 mm?, there is a grey
zone among different studies where we do recommend doing
FFR to assess functional significance.

4.7.3 In-stent restenosis and thrombosis

Compared with BMS, DES has significantly reduced the
rates of in-stent restenosis (ISR) by decreasing neointimal
hyperplasia. However, the rate of stent thrombosis (ST) is

slightly higher with DES. Because some mechanical factors
like stent underexpansion and malappositon have proved to
be related to ISR in BMS, a lot of studies in the DES era have
addressed the additional advantage of using IVUS for stent
optimization.

4.8 Better outcomes with IVUS guidance

Two meta-analyses of seven randomised IVUS versus
angiographic-guided BMS implantation trials showed that
IVUS guidance reduced restenosis, repeat revascularisa-
tion, and major adverse cardiac events (MACE) but not
death or MI; and ST was not reported.

Five meta-analyses of the published IVUS versus
angiographic-guided DES studies (the most recent
including 29,068 patients from 17 registries and three
randomised trials) — as well as propensity score matching
sub-studies and sub-analyses of high-risk lesions and
unstable patient subsets - showed that IVUS guidance
reduced overall MACE including early and late ST and
myocardial infarction (MI) and mortality during follow-
up of at least 1 year. These meta-analyses did not include
eight additional publications (four randomised and four
registry studies); seven of eight reported better out-
comes with IVUS guidance, and four of the seven were
randomised studies. (It should be noted that the eighth
study also showed no outcomes benefit to intracoronary
physiology.)

The angiography versus IVUS optimisation (AVIO) trial
was the first major randomised trial comparing IVUS-
guided versus angiographic-guided DES implantation.”
Post-procedure MLD and use of larger post-dilation bal-
loons were significantly higher in the IVUS group. Although
the study was not powered for clinical endpoints, there was
no difference in myocardial infarction, target lesions/vessel
revascularisation (TLR/TVR) or cardiac death at 30 days or
24 months.

The outcomes of IVUS guidance versus angiographic
guidance of DES were again addressed in The Assessment
of Dual Antiplatelet Therapy With Drug-Eluting Stents
(ADAPT-DES) study that mainly assessed the relation-
ship between platelet reactivity and other clinical and
procedural variables with subsequent ST.”> During the
procedure, IVUS guidance changed the strategy in 74% of
patients. At 1 year follow-up, there was a significant dif-
ference in the rate of definite/probable ST being lower in
the IVUS-guided group compared with the angiography-
guided one. Despite the longer vessel segment covered by
longer stents, there was a significant reduction in peri-
procedural myocardial infarction, target vessel myocardial
infarction combined endpoint of MACE (cardiac death, ST
or myocardial infarction) and ischaemic-driven TLR/TVR
in the IVUS-guided group.
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Table 4.3 IVUS studies evaluating use of MLA and MLD for predicting ischaemia in intermediate LMCA lesions

Reference Versus N lesions
Abiziad et al.¢® 12 months 122
follow-up
study
Lindstaedt et al. ¢’ FFR<0.75 44
99Tc-Mibi-
Spect
Jasti et al.®8 FFR<0.75 55

Fassa et al.®?

Getting lower

121 (reference

range of MLA was then
normal applied on
(normal 214 patients
mean with inter-
-2 SD) mediate LM
disease for
outcome)
de la Torre Revalidation 354
Hernandez et al.¢® of pre-
defined
MLA cut-off
Kang et al.”° FFR<0.8 55
FFR<0.75
Park et al.”! FFR<0.8 112

Mean MLA

4.8

7.65

4.9

Other
independent
IVUS
parameters

MLA

cut-off Comments

MLD <3 No specific
cut-off
suggested

MLD was the
most
important
predictor of
cardiac events

44 months
follow-up for
MACE

11 months
follow-up for
ischaemia

5.9 MLD<2.8 (the
most sensitive
and specific)

7.5 Data from
patients with
normal or
near normal
LMS40
months
follow-up for
MACE

24 months
follow-up for

MACE

6.0

4.8
4.1
4.5

Plaque rupture  No follow-up

Plaque rupture  No follow-up

VUS, intravascular ultrasound; MLA, minimal lumen area; MLD, minimal luminal diameter; LMCA, left main coronary artery.

Two other randomised trials deserve particular men-
tion. In one trial of percutaneous CTO revascularisa-
tion, 402 patients were randomised to IVUS versus
angiographic guidance after guidewire crossing; accord-
ing to the intention-to-treat analysis, IVUS guidance
was associated with a lower MACE of 2.6% versus 7.1%
(p=0.035) along with a reduction in death/MI and repeat
revascularisation. (The per-protocol differences in MACE
- comparing PCI procedures that were actually guided
by IVUS versus those that were guided by angiography
alone - were even greater: 2.2% versus 8.4%, p=0.005.) In
the IVUS-XLP trial 1400 patients with long lesions were
randomised to IVUS versus angiographic guidance; all
patients were treated with the same metallic DES; IVUS
guidance was associated with a lower MACE rate of 2.9%
versus 5.8% (intention-to-treat, p=0.007); and as previ-
ously noted in the subgroup of IVUS-guided patients with

a post-intervention MLA greater than the distal refer-
ence lumen area, the MACE rate was only 1.5%. The most
likely explanation was studies showing that angiographic
guidance achieved, on average, only 75% of the predicted
minimum stent diameter and 67% of the predicted MSA.
IVUS guidance minimised contrast use (median of 20.0
mL) even when compared with a contrast conservation,
angiography-guided stent implantation strategy (median
of 64.5 mL, p < 0.0001); this can be particularly impor-
tant in patients with renal insufficiency. As a result, meta-
analysis of the eight randomised IVUS-guided versus
angiography-guided DES implantation studies showed
that IVUS guidance was associated with a reduction in the
risk of MACE by 41%, mortality by 54%, ST by 51% and
ischaemia-driven target lesion revascularisation by 40%.
For unprotected LMCA intervention, there is a lack
of randomised trials and most data are derived from
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registries,”7¢ so it is a Class IIb recommendation (expert
opinion) to use IVUS for guiding LMCA interventions in
the ACC/AHA guidelines 2011.** The Revascularization
Unprotected Left Main Coronary Artery Stenosis:
Comparison of Percutaneous Coronary Angioplasty Versus
Surgical Revascularization (MAIN-COMPARE) registry’
has shown that the risk of 3-year MACE and mortality was
significantly lower in patients undergoing IVUS guided
DES implantation. However, IVUS did not reduce the 3
years risk of MACE or mortality after BMS.

Recently, similar results to the MAIN-COMPARE regis-
try were obtained from a pooled analysis of four registries
of LMCA intervention. IVUS guidance leads to the use of
larger balloons and stents and significant reduction in over-
all mortality, combined endpoint of death, MI and TLR and
ST.””

These benefits of IVUS-guided DES implantation are
directly related to reduction in under-expansion of stents,
as a result of use of larger balloons and stents, and more
recognition of mechanical problems and geographical
miss (edge dissections, plaque burden at the stent edge
>50%, etc.).

4.9 IVUS optimum stent implantation criteria

4.9.1 Stent expansion

Stent expansion is the most important criterion of optimal
stent implantation. Additional high-pressure balloon infla-
tions may be necessary to correct stent under-expansion.

Table 4.4 Studies evaluating ISR by IVUS

Study No. of patients

The multicenter ultrasound stenting in coronaries
(MUSIC) criteria which were met in 80% of patients
in the MUSIC study”® included (1) complete apposition of
the entire stent against the vessel wall: (a) MLA 290% of the
average reference lumen area or 2100 % of lumen area of
the reference segment with the lowest lumen area, (b) MLA
>9.0 mm? or (c) MLA >80% of the average reference lumen
area or 290% of lumen area of the reference segment with the
lowest lumen area. (2) Symmetric stent expansion. However,
these criteria could not be replicated in subsequent studies
with only 48% of patients in the AVID study’ and 56% in
the OPTICUS study®® fulfilling those criteria.

The RESIST study® used stent CSA>80% of the mean
proximal and distal reference vessel CSA as the IVUS cri-
terion for optimal stent expansion, which was achieved in
only 77% of patients with adequate angiographic results. On
the other hand, in the TULIP trial,®? optimal stent implan-
tation by IVUS necessitated complete stent apposition plus
MLD 280% of the mean of proximal and distal reference
diameters and MLA > distal reference lumen area. This was
fulfilled in 89% of patients.

The Angiography Versus IVUS Optimization (AVIO)
trial”? proposed new IVUS criteria for optimal stent deploy-
ment where the diameter of the post-dilatation balloon is
chosen on the basis of the average media-to-media diam-
eters of the vessel at different points of the stented area.
Optimal stent expansion was defined as 70% * 10% of the
cross-sectional area of the inflated post-dilatation bal-
loon. This was achieved, however, in only 48% of patients.
Tables 4.4 and 4.5 show IVUS criteria for ISR and thrombo-
sis, respectively, in different studies.

IVUS parameters of ISR Comments

Kasaoka et al.?® 1173 patients with 1633 stented ~ The most important predictor of

lesions divided into 891
patients

(1224 lesions) without restenosis
and 282 patients (409 lesions)
with restenosis

restenosis was stent CSA and
total stent length.

Fuji et al.”" 48 previous ISR lesions Stentunder-expansion is the cause of

(11 recurrent ISR)

failure after sirolimus-eluting stent
(SES)implantation treatment of ISR.
Geographical miss was foundin
3/11 lesions. MSAwas <5 mm?in
9/11 lesions.

Sonoda et al.?? 122 cases (72 SES and 50 BMS) MSA was correlated to stent 8 months follow-up

patency at follow up. SES had
less biologic variability, more
predictable long-term stent
patency with post-procedure
MSA and lower optimal MSA
threshold (5.0 mm? compared
with 6.5 mm?2 with BMS).

(Continued)
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Table 4.4 (continued) Studies evaluating ISR by IVUS

Study

Sakurai et al.3

Hong et al.?

Costa et al.?5

Liu et al.%

Doi et al.?”

Kang et al.?®

Choi et al.??

Kang et al.’®

No. of patients

317 edges of 167 stents which
had 18 edge stenosis on
follow-up

543 (449 patients)

1557 patients treated with SESs
were assessed for occurrence
of geographic miss (GM)
(longitudinal (LGM; injured or
diseased segment not covered
by SES) or axial GM (balloon-
artery size ratio <0.9 or >1.3)

20 definite stent thrombosis
patients were compared with
50 risk-factor-balanced ISR
patients and 50 risk-factor-
balanced ‘no-event’ patients
with no thrombosis or ISR

1580 patients (PES 1098, BMS
482)

394

355 lesions (45 ISR)

175 patients with ISR of a single
coronary artery (angiographic
stenosis >50%), had a
comparison of quantitative
coronary angiography and
IVUS with SPECT

IVUS parameters of ISR

A large percentage of plaque area

in the reference segment and a
larger edge stent area/reference
minimum lumen area were
related to edge stenosis on
follow-up.

Final minimum stent area<5.5 mm?2

and stent length>40 mm were the
only independent predictors of
angiographic restenosis.

GM occurred was the most

independent factor associated
with increased risk of TVR and
myocardial infarction at 1 year
(more with longitudinal GM).

Under-expansion is a risk factor for

both stents thrombosis and
restenosis (more significant in the
thrombosis group). Under-
expansion leading to thrombosis is
usually more severe, diffuse and
proximal in location.

Post-intervention MSA was the best

predictor of future ISR in both
the PES and BMS(cut-offs of
stent patency at 9 months were
5.7 mm? for PES and 6.4 mm?
for BMS).

IH was the general mechanism of

ISR irrespective of the presence
of under-expansion. However,
under-expansion associated with
longer stent length is still an
important preventable
mechanism of ISR by providing
more room for intimal
hyperplasia.

A smaller minimum stent area was

the independent predictor of ISR
after primary PCl for STEMI.
Additional factors are diabetes,
BMS use and longer stent length.

The independent determinants for a

positive SPECT were, in-segment
IVUS-MLA<1.9 mm?, stent
under-expansion (MLA <5 mm?),
proximal location of the IVUS-
MLA. Other factors are diabetes,
in-segment angiographic
diameter stenosis >69.5%

Comments

Study of interaction of
sirolimus drug-eluting
stents and vessel margin
on 8 months follow-up

Involved 6 months
angiographic follow-up

9 months follow-up

13 months follow-up from
the HORIZONS-AMI Trial
IVUS sub-study

(Continued)



56 Coronary intravascular ultrasound (IVUS)

Table 4.4 (continued) Studies evaluating ISR by IVUS

Study No. of patients IVUS parameters of ISR Comments
Song et al.’®! 990 lesions (541 SES, 220 ZES Smaller post-procedural MSA 9-months follow-up
and 229 EES) predicted angiographic restenosis

of the first and second generation
DES with nearly similar cut-off
values (5.5, 5.4 and 5.3 mm?2 for
SES, EES and ZES, respectively).
Kang et al.? 126 Post-PCI MLD < 2.4 mm and Done in CTO patients
SER<70%.

IVUS, intravascular ultrasound; ISR, in-stent restenosis; BMS, bare-metal stents; CSA; CTO, chronic total occlusions; DES, drug-eluting stent;
EES, everolimus-eluting stents; HORIZONS-AMI, Harmonizing Outcomes with Revascularization and Stents in Acute Myocardial Infarction;
IH, intimal hyperplasia; MSA, minimum stent area; PCl, percutaneous intervention; SER; STEMI, ST segment elevation myocardial infarc-

tion; SPECT, ZES, zotarolimus-eluting stents.

Table 4.5 Studies evaluating stent thrombosis (ST) by IVUS

No. of patients

Cheneau et al.’® 7484 without acute Ml who were
treated with PCl and underwent IVUS
imaging during the intervention. 27
of them had angiographically
documented sub-acute closure
<1 week after PCI.

Alfonso et al."0* 50 consecutive patients with ST were
enrolled. Thirty-eight of them were
excluded for different reasons. In the
remaining 12 patients, the
thrombosed stent was studied by
IVUS before intervention.

Fujii et al.% 15 patients with ST after SES
implantation were compared with 45
matched control patients who had
no evidence of stentthrombosis.

Okabe et al."% 44 (14 lesions with ST and 30 control
lesions).

Liu et al.?¢ 20 definite ST patients were compared
with 50 risk-factor-balanced ISR
patients and 50 risk-factor-balanced
‘no-event’ patients with no
thrombosis or ISR.

Choi et al.’?” 12 patients with definite/probable early
ST were compared with 389 patients
without early ST.

IVUS parameters of ST

Sub-acute ST is related to inadequate
post-procedure lumen dimensions
(stent under-expansion), alone or in
combination with other procedure
related abnormal lesion
morphologies (dissection, thrombus
or tissue prolapse).

Severe stent under-expansion was
present in most patients.Stent-
related dissections, stent
malapposition and significant inflow/
outflow disease were also common.

The independent predictors of ST were
stent under-expansion (80% of ST
group had an MSA <5 mm? and a
significant residual reference
segment stenosis. Stent
malapposition was not significantly
different between the two groups.

A smaller minimum stent area and
residual disease at the stent edges.
Under-expansion is a risk factor for both

stents thrombosis and restenosis
(more significant in the thrombosis
group). Under-expansion leading to
thrombosis is usually more severe,
diffuse and proximal in location.

Smaller stent lumen area <5 mm? and
inflow/outflow disease (residual
stenosis or dissection within 10 mm
from stent edge) but not acute
malapposition were associated with

early ST after intervention in acute MI.

Comments

A retrospective
study

Substudy of
HORIZON AMI
studyDone on
acute Ml
patients

HORIZONS-AMI, Harmonizing Outcomes with Revascularization and Stents in Acute Myocardial Infarction; ISR, in-stent restenosis; IVUS,
intravascular ultrasound; MI, myocardial infarction; PCI, percutaneous coronary intervention.
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Finally and most recently, the IVUS-XLP study®* showed
that the simple criterion of a MSA greater than the distal
reference lumen was associated with a 1-year MACE rate of
only 1.5%. This seems to be a most reasonable and achiev-
able endpoint to define optimal stent expansion.

4.9.2 Geographical miss and stent edge
dissection

The second most important determinant of optimal stent
implantation is the absence of geographical miss — defined
as a stent edge plaque burden <50% and no significant stent
edge dissection. Addition stents may be necessary to cor-
rect geographical miss. Geographical miss (GM) is simply
defined as a stent missing a plaque after a PCI. This occurs
as a result of incorrect stent edge landing zones and is
essentially a marker of failed PCI, although the patient does
not have an immediate event. It may be more problematic
with DES compared with BMS. In the STLLR trial, which
addressed the issue of GM, the incidence was surprisingly
very high around 65%.2* GM is associated with stent edge
stenosis.

IVUS is commonly used to detect and direct the treat-
ment of dissections (Figure 4.16) and other complications
after intervention.®>-%. Dissection is classified on IVUS into
five degrees of severity:

Intimal: Limited to the intima or atheroma, and not
extending to the media.
Medial: Extending into the media.

Adventitial: Extending through the external elastic mem-
brane (EEM), consistent with perforation.

Intramural hematoma: An accumulation of blood within
the medial space, displacing the internal elastic membrane
inward and EEM outward. Entry and/or exit points may or
may not be observed.

Intra-stent: Separation of neointimal hyperplasia from
stent struts, usually seen after treatment of ISR.

The severity of a dissection can be quantified according to

1. Depth (into plaque - useful only in describing intimal
dissections that do not reach the media)
2. Circumferential extent (in degrees of arc) using a pro-
tractor centred on the lumen
. Length using motorised transducer pullback
4. Size of residual lumen which is arguably the most
important parameter

W

Additional details of a dissection may include the pres-
ence of a false lumen, the identification of mobile flap(s), the
presence of calcium at the dissection border and dissections
in close proximity to stent edges (Figure 4.16).6

4.9.3 Malpposition

A final word about acute stent malapposition. Expansion
refers to stent dimensions; apposition refers to the con-
tact between the stent struts and the vessel wall. Under-
expansion and malapposition can occur together or

» 12.5mm

Figure 4.16 This dissection (white arrow in the angiogram) occurred during guiding catheter engagement. Intravascular ultra-
sound (IVUS) imaging showed a dissection plane (intimal flap) that distally was at the junction of plaque and normal vessel
wall (a), while proximally was a thin membrane (b), separating true lumen (c) from false lumen (d). The true minimum lumen
CSA (e) measured 8.1 mm2. The thin proximal intimal flap looked echolucent compared with the blood speckle in the true
and false lumina because of the reduced echogenicity of the intimal flap and because its thickness was near or below the
resolution of the transducer. Notice that the pullback continued until the aorta (f) was seen. (Courtesy of Gary Mintz.)



58 Coronary intravascular ultrasound (IVUS)

Figure 4.17 Three examples of acute stent malapposition are shown. Notice the space between the stent strut and the
intima (a), the blood speckle behind the stent struts (b) and the multiple reflections from the malapposed stent struts that
produce a characteristic rectangular appearance (c). (Courtesy of Gary Mintz.)

separately but apposition is different from expansion; and
the two terms should not be used interchangeably. Despite
widespread misconceptions, there are little data suggesting
that isolated acute incomplete stent apposition is associated
with adverse long-term outcomes - as long as the stent is
well-expanded (Figure 4.17).
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5.1 Introduction

Optical coherence tomography (OCT) is an evolving intra-
coronary imaging modality that performs high-resolution
cross-sectional images of biological structures, including
coronary arteries. It acts like an optical biopsy yielding real
time and in situ visualisation of vascular microstructure
and pathology without the need for an excisional biopsy.!
This technology was originally developed for retinal imag-
ing but shortly the indications have expanded to visualise
the coronary arteries.

5.2 Principle

OCT is a catheter-based invasive imaging system that uses
light instead of ultrasound. OCT catheter utilises a single
optical fibre that both emits light and records the reflection
from the coronary wall structures whilst simultaneously
rotating and being pulled back along the artery. By
measuring the echo time delay and the signal intensity after
its reflection or back-scattering, a scan of the segment of
interest is performed.? It uses light in the infrared spectrum
with central wavelength ranging from 1250 to 1350 nm.?
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The very short wave length of light leads to extremely
high speed of light compared with ultrasound, which rep-
resents the fundamental difference between optical and
ultrasound-based imaging. In tissues, the speed of light is
nearly 3 x 10% m/s compared with 1500 m/s for ultrasound.
The ideal resolution for intravascular ultrasound (IVUS),
100 um, requires a time delay of 100 nanoseconds to detect
sound echoes. This time delay, also called time resolution, is
within the range of electronic detection of IVUS machines.
On the other hand, the detection of light echoes requires
much higher time resolution. A time resolution of ~30
femtoseconds (3 x 10 !* seconds) is required for measure-
ment of distances with a 10 pm resolution, the typical reso-
lution for OCT imaging. Accordingly, direct measurement
of time delays between optical echoes by usual electronic
means is extremely difficult and measurement methods
such as interferometry are required for OCT imaging.
Interferometry depends on coherence, a physical property
of light waves that makes them capable of generating inter-
ference when combined.*

The light emitted from a low coherence source like infra-
red diode or a femtosecond laser passes through an interfer-
ometer, which splits the light beam into halves. The first half
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goes to the patient (sample arm), whilst the other one travels
a predefined distance that ends in a mirror (reference arm).
After leaving the tissue, signals coming from the two arms
are combined by a detector. Interference occurs when the
distances travelled by both arms are roughly equivalent cre-
ating a pattern of high and low intensities that are analysed
by the OCT system to determine the amount of backscatter
in relation to the delay time and accordingly the depth of
tissue.

5.3 Characteristics of OCT image

OCT is characterised by very high image resolution. The
axial resolution of OCT is 10-20 pum, whilst it is typically
only 100-200 um with IVUS. This superior resolution of
OCT helps as an essential tool in assessment of the intimal
layer of the coronary vessel. However, this high resolution
occurs at the expense of low tissue penetration. The current
maximum tissue penetration with OCT is approximately
1.5-3 mm compared with 10 mm for IVUS. This limits the
assessment of some vessel structures like external elastic
lamina particularly in the presence of highly attenuating
tissues like lipid plaques or dense blood in the lumen.
Accordingly plaque volume is better measured with IVUS,
which has higher tissue penetration and less attenuation.

5.4 Types of OCT systems

There are two main types of OCT systems:

1. Time domain OCT (TD-OCT): Commercially avail-
able as M2 and M3 OCT systems (Light Lab Imaging,
Westford, MA, USA).

2. Newly developed frequency domain or Fourier
domain OCT (FD-OCT):

Currently available FD-OCT systems are

a. The C7-XR/ILUMIEN™ system from St. Jude
ILUMIEN™ Medical/Light Lab Imaging, Westford,
MA, USA) (Figure 5.1).

b. The OFDI system from Terumo Corporation
(Tokyo, Japan) (Figure 5.1).

c. The LVOCT™ system from Volcano Corporation.

In TD-OCT systems, an over-the-wire low-pressure
occlusion balloon catheter with distal flush ports (Helios,
Goodman, Nagoya, Japan) is used to infuse saline or Ringer’s
Lactate at approximately 0.5 mL/s to displace blood during
imaging acquisition. Optimal imaging was limited by pro-
longed occlusion times.® In this OCT system, the position of
the mirror at the end of the reference arm is varied by few
millimetres to produce known echo delays. This mechani-
cal scanning of the reference mirror limits the maximum

Figure 5.1 OFDI Terumo (left panel) and OCT ILUMIEN (right panel). (Courtesy of Terumo Corporation and St. Jude

Medical, respectively.)
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acquisition rate. Accordingly, the pullback speed is limited
as well to get an acceptable lateral and longitudinal resolu-
tion; forty to fifty seconds are required for an entire OCT
pullback.

On the other hand, in FD-OCT systems, the reference
arm mirror is fixed but the wavelength of the light source is
swept. In these systems, frequency encoding is employed to
resolve the depth of scattering structures. This makes these
systems significantly faster by simultaneously detecting
light reflections from all echo delays. A 4- to 6-cm-length
epicardial coronary vessel could be scanned in 3-5 seconds
using a single, high-rate (4 cc/s) bolus injection of contrast
that replaces occlusion balloon and produces a blood-free
environment. These systems can acquire 100 frames/s,
reaching pullback speeds up to 20 mm/s with no need for
balloon occlusion.”

5.5 Colour mapping

The intensity of OCT signal is mapped into a colour scale that
is displayed on a monitor. The main colours used are grey
scale (low intensity is black, high intensity is white) inverted
grey scale, sepia scale, ranging from black (low OCT signal)
through brown, gold, yellow and white (high OCT signal)
and less commonly colour mappings (e.g. rainbow-like).

5.6 OCT imaging acquisition technique

In the old Lightlab TD-OCT, an over-the-wire balloon
catheter (Helios) is first passed distally to the segment of
interest over an angioplasty guidewire (0.014-in.). This bal-
loon has a maximum external diameter of 1.5 mm, which
makes it compatible with large 6-F guiding catheters. The
guidewire is then exchanged for the OCT ImageWire, then
the occlusion balloon is pulled back and repositioned in a
healthy proximal segment. The balloon is highly compli-
ant and is inflated at minimal pressure, usually between 0.4
and 0.7 atm with a dedicated inflator. This helps clearing of
blood from the imaging field. A contrast injector pump is
set at an infusion rate of 0.5-1.0 cc/s until blood is totally
cleared. The solution is injected through the end-hole distal
port of the occlusion balloon catheter and should start sev-
eral seconds before balloon occlusion. The pullback speed
can be adjusted from 0.5 to 3.0 mm/s.®

In the newer generation FD-OCT systems, after the
removal of the catheter from the packaging (Dragonfly cath-
eter [DUO C7 and OPTIS], St. Jude Medical, Westford, MA,
USA), a 3 cc syringe is used to flush the side arm of the cathe-
ter with non-diluted contrast. The catheter is then connected
to the console and then advanced over the wire to be parked
distally in the coronary vessel beyond the segment of inter-
est. Again, at least a 6Fr-guiding catheter is required for the
FD-OCT imaging. Coaxial alignment of the guiding catheter
is important and should be confirmed by injection of a small
contrast flush through the guide catheter prior to imaging.®

Manual contrast injection through the guide catheter
using the manifold syringe initiates the automated OCT

pullback. In addition, contrast injection in those systems is
also needed for clearance of blood as balloon occlusion is not
used. The average rate of contrast injection should be 4 cc/s
to assure complete blood clearance. For non-occlusion tech-
niques, iodinated contrast media is preferred over saline or
Ringer’s lactate because the former high viscosity solutions
are much better in completely removing blood. The pull-
back speeds for FD-OCT systems typically ranges from 10 to
40 mm/s. Imaging of 4-6 cm of coronary artery segments
can be achieved with 10-15 mL of contrast per pullback.®

5.7 Image interpretation

5.71 OCT artefacts

Some OCT artefacts are similar to those seen with IVUS,
and others are unique to OCT. Knowledge of these artefacts
is important to guide proper image interpretation.®’

1. Residual blood (blood swirling): The high scattering of red
blood cells (RBCs) causes significant light attenuation and
may preclude imaging of the underlying vessel wall depend-
ing on the density of the blood. Care must be taken not to
mistake this artefact for thrombus or some other specific
intravascular finding. However, the presence of diluted
blood does not appear to affect area measurements as long
as the lumen surface is still clearly defined (Figure 5.2).

2. Nonuniform rotational distortion (NURD): This type
of artefact occurs less frequently in OCT compared with
IVUS imaging probably related to the smaller profile
and simplified rotational mechanics of OCT wires.

It appears as smearing of the OCT signal in the lateral
or circumferential direction. It is the result of variation
in the rotational speed of the spinning optical fibre
caused by either by vessel tortuosity, passage across a
tight lesion, a crimped imaging sheath or its constric-
tion by a tight haemostatic valve (Figure 5.3).

3. Motion or sew-up artefact is the result of rapid move-
ment of the artery, wire or catheter leading to single-
point misalignment of the intimal border (Figure 5.4).

4. Saturation artefact occurs when light is reflected off a
highly reflective surface (metal, wire or stent strut) lead-
ing to production of signals with amplitudes that exceed
the normal dynamic range of the detector. This appears
as streaking scan lines of different intensity along the
axial direction of the reflector (Figure 5.5).

5. Fold-over artefact is more specific to the new genera-
tion FD-OCT and occurs when the vessel is larger than
the ranging depth leading to the appearance of folding
over of a portion of the vessel in the periphery of the
image. This is particularly seen in large vessels and side
branches (Figure 5.6).

6. Bubble artefact occurs when small gas bubbles or other
impurities are present in the silicon lubricant used to
reduce friction between the sheath and the revolving
optic fibre in TD-OCT and occasionally the FD-OCT
systems. They can attenuate the signal along a region of
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Figure 5.2 Blood swirling (left panel) compared with clear vessel lumen (right panel). (Courtesy of St. Jude Medical.)

1mm

Figure 5.3 OCT NURD artefact: seen from 12 to 3 o'clock in left panel (note the metallic stent artefacts in the rest of the
image) and from 3 to 6 o'clock in right panel. (Courtesy of Amr Gamal.)

Figure 5.4 Sew-up artefact at 5 o’clock. (Courtesy of St.
Jude Medical.)

the vessel wall leading to difficult interpretation of tissue
characterisation and plaque morphology. Sometimes gas
bubbles lead to shadowing of the underlying vessel wall
similar to guidewire artefact. However, the gas bubbles
are contained within the catheter sheath whilst the
guidewire is out of the catheter sheath into the lumen.

7. Artefacts related to eccentric wire position:

Eccentricity of the image wire in the vessel lumen can
lead to longer distance the light travels to reach the
opposite wall and consequently decreasing the lat-
eral resolution. This artefact has been also named the
‘merry-go-round’ effect.

. Multiple reflections artefacts occur when the light

is reflected against specular surfaces many times at a
reflection distance equal to the phase of light creat-
ing phantom structures. These reflections appear as
circular lines around the catheter when light bounces
the inner facets of the catheter or as multiple strut
reflections in the vessel when light bounces the origi-
nal struts.

. Tangential signal drop out:It occurs when the

catheter is near or touching vessel wall leading

to parallel direction of the optical beam in rela-
tion to the vessel surface. As a result, the optical
beam is attenuated as it passes through the superfi-
cial part of the vessel wall resulting in signal poor
appearance of the underlying vessel wall. This could
be misinterpreted as lipid pools or necrotic

core (Figure 5.7).
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Figure 5.5 OCT saturation artifact appearing as laser beam crossing stent struts (Courtesy of Terumo corporation and
St. Jude medical respectively.)

Figure 5.6 Fold over artifact from 9 to 12 o'clock. Note the large size of the vessel (Courtesy of Amr Gamal.)

Figure 5.7 Left panel: Tangential tissue dropout (from 7 to 1 O’Clock). Note the catheter touching the vessel wall at
11 O'Clock and the wire artifact at 12 O’Clock, right panel: Blooming artifact (around the struts from 5 to 7 o’clock)
appear as circumferential glare. (Courtesy of Amr Gamal.)

10. Blooming: Highly reflecting structures like stent struts

11.

create the appearance of a glare that is smeared along
the stent surface and falsely enlarges the dimensions of
struts. This blooming artefact may affect the quantifica-
tion of strut coverage and should be considered when
assessing the apposition of struts (Figure 5.7).

Metallic struts and guidewires: Light cannot penetrate
metals so it creates a shadow on the sides of guide-

wires, metallic stent struts and radiopaque markers

of bioabsorbable vascular scaffolds (BVS) (Figures 5.7
and 5.8). This back shadowing is different from blooming

artefact, which is more of a circumferential glare.

The size of the shadow depends on the location of the
metallic structure to the imaging catheter and the vessel
wall being larger if the metallic structure is closer to

the imaging catheter and/or farther from the vessel

wall. The direction of the shadow is away from the OCT
catheter and it hinders visualisation of the underlying
vessel wall structures. For example, in metallic stents, the
endoluminal part of the strut rather than the entire strut
thickness is visualised, which should also be considered
when assessing the stent struts apposition to the vessel
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Figure 5.8 Wire shadowing artefact (at 1 o’clock).
(Courtesy of Amr Gamal.)

Figure 5.9 Upper panel shows normal vessel wall, lumen
and imaging catheter with wire artifact at 5 O'Clock.
Lower panel shows magnified vessel wall with 3-layered
structure: intima, media, and adventitia (courtesy of St.
Jude medical).

wall. The same applies to guidewire which appears
crescent shaped as the back side of the wire is not visu-
alised. On the other hand, in optically translucent stents
like BVS, the entire strut thickness could be visualised.
A similar phenomenon occurs on the abluminal side of
opaque objects as blood, thrombus and macrophages
where the drop in signal intensity leads to creation of a
shadow behind those structures.

12. Speckle is a grainy noise within the OCT image and is
technically caused by the way of OCT image formation.
It is seen everywhere in the image particularly in signal
poor areas and its size becomes bigger as we go away
from the imaging catheter.

13. Scattering and focus artefacts: Scattering of light away
from the imaging focus decreases OCT signal intensity
and accordingly lateral resolution. Accordingly,
structures like stent struts which are far from the focus
or are imaged though blood or thick neointimal tissue
may appear dimmer and larger than they are.

14. Elongation of the imaging wire at the start of pullback: It
is typically seen with TD-OCT system where at the begin-
ning of pullback, the optic fibres in those systems elongate.
This is related to the fact that the optical fibres in TD-OCT
are not contained in the catheter sheath. This appears as
fluctuation in the size of the wire in a cross-sectional view
which affects the accuracy of measurement.

5.7.2 Criteria used for describing lesions on
OCT

The following criteria are commonly used in OCT to iden-
tify lesion morphology:

1. Backscatter (signal intensity): Backscattering is a
term used to describe signal intensity. Lesion with high
backscattering will appear bright (signal rich) and vice
versa.

2. Attenuation: Attenuation is used to describe penetration
beyond the lumen. In a lesion with low attenuation, the
lumen and underlying vessel wall can be evaluated whilst
with high attenuation lesions, this will be difficult.

3. Borders (sharply or poorly delineated).

4. Consistency (homogenous or heterogeneous).

5.7.3 Normal vessel wall on OCT

OCT is capable of defining the tri-laminar structure (intima,
media and adventitia) of the vessel with an accuracy compa-
rable to histology. In OCT, the innermost layer is the intima
which appears as high backscattering signal rich layer. It is usu-
ally seen in young individuals. Next to the intima is the media
which is a homogeneous low backscattering signal poor layer.
The outermost layer is the adventitia, which is a high back-
scattering and heterogeneous layer. The internal and external
elastic membranes (also called internal and external elastic
laminae; IEM or IEL and EEM or ELL respectively) appear as
high backscattering thin lines separating the intima from the
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media and the media from the adventitia, respectively.® The
thickness of IEL and EEL is around 20 um (Figure 5.9).

5.7.4 Lesion morphology on OCT

1.

Non-atherosclerotic intimal thickening: It exhibits
homogeneous signal rich, low attenuating appearance
with an intimal thickness between 300 and 600 pm. The
media is visualised in > 3 quadrants (Figure 5.10).

. Pathological intimal thickening (PIT) or fibrous

plaques: It exhibits homogeneous signal rich, low
attenuating appearance with an intimal thickness more
than 600 um (Figure 5.11).7

. Fibrocalcific plaque: It exhibits signal poor, high attenu-

ating heterogenous appearance with sharply demar-
cated borders (leading, trailing and/or lateral edges).
It shows evidence of both fibrous tissue and calcium.
Microcalcifications are not well defined (Figures 5.12
and 5.13).7

. Fibroatheroma (fatty plaques): This plaque shows

evidence of both lipid (necrotic core) and fibrous tissue

(fibrous cap) (Figures 5.14 through 5.17 and 5.19).

a. Necrotic core: It exhibits signal poor, high attenuat-
ing homogeneous appearance with poorly delineated

borders. It may also show features of macrophages,
cholesterol crystals or microcalcifications. The
necrotic core is covered by a fibrous cap.’

b. Fibrous cap: It appears as a homogenous signal rich
layer with low attenuation.’”

c. 'Thin-cap fibroatheroma (TCFA): A fibroatheroma
where the minimum fibrous cap thickness is less than
a predetermined threshold (65 um). Additionally, the
arc subtended by the necrotic core should be greater
than 90° (one quadrant)’ (Figure 5.15).

d. Thick-cap fibroatheroma: A fibroatheroma where
the minimum fibrous cap thickness is greater than
65 pm (Figure 5.16).

5. Mixed plaque: It shows a mixture of evidence of either
calcium, lipid or fibrous tissue.”

6. Macrophages: They appear as signal-rich, distinct or
confluent punctate accumulations with high attenuation
of the underlying tissue giving it the false appearance
of underlying lipid pool or necrotic core. Accordingly,

a relatively normal artery can falsely appear as a TCFA.

However, the overall image should be thoroughly assessed
as macrophages are only considered in the context of
fibroatheroma as no validation studies have been per-
formed on normal vessel wall or intimal hyperplasia.

Figure 5.10 Mild (nonatherosclerotic) intimal thickening on both OCT ILUMIEN (left panel) and OFDI (right panel).
(Courtesy of St. Jude Medical and Terumo Corporation, respectively.)

Figure 5.11 Shows pathological intimal thickening on OFDI (left panel) and ILUMIEN St. Jude OCT (right panel) (Courtesy

of Terumo corporation and Amr Gamal respectively.)
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Figure 5.12 Left panel shows calcified plaque extending from 9 to 12 O'Clock, right panel shows nearly complete arc of
Calcium napkin ring) (Courtesy of St. Jude Medical.)

Figure 5.13 Shows calcified plaque extending from 1 to 3 and from 4 to 10 o'clock (left panel) and from 2 to 6 o'clock
(right panel) (Courtesy of Terumo corporation.)

3/6/2013 10:45:52 AM
ooo

Figure 5.14 Thin-cap fibroatheroma (TCFA) with necrotic
core and overlying fibrous cap from 3 to 11. Note the mac- Figure 5.15 Thin-cap fibroatheroma (TCFA) with an under-

rophages accumulation from 10 to 12 o’clock. (Courtesy of lying lipid pool from 12 to 4 o'clock. (Courtesy of Amr
St. Jude Medical.) Gamal.)
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Figure 5.16 Thick-cap fibroatheroma on OFDI shows

a large necrotic core from 3 to 8 o’clock covered by a
thick fibrous cap. Note cholesterol crystals at 12 o’clock.
(Courtesy of Amr Gamal)

Figure 5.17 Macrophage appears as highly backscattering
accumulations within the artery wall with backshadowing.
Macrophages could be either scattered as in upper panel
(from 10 to 1 o’clock) or confluent as in lower panel (from
1 to 3 o'clock). (Courtesy of Amr Gamal and Javed Ahmed.)

10.

11.

12.

In fibrotheroma, macrophages are seen at the boundary
between the bottom of the cap and the top of a necrotic
core (the most characteristic feature differentiating it
from thin fibrous cap). Another differentiating point

is that macrophages-induced attenuation appears as
interrupted usually multiple linear shadowings (not con-
fluent as with TCFA). Shadowing is not caused by mac-
rophages themselves but rather by their content of large
pools of lipid (fat- laden macrophages or foam cells) that
cause significant light attenuation. Macrophage accumu-
lations should be differentiated from microcalcifications,
cholesterol crystals, IEM or EEM (Figure 5.17).

. Microvessels: They appear as round or oval structures

with black (signal poor) content appearing as sharply
delineated voids. With atherosclerotic disease progression
and intimal thickening exceeding 500 um, hypoxia
occurs, which stimulates the growth of microvessels
from the adventitia (also called vasa plaquorum). If

these vascular channels exceed a diameter of 200 um on
OCT, a differential diagnosis of side branches should be
considered. Inspection of multiple adjacent frames will
help to diagnose microvessel, which typically grows from
the periadventitial vessels towards the media and intima
not traversing the luminal border, unlike the side branch
which typically connects with the lumen at some point
(Figure 5.18)

. Cholesterol crystals: They appear as thin, linear

regions (needle shaped crystals) of high intensity,
usually associated and located deeper within a lipid
plaque. However, there is no definite histopathological
validation for this feature (Figure 5.19).7°

. Thrombus: It appears as a mass either attached to vessel

wall, stent struts or the catheter itself or floating within

the lumen. Two types are recognised:’

a. Red (RBC-rich) thrombus: Characterised by highly
backscatter and a high attenuation (resembles
blood) (Figure 5.20).

b. White (platelet-rich) thrombus: Characterised by
less backscattering (more translucent), homoge-
neous and low attenuation (Figure 5.21).

Dissections: They appear as disruptions in the luminal
vessel contour that could be intimal, medial, adven-
titial, intramural hematoma or intrastent (will be
discussed later).”

Aneurysm: It appears as a cavity-like structure which

may be true or false depending on the disruption of
EEM creating a true and false lumen.

Metallic stent struts: They are clearly observed on OCT
images as small bright line segments. Because of the fact
that light does not pass through metals, it is strongly
reflected on the endoluminal surface of stent struts creat-
ing a hyperintense signal, usually named as ‘blooming’
with a shadow seen behind the blooming.!* With healing
and growth of the neointima over the stent, the intensity
of the blooming decreases. As the abluminal surface of
the strut is not seen, assessment of strut apposition does
need subtraction of the strut thickness (Figure 5.22).



72 New intravascular imaging techniques

Figure 5.18 Intimal vessels, appear as well-delineated low backscattering voids within the intima from 12 to 3 o'clock in
the right panel and 5 to 6 o’clock in the left panel. Note the fibroatheromatous plaque in the left panel and the fibrous one
in the right panel. (Courtesy of Amr Gamal.)

Figure 5.19 Cholesterol crystals appear as linear high backscattering areas within the plaque at 9 o’clock (left panel), and
from 12 to 1 o'clock (right panel) (Courtesy of Terumo corporation and Amr Gamal respectively.)

Figure 5.20 Left panel: Red thrombus at 6 o'clock (white arrow), right panel: red thrombus from 9 to 2 o’clock. In both it
appears as a protruding mass into the lumen with high backscattering and attenuation (Courtesy of St. Jude Medical and

Terumo corporation respectively.)

13. Bioabsorbable stents (bioresorbable vascular and scatter OCT light more weakly than metallic
scaffolds, BVS): They are clearly seen on OCT as stents. As the abluminal surface of the strut is clearly
box-shaped structures with dark content as the light is seen, assessment of strut apposition does not need

diffusely reflected from the strut borders.”® They reflect subtraction of the strut thickness (Figure 5.23).
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Figure 5.21 White thrombus appears as homogeneous backscattering mass with low attenuation attached to the surface
of coronary artery(note the underlying calcific plaque in left upper panel) or stent struts (note the underlying stent struts in
right upper panel and lower panel) (Courtesy of St.Jude Medical and Terumo corporation respectively.)

Figure 5.22 Metallic stent struts with bright inner surface
and shadowing behind. (Courtesy of St. Jude Medical.)

5.8 Clinical applications of OCT

5.8.1 Diagnostic assessment of coronary
atherosclerosis

Using tissue histology as the reference, a number of
validation studies®!'"** have helped the international OCT

Figure 5.23 Bioabsorbable vascular scaffolds (BVS) struts
(translucent) seen in the upper part of the image and
metallic struts in the lower part (dark). (Courtesy of St.
Jude Medical.)

community to define the lesions’ morphology on OCT.
In this chapter, we use the modified American Heart
Association (AHA) classification by Virmani et al.’> Based
on this classification, the following morphological lesions
of pre-atherosclerosis/atherosclerosis can be seen on OCT:
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a.

Non-atherosclerotic intimal changes such as
intimal thickening and fatty streaks (intracellular
lipid) may gradually occur in the normal vessel
with advancing age. Physiologically, it is consid-
ered as an adaptive response to mechanical stress
caused by variation in flow, wall tension and shear
stress. Pathologically, intimal thickening is caused
by accumulation of smooth muscle cells with
absence of lipid or macrophage foam cells. The
normal intimal thickness is less than 300 um on
OCT. In non-atherosclerotic intimal thickening,
the thickness of the intima is above the normal
range (300 um) but still below that for atheroscle-
rotic lesion (600 pm). It displays homogeneous
signal rich, low attenuating appearance. The media
is visible in three or more quadrants. Fatty streaks
cannot be distinguished from intimal thickening
on OCT.

PIT or fibrous plaques: Pathologically, it repre-
sents accumulation of smooth muscle cells within
a matrix rich in proteoglycans. It may contain
extracellular lipids with no necrotic core and it has
an intact extracellular matrix, which differenti-
ates it from fatty plaques. However, the distinc-
tion between intracellular and extracellular lipids
is not possible on OCT and hence an arbitrary
cut-off point of 600 um is used to differentiate
normal intimal thickening from a pathological
one. Similar to normal intimal thickening, PIT
(fibrous plaques) appears as a homogenous signal
rich low attenuating layer. It should be noted that
these plaques may contain some calcium or lipid
but they are limited to less than one quadrant. Due
to the low attenuation properties of the fibrous
plaque, it is often still possible to visualise the
underlying media. Sometimes, very thick fibrous
intima may cause strong light attenuation resem-
bling fatty plaques.

Fibroatheromas (fatty or lipid plaques): With the
progression of atherosclerosis, the disintegration

of the extracellular matrix by collagenases leads to
the formation of necrotic core, which is the dis-
tinguishing feature of fibroatheroma. Although
necrotic core is considered as an advancing stage of
lipid pool after destruction of extracellular matrix,
both of them display homogeneous signal poor high
attenuating areas. Whilst it is proposed that the
light attenuation caused by necrotic core is greater
than that caused by lipid pools, this differentiation
cannot be made by OCT and so they are denoted
together. Because PIT contains extracellular lipid
pool, which has nearly the same OCT appearance of
necrotic core, a plaque is called PIT when lipid pool/
necrotic core is less than one quadrant and a fibro-
atheroma when the lipid pool/necrotic core is one or
more quadrant. This lipid pool/necrotic core is cov-
ered by fibrous cap, which appears as a homogenous

signal rich layer. This cap could be thin (TCFA) or
thick (thick cap fibroatheroma). This differentiation
is important in assessing the risk of plaque rupture
and subsequent thrombosis (plaque vulnerability).
A fibrous cap thickness of 65 pm is used as a cut-oft
point to differentiate between the two subtypes. Due
to the high attenuation of fatty plaques, visualising
the underlying media is not possible.

Fibrocalcific plaque: From previous histology
studies, it is known that coronary calcification
correlates with plaque burden.!® On OCT, calcific
plaques appear as low-scattering, signal-poor areas
with low attenuation. Although signal-poor appear-
ance is also characteristic of lipid pool/necrotic
core, two main criteria differentiate calcified
plaques from fatty ones; first, the borders of calci-
fied plaques are well delineated whilst those of fatty
plaques are indistinct. Second, the calcified plaques
are characterised by low attenuation and accord-
ingly it is feasible to delineate the underlying vessel
wall, whilst fatty plaques display high attenuating
appearance.

5.8.2 Assessment of plaque vulnerability

A vulnerable plaque is a term that refers to a thrombosis
prone plaque leading to acute coronary syndrome (ACS)
or sudden cardiac death. Here we are going to discuss in
detail rupture prone plaques as an example of vulnerable
plaques. The precursors of plaque erosion and calcium nod-
ules, as other substrates of ACS, are not well defined. From
the current understanding of plaque biology, we can find
that around 80% of plaque rupture occurs in an inflamed
TCFA."7 TCFA are characterised by three essential compo-
nents: a thin fibrous cap, a lipid core and inflammatory cell
cap infiltration.

a.

Thin fibrous cap: A fibrous cap thickness of 65 um
has been traditionally used as the cut-off point for
TCFA and accordingly higher risk of plaque rupture.
However, it has been demonstrated by OCT that the
patterns of fibrous cap thickness and plaque rupture
vary significantly. For example, in 93% of cases of
acute myocardial infarction with exertional symp-
toms, the fibrous cap thickness is 90 um whilst in 57%
of cases of acute myocardial infarction having symp-
toms at rest the thickness of the fibrous cap is 50 pm.!®
Lipid core: As the light does not penetrate deeply
into the necrotic core, and is absorbed by the lipid
tissue, it is difficult to quantify the extent of lipid
core or to evaluate remodelling.® It is agreed that
lipid accumulation in two or more quadrants is
required to complete the definition of TCFA.
Inflammation: The thin fibrous cap of fibroath-
eroma is infiltrated by macrophages. These inflam-
matory cells can occur isolated and spread or more
often clustered together appearing as dots or band,
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respectively. Due to their large size and high lipid
content, they yield strong optical signals. Clusters of
macrophages can appear as bright spots along the
fibrous cap casting a very dark shadow."”

Collections of macrophages have strong attenuating
properties, which lead to casting of a laterally sharply
demarcated shadow. This is a typical characteristic
which can help to differentiate a band of macrophages
overlying a fibroatheroma from a true TCFA.

Another characteristic of advanced plaque
which is closely related to inflammation is the
development of microvessels. With gradually
increasing plaque volume, these nurturing vessels
are seen growing from the adventitia into the inner
layers of the vessel wall and the plaque. Because
they are naturally communicating with both the
periadventitial vasculature and the lumen of the
coronary artery, their blood content is flushed dur-
ing an OCT pullback. Depending on whether they
are cut in a cross-sectional or longitudinal fash-
ion, the appearance of these micro-vessels could
be either round or oval respectively with luminal
content similar to the blood vessel lumen. These
vascular channels are usually relatively small in size.
Inspection of adjacent frames is essential to differen-
tiate larger channels from small side branches, which
appear coming in from the vascular lumen whilst
micro-vessels typically never transverse the intima.

5.8.3 Acute coronary syndrome

Three main types of vulnerable plaques have been described
on OCT; TCFA with plaque rupture, plaque erosion and cal-
cium nodules. They are the physiologic substrates of ACS in
2/3, 1/3 and 1/20 of cases, respectively.’® In addition, intralu-
minal thrombi are often observed in the context of ACS. These
thrombi could be either red or white thrombi (described ear-
lier). These thrombi are either attached to the surface of the
plaque or floating within the lumen. Jia et al. have proposed
new criteria for the culprit lesion classification in patients with
ACS that covered the gap of lacking OCT-based diagnostic cri-
teria for OCT erosion and OCT calcified nodule (OCT-CN).2°
a. Plaque rupture: A ruptured plaque is a plaque with
a structural defect or discontinuity in the fibrous
cap that covers the lipid-rich necrotic core of the
plaque, thereby exposing the thrombogenic core
of the plaque to the circulating blood.!” Unlike
pathology, the presence of overlying thrombus is
not required for OCT diagnosis. Actually, patients
with these plaques may have already received
antithrombotics or thrombolytics before imaging.
This the most common cause of ACS accounting
for 44% of cases according to a more recent study
(Figure 5.24).%°
b. Plaque erosion: Plaque erosion is defined as the
loss and/or dysfunction of endothelial cells lining

Figure 5.24 Plaque rupture from 12 to 2 o'clock.
(Courtesy of St. Jude Medical.)

the plaque with no structural gap of plaque archi-
tecture using pathological criteria.?! This leads to
thrombosis through exposure of proteoglycans
and smooth muscle cells to the flowing blood.
Although the absence of endothelial cells is an
essential pathological criterion for plaque ero-
sion, it cannot be detected on OCT despite its high
resolution. Accordingly, OCT definition of plaque
erosion is mainly a diagnosis of exclusion requir-
ing the absence of a fibrous cap rupture. It has to
remembered that the presence of thrombus hinders
the assessment of the underlying the culprit lesion
which may further complicate OCT diagnosis of
plaque erosion. Jia et al.?? have proposed the use of
definite OCT erosion and probable OCT erosion to
aid in the diagnosis of plaque erosion:
i. Definite OCT erosion refers to the presence

of attached thrombus overlying an intact and

visualised plaque.
ii. Probable OCT erosion refers to either

(a) irregularity of luminal surface at the

culprit lesion without overlying thrombus

or (b) presence of thrombus attenuating the

underlying plaque without superficial lipid, or

calcification immediately proximal or distal to

the site of thrombus.

In comparison to plaque rupture, the underlying
plaque exhibits features of early lesions mainly PIT
or fibrous plaque or less frequently fibroatheromas
with thick fibrous cap and less necrotic core, less
calcification and less plaque burden.!>20-22 Unlike
plaque rupture, the thrombus burden in plaque
erosion is usually not massive with larger lumen
and preserved vascular structure. This has led to the
hypothesis that patients with erosion may be stabi-
lised more effectively by antithrombotic treatment
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and that stents implantation may not be needed if
the lumen is not significantly compromised after
thrombectomy. Thirty-one per cent of cases of ACS
are caused by plaque erosion (Figure 5.25).2°
Calcified nodule (CN) or disruptive calcified
plaque: CN refers to disruptive nodular calcification
protruding into the lumen with overlying thrombus.
From this definition, we can understand that
fibrous cap disruption is essential for its diagnosis.
The underlying calcified plaque shows evidence of
protruding calcification, superficial calcium and

the presence of substantive calcium proximal and/
or distal to the lesion. A CN should not be confused
with nodular calcification within a thin fibrous cap,
which does not induce thrombosis. Calcified nodules
are the least common cause of acute coronary
syndrome accounting for 8% of cases.?’ Calcified
nodules are usually the culprit for ACS in heavily
calcified tortuous arteries, older patients and men.
Mid RCA and LAD are predominantly involved as a
result of maximum torsion stress (Figure 5.26).

In such clinical scenario, it is important to identify
the physiological significance of coronary stenosis
particularly for intermediate stenosis (40%-70%
visual stenosis severity). Being an anatomical tool,
intravascular OCT, similar to IVUS, is unable to
accurately predict physiology when compared
with today’s gold standard, fractional flow reserve
(FFR).2 This is attributed to the large variation of
vessel sizes, recruitment of micro-vessels, vessels
supplying infarcted myocardium or vessels supply-
ing more than one coronary territory (collaterals).
All those factors preclude single cross-section lumen
analysis to accurately assess the haemodynamic sig-
nificance of a lesion. Compared with IVUS, intravas-
cular OCT-derived minimal lumen area (MLA) has
a tendency to be smaller.* Many studies are trying
to define the ‘OCT-equivalent’ of the IVUS data.
The first study done by Stefano et al. was to
evaluate the use of OCT for the assessment of inter-
mediate coronary artery stenosis. In this study, no
significant correlation could be observed between
physiologic assessment by FFR and morphologic
quantitative parameters by OCT.?

5.8.4 OCT guided coronary intervention

In a study done by Gonzalo et al.,’ it was found

a. Use of OCT prior to intervention for decision making that OCT has a moderate diagnostic efficiency in

(to treat or not to treat).

The use of OCT for guiding decision making will
differ depending on the clinical situation.

In stable angina, the information needed for
deciding intervention is more quantitative (reduc-
tion in flow caused by plaque volume) rather than
qualitative (plaque morphology). Of course, the
morphology of plaque is still needed for strategic
planning of how to properly treat a particular lesion.

identifying the functional significance of coronary
stenosis. In all vessel sizes, OCT was also found

to have slightly higher diagnostic efficiency than
IVUS. However, OCT was significantly better
than IVUS in vessels <3 mm in diameter. There
has been a concern about the applicability of
previously reported IVUS cutoft points in small
vessels.? In addition, it was interestingly found
that the optimal diagnostic cutoft values for use of
OCT and IVUS in functional stenosis assessment
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Figure 5.25 Plaque erosion: an irregular luminal surface
with an overlying little white thrombus at 5 o’clock. There
is no evidence of rupture. (Courtesy of Amr Gamal and
Javed Ahmed)

Figure 5.26 Disruptive calcified plaque from 12 to 3 o'clock.
(Courtesy of St. Jude Medical.)
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are much lower than the customarily applied 4
mm? IVUS-derived cutoft value.?* MLA was found
in this study to be the best OCT parameter to
predict functional significance. An OCT-derived
MLA cutoff point of 1.95 mm? showed a moderate
diagnostic efficiency with a considerable sensitiv-
ity of 82% but a low specificity of 63%. This means
that in cases where OCT-derived MLA is less than
1.95 mm?, a more specific test for evaluating func-
tional significance is needed to avoid unnecessary
interventions.

It could be speculated that the higher diagnostic
efficacy of OCT over IVUS and the better delinea-
tion of the lumen-vessel boundary obtained with
OCT facilitate automatic tracing and measurement
of the lumen area with an excellent reproducibility.?”

Another small study was performed by Shiono
et al.?® on 62 lesions for defining the OCT criteria
for predicting physiologically significant intermedi-
ate coronary lesions. OCT-derived MLA <1.91 mm?,
MLD <1.35 mm and percent lumen area stenosis
(AS) >70.0% were the best cutoff values to correlate
with an FFR <0.75.

In the ongoing FFR or OCT guidance to revascula-
rise intermediate coronary stenosis using angioplasty
(FORZA) trial, the OCT criteria used for defining
functional significance and accordingly warranting
intervention are the following: percentage of AS is
>75% or 50%-75% with a minimal lumen area <2.5
mm? or if a major plaque ulceration is detected. This
trial is performed on a larger number of patients and
is expected to provide a useful guidance for the man-
agement of patients with intermediate coronary artery
disease using the OCT criteria.?

In conclusion, from the few studies performed
so far to assess the OCT use for predicting func-
tional significance, it could be inferred that OCT is
slightly more efficient than IVUS in the assessment
of functional stenosis severity, particularly in vessels
<3 mm (where the IVUS catheter could be occlu-
sive) and in irregular calcified plaque (where the
resolution of OCT for defining the intimal luminal
border is much higher). In addition, it is noted that
those studies mainly focused on the assessment on
intermediate non-left main stem (LMS) stenosis.

Unlike IVUS, we do not have definitive studies
using an OCT-determined MLA of the left main cor-
onary artery to determine functional significance.
However, with increasing use of this technology in
the catheterisation lab and with limited variability
of size of LMS compared with non-LMS arteries, we
could infer that the currently accepted IVUS value of
6.0 mm?* would be lower with OCT and accordingly,
if an OCT-derived MLA of the left main is 6.0 mm?
or more, percutaneous coronary intervention (PCI)
could safely be deferred at this time. If LMS size is

in the grey zone between 4.8 and 6.0 mm?, OCT
could be done particularly with concomitant LMS
and proximal left anterior descending (LAD) disease
and unequivocal pullback.?® However, it should be
emphasised that due to technical issues regarding
the inability to clear blood for optimal image quality
particularly for ostial or large LMS, IVUS has been
so far the gold standard imaging modality for LMS
assessment.’!

In acute coronary syndrome (discussed earlier):

b. OCT for detailed vessel assessment at the time of PCI
(how to optimise what you treat):

Assessment of lumen geometry remains the
cornerstone of intravascular imaging criteria to
evaluate disease severity and guide interventional
procedures. Determination of appropriate vessel
diameter is one of the most important decisions
prior to PCI for selection of appropriate stent and
balloon size. OCT utilises the size of the catheter
as a reference (around 3.06 mm) to infer the size
of the vessel. Nowadays, the integrated consoles
‘auto-calibrate’ with four markers that have to
be correctly aligned to the outermost border of
the catheter to get proper vessel sizing. Accurate
markers positioning is crucial as it has been found
that 1% change in magnitude can result in up to a
14% error in area measurements.>?

OCT provides an accurate measurement of refer-
ence lumen diameters, especially the proximal refer-
ence, and the MLA at the level of the plaque. Other
relevant interventional parameters like percentage
lumen obstruction and percent neointimal hyperpla-
sia (NIH) could be also accurately assessed on OCT.
In addition, OCT can define the culprit lesion, its
length and the presence of other vulnerable plaques
at risk of rupture. Other morphological features in
the culprit lesion could also be assessed like the pres-
ence and extent of calcification, plaque ulceration
or rupture with intraluminal thrombus or if there
is intimal dissection close to the plaque. Besides, in
bifurcational lesions, it gives valuable information
regarding the status of the side branch which help in
deciding the best strategy for an individual patient.

c. OCT for coronary evaluation after PCI with metal-
lic stents (assessing result and looking for possible
complications):

OCT is also important to assess the result of PCI
and its possible complications.
i. Stent expansion:

OCT provides important information about
the luminal diameter and area of the stented
coronary segment that correlates with the risk
of restenosis.

ii. Stent strut apposition:

This refers to the relationship between

individual stent struts and vessel wall.
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Malapposition (also called incomplete stent malapposed stent struts are at risk of late
apposition) is separation of at least one stent stent thrombosis.
strut from the underlying vessel wall in the Interestingly, despite the proven efficacy
absence of a side branch.” of DES over bare-metal stent (BMS), it has
It is important to differentiate between: been found that late stent malapposition
1. Malapposition occurring immediately after is more common with DES.3® One of the

stent implantation (acute malapposition),
typically related to the implantation
technique.

. Malapposition occurring on follow up
(late malapposition). The latter is further
subdivided into persistent (starts at the time
of PCI and then persists) or late acquired
(not seen at the time of PCI but develops on
follow up). Serial OCT imaging at baseline
and on follow up is required to distinguish
between the two types.

Stent malapposition should not be
confused with stent underexpansion which
mainly refers to the stent area on its own or in
relation to a reference. It should be noted that
whilst there has been a consistent association
between stent underexpansion and acute or
subacute stent thrombosis in IVUS stud-
ies, the same association was not present
in isolated acute stent malapposition.** By
affecting endothelialisation and coverage of
stent struts, acute stent malapposition mainly
impacts long-term outcome including late
stent thrombosis.*

However, some IVUS studies have
shown that malapposition may occur in
10%-20% of drug-eluting-stents (DES)
without any clinical implications, which
again doubts the clinical importance of
stent malapposition.®® With the wide-
spread use of OCT, we may be able to
find mechanisms explaining why some

iii.

proposed mechanisms is vessel remodelling
caused by chronic inflammatory reaction

to the drug polymer.3” Another mechanism
could be the dissolution of thrombus trapped
between the stent and the vessel wall.

Stent strut apposition in diseased vessels
with irregular luminal contour is classified
into (1) embedded, where the endoluminal
strut order is either completely buried or
just touching the luminal vessel contour or
(2) protruding, where the endoluminal strut
order is above the luminal vessel contour
with a strut lumen distance not exceeding
the actual strut thickness (to be differenti-
ated from malapposition).

By definition, malapposition is present
when the strut is not in contact with the ves-
sel wall. Because the light cannot penetrate
the metallic struts, only the endoluminal
surface of the struts is seen on OCT.

To overcome this, malapposition is
calculated by subtracting the actual stent
thickness from the distance from the mid-
point of strut reflection to the vessel wall.
The actual strut thickness is the sum of stent
strut thickness, polymer thickness, and the
axial resolution of OCT (varying from 10 to
20 mm) (Figures 5.27 through 5.32).

Plaque protrusion (also called intrastent
prolapse or tissue prolapse):

Tissue prolapse is defined as the convex-shaped
projection of tissue through recently implanted
stent struts into the lumen without disruption

Figure 5.27 Panel (a) shows malapposed struts at 12 and 5 o’clock, panel (b) shows circumferential newly implanted strut
malapposition, panel (c) shows late stent malapposition on follow-up. (Courtesy of St. Jude Medical.)
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Figure 5.28 Left panel shows side branch strut from 7 to 11 o'clock, right panel shows malapposed struts from 6 to 11,
protruding struts from 3 to 6 and embedded struts from 12 to 3 o'clock. (Courtesy of Amr Gamal.)

Figure 5.29 Left panel: shows well apposed metallic stent struts from 10 to 6 o'clock and malapposed struts in the rest of
the image, right panel: shows circumferentially malapposed metallic stent struts (Courtesy of Terumo corporation.)

Figure 5.30 Newly implanted well apposed metallic stent struts which are protruding in left panel and embedded in right
panel. (Courtesy of Amr Gamal.)
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of the luminal surface continuity.”” The extent
of protrusion could be quantified using either
prolapse area or prolapse length (prolapse depth,
defined as the distance from the arc connecting
two adjacent struts to the point of maximum pro-
trusion). Tissue prolapse could be also character-
ised based on the protruding tissue composition
(i.e. fibrous, calcific or lipid plaques). In a study
evaluating post-PCI lesions with both IVUS and
OCT, tissue prolapse was identified in 95% with
OCT versus 18% with IVUS.* The relationship
between OCT detected prolapse and tissue com-
position, stent type or clinical setting is unclear.

i mm Nevertheless, it is seen more frequently in lipid-
rich plaques and in acute coronary syndromes.”?’
Current studies have suggested that tissue pro-

Figure 5.31 Another example of well apposed metal- lapse is not associated with clinical events in short
lic DES strut. Note the protruding struts from 5 to 9 and or mid-term (Figure 5.33).7%

embedded struts from 10 to 4 o'clock. (Courtesy of Amr

Gamal.)

1mm

Figure 5.32 Left panel: shows 2 layers of newly implanted metallic stent struts (overlapping) (Note the bright reflection
of all stent struts), right panel: shows a layer of newly implanted metallic DES on top of underlying layer of previously
implanted metallic DES (Note the difference in brightness of reflection between the new stent and the old stent struts)
(Courtesy of Amr Gamal.)

Figure 5.33 Two different cases with tissue prolapse between metallic stent struts. (Courtesy of Amr Gamal.)
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iv. Edge dissection:
Implantation of coronary stents can cause an
iatrogenic injury to the vessel wall leading
sometimes to dissection at the transition
between the rigid stent and the adjacent vessel
wall. The incidence of dissection following stent
implantation ranges from 1.7% to 6.4% on angi-
ography*® to 7.8% to 19.3% on IVUS.*! The much
higher resolution of OCT compared with both
angiography and IVUS has resulted in more
frequent recognition of dissections after PCIL.*2
Angiographic and IVUS detected dissections
have been associated with early stent thrombo-
sis and adverse cardiac events.*3

Stent edge dissections are defined as
disruptions in the luminal vessel contour
proximal or distal to the stent.*? OCT detected
coronary dissections are classified according to
one of the following parameters: depth, length,
area and opening distance.

Depth is defined as the distance from the
luminal surface to the junction point with the
vessel wall at the base of the flap. Length is the
distance from the tip of flap to the junction point
of the flap with the vessel wall. Area is identified
with planimetry of a region outlined by lumen
contours incorporating and interpolating the flap.

Opening distance is the distance from the
tip of the flap to the lumen contour along a
line projected through the gravitational centre
of the lumen.** Additional descriptors of the
severity of a dissection include (1) presence of
flaps, cavities or double lumen dissections,*? (2)
circumferential extent (in degrees of arc) using a
protractor, (3)dissection length using motorised
transducer pullback and (4) size of residual
lumen (cross-sectional area [CSA]).

Dissections can also be classified into five
main categories:’

a. Intimal: Limited to the intima or atheroma
and not extending to the media. Small
intimal dissections are also called intimal
disruptions with unknown significance.

b. Medial: Extending into the media.

c. Adventitial: Extending through the EEM
into the adventitia.

d. Intramural haematoma: An accumula-
tion of [blood or] flushing media within
the medial space, splitting it and displac-
ing the IEM inwards and EEM outwards.
Entry and/or exit points may or may not be
observed.

e. Intrastent: Separation of intima or neointi-
mal hyperplasia from stent struts.

In a study, it was observed that distal edge
dissections were more frequent than proximal ones.
The main independent predictors of stent edge

dissection are the presence of atherosclerotic plaque
at stent edges, angle of calcification in fibrocal-
cific plaques (cutoff is 72°), minimum fibrous cap
thickness in lipid-rich plaques (cutoff is 80 um),
presence of TCFAs, stent and lumen eccentric-
ity, stent-to-lumen diameter and area ratios. Only
22.6% of OCT detected dissections were treated. It
has been proposed that OCT detected angiographi-
cally silent dissections, non-flow limiting dissec-
tions, dissections with longitudinal length <1.75
mm, with <2 concomitant flaps, flap depth <0.52
mm, flap opening <0.33 mm and not extending
deeper than the media layer are not associated with
increased adverse outcome and can be left untreated
(Figures 5.34 and 5.35).44
v. Assessment of vascular healing (strut cover-
age, restenosis and neoatherosclerosis):

After inflating a balloon or implanting a stent,
vascular healing starts leading to the formation of
neointima covered by endothelium. This layer of
tissue covering the luminal stent surface is needed
for preventing the contact between stent and blood
components and accordingly stent thrombosis.

On the other extreme is the in-stent restenosis
that is due to excess neointimal tissue formation
sometimes leading to obstruction of a previously
implanted stent.

Due to the high resolution of OCT, it is able
visualise tissue coverage of struts and assess
response to stent implantation.*> Being very
thin, the neointimal covering is usually below
the resolution threshold of IVUS. Struts are
termed covered when tissue is identified over
the entire circumference of the struts and
uncovered when tissue is absent.” Stent struts
uncovering represents delayed healing process
and could be related to the underlying plaque
composition (i.e. necrotic core of TCFA has
been associated with poor healing®®), stent struts
malapposition?’ or other not fully established
factors.

OCT is able to not only detect in-stent
restenosis, but also describe the restenotic tissue
in detail that helps in better understanding of
mechanisms of stent failure. Implantation-
related factors like smaller post-PCI MLA
and greater residual stenosis are associated
with decreased long-term patency of DES and
could be easily identified on OCT. In addi-
tion, three-dimensional (3D) OCT has a niche
in the diagnosis of stent fracture which could
be missed on angiography.*® The appearance
of restenotic tissue on OCT could be further
differentiated into layered, homogeneous or
heterogeneous neointima.*

Restenosis has been thought to be due to
exclusively dense fibrotic tissue growth and
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Figure 5.34 Coronary dissection: Left panel shows small coronary dissection extending into the media, right panel shows
larger coronary dissection. (Courtesy of St. Jude Medical.)

Figure 5.35 Shows intramural haematoma having the typical crescent like appearance within the media (Courtesy of
Terumo Corporation.)

the end spectrum of in-stent tissue heal- Neoatherosclerosis was more common in

ing. However, with the use of OCT, we have lesions treated with paclitaxel than sirolimus
realised that restenosis is not only fibrous DES, and fibroatheromas were more common
tissue thickening (signal rich area with low than fibrocalcific lesions. Macrophage accu-
attenuation), but with time, there could be also mulations were frequent but microvessels and
evidence of atherosclerotic disease within the surface erosions were rare and no plaque rup-
neointima between the previously implanted tures were seen (Figures 5.36 through 5.39).50
stent and the lumen. This atherosclerosis, vi. In-stent thrombosis:

also called neoatherosclerosis, could be in the Stent thrombosis (ST) is a rare but potentially
form of lipid plaque (signal poor region and life-threatening complication of stent implantation.
invisible struts), thin capped fibroatheromas, Thrombus formation inside a stent can result in
ruptured caps with overlying platelet rich partial or complete occlusion of the lumen which
thrombus within stents or even calcification.* could be complicated by myocardial infarction (in
Consequently, late stent thrombosis cannot 70% of cases) and death (in 40% of cases).*!

be exclusively attributed to exposed stent ST could be classified according to the time
struts without endothelialisation, but also due of occurrence in relation to stent implantation
to vulnerable plaques within the restenotic into early (<1 month), late (1 month to 1 year)
fibrous tissue. In a study done by Taniwaki and very late (>1 year).>

et al., neoatherosclerosis was evident in 15% Whilst early ST is mainly caused by

of lesions 5 years after DES implantation. inadequate inhibition of platelet aggregation
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Figure 5.37 In-stent restenosis with low backscattering
neointima (necrotic core) covered with a thin fibrous cap
(TCFA). (Courtesy of Amr Gamal).

Figure 5.36 Top panel shows covered metallic stent
struts with a thin layer of neointima, Bottom panel shows
in-stent restenosis with high backscattering neointima
(composed of fibrous tissue) (note the difference in stent

struts reflection between the two frames, which rep- Figure 5.38 Severe in-stent restenosis with high backscat-
resents the temporal difference since the time of stent tering neointima (composed of fibrous tissue). (Courtesy
implantation). (Courtesy of Amr Gamal.) of Amr Gamal.)

Figure 5.39: Shows 3 different types of restenotic tissue (neointima) on OCT which could be either layered, homogeneous
or heterogeneous (from left to right) (Courtesy of Terumo Corporation.)
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Figure 5.40 Red thrombus overlying low backscattering
neointima (late stent thrombosis). (Courtesy of Amr Gamal
and Javed Ahmed.)

in addition to procedural factors like edge
dissection or stent underexpansion, late and
very late ST are caused by delayed healing and
unendothelialised struts, positive remodelling
or neoatherosclerosis inside the previously
implanted stent with subsequent plaque rup-
ture.*> The high-resolution power of OCT
compared to IVUS allows the detection of
even small thrombi (13% versus 0% identified
with OCT and IVUS, respectively).?® As men-
tioned before, OCT detected thrombi could be
either red (RBCs rich) or white (platelet rich).
OCT allows not only the accurate differentia-
tion between the two types of stent thrombosis
but also gives an insight into its underlying
mechanism. However, OCT assessment of
stent thrombosis has a limited evaluation of
stent struts behind a red thrombus due to high
attenuation of light so data like strut apposi-
tion or coverage are difficult to be assessed. In
addition, the low penetration power of OCT
makes the assessment of EEM and accordingly
positive remodelling and late stent malapposi-
tion as a cause of late ST extremely difficult.
These two scenarios are better assessed by
IVUS (Figure 5.40).

5.8.5 OCT in assessment of Bioresorbable
Vascular Scaffolds (BVS)

Unlike metallic stents, the BVS are quite rigid and less
elastic and accordingly the stent scaffolds could be easily
deformed by excessive expansion. This means that careful
sizing of the scaffolds to the coronary artery dimensions
is crucial. Another major difference is that the stent poly-
mers are not visible under X-ray. The Absorb BVS (Abbott

Vascular, Santa Clara, CA, USA) have two radio-opaque
markers on both ends of the scaffold but the stent poly-
mer backbone is not seen after deployment.>*¢ The high
resolution of OCT, compared with IVUS, offers detailed
assessment of the vascular scaffolds by providing the fol-
lowing data.
i. Guiding decision making:
Similar to metallic stents, OCT can guide
decision making and optimise treatment strategy.
Prior to stenting, appropriate sizing of the scaf-
folds relative to the size of the vessel is essential
to avoid overexpansion of the scaffolds. Being
rigid, these stents have limitation in their expan-
sion ability, for example; Absorb BVS allows only
for a maximum over- expansion of 0.5 mm above
the nominal scaffold diameter otherwise, scaf-
fold fracture usually follows. This means that
although proper stent sizing is important with
all stents it is more crucial with BVS because in
other types of stents we can still do postdilata-
tion with high pressure balloon inflations and
their size will increase depending on the compli-
ance chart of the stent used. In addition, OCT
gives detailed information about the morphol-
ogy of the plaque which is essential for deciding
the appropriate strategy of lesion preparation
(e.g. balloon dilatation or rotablation depending
on the burden of calcification). Again, although
lesion preparation is important with virtually all
types of stents it is more crucial with BVS owing
to their high crossing profile due to much thicker
stent struts (114-228 pum in the currently available
BVS).5” OCT is also essential to assess the junction
between two adjacent BVS which are preferable to
be just abutting or minimally overlapping to avoid
the drawback of having two layers of thick struts
particularly in small vessels (Figure 5.41).
ii. Prediction of strut fracture:
By applying strain to the strut polymer, the
stressed struts appear elongated than the
adjacent struts and have two white high signal
intensity nuclei inside the dark box. Those
nuclei, also called scattering centres (SC) do not
typically reach the axial or the transverse axis
of the strut edges and so appear as dot inside
a box. This is different to the OCT appearance
of confluent or bifurcating struts which also
have high-intense signal in the core of the strut.
However, this signal reaches the axial edges of
the strut (Figures 5.42 and 5.43).
iii. Assessment of stent expansion, apposition and
presence of edge dissection:
OCT accurately assesses both strut expansion
relative to the distal and proximal reference
segments and to side branches and strut
apposition against the vessel wall. These data are
very important as inadequate strut expansion
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Figure 5.41 Left panel shows overlapping two bioabsorbable vascular scaffolds (BVS) struts, right panel shows well-
apposed BVS struts with evidence of plaque prolapse (note the box shaped thicker struts and the clearly visible abluminal
surface). (Courtesy of Amr Gamal and Mohaned Egred.)

1mm 1mm

Figure 5.42 Box-shaped bioabsorbable vascular scaffolds (BVS) struts with bifurcating or confluent strut at 8 o’clock (left
panel) and at 7 and at 11 o’clock in right panel. (Courtesy of Amr Gamal and Mohaned Egred.)

Figure 5.43 Well-apposed bioabsorbable vascular scaffolds (BVS) struts with stressed struts at 12 and 6 o'clock (left panel)
and from 4 to 6 o’clock (right panel). (Courtesy of Amr Gamal and Mohaned Egred.)



86 New intravascular imaging techniques

iv.

or apposition is associated with non-laminar
blood flow that could initiate platelet activation,
thrombosis or restenosis.’® At baseline, strut
apposition could be classified into (1) protruding
struts: less than one half of the strut thickness

is impacted in the vessel wall, (2) embedded
struts: more than a half of the strut thickness is
impacted in the vessel wall, (3) incomplete strut
apposition (ISA): there is a separation of the
backside of the struts from the vessel wall, (4)
side branch strut: The strut is located opposite a
side branch with no contact with the vessel wall
(Figures 5.44 through 5.46).>° In addition, OCT
helps to detect BVS edge dissection and evaluate
its severity in the same way as mentioned earlier
with metallic stent edge dissection (Figure 5.47).
Assessment of strut coverage:

Similar to the metallic stents, late and very
late scaffold thrombosis is caused by either

absence of neointimal covering or its exagger-
ated presence with subsequent development of
neotheroscelrosis inside the scaffold.®® OCT

is very sensitive in the detection of very thin
neointimal layer overlying the stents. In case
of excess neointimal covering, OCT allows
both reliable quantification and characterisa-
tion of the neointimal tissue.®® On follow-up,
strut coverage is classified into (1) apposed
and covered strut: the four corners of the strut
polymers have lost the right angle with signs
of tissue coverage and (2) apposed and uncov-
ered strut: the right angle shape of one of the
two endoluminal strut corners is preserved
with no signs of tissue coverage:(Figures 5.48
through 5.51).%

Assessment of strut degradation:

The pattern of degradation of the scaffold struts
and the changes in their appearance over

Figure 5.44 Well-apposed bioabsorbable vascular scaffolds struts which could be protruding (left panel) or embedded
(right panel from 7 to 5 o’clock). (Courtesy of Amr Gamal and Mohaned Egred.)

Figure 5.45 Left panel: shows well apposed (protruding) BVS struts (note side branch struts from 2 to 3 o’clock), right
panel: shows malapposed BVS struts from 11 to 6 o'clock (Courtesy of Terumo corporation.)
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Figure 5.46 Left panel shows malapposed bioabsorbable vascular scaffolds (BVS) struts from 9 to 1, protruding struts
from 1 to 5 and embedded struts from 5 to 9 o'clock, right panel shows malapposed BVS struts from 6 to 11. (Courtesy of
Amr Gamal and Mohaned Egred.)

1mm

Figure 5.47 Left panel shows small bioabsorbable vascular scaffolds (BVS) edge dissection confined to the intima (note
the two wires artefacts at 3 o'clock), right panel shows larger BVS edge dissection extending into the media. (Courtesy of
Amr Gamal.)

time are best detected on OCT.®! In a preclini-
cal study comparing OCT findings with the
corresponding histology in coronary arteries
of healthy swine after BVS implantation, the
box-shaped appearance of the scaffold struts
is still detectable on OCT at 2 years. However,
on histology, it was found that the polymeric
material is no longer present and that this
persistent box-shaped structures represent
struts replaced by proteoglycans. At the 4-year
follow-up, both OCT and histology confirmed
the absence and complete degradation of

the struts.®? Similar results were obtained in
human-based study where the scaffold struts
have disappeared on 5 years follow-up.®

The struts have become integrated between

the overlying neointima and the underlying
plaque creating a homogenous signal-rich,
low-attenuating layer that is needed to separate
the lumen from the thrombogenic plaque
components after resorption of the scaffolds
polymers. The minimum thickness of this
layer was found to be 150 um and its homoge-
nous low attenuation properties point towards
the absence of high-risk wall components
such as necrotic core and macrophages.®* This
means that this layer could protect against
very late scaffold thrombosis.®> Ormiston et
al.%! have proposed definitions for resorbable
struts of one type of scaffolds (preserved box,
open box, dissolved bright box and dissolved
black box).
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Figure 5.48 Left panel shows uncovered malapposed bioabsorbable vascular scaffolds (BVS) struts from 1 to 3, uncovered
protruding struts from 4 to 6, covered embedded struts from 6 to 12 o’clock, right panel shows uncovered protruding BVS
struts from 12 to 5 and covered embedded struts from 6 to 11 o’clock. (Courtesy of Amr Gamal and Mohaned Egred.)

Figure 5.49 Left panel: covered embedded bioabsorbable vascular scaffolds (BVS) struts with thin high backscattering
neointima (fibrous tissue), right panel: mild in-stent restenosis (ISR) of high backscattering neointima (fibrous tissue) over-
lying two layers of overlapping BVS struts. (Courtesy of Amr Gamal and Mohaned Egred.)

5.9 3 Dimensional OCT

The unique ability of OCT to reconstruct 3D image has
allowed better visualisation of the stents particularly in
complex lesions.®® In bifurcational lesions, we could confirm
re-crossing of side branch wire through the most distal cell.

5.10 Limitations of OCT

1. Limited penetration: As mentioned earlier, OCT is
unreliable in the assessment of plaque volume or deeper
part of diseased vessel wall. Although an excellent

agreement has been reported between OCT and IVUS
in measurement of lumen area and diameter in non-
diseased vessels, smaller lumen and stent areas have
been consistently observed with OCT in diseased
vessels. Accordingly, when OCT for PCI guidance, it
is important to depend on lumen criteria rather than
media-to-media values, as used in IVUS studies.

. Poor interpretation of tissue covered by thrombus.

Thrombi, especially red thrombi, casts a shadow over
the underlying vessel wall, making assessment of
underlying plaque or healing of the stent struts (both
are commonly associated with stent thrombosis)
unreliable.
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Figure 5.50 Severe ISR of high backscattering neointima (fibrous tissue) inside previously implanted bioabsorbable vascu-
lar scaffolds (BVS) (note the stressed struts appearance in left panel). (Courtesy of Amr Gamal and Mohaned Egred.)

Figure 5.51 Red thrombus at 9 o'clock overlying uncov-
ered protruding bioabsorbable vascular scaffolds (BVS)
struts. (Courtesy of Amr Gamal and Mohaned Egred.)

3. Difficult assessment of large vessels including
ostial LMS: As mentioned earlier in this chapter, it
is difficult to clear blood to obtain a good-quality
image particularly for ostial or large LMS. However,
there are some case reports about ameliorating
blood removal for OCT of ostial LMS through the
‘backflow method’ using a guide extension cath-
eter (mother and child catheter or guideliner). This
is first entails installing the guideliner alone in
LMS with disengagement of the guiding catheter to
avoid pressure wedge. This is followed by pullback

Figure 5.52 Imaging of LMS using a guideliner with disen-
gaged guiding catheter. Note the yellow ring of guideliner
around the imaging catheter with guidewire artefact at 1
o'clock. (Courtesy of Amr Gamal and Mohaned Egred.)

of OCT through the guide extension catheter. This
technique makes use of both the coaxial alignment
and the translucency of the plastic component of the
guideliner to infrared light, which allows the assess-
ment of the surrounding vessel wall without back-
shadowing (Figures 5.52 and 5.53).

4. The need for use of less contrast in patients with heart
failure or renal impairments: This could be partially
ameliorated by use of guide extension catheter to
decrease the contrast used to the minimum possible.
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Figure 5.53 Upper panel shows 3 Dimensional strut mapping of a DES after taking out the vessel wall and it confirmed
well expansion of the stent struts, Lower panel: shows longitudinal OCT reconstruction of the same stent inside the vessel
wall and confirmed well apposition of the stent to the vessel wall (Courtesy of Amr Gamal and Javed Ahmed.)
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6.1 Introduction

Fractional flow reserve (FFR) is considered the gold stan-
dard for invasively assessing the physiologic significance
of coronary artery stenosis. This technique has become an
integral adjunct to coronary angiography for identifying
ischaemic lesions and an invaluable tool in guiding clinical
decision making regarding revascularisation. Measuring
FFR optimises the benefit of percutaneous coronary inter-
ventions (PCI) and distinguishes stenoses responsible
for ischaemia from functionally insignificant ones. FFR
improves clinical outcomes and saves resources compared
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with PCI guided by angiography alone. Its use should be
expanded for the following reasons:

1. Coronary angiography is limited in its ability to
demonstrate the clinical significance of intermediate
coronary lesions (40%-70%). Numerous confounding
factors exist which limit the accuracy of the angiogram.
These factors include eccentricity, calcification, con-
trast streaming, branch overlap and vessel foreshort-
ening - all of which cause significant interobserver
variability.! This ambiguity can be easily overcome by
FFR assessment.

93
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2. In patients with single-vessel coronary artery disease
(CAD), non-invasive stress test correlates well with
angiography. However, in patients with multi-vessel
disease, non-invasive stress testing is less reliable to
identify ischaemia producing lesions.2 Hence, FFR is
invaluable in identifying ischaemic lesions in multi-
vessel disease.

3. Several randomised clinical trials validated favourable
long clinical outcomes with FFR-guided revascularisation
in patients with stable single or multi-vessel stable CAD.>-

Despite convincing evidence supporting FFR-guided
revascularisation, physiological lesion assessment is underuti-
lised in real-world practice. In an analysis from the National
Cardiovascular Data Registry, only 6.1% of the 61,874
attempted coronary interventions of intermediate lesions used
FFR.® Park et al.” coined the term ‘functional angioplasty’ for
the strategy that incorporates FFR into revascularisation deci-
sions. This chapter aims to review the concepts of FFR and the
literature supporting deferral of revascularisation based on it.
Further, the limitations and pitfalls of FFR and use of non-
invasive FFR to guide revascularisation are also discussed.

6.2 Definition and concept of FFR

Pijl et al.® first introduced the term FFR’ in 1993. FFR is
defined as the ratio of myocardial blood flow in a coronary
artery in the presence of epicardial stenosis and myocardial
blood flow in the same artery in the hypothetical absence of
stenosis under conditions of maximal hyperaemia. Routinely,
FFR of a coronary lesion is measured as the ratio of mean
distal coronary pressure measured beyond the lesion (Pd) to
the mean aortic pressure (Pa) during maximal hyperaemia
(Figure 6.1).° The pressure distal to the lesion is measured
using a high-fidelity pressure sensor mounted 3 cm from
the tip of a 0.014-inch guidewire. An example of FFR-guided

Figure 6.1 Principles in measuring fractional flow reserve
(FFR). Pd, pressure distal to the lesion; Pa, proximal aortic
pressure; Pv, coronary venous pressure. (Reprinted from
Textbook of Interventional Cardiology, Seventh Edition,
edited by Eric J. Topol and Paul S. Terestein, Intracoronary
pressure and flow measurements, Kern, M.J. et al.,
85-107, Copyright (2016), with permission from Elsevier.)

clinical decision making in a patient with intermediate cor-
onary artery stenosis based on angiogram is illustrated in
Figure 6.2.

The central concept to measurement of FFR is the
assumption that coronary blood flow is proportional to
pressure when myocardial resistance is minimal and
constant. Under resting conditions, the myocardial resis-
tance is constantly changing based on myocardial oxygen
demand, blood pressure, contrast injection and coronary
vasomotion. Hence, FFR is measured only after achieving
maximal hyperaemia, where the microvascular resistance
is minimal and constant, using pharmacologic agents such
as intravenous adenosine, contrast, intracoronary adenos-
ine, nitroprusside and papaverine. A condition for accu-
rate FFR measurements is that microvascular resistance
is reduced maximally and remains stable during the mea-
surement. In a normal vessel without stenosis, the distal
coronary pressure is equal to the aortic pressure. In the
presence of epicardial stenosis, the resistance to flow causes
turbulence and loss of energy resulting is a drop of pres-
sure distal to the coronary stenosis.!” Pijl et al.® validated
the concept of FFR by proving the proportional nature of
pressure and coronary flow under maximal hyperaemia in
instrumented dogs and subsequently in humans.!!

A simplified derivation of FFR is presented in Figure 6.1.
The pressure drop across the stenosis is directly related to
the flow rate in an exponential manner. A vasodilating drug
is administered to abolish vasomotor tone and, thus, to
minimise microvascular resistance. Under this condition,
blood flow across the stenosis is assumed to be maximal
producing the maximal achievable pressure gradient. By
measuring the ratio of the coronary pressure distal to the
stenosis to aortic pressure, the percentage of normal coro-
nary flow, or the fraction of normal flow (hence FFR), is cal-
culated. FFR has a normal value of 1.0. FFR for a stenotic
vessel is expressed as a decimal or fraction of this value.
A fundamental assumption of FFR is that, at maximal
vasodilation, the relationship between coronary perfusion
pressure and flow is proportional and linear, that is, that a
stenosis affects distal coronary pressure to the same degree
as it affects flow.”> Another important assumption is that
coronary venous pressure (Pv) is considered to be negligible
compared with aortic or distal coronary pressure.'? Hence,
FFR is an extremely useful invasive index as it is reproduc-
ible, not affected by haemodynamic changes, accounts for
collateral flow, independent of microvasculature vessels.!3

6.3 Can revascularisation be deferred
based on FFR in stable CAD?

Several randomised trials proved favourable for long-term
clinical outcomes with deferral of revascularisation based on
FFR in patients with stable CAD."-1®¢ Whilst the American
College of Cardiology/American Heart Association (ACC/
AHA) guidelines for PCIs'” and the current consensus guide-
lines endorsed by Society of Cardiovascular Angiography
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Figure 6.2 Angiographic image of an intermediate stenosis of left anterior descending coronary artery and associated
fractional flow reserve (FFR) measurement of 0.83 in a 78-year-old gentleman with chest pain. Since the measured FFR
value was consistent with a nonhaemodynamically significant lesion, revascularisation was not performed and patient was

treated with medical therapy.

and Intervention (SCAI)"® support the use FFR in interme-
diate coronary lesions to guide revascularisation decisions
in patients with stable CAD as a Class I a recommendation,
the latest guidelines by the European Society of Cardiology/
European Society of Cardiothoracic Surgery (ESC/ESCS)"
support it as a Class I a recommendation, especially when
evidence of ischaemia is not available based on any other
prior tests.

Pijls et al.? performed the first study that validated the
use of FFR in intermediate single-vessel CAD amongst 45
patients by comparing it to the results of non-invasive stress
tests. In this study, all patients with moderate coronary

stenosis and chest pain underwent bicycle exercise testing,
thallium scintigraphy, stress echocardiography with dobu-
tamine and quantitative coronary angiogram with FFR. In
21 patients with an FFR less than 0.75, reversible ischaemia
was demonstrated on at least one non-invasive stress test. In
21 of the 24 patients with an FFR of 0.75 or higher, there was
no ischaemia detected on any of the non-invasive tests. No
revascularisation was required in any of these patients dur-
ing the following 14 months. FFR has a sensitivity of 88%
and a specificity of 100% for identifying ischaemic lesions.
This study established the FFR cutoff value of 0.75 for iden-
tifying ischaemia producing lesions.
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The following are the three landmark randomised trials,
which strongly support deferral of revascularisation based
on FFR in patients with stable CAD.

6.3.1 Deferral versus performance of PCl of
functionally nonsignificant coronary
stenosis (DEFER)3.'4

DEFER is the first randomised trial that further sup-
ported deferral of revascularisation based on FFR in
single-vessel CAD. In this study, 325 patients with inter-
mediate single-vessel CAD were randomised to defer-
ral of revascularisation or performance of PCI if the FFR
was greater than 0.75. All patients with FFR < 0.75 were
revascularised. At 24 months, the event-free survival rates
(death, myocardial infarction, repeat revascularisation)
were similar between the deferral and the performance
groups (89% versus 83%, p = .27).!4 Even after 15 years
of follow-up, the rate of death was not different between
the deferral and the performance groups (33.0% versus
31.1%, p =.79) with the rate of myocardial infarction being
significantly lower in the deferral group (2.2% versus 10%,
p = .03, Figure 6.3).}

6.3.2 FFR-guided PCI versus angiography
for guiding PCl in multi-vessel disease

In FFR-guided PCI versus angiography for guiding PCI in
multi-vessel disease (FAME 1),%!> a total of 1005 patients
with multi-vessel disease (defined as coronary artery steno-
sis of at least 50% of vessel diameter in at least two major
epicardial vessels) with stable (67%) and unstable (33%)
angina were enrolled. Prior to randomisation, all lesions
that require PCI were identified angiographically. Patients
were then randomised to two groups — angiography-guided
PCI or FFR-guided PCI. In the FFR-guided PCI group,
only lesions with FFR < 0.80 were revascularised. The
number of angiographically significant lesions per patient
was not different between the two groups (2.7 versus 2.8,
p =.34). The following are the important findings from this
study (Figure 6.4):

® At year, the primary composite endpoint (death,
nonfatal myocardial infarction and repeat revascu-
larisation) was significantly lower in the FFR-guided
PCI group compared with the angiography group
(13.2% versus 18.3%, p = .02).1> At 5-year follow-up,
there was no significant difference in the rates of major
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Figure 6.3 Fifteen-year results from deferral versus performance of PCl of functionally nonsignificant (DEFER). (a) Kaplan
Meier estimates of myocardial infarction and (b) relation of myocardial infarction with study vessel territory. (Reprinted
from Zimmermann, F.M. et al., Eur Heart J., 36, 45, 2015. With permission.)
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Figure 6.4 (a-d) The FFR-guided PCI versus angiography for guiding PCl in multi-vessel disease (FAME 1) study results.
Kaplan Meier survival curves at 2 years according to study group. FFR, fractional flow reserve; PCI, percutaneous coronary
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cardiovascular events in both groups (28% FFR group
versus 31% angiography group, p = .31).*

e There was no difference in the percentage of patients
who remained angina free at 1 year (81% FFR group
versus 78% angiography group, p = .20).1°

e The number of stents used per patients was significantly
lower in the FFR-guided PCI group (1.9 + 1.3 versus 2.7
+1.2,p <.001).2°

6.3.3 FFR-guided PCI versus medical
therapy in stable CAD

In FFR-guided PCI versus medical therapy in stable CAD
(FAME 2),>161220 patients with stable CAD, with at least one
angiographically significant stenosis (>50%), were recruited.
Patients who had at least one functionally significant steno-
sis (FFR < 0.80) were randomised to FFR-guided PCI plus
optimal medical therapy or optimal medical therapy alone

(888 patients). Patients without a single functionally signifi-
cant stenosis (FFR > 0.80) were enrolled in a separate reg-
istry (332 patients). The following are the most important
findings of the study (Figure 6.5):

® At 1 year, the primary endpoint (composite of
death, nonfatal myocardial infarction and hospi-
talisation requiring) was significantly lower in the
FFR-guided PCI plus medical therapy compared with
medical therapy alone (4.3% versus 12.7%, p <.001).1¢
The study recruitment was in fact halted at 1220
patients instead of the planned 1632 patients because
of this significant difference in primary endpoint. The
difference in primary endpoint was predominantly
driven by urgent revascularisation (1.6% in FFR-
guided PCI group versus 11.1% in medical therapy
group, p < .001). There was no significant difference in
the rate of myocardial infarction or death between the
groups.'¢
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Figure 6.5 The FFR-guided PCl versus medical therapy in stable CAD (FAME 2) study results. Kaplan Meier curves for land
mark analysis. (a) Cumulative incidence of primary endpoint (a composite of death from any cause, nonfatal myocardial
infarction or any revascularisation). (b) Cumulative incidence of death or myocardial infarction in first 7 days and in

24 months. (Reprinted from De Bruyne, B. et al., N Engl J Med., 371, 13, 2014. With permission.)

e Even at the 2-year follow-up, similar results were reported
- primary endpoint was significantly lower in the FFR-
guided PCI group (8.1% versus 19.5%, p < .001), without
any difference in rates of death or myocardial infarction.®

e In a further analysis of the data from FAME 2, the rate
of death or myocardial infarction from 8 days to 2 years
(excluding the periprocedural events) was noted to be
lower in the FFR-guided PCI group (4.6% versus 8.0%,
p=.04)°

e Favourable outcomes were noted in patients enrolled in
the registry without evidence of ischaemia (with FFR >
0.80), with the lowest rate of primary endpoint of 3.0%
at 1 year and 9.0% at 2 years.> !¢

In a recent meta-analysis of study and patient level data,
Johnson et al.?! demonstrated a graded relationship of the
FFR numerical value to clinical outcomes as modulated by
medical therapy versus revascularisation. The identification
of ischaemia by FFR is not dichotomous based on the value
of 0.75 or 0.80.?! Instead, ischaemia exists as a graded con-
tinuum based on the numerical value of FFR.?! Hence, the
benefit of revascularisation compared with medical therapy
in improving clinical outcomes increases with decreasing
FFR value (Figure 6.6).2! FFR-guided clinical decision mak-
ing not only resulted in half as many revascularisations
as those in angiography-based strategy, but also with 20%
fewer adverse events and 10% better relief of angina.?! Also,
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Figure 6.6 Conceptual relationship between fractional flow reserve (FFR) and outcomes. FFR is related to subsequent out-
comes in a graded fashion. Lesions with low FFR values are associated with increased risk of subsequent major cardiovas-
cular events and hence have the greatest benefit from revascularisation whilst revascularisation can be deferred in lesions
with normal or high FFR values. (Reprinted from Johnson, N.P. et al., J Am Coll Cardiol., 64, 16, 2014. With permission.)

FFR measured immediately after PCI has a prognostic value
in determining the subsequent clinical events.??

In summary, in patients with stable CAD, FFR-guided
revascularisation strategy compared with angiography-
guided strategy decreases unnecessary revascularisation
procedures and has favourable long-term clinical outcomes.

6.4 Can revascularisation be deferred
based on FFR in specific lesion subsets?

Accurate measurement of FFR is technically challenging in
certain clinical situations such as tandem or bifurcations
lesions, left main stenosis or in acute coronary syndromes
(ACS) due of unique haemodynamic changes that occur in
each of these situations. In all the large-scale randomised
trials supporting FFR-guided revascularisation, patients
with these clinical scenarios were not included. Hence, the
existing literature supporting FFR-guided revascularisation
in each of these situations is limited and not as robust as in
patients with stable CAD.

6.41 Tandem lesions

In tandem or serial lesions (defined as two lesions separated
by a angiographically normal segment in between), each

lesion limits the maximal hyperaemic flow through the
other lesion.?® This interaction limits the use of the simple
formula of Pd/Pa across each lesion for measuring FFR.
Therefore, Pd/Pa measured across a distal lesion in the pres-
ence of a proximal lesion that is different from the calcu-
lated FFR for the same distal lesion after the treatment of
proximal lesion and vice versa.

De Bruyne et al.?? developed complex formulae to
predict FFR across each lesion as if the other lesion
was not present. However, these formulae involve the
measurement of coronary wedge pressure (Pw) and cannot
be used easily in everyday clinical setting. A more practi-
cal approach to measuring FFR in tandem lesions involves
the repetitive pressure pullback technique described as
follows (Figure 6.7):2

e The FFR pressure wire is positioned beyond the most
distal lesion. If the measured FFR with this wire posi-
tion (across all lesions) is greater than 0.80, no revas-
cularisation is recommended. If the FFR < 0.80, the
pressure pullback technique should be performed.

e During maximal hyperaemia, the pressure wire is
pulled back from beyond the distal lesion across the
proximal lesion. The lesion across which there is
maximum pressure gradient is first revascularised. It is
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Figure 6.7 Use of fractional flow reserve (FFR) in tandem lesions. (a) Angiographic image of tandem lesions (lesion A and
B) in left anterior coronary artery in a 64-year-old gentleman with exertional angina. (b) FFR of 0.67 measured across both
the lesions. A pullback technique showed that the maximum gradient was across the proximal lesion A. (c) Angiographic
image after stenting proximal lesion. FFR of 0.73 suggestive of haemodynamic significance, across the distal lesion B, after
stenting the proximal lesion. Subsequently the distal lesion was also stented.



6.4 Can revascularisation be deferred based on FFR in specific lesion subsets? 101

important to not measure separate FFR lesion values.
The pressure gradient across each lesion should be used
to determine which one should be treated first.

e After stenting the lesion with the maximum pressure
gradient, FFR is measured across the remaining lesion
using the standard technique. The second stenosis is
also treated if the FFR is significant.

In a prospective cohort study involving 131 patients
from two large Korean centres, Kim et al.>*> demonstrated
the safety of FFR-guided revascularisation using the pull-
back pressure technique in tandem lesions. In this study,
revascularisation was deferred in 61% of the lesions based
on FFR. During a mean follow-up of 501 + 311 days, there
were no clinical events related to deferred lesions. Hence, in
patients with tandem lesions, repetitive pullback technique
is a practical, safe and effective approach of measuring FFR
to determine which lesion has a greater pressure drop and
requires stenting first.

6.4.2 Bifurcation or ostial lesions

Angiographic assessment of an ostial lesion of a side branch
prior to intervention or that produced by ‘jailing’ of the side
branch after stenting is extremely difficult because of com-
plex angulation, vessel overlap, foreshortening, stent struts
across the branch and the eccentricity of the plaque.? Also,
interventions involving bifurcation lesions are complex and
associated with poor clinical outcomes compared with non-
bifurcation lesions.?” Provisional stenting of the side branch
is the recommended strategy rather than routine complex
intervention involving the stenting of main and side branch
vessels.”” Given the difficulty in accurate anatomic evaluation
and poor clinical outcomes associated with complex bifurca-
tion inventions, it is of paramount importance to determine

Before intervention
Diagonal FFR: 0.77

the functional significance of side branch before embarking
on performing a high-risk complex intervention (Figure 6.8).

There are no large-scale randomised trials supporting
the deferral of revascularisation based on FFR in bifurca-
tion lesions. Koo et al.?® performed a prospective cohort
study in patients with jailed side branches. Side branch FFR
was measured in 91 patients. Intervention was performed
only if the FFR <0.75. Only 27% of all the side branch
lesions were noted to be functionally significant. In rest of
the patients, side branch intervention was deferred based on
the FFR results. When compared to the conventional group
(patients with bifurcation lesions treated without FFR guid-
ance) of 110 patients, there was no difference in the 9-month
cardiac event rates (4.6% FFR group versus 3.7 conventional
group, p =.7). Off note, the number of complex side branch
interventions was significantly lower in the FFR-guided
group (30% versus 45%, p = .03).

The following are a few practical tips when measuring
FFR of the jailed side branches:**

® The FFR pressure wire should be advanced carefully
through the main vessel stent struts, ensuring not to
damage the pressure sensor by jailing the wire against
the stent struts.

e A workhorse wire can be used to engage the side
branch and then exchanged for a FFR wire through an
exchange microcatheter. This is probably easier than
trying to wire a side branch with FFR wire, which has
reduced torquability compared to a workhorse wire.

e When interpreting the FFR of the ostial side branch,
lesions in the distal part of the side branch vessel as well
as in the proximal part of the main vessel should be
taken into consideration.

In summary, angiographic evaluation of bifurcation
lesions is often not accurate. Though, measuring FFR in side

After main branch stenting
Diagonal FFR: 0.72 :

0.72

Figure 6.8 Use of fractional flow reserve (FFR) for provisional stenting strategy for a side branch. After main branch stent-
ing, the side branch ostial lesion became functionally significant. After kissing balloon inflation, FFR increased to 0.89
despite angiographically significant residual disease. (Reprinted from Koo, B.K, and De Bruyne, B., Eurolntervention, 6,

2010. With permission.)
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branches may be technically more challenging than in main
vessels, deferral of revascularisation based on FFR is safe
and reduces unnecessary high complex interventions asso-
ciated with poor clinical outcomes.

6.4.3 Left main coronary artery disease

Assessment of intermediate left main coronary artery (LMCA)
stenosis based on angiography alone is challenging given its
short segment, reverse tapering at the ostium, contrast stream-
ing, overlapping branches and lack of distinct reference seg-
ment.? Hence, significant interobserver variability is noted
in evaluation of equivocal or intermediate LMCA stenosis
and the functional significance of such a lesion should not be
based on angiographic assessment alone.*

Despite the enhanced ambiguity in assessment of LMCA
lesions by angiography compared to other lesions, to date
there are no large-scale randomised trials comparing FFR-
guided strategy to angiography alone guided strategy in
guiding revascularisation decisions of intermediate unpro-
tected LMCA stenosis. A recently published meta-analysis
of six prospective cohort studies involving a total of 525
patients evaluated the use of FFR for clinical decision mak-
ing in ambiguous LMCA stenosis.>! Patients were divided
into two groups — medical therapy or deferred group and
revascularisation group - based on measured FFR of LMCA
stenosis. There was no significant difference in the rate of all-
cause mortality or nonfatal myocardial infarctions between
the two groups, though the rate of subsequent revascularisa-
tions was higher in the deferred group (Figure 6.9).! A FFR
cut-off value of 0.75-0.80 is recommended by the current
consensus guidelines to guide revascularisation decisions in
patients with ambiguous LMCA stenosis."”

The following are important technical issues that should be
taken into account when measuring FFR of LMCA stenosis:

e Overestimation of FFR is theoretically possible if the
LMCA disease is associated with significant down-
stream disease in either the left anterior descending

(LAD) or in the left circumflex artery (LCx). However,
unless there is severe proximal stenosis of the LAD or
the LCx, FFR of LMCA can be measured by placing the
pressure wire in the non-diseased vessel. The minimal
impact of downstream disease on FFR measurement
of LMCA was demonstrated by Fearon et al.>> in 25
patients by creating intermediate LMCA stenosis and
LAD or LCx stenosis with a deflated balloon catheter
after PCI of the LAD/LCx or both. Since downstream
disease usually overestimates FFR, a numerical value
of less than 0.75 will accurately identify LMCA stenosis
that requires revascularisation.

e Though intracoronary ultrasound (IVUS) provides
anatomical data, its use is recommended when the FFR
value of LMCA stenosis is between 0.80 and 0.85. In a
study by Jasti et al., an IVUS minimal luminal area
of 5.9 mm? and a minimal lumen diameter of 2.8 mm
were associated with physiologically significant LMCA
stenosis.

e When measuring FFR of LMCA, care should be taken
to always disengage the guide from the LMCA ostium
to prevent dampening of the pressure waveforms.

In summary, clinical significance of intermediate LMCA
stenosis is difficult to assess based on angiography alone.
Though measuring FFR of LMCA stenosis is technically chal-
lenging, limited evidence from prospective cohort studies
supports favourable long-term clinical outcomes if revascu-
larisation of LMCA stenosis is deferred based on FFR.

6.4.4 Acute coronary syndromes

Measurement of FFR is based on the assumption of mini-
mal and constant myocardial resistance during period
of maximal hyperaemia. In ACS, several factors such as
acute rise in filling pressures, downstream embolisation
into the microvasculature, extent and duration of isch-
aemia and acute wall stress result in dynamic changes in
microvascular resistance and dysfunction.’* Hence, at least

Study name Statistics for each study
Odds Lower Upper
ratio  fimit  fimit 2 Y€
Bech 1316 0.332 5.207 0.391
Jimenez-Navarro 0.625 0.087 4.491 -0.467
Legutko 0.889 0.112 7.061 -0.111
Lindstaedt 0.952 0.269 3.367 -0.076
Courtis 3.394 1.072 10.741 2.079
Hamilos 1415 0.658 3.043 0.889
1434 0.875 2349 1431

Odds ratio and 95% Cl

p-Value

0.696
0.640
0.911
0.940
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0374
0.152
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Revascularisation Deferred

Figure 6.9 Results from meta-analysis of six prospective control trials to define long-term outcomes of patients in whom
ambiguous left main revascularisation were deferred based on fractional flow reserve (FFR). There was no statistically
significant difference in primary endpoint (composite of all-cause mortality, nonfatal myocardial infarction and revasculari-
sation) between revascularised and deferred groups based on an FFR (odds ratio [OR]: 1.43, 95% confidence interval [CI]:
0.88-2.35, p = .15). (Reprinted from Mallidi, J. et al., Catheter Cardiovasc Interv, 2015. With permission.)
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theoretically, maximal hyperaemia is difficult to achieve
and FFR is often overestimated especially in the culprit ves-
sel in ACS. However, recent studies have validated the use of
FFR in nonculprit vessels in ST segment elevation myocar-
dial infarction (STEMI)*>3¢ and in all vessels in non-ST seg-
ment myocardial infarction,?” where the dynamic nature of
microvascular resistance is not as profound as in the culprit
vessel in STEML

1. STEMI - Can FFR be used to guide revascularisation in
nonculprit vessel?

The appropriate management of nonculprit vessel
with significant stenosis in terms of the need and timing
of revascularisation in patients presenting with STEMI
is unknown. Whilst the current guidelines recom-
mend treatment of only the culprit vessel at the time
of primary PCL,?® the results from recently published
randomised trials were controversial and did not con-
vincingly support any particular strategy.’*°

Ntalians et al.3* showed that FFR measured in the
nonculprit vessel during the acute phase did not change
at follow-up after 35 days. So FFR measured in the acute
phase in the nonculprit vessel in STEMI in patients with
multi-vessel disease may be useful in risk stratification
and reducing additional non-invasive testing. DANAMI
-3 - PRIMULTI?*® is an open-label, randomised trial
involving 627 patients with STEMI and multi-vessel
disease, conducted at two centres in Denmark. After
PCI of the culprit vessel, patients were randomised into
two groups — no further invasive treatment or FFR-
guided complete revascularisation 2 days later prior to
discharge. The primary endpoint was a composite of all-
cause mortality, nonfatal reinfarction and ischaemia-
driven revascularisation. At 1 year, the rate of primary
events was significantly lower in FFR-guided complete
revascularisation patients (13% versus 22%, p = .004).
However, this difference was predominantly driven by
repeat revascularisation rates and there was no sig-
nificant difference in all-cause mortality or nonfatal
myocardial infarction between the two groups. Future
randomised trials are warranted to clarify whether FFR-
guided complete revascularisation should be performed
at index admission or later and if this would affect long-
term clinical outcomes.

2. Non-ST segment myocardial infarction - Can FFR be
used to guide revascularisation?

The literature supporting the use of FFR to guide
revascularisation in patients with non-ST segment
elevation myocardial infarction (NSTEMI) is limited.
In the FAME 1 study,! 328 patients out of 1005 patients
enrolled with multi-vessel disease had unstable angina
or NSTEMLI. In a subgroup analysis of these patients,
Sels et al.** showed that there is no difference in benefit
from FFR-guided PCI for patients with NSTEMI and
stable angina. The absolute risk reduction in major
cardiovascular events was similar in patients with
NSTEMI and stable angina (5.1% versus 3.7%, p = .92).

The number of stents used in the FFR-guided PCI group
was significantly lower than in angiography-guided
group (1.9 = 1.5 versus 2.9 + 1.1, p < .01).

FFR versus angiography in guiding management to
optimise outcomes in NSTEMI (FAMOUS NSTEMI)*”
is the only multicentre, randomised trial conducted
specifically amongst NSTEMI patient to evaluate the
outcomes of FFR-guided revascularisation. In this
study, 350 NSTEMI patients with more than 30% steno-
sis in at least one vessel were randomised to FFR-guided
revascularisation strategy or angiography-guided
standard care. FFR was disclosed to the operator in the
FFR-guided group and it was measured, but not dis-
closed in the other group. Change in the treatment plan
based on FFR was observed in 21.6% of patients. The
number of patients who underwent revascularisation at
index hospitalisation was significantly lower in the FFR-
guided group (77.3% versus 86.8%, p = .02). There was
no difference between the two groups in major cardio-
vascular events. Though limited, based on these studies,
deferral of revascularisation based on FFR patients with
NSTEMLI, is safe and helps in reducing unnecessary
interventions.

6.5 What are the pitfalls of invasive FFR
measurements?

Since revascularisation decisions and subsequent long-term
clinical outcomes are based on FFR, interventional cardi-
ologists should pay close attention whilst measuring it to
avoid the following common pitfalls, which can result in
erroneous measurements.

1. Equipment-related factors such as improper zeroing,
loose connections, malfunctioning pressure transduc-
ers, miscalibration of the haemodynamic recorder and
leaving the introducer needle in the Tuohy-Borst con-
nector are often the most common factors that result in
over or underestimation of FFR.#! Pressure wire drift
can also result in erroneous measurements. When there
is a gradient across the lesion, but the pressure tracings
are identical in shape, pressure drift should be sus-
pected. This can be confirmed by pulling the pressure
sensor to guide tip and noting if there is there is any
difference in the guide catheter and pressure wire mea-
surements. If there is a difference, normalisation should
be performed and FFR should be repeated again.*:

2. Procedure-related factors such as inadequate hyperae-
mia (due to inadequate dosing, lack of guide catheter
engagement or use of side hole catheter when admin-
istering intracoronary adenosine, or giving adenosine
through an extremely small peripheral vein), guide
catheter damping, incorrect placement of the pressure
sensor can result in false negative results.!

3. Physiological factors such as coronary vasospasm,
guidewire whipping phenomenon due to placement of
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the sensor in small distal braches can cause erroneous
results. Nitroglycerine should always be administered
before measuring FFR to avoid coronary vasospasm.*?

4. FFR measurement is technically more challenging in
special clinical situations such as tandem and bifurca-
tion lesions, left main disease and ACS as described
earlier.

5. Haemodynamic factors that increase extravascular
compressive forces, such as tachycardia (reduced dia-
stolic duration) and an increased left ventricular end
diastolic pressure (LVEDP), can increase hyperaemic
microvascular resistance and raise FFR. Pv is not negli-
gible in this situation.

6. FFR is sensitive to the size of the perfusion territory,
since this factor can influence the coronary flow rate
and thus the pressure drop across the stenosis.!!

7. The minimal lumen diameter and lesion length also
influence FFR. These factors are not considered in the
angiographic interpretation of stenosis severity, but are
influential in their haemodynamic significance.

8. Microvascular dysfunction can impair drug-induced
coronary vasodilation, resulting in a blunted flow
response and an elevated FFR.!

6.6 Can non-invasive FFR be used to guide
revascularisation?

Coronary computed tomography angiography (CCTA) is
a non-invasive, purely anatomic imaging modality, used
commonly to rule out obstructive CAD. With CCTA, often
the degree of stenosis is overestimated, prompting increased
downstream testing and referral for invasive coronary angi-
ography.*> Though other non-invasive stress tests such as
stress echocardiography and myocardial perfusion scin-
tigraphy provide information regarding ischaemia burden,
these tests have poor discrimination in identifying specific
lesions causing ischaemia, especially in patients with multi-
vessel disease.? Hence, there is a need for accurate non-
invasive functional testing to identify if a specific coronary
lesion produces ischaemia or not.

Recently, with advances in computational fluid dynam-
ics, coronary flow and pressure can be derived from the
traditional CCTA images, without modifying any proto-
cols and without administration of additional medications.
Measurement of FFR from CCTA images (FFR.,) requires
the application of mathematical models of coronary physi-
ology and the laws of physics governing fluid dynamics
to the anatomic model of coronary arteries derived from
CCTA. A simulation model is used to derive FFR to deter-
mine the decrease in coronary microvasculature as if ade-
nosine was administered. These scientific principles used to
calculate FFR from CCTA images have been well described
by Taylor et al.#

The following are important studies that support the use
of this novel modality, FFR., in detecting ischaemia pro-
ducing lesions and guiding revascularisation.

6.6.1 Diagnosis of ischaemia causing
coronary stenosis by non-invasive
FFR computed from coronary
computed tomographic angiogram
(DISCOVER FLOW)

This is a multicentre, prospective study*® involving 103 sta-
ble patients with suspected or known CAD who underwent
CCTA, FFR.y,, invasive coronary angiography and inva-
sive FFR. FFR.;, was found to have a per-vessel accuracy,
sensitivity, specificity, positive predictive value and negative
predictive value of 84.3%, 87.9%, 82.2%, 73.9% and 92.2%,
respectively, in comparison to 58.5%, 91.4%, 39.6%, 46.5%
and 88.9%, respectively, for CCTA. Hence, FFR., aug-
ments the diagnostic accuracy of CCTA for detection and
exclusion of ischaemia causing coronary lesions.

6.6.2 Determination of FFR by anatomic
computed tomographic angiography

Similar to the DISCOVER FLOW trial, Determination
of FFR by anatomic computed tomographic angiography
(DeFACTO)* is a multicentre, prospective cohort study
involving 252 patients with suspected or known CAD. Even
in this study, FFR.;, was noted to have improved discrimina-
tion for identifying ischaemic lesions compared with CCTA
alone (AUC of 0.81 for FFR, compared with appropriate use
criteria (AUC) of 0.68 for CCTA alone, p < .001), though the
pre-specified primary outcome of this study (to achieve the
per patient diagnostic accuracy such that the lower boundary
of one-sided 95% confidence interval estimate exceeded 70%)
was not achieved. The diagnostic accuracy, sensitivity, speci-
ficity, positive predictive value and negative predictive value
of FFR:p, plus CCTA on a per patient basis were noted to be
73%, 90%, 54%, 67% and 84%, respectively.

6.6.3 Analysis of coronary blood flow using
CT angiography: Next steps

Analysis of coronary blood flow using CT angiography: next
steps (NXT)* is also a prospective multicentre trial involv-
ing 254 patients with suspected CAD. In all patients, CCTA/
FFR., was performed before invasive coronary angiogra-
phy. In contrast to the previous studies, in this study the lat-
est generation software and computational algorithms were
used to measure FFR.,. There was a very good correlation
between FFR. and invasive FFR (r = 0.82, p < .001). The
per-patient specificity for identifying myocardial ischaemia
was remarkably higher for FFR.;,, compared with CCTA
alone (79% versus 34%).

A recent meta-analysis of all retrospective and prospec-
tive studies comparing the diagnostic performance of CCTA
and FFR., showed that FFR., significantly increases the
specificity of identifying functionally significant stenosis as
identified by invasive FFR on a per patient level (43% versus
72%, p = .004).%
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6.6.4 Clinical outcomes of FFR by
computed tomographic angiography-
guided diagnostic strategies versus
usual care in patients with suspected
CAD: The prospective longitudinal
trial of FFRc75: Outcomes and
resource (PLATFORM)

This is the first study designed to evaluate the clinical out-
comes of measuring FFR..* In this prospective cohort
study utilising a comparative effectiveness observational
design, 584 patients with new onset chest pain without
known CAD, but with intermediate likelihood of obstructive
CAD with planned non-emergent, non-invasive or invasive
cardiovascular testing to evaluate for suspected CAD were
enrolled. Patients were enrolled into tow cohorts - usual
planned care or CCTA/FFR.,. On invasive angiography,
no obstructive CAD was found in 12% of patients in the
CCTA/FFR¢y, group, compared with 73% in the usual care
arm (p <.0001). In both the groups, the clinical event rates
(death, myocardial infarction and unplanned revascularisa-
tion) were extremely low. These results suggest that CCTA/
FFR(; may be a feasible alternative to invasive angiography
in stable patients presenting with new onset chest pain with
intermediate risk of CAD. Figure 6.10>° shows an example
where FFRp, was used in conjunction with CTA and inva-
sive angiography.

In summary, FFR., is emerging as a powerful non-
invasive tool for assessment of flow limiting coronary artery
lesions. Computational flow dynamic models can be used to

CCTA FFRer

not only measure FFR across a lesion, but also predict the
FFR after virtual stenting without any modifications to the
CCTA acquisition protocols or administration of additional
medications. All the prospective cohort studies have estab-
lished its high diagnostic value and correlation with inva-
sive FFR. In contrast to regular CCTA alone, use of FFR.,
may help in reducing the referrals to invasive angiogram.
However, the definitive benefit in terms of cost effectiveness
and long-term clinical outcomes of incorporating FFR.
in routine clinical practice to guide revascularisation deci-
sions needs to be established by future trials.

6.7 Conclusion

FFR is the gold standard for assessing the physiological
significance of intermediate lesions based on coronary
angiography. It ought to be the single measure of PCI appro-
priateness when there is any uncertainty as to the signifi-
cance of a stenosis. Instead of relying solely on angiographic
criteria of severity when there is no stress test present, or
when the stress test/anatomic results are discordant, FFR
should be the final authority. ‘Functional angioplasty’ (per-
forming PCI on lesions responsible for ischaemia and treat-
ing medically those that are not), as opposed to complete
anatomic revascularisation (performing PCI on all lesions
that appear angiographically significant), is the preferred
decision-making process.

Deferral of revascularisation based on FFR for
patients with single and multi-vessel stable CAD is cost
effective and associated with good long-term clinical

Invasive angiography FFR

>50% diameter stenosis

FFRct 0.74 = ischemia >50% diameter stenosis

FFR 0.74 =% ischemia

>50% diameter stenosis

FFRc10.85 4 no ischemia

>50% diameter stenosis  FFR 0.84 =% no ischemia

Figure 6.10 Non-invasive detection of lesion specific ischaemia by FFR¢1,. (@) Example of epicardial lesion deemed sig-
nificant on computed coronary angiography (CCTA) and invasive angiography, noted to be haemodynamically significant
by FFRcr and invasive FFR. (b) FFR;, reduces the total number of false positive CCTA findings. An example of calcified
plaque that appears obstructive based on CCTA and invasive angiography is shown to be haemodynamically not signifi-
cant by both FFR<1, and invasive FFR. (Reprinted from Danad, I. et al., Interv Cardiol Clin., 4, 4, 2015. With permission.)
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outcomes. Though measuring FFR is technically challeng-
ing, FFR-guided revascularisation strategy can be safely
extended to other clinical scenarios outside of focal lesions
in stable CAD such as tandem, bifurcation lesions, left main
stenosis and to ACS Non-invasive physiological assessment
using FFRp, is an emerging tool with high diagnostic accu-
racy and potential to reduce unnecessary invasive angio-
grams and percutaneous interventions.
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7.1 Introduction

The emergence of sensor-tipped angioplasty guidewires
has enabled invasive coronary angiography to move
beyond simple anatomical lumenographic assessment into
the realms of physiological assessment. When it comes to
coronary revascularisation, prognostic benefitis limited to
those with demonstrable ischaemia.! Accordingly, revas-
cularisation should be targeted at is chaemia-causing,
that is, physiologically significant, lesions. Traditional
visual and quantitative coronary angiographic assess-
ment methods are unreliable in identifying physiologi-
cal lesion significance,>*® whereas adjunctive fractional
flow reserve (FFR) has been shown to be associated with
a number benefits including improved patient and eco-
nomic outcomes.*> Whilst FFR has become accepted as
the ‘gold-standard” method for determining coronary
lesion significance, it has its limitations, and a number of
other indices are now available to aid decision-making.
This chapter explores the basic principles which under-
pin physiological coronary assessment and reviews alter-
native indices which can be used to complement FFR, in
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order to build up a more comprehensive understanding
of the underlying pathophysiology which can be used to
improve management decisions.

7.2 The coronary compartments

The coronary circulation comprises three compartments.
The first is the large epicardial coronary artery compart-
ment (>500 pm), easily visualised on the coronary angio-
gram. In the undiseased state, these conduction vessels
offer little resistance to flow and there is therefore little
pressure gradient along their course. The second is the
pre-arteriolar compartment (150-500 pm), and the third
is the arteriolar/capillary compartment (<150 pum), col-
lectively known as the coronary microvasculature (CMV)
(Figure 7.1). The CMV offers more than 90% of the resis-
tance to blood flow and this is the site of coronary blood
flow regulation. Regulation of CMV tone and therefore
coronary microvasculature resistance (CMVR) govern
coronary blood flow. CMVR is widely heterogeneous in
health and disease, even under maximal flow (hyperae-
mic) conditions.®-$

109



110 New concepts in coronary physiological assessment
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Figure 7.1 The coronary circulation with epicardial stenosis is demonstrated diagrammatically. The bottom graph demon-
strates how the pressure (P) and flow velocity (Q,,) vary along the length of the circulation. P,, proximal (aortic) pressure;

P,, distal pressure; P,, venous pressure. (Courtesy of Morris PD.)

7.3 Coronary vascular haemodynamics

Pressure drives flow through the cardiovascular sys-
tem according to the hydraulic equivalent of Ohm’s law
(Equation 7.1):

AP=Q-R (7.1)

where AP = pressure gradient, Q = mass flow rate and R =
resistance (comprising both epicardial and CMVR). Across
the entire coronary system AP, therefore, represents the aor-
tic pressure (P,) minus the right atrial venous pressure (P,).
Although P, does, therefore, influence blood flow (Q), it is
generally accepted as negligible and is disregarded.

In contrast to other human circulations, coronary blood
flow is reduced during systole, when driving pressure (P,)
is highest, and is augmented during diastole when driving
pressure falls. This occurs because CMVR is elevated during
systole due to myocardial contraction. This effect is reversed
during diastole, when coronary blood flow predominates.
Whilst this has clinical relevance in many pathological con-
ditions (e.g. aortic valve disease, hypertrophic cardiomy-
opathy), most physiological indices incorporate flow and
pressure values, time-averaged over at least one cardiac cycle.

Both the epicardial and CMV components of the circu-
lation offer resistance to coronary blood flow, and the sum
of these two resistances determines total coronary flow at a
given pressure gradient. In the undiseased state, epicardial
arteries offer minimal resistance to flow. This is not the case

in the CMYV, in which coronary blood flow remains constant
despite variation in blood pressure (myogenic control, in
which vessel tone is proportional to driving pressure), and
responds to metabolic demands (metabolic control, in which
vessel tone is inversely proportional to metabolic activity).
In the presence of a coronary stenosis, epicardial resis-
tance becomes significant, causing a trans-lesional pressure
drop with a corresponding reduction in distal myocardial
(and CMV) perfusion pressure (P;) (Figure 7.1). Initially,
autoregulatory mechanisms compensate by reactive CMV
vasodilatation which ensures that adequate coronary blood
flow is maintained. As stenosis severity increases beyond
approximately 50% diameter loss, autoregulatory mecha-
nisms are sufficient to maintain flow under resting condi-
tions, but not under exercise conditions when ischaemia
occurs, corresponding to the exertional symptoms of stable
angina. Autoregulation continues to compensate for epicar-
dial luminal narrowing, until the point when CMV dilata-
tion is maximal and flow reserve is exhausted. At this point,
even a slight increase in either stenosis severity or myocardial
metabolic demand can no longer be compensated for, and
pain occurs during minimal exertion or at rest. According
to the original work by Gould et al. in the 1970s, this cor-
responds to a lumen diameter loss of approximately 85%.1°
Under hyperaemic flow conditions, CMVR is minimised,
autoregulatory responses are abolished and flow becomes
dependent upon pressure. The relationship between flow
and pressure under maximal hyperaemia is relevant to
understanding the rationale behind indices of coronary
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physiology. The magnitude of the coronary arterial pressure
gradient has been incorporated into a number of clinical
indices of coronary physiology as a marker of lesion signifi-
cance. Trans-stenotic flow dynamics are demonstrated in
Figure 7.2. There are two primary contributors to the pres-
sure drop. The first, and most significant in the presence of
a stenosis, is captured by Bernoulli’s law, which states that
kinetic (blood flow velocity) and potential (blood pressure)
energy are interchangeable (Equation 7.2). According to
Bernoulli, any increase in flow velocity (which must occur
when vessel diameter reduces) occurs simultaneously with a
decrease in pressure and vice versa. Thus, Bernoulli pressure
losses occur secondary to convective acceleration of blood
flow through narrowed segments. They increase linearly with
blood density (p) but quadratically with flow velocity (V):

AP=_p(Vi-17) 72)

As flow decelerates distal to the lesion, kinetic energy is
lost and, according to Bernoulli, pressure recovers. In real-
ity, even if the reference vessel diameter is restored, full
pressure recovery does not occur in the post-stenotic region
due to flow separation, vortex and eddy current formation.
These effects are not captured by Bernoulli.

The second source of pressure loss is explained by
Poiseuille’s law (Equation 7.3). Poiseuille pressure losses
result from viscous friction between adjacent lamina of
flowing blood. Poiseuille pressure (P) losses increase linearly
with flow and are dependent upon blood viscosity (), vessel
length (L) and, critically, the fourth power of the radius (R):

AP= 8uQ4L
TR
Relative to the Bernoulli pressure loss, this is likely to be

significant only in the context of less severe stenoses or in
the absence of any appreciable stenosis.

(7.3)

So the total pressure loss down the artery (AP) is equal
to the sum of the Bernoulli and Poiseuille pressure losses
(Equation 7.4):

AP =K,Q+K,Q? (7.4)

where K, and K, are case-specific coefficients of the lumi-
nal anatomy and the rheological properties of blood. The
first term accounts for Poiseuille losses and the second,
Bernoulli losses. Because of the squared velocity term, in
the presence of a stenosis, the Bernoulli term dominates.
In the absence of stenosis, the equation approximates the
Poiseuille term alone and the AP-Q plot becomes mostly
linear. The terms of this equation uniquely characterise the
relationship between flow and pressure (AP-Q relationship)
on an artery-by-artery basis. Figure 7.3 represents the AP-Q
relationship in three severities of stenosis.

Whilst these basic haemodynamic laws remain central to
understanding coronary physiology, they are a simplification
based upon idealised circumstances which fail to fully capture
the complex haemodynamic effects of vessel tortuosity or the
effects of dynamic (pulsating) vascular flow. Furthermore,
they do not represent the influence of the CMVR. This is
one reason why predicting the physiological significance of
a lesion using measures derived from anatomical assessment,
such as quantitative coronary angiography (QCA), intravas-
cular ultrasound (IVUS) and optical coherence tomography
(OCT), has failed to provide satisfactory results.!'2

The AP-Q relationship in a case of epicardial coronary
stenosis is demonstrated in Figure 7.4.1* The blue line rep-
resents the baseline flow condition (Q,) which, due to
autoregulation, is relatively flat within the physiological
pressure range. Outside of the physiological range, compen-
satory mechanisms become exhausted and flow becomes
dependent upon pressure. The dotted red line represents
hyperaemic flow conditions in the presence of a stenosis.
The dotted grey line represents the same artery without

A AP

Viscous losses

Convective acceleration

Flow separation

Pressure recovery

Figure 7.2 Trans-stenotic flow dynamics. Initially laminar flow with parabolic velocity profile (left) accelerates across
a stenosis (middle). The vena contracta is demonstrated diagrammatically just beyond the neck of the stenosis. Flow

separation, vortices and eddy currents occur in the post-stenotic region resulting in energy losses and incomplete pres-
sure recovery. Thus the Bernoulli equation alone fails to accurately predict the trans-lesional pressure gradient. Note that
P, is also influenced by the distal coronary microvasculature resistance (CMVR) which is not represented in this diagram.
(Courtesy of Morris PD.)
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Figure 7.3 Pressure and flow relationship in the presence
of stenosis. In this idealised diagram, the green, blue and
red lines represent mild, moderate and severe stenoses.
The dotted grey line represents a hypothetical normal
artery without stenosis. The equation describes the P-Q
plot. Each unique geometry is characterised by different
K, and K, coefficients. Without a stenosis, the equation
simplifies to the linear Poiseuille term which explains the
interrupted grey line. (Courtesy of Morris PD.)
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Figure 7.4 Pressure (P) and flow (Q) relationships in
coronary flow velocity reserve (CFVR) and fractional flow
reserve (FFR). Q,, trans-stenotic flow; Q,, flow through

a hypothetically normal artery; Q,,, flow at baseline. See
text for explanation immediately above. (Adapted from
van de Hoef et al., Nat Rev Cardiol, 10, 8, 2013.)

stenosis. In this hypothetical situation the P-Q relationship
straightens because Bernoulli forces are eradicated (no ste-
nosis) and linear Poiseuille forces dominate. In the presence
of a stenosis, hyperaemic flow is restricted (relative to the
hypothetical normal artery) and the line curves towards the
pressure axis due to (nonlinear) Bernoulli forces (dotted red
line). As the severity of the stenosis increases, hyperaemic
flow (Q,) becomes more limited relative to flow in the hypo-
thetical normal artery (Q,). This decreases the value of both

coronary flow reserve (CFR) (Q/Q,) and FFR (Q/Q,). Note
that in the context of FFR, distal and proximal pressures are
used as surrogates for flow. It should also be noted that the x
axis intercept is not at zero but at a value just above venous
pressure, termed pressure at zero-flow (P,;). The coronary
wedge pressure (P,) is slightly greater and incorporates the
influence of collateral flow.!3

7.4 Why look beyond FFR?

Using FFR to guide coronary revascularisation in the cardiac
catheter laboratory is associated with a number of advanta-
geous clinical and economic outcomes.>*!4-18 Moreover, rela-
tive to other indices of coronary physiology, FFR is relatively
simple to measure and is largely reproducible.”” Therefore,
FFR has become the ‘gold-standard’ investigation for diag-
nosing lesion significance. FFR estimates the percentage
coronary flow restriction caused by proximal coronary dis-
ease, relative to an identical but hypothetically nonstenosed
artery. A particular strength of FFR is that it automatically
incorporates the influence of the distal CMVR vessels and
that of any collateral flow. However, no single index of coro-
nary physiology is perfect. It is important for operators to
understand the potential limitations when interpreting FFR.

7.5 Flow rather than pressure

Although FFR is an index of flow reserve, flow is not incor-
porated into its calculation. Instead, the ratio of distal to
proximal pressure (P,/P,) is used as a surrogate. This is
acceptable, providing a number of assumptions hold true,
but some are controversial.'* FFR assumes that pharma-
cologically induced minimal CMVR is stable and con-
stant pre- and post-percutaneous coronary intervention
(PCI), implying that changes in perfusion pressure (e.g. P,
and P,) do not affect the CMVR. This may not be a valid
assumption because distal vascular tone is affected by the
perfusion pressure in the process of autoregulation, even
under hyperaemic conditions. There is a positive correla-
tion between lesion severity and CMVR, which normalises
when the lesion is treated with PCL>2° and restoration of
P, by PCI induces a reduction in CMVR below the level of
corresponding reference vessels, suggesting that long-term
microvascular remodelling occurs by exposure to a low-
pressure environment.?! This indicates that more severe
lesions will be associated with a lower P, and thus a higher
CMVR. In turn, this would result in an increased P,, thus
overestimating the FFR. Consequently, physiologically sig-
nificant lesions might be inappropriately left untreated.

7.6 Is a single FFR threshold valid?

The original Deferral versus Performance of PCI of
Functionally Nonsignificant Coronary Stenosis (DEFER)
trial applied a 0.75 threshold, whereas the later Fractional
Flow Reserve Versus Angiography for Multivessel Evaluation
(FAME) trials used 0.80.1422 Both values are associated with
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positive trial outcomes data and, whilst a binary approach
(single threshold point) is highly convenient and broadly
works as a population average for decision-making (do or
do not revascularise), does a patient truly benefit from full
revascularisation if their FFR is 0.79 but not at all if it is
0.812 Perhaps a more continuous approach might be better.
Recent work suggests that there is a ‘dose-response’ gradi-
ent for FFR < 0.75, through the ‘grey zone’ of 0.75-0.80, to
FFR > 0.80 (ref). The issues of reproducibility and accu-
racy are also relevant. Analysis of the DEFER trial data
revealed that, for borderline FFR values falling between
0.77 and 0.83, repeatability was just below 80%.% In clini-
cal practice, this means that there is a 20% chance that a
lesion will be reclassified (as significant or nonsignificant) if
FFR is repeated 10 minutes later. The closer the initial value
is to the 0.80 threshold, the higher the chance of reclas-
sification on repeat measurement. There are also issues of
‘drift’ when the pressure wire has been in place for some
time and that the guide catheter is not ‘plugged’ in the cor-
onary ostium.?* FFR must not be measured too soon after
hyperaemia induction otherwise lesion significance may be
overestimated. The measurement must be taken during the
stable period which occurs at between 60 and 90 seconds in
most people.? Furthermore, can a single scheme adequately
represent all patients? Does an octogenarian, with multiple
comorbidities, taking a multitude of cardiovascular drugs,
require the same flow reserve as a 50-year-old marathon
runner? It is unlikely that the former will spend much (if
any) time in a maximally hyperaemic (and therefore poten-
tially ischaemic) state. We require a more sophisticated
approach, and this can be informed by deeper understand-
ing of coronary physiology. FFR is, after all, simply another
test with which to help clinical decision-making and cannot
be the sole arbiter.

7.7 s hyperaemia ‘standard’?

FFR is based upon the assumption that maximal, stable
hyperaemia (i.e. minimised CMVR) can be consistently
attained with a standard dose and regimen of adenosine.
However, variability of dose, dosing strategy and response
to treatment may be relevant.®26?7 Adenosine is one of
the many influences regulating CMVR, and the CMVR
response to a hyperaemic stimulus demonstrates inter-
individual®® and intra-individual variability between
adjacent myocardial territories.® Furthermore, compared
with the standard regime, incrementally larger doses of
adenosine can induce progressively lower FFR values.2%?”
The currently applied ischaemic thresholds were deter-
mined by the standard protocol without validation using
higher doses. Although FFR is influenced by the CMYV,
it cannot provide information regarding the state of the
CMV. In theory, this means that lesion significance may
be masked by occult coronary microvascular disease
(CMVD). The independence of FFR from other dynamic
physiological factors such as arterial and venous pressure
has similarly been challenged.?® Some of these limitations

can be overcome by combining pressure measurements
with those of coronary flow.

7.8 Measuring coronary blood flow

Coronary blood flow can be measured with either Doppler
or thermistor-equipped 0.014-inch angioplasty guidewires.

The Doppler wire (FloWire®, Philips Volcano, Zaventem,
Belgium) can be used to measure flow velocity at any point
along the artery. Usually, the tip of the wire will be posi-
tioned in the proximal arterial segment with the tip, ide-
ally, oriented co-axially. The console (ComboMap®, Philips
Volcano) software displays a Doppler velocity signal as a
function of time and calculates a number of velocity-based
parameters including average peak velocity (APV). The
range-gate (sampling volume) is a 2 mm deep dome posi-
tioned at 5-7 mm from the wire tip across a 30° arc. By
incorporating the whole vessel diameter within the range-
gate, the flow can be calculated (Equation 7.5):

Q(cm?®/s)=0.5-APV-(D*n)/ 4 (7.5)

A combined pressure- and Doppler-sensitive wire
(ComboWire®, Philips Volcano) is also produced, which
can be useful for determining hyperaemic stenosis resis-
tance (HSR, see below).

A thermistor-equipped angioplasty wire may also be
used to estimate flow using the thermodilution method. One
manufacturer produces a pressure wire, which also incor-
porates proximal and distal thermistors (PressureWire™,
St Jude Medical, Minnesota). With the distal thermistor
positioned >5 cm from the guiding catheter tip, 3 mL of
room-temperature saline is injected via the guide catheter.
The drop in temperature is recorded by both thermistors and
the mean transit time (T,,,) is calculated (s) from the ther-
modilution curve. The average of three recordings is used.
Mass flow rate can be calculated if the vessel volume can be
estimated from the diameter (Equation 7.6):

_ vol

Q (7.6)

mn

7.9 Challenges in measuring flow

Both techniques are technically challenging. Flow measure-
ment is largely restricted to research and is performed in a
small minority of cases. Doppler signal artefact is commonly
encountered with inadequate signal acquisition in up to 15%
of cases.?? Even an adequate Doppler signal may not reflect
true flow because the wire measures flow velocity, and the wire
may not be orientated to detect peak velocity which generally
occurs in the centre of the vessel. Secondary flow patterns,
disturbed or rapidly fluctuating flow, or a large velocity gra-
dient in the sample volume further impact accuracy. These
effects occur commonly near bifurcations, the stenosis itself
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and downstream of catheters. High amplitude, low-frequency
wall artefact is often problematic when the sample volume is
close to the vessel wall.>® In other words, flow measurement is
highly directional, whereas pressure is nondirectional; so the
orientation of a flow wire is critical, whereas that of a pressure
wire is immaterial. Measurement of pressure (and hence FFR)
is, therefore, much easier and more reliable than measurement
of flow using current technology.2*3%32

7.10 Coronary flow reserve

Measurement of coronary blood flow is incorporated into a
number of coronary physiological indices, including indi-
ces of stenosis resistance, CMVR and CFR. CFR is defined
as the ratio of coronary blood flows under hyperaemic and
baseline conditions and is therefore the increase in flow
from baseline to maximal hyperaemia. CFR reflects vaso-
dilatory reserve, which progressively declines as epicardial
disease increases. Just like FFR (pressure ratio), CFR (a ratio
of two flows) is dimensionless, without units. CFR can be
calculated with either the Doppler (Equation 7.7) or ther-
modilution (Equation 7.8) methods. In each case, flow is
measured at baseline () and then under hyperaemic (j,,,)
conditions:

APV,
CFR Doppler = = e (77)
APVy,
CFR therm = Tmn—BL (7 8)
mn-hyp

Doppler is more commonly used to calculate the CFR,
whereupon it is often known as coronary flow velocity
reserve (CFVR). A normal CFR is a reflection of a healthy
epicardial and microvascular circulation, whereas an
abnormal CFR (<2.0) could be due to resistance in either
the epicardial or CMV compartments, without being able
to distinguish which. CFR is also vulnerable to altera-
tions in the prevailing haemodynamic conditions under
both baseline and hyperaemic flow®; it is reduced, for
example, by tachycardia due to an increase in basal flow
and a decrease in hyperaemic flow.> The challenges in
measurement of flow, discussed above, further limit the
utility of CFR.

The effect of pathological CMV physiology can be mini-
mised by relating CFR in the index artery to that in an
undiseased artery under identical conditions. This is known
as relative CFR (rCFR). A normal rCFR is considered to be
>0.80, and abnormal <0.65. However, a normal rCFR of
c1.0 only indicates CFR equivalence, not normality. Since
rCFR requires interrogation of a normal reference vessel, it
is unsuitable in three-vessel disease.

711 Combining pressure and flow
measurements

There are limitations associated with assessing pressure
(FFR) and flow (CFR) independently. FFR and CFR are both
influenced by CMV disease (in opposite directions), yet
neither index generates any information about the state of
the CMV nor can they differentiate epicardial from CMV
disease. The implications of independent pressure or flow
results are outlined in Table 7.1. Many of these problems can
be circumvented by the concurrent measurement of pres-
sure and flow. Furthermore, this approach yields additional
value by enabling the calculation of resistance (R). According
to the hydraulic equivalent of Ohm’s law (Equation 7.9):

AP=Q-R — RZ% (7.9)

Since flow through the system is constant at each level,
if P, and P, are known (from pressure-wire assessment),
flow is measured, and coronary venous pressure is assumed
negligible, both epicardial and CMVRs can be calculated
(Equations 7.10 and 7.11):

(7.10)
and

PP,
Q

Thus, combined P-Q assessment allows a more complete
understanding of the entire coronary circulation. The phys-
iological state of the CMV and its relative influence on FFR
can be inferred and small vessel (CMV) disease can be dis-
criminated from epicardial disease. Figure 7.5 demonstrates

Remv = (7.11)

Table 7.1 Implication of normal and abnormal flow and pressure indices

Test Result

CFR Normal (>2.0)

Implication

Healthy epicardial and microvascular compartments (but influenced also by

variability in baseline measurement)

Abnormal (<2.0)
FFR Normal (>0.80)
Abnormal (<0.80)

Unhealthy microvascular or significant epicardial stenosis
No significant benefit from revascularisation of epicardial disease
Likely significant benefit from revascularisation of epicardial disease

CFR, coronary flow reserve; FFR, fractional reserve flow.
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CFVR

0 01 02 03 04 05 06 07 08 09 10
FFR

Figure 7.5 Pressure and flow measurement during inva-
sive coronary angiography. Zone (a) indicates epicardial
disease with healthy coronary microvasculature (CMV).
Zone (b) indicates healthy epicardial and CMV physiol-
ogy. Zone (c) indicates concordance between fractional
flow reserve (FFR) and coronary flow velocity reserve
(CFVR) results. Zone (d) indicates normal FFR with
reduced flow reserve associated with predominately
microvascular disease. Zone (e) indicates those patients
with microvascular angina with pure CMV involvement.
Only with combined physiological assessment can these
individual zones be distinguished. Zone (f) indicates
the grey zone in FFR threshold between 0.75 and 0.80.
(Adapted from van de Hoef et al., Circ Cardiovasc
Interv, 7, 3, 2014; Johnson, N.P. et al., JACC Cardiovasc
Imaging, 5, 2, 2012.)35.3¢

@

schematically the pathological spectrum of epicardial and
CMV physiology relative to the commonly used indices
of intra-coronary pressure (FFR) and flow (CFVR).3>3¢
Figures 7.6 and 7.7 demonstrate two cases where pressure
and flow results are discordant. These relationships can be
used practically to calculate indices of stenosis and myocar-
dial resistance which are useful during patient assessment
in the catheter laboratory, particularly in the context of dis-
cordant pressure and flow results.

7.12 Indices of stenosis resistance

712.1 Hyperaemic stenosis resistance

HSR incorporates both pressure and flow. It is the ratio
of the mean trans-lesional pressure gradient (AP) and
APV ideally measured by a combined flow- and pressure-
sensitive angioplasty wire (ComboWire®, Philips Volcano),
positioned distal to the target coronary lesion. It is calcu-
lated as the ratio of trans-lesional pressure gradient (AP)
and APV (Equation 7.12):

HsR= 2P (7.12)
APV

In the absence of disease, and therefore pressure gradi-
ent, HSR is equal to zero. HSR provides a more refined
physiological assessment which quantifies the degree of
coronary resistance attributable exclusively to the steno-
sis.”” An HSR of >0.80 mmHg/cm/s is the threshold for
ischaemia.’® HSR is independent of variations in the hae-
modynamic conditions and is highly reproducible.’!3#

Figure 7.6 Discordant pressure-flow results and the influence of coronary microvasculature (CMV) disease. A 69-year-old
male presented with chronic stable angina. Coronary angiography demonstrated lesions in the left anterior descending
(LAD, black arrows) and circumflex (white arrows) arteries. The fractional flow reserve (FFR) and coronary flow reserve (CFR)
in the circumflex were normal at 0.99 and 2.2, respectively. Surprisingly, the FFR in the LAD fell (just) in the normal range at
0.81 (see plates [a] and [b]) but the CFR was abnormal at 1.7. The hyperaemic microvascular resistance (HMR) was high in the
LAD which explains why the FFR results did not match what might be expected from visual angiographic analysis. The LAD

lesion underwent PCI. Post-PCl, the FFR improved to 0.92.
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Post-PCI

Figure 7.7 Discordant physiological results. A 55-year-old
woman presented with exertional chest pain. Coronary
angiography revealed a moderate stenosis in the left
circumflex artery (arrow). The physiological results are
shown. The fractional flow reserve (FFR) was normal at
0.83 but the coronary flow reserve (CFR) was reduced at
1.80. This suggests a significant influence from coronary
microvascular disease. Combined assessment (pressure
and flow) allowed the hyperaemic stenosis and myocardial
resistance indices to be calculated. The hyperaemic steno-
sis resistance (HSR) and hyperaemic myocardial resistance
(HMR) were 0.51 (normal) and 2.9 (elevated) respectively.
Given the clear history of chest pain, the operator stented
the circumflex lesion. Post-PCl, the FFR had improved to
0.98 and the CFR to 2.4

An advantage over FFR is that the calculation of HSR is
robust despite naturally occurring variations in maximal
hyperaemia because of the inclusion of the AP/Q ratio.?®
In a three-way comparison HSR was superior to both FFR
and CFR in identifying physiological lesion significance.
Its performance was particularly impressive in cases
demonstrating physiologically discordant results between
FFR and CFVR.3® In a study of 181 intermediate coronary
lesions, discordance between FFR and CFR was observed
in 28%.° Patients with a normal FFR (<0.75) but abnormal
CFVR (<2.0) had a significantly increased CMVR, mask-
ing the apparent significance of an epicardial lesion. Thus,
HSR enabled the relative influence of epicardial and CMV
disease to be distinguished.

The same group performed a similar study of 186 inter-
mediate lesions and followed patients for 12 months. The
highest rate of major adverse cardiovascular events (MACE)
was observed in those with concordant abnormal values, an
intermediate rate in those with discordant results and the
lowest rate in those with concordant normal values (33.3%
vs. 19.7% vs. 5.4%, p = .008). HSR was a better predictor of
MACE than both FFR and CFVR.*? In a study of 157 interme-
diate lesions followed up over ten years, 37 % demonstrated
discordance between FFR and CFR. Those with a normal FFR
but abnormal CFVR had a significantly increased MACE rate.

Conversely, those with normal CFVR but abnormal FFR had
an outcome equivalent to those with concordant normal tests.

Baseline stenosis resistance (BSR) is the ratio of the pres-
sure gradient across the stenosis to the basal APV measured
under baseline (B) flow conditions, averaged over a cardiac
cycle’ (Equation 7.13):

P’ -p’

BSR="9_1
APV

(7.13)

The ischaemic threshold is quoted as 0.66 mmHg/cm/s.
The advantage of this index is that it combines pressure
and flow and does not require induction of hyperaemia,
which itself has associated problems, summarised above.
In a comparison with HSR, FFR and CFR at detecting
ischaemia, as defined by single-photon emission com-
puted tomography (SPECT), BSR was comparable to FFR
and CFR. However, HSR was superior to BSR and CFR.3?
In a similar comparison, combining myocardial perfusion
scintigraphy (MPS) and HSR as the reference standard,
baseline stenosis resistance (BSR), instantaneous wavefree
ratio (iFR) (see below) and FFR all demonstrated similar
diagnostic accuracy.*’

7.12.2 Indices of coronary microvascular
resistance

The same pressure and flow measurements allow estimation
of CMVR by calculating either velocity-based hyperaemic
microvascular resistance (HMR) or thermodilution-based
index of microvascular resistance (IMR). This can be per-
formed assuming a zero coronary venous pressure (P,) or
correcting with measured right atrial pressure during right
heart catheterisation (rarely performed). These indices pro-
vide objective data regarding the state of the CMV and help
to identify and diagnose CMVD. This is particularly impor-
tant in the context of an abnormal CFR but normal FFR.
Often this is attributed to CMVD but may also occur sec-
ondary to diffuse epicardial disease or abnormal baseline
conditions. Both methods provide an objective measure
of CMVR which augments the diagnostic and prognostic
assessment.

7.12.3 Hyperaemic microvascular resistance

For HMR a combination wire is required. It is the ratio of
P, and flow® (Equation 7.14). P, is used as a surrogate of the
pressure gradient (assuming a venous pressure of zero) and
APV is used as a surrogate of flow:

h-P _ P
APV APV

HMR = (7.14)
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The units are mmHg-s/cm. No definite threshold value
has yet been defined, although a value of 1.9 is associated
with a healthy CMV and 2.4 is associated with abnormal
CFR.%* In the absence of epicardial disease, P, can be sub-
stituted for P;. HMR helps to explain discordance in FFR
and CFVR® and adds value to the quantification of FFR by
improving the diagnostic accuracy after adjustment for the
IMR.#! In the context of acute myocardial infarction (MI),
HMR correlates with infarct size and predicts the presence
of regional wall motion abnormalities.*?

7.12.4 Index of microvascular resistance

IMR is a measure of the minimal CMVR. It is measured
under hyperaemic flow conditions and is calculated from
the mean transit time (7,,,) via the thermodilution method
(Equation 7.15)*:

IMR:(Pd_PV)'Tmn=Pd'Tmn (7.15)

Normal IMR is <25 mmHg/s.** Due to the potential con-
founding influence of collateral vessels and elevated venous
pressure, coronary wedge pressure (e.g., measured distal
to an inflated balloon during PCI) and left atrial pressure
should be included in the calculation.*® However, this is
rarely done in practice.*® IMR is highly reproducible, less
variable than CFR and, in the context of AMI, predicts neg-
ative outcomes.**8 IMR has also been shown to be useful in
identifying CMVD in patients with chest pain and normal
coronary arteries.

7.13 Instantaneous wavefree ratio

Whereas FFR represents the trans-lesional pressure ratio
during hyperaemia averaged over the entre cardiac cycle,
iFR measures the pressure ratio from mid to end diastole
under resting conditions. iFR makes use of the wave-free,
high-flow, diastolic period when CMVR is at its lowest
basal level. During this phase, the ratio of P; to P, demon-
strates high agreeability with FFR.*’ iFR is measured using a
pressure-sensitive wire in the same way as FFR but without
the induction of hyperaemia. Software within the external
module uses specialised algorithms to identify the diastolic
wave-free period and calculate the P,/P, ratio within this
zone. An iFR <0.90 has a diagnostic accuracy of 80% to pre-
dict FFR <0.80. The central concept of iFR is the notion that
resting (diastolic) CMVR is equivalent to the mean hyper-
aemic resistance.”>! Although iFR requires the passage of a
pressure wire, it does not require induction of hyperaemia,
which is its key advantage.®

iFR has a high diagnostic accuracy for the diagnosis of
ischaemia causing lesions as defined by an FFR of <0.80
(area under receiver operating characteristic [ROC] curve =
0.93), iFR correlating closely with FFR (r = 0.9) in a prelimi-
nary study of 118 cases.*” In contrast to FFR, iFR is resistant

to spontaneous beat-to-beat variability. A hybrid iFR-
FFR approach is proposed as an adenosine-saving strat-
egy, in which an iFR < 0.86 indicates intervention and an
iFR > 0.93 deferral, intermediate results requiring adenos-
ine administration and FFR measurement. This approach
generated good results in the hybrid iFR study® but less
accurate evaluations are reported by other groups.®®>! The
lack of a true gold-standard method for identifying isch-
aemia causing lesions has left room for debate as to the
relative value of iFR compared with FFR,** with some data
suggesting that iFR use may even be superior to FFR.>> Data
from two large outcome trials which together will study iFR
and FFR in over 4500 patients are awaited (NCT02053038,
NCT02166736).

7.14 Challenges in accepting physiological
assessment

Unlike previous tests, which were validated against estab-
lished, but inaccurate, non-invasive tests, FFR has been
shown to improve clinical outcomes in large trials. Future
innovations will need to demonstrate similar clinical ben-
efit. Despite the well-documented benefits of using even
simple indices such as FFR, adoption rates are low. Even
in the United Kingdom and United States where the use
of FFR is amongst the highest, FFR is used in only about
6% of PCI cases® and almost no purely diagnostic angio-
graphic studies. Physiological assessment adds complex-
ity, expense, invasiveness and time to the procedure. It
requires a PCI operator and an angioplasty capable cath-
eterisation laboratory. Many cardiologists and surgeons
rely on familiarity and confidence in their own visual
assessment. A major challenge, therefore, is to change atti-
tudes, and increase adoption of these techniques, some-
thing which requires the demonstration of clinical benefit
from clinical trials.

715 Where next?

If FFR represents the first major step towards the use of
adjunctive physiological assessment in the catheter labora-
tory to guide management, perhaps the next steps will be
towards combined pressure and flow assessment because of
the additional clinical and prognostic information gener-
ated.’® The measurement of coronary flow is rare in routine
interventional practice and is mostly restricted to research
centres. Measuring coronary blood flow velocity with
Doppler tipped coronary wires is technically challenging
for many operators, whereas pressure measurement acqui-
sition is much simpler. A major challenge will be to develop
user-friendly and reliable methods for measuring coronary
flow. It may be that information from perfusion magnetic
resonance (MR) or even computed tomography (CT) can
be used objectively to compliment invasive measurements.
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Both HSR and BSR require further clinical validation before
they are adopted into routine clinical practice.

716 Computing FFR

An alternative to acquiring physiological measurements
invasively is to use computational fluid dynamics (CFD)
processing to compute coronary physiology. Several groups
have applied CFD analysis to estimate ‘virtual FFR’ (vFFR)
from images of the coronary arteries, obtained by CT or by
invasive angiography. Although this presents fresh chal-
lenges, promising early results have been demonstrated.®
An example is demonstrated in Figure 7.8. When this
approach reaches maturity, indices of coronary physiology,
such as FFR, could be made available to closer to 100% of
those who undergo PCL. This may be of particular impor-
tance for patients who are being assessed for bypass surgery
and who do not currently have the opportunity for invasive
pressure or flow wire assessment.

7.7 |s there a ‘best test’ to diagnose
myocardial ischaemia?

How do the indices of ischaemia discussed here compare
with non-invasive tests? Non-invasive tests such as SPECT,
stress echocardiography and CMRI provide information
about the location and extent of myocardial ischaemia and
detect ischaemia caused by either epicardial or CMV disease
but, with the possible exception of CT perfusion, they cannot
distinguish between these two aetiologies. Table 7.2 sum-
marises the European guidelines regarding investigations

used in coronary artery disease (CAD)/ischaemic heart
disease (IHD).58 Anatomical tests provide detailed infor-
mation specific to the artery or even an individual lesion
but ignore the functional consequences of disease and do
not detect CMV disease at all. Catheter laboratory-based
functional tests have the advantage of providing combined
anatomic and functional data at an artery-, or even lesion-
specific level. Importantly, indices such as FFR reveal the
potential value of revascularisation, a key factor in clinical
decision-making. However, they cannot estimate the myo-
cardial ischaemic burden. Because these tests are deployed
in the catheter laboratory during invasive angiography,
they can also be used to directly guide decisions about the
mode and strategy of treatment. The literature is confusing
because of wide variability in terms of which investigation
is used as the ‘gold’ standard, the criteria used to define sig-
nificant CAD and whether the reported accuracy is defined
on a per-patient or per-vessel basis.

The value of an individual test is determined by a wide
range of individual, patient-specific factors (e.g. clini-
cal stability, age, frailty, gender, comorbidities, mobility,
heart rate, arrhythmia, body mass index) which must be
weighed against heterogeneous investigation-specific fac-
tors (such as radiation exposure, invasiveness, habitus, sen-
sitivity and specificity) and other considerations such as the
strength of supporting evidence, available resources, cost
and local expertise. Although guideline documents are help-
ful, these case-specific factors are often underrepresented.
Table 7.3 summarises some of the key considerations of the
major investigations used in the diagnosis and assessment of
stable CAD. Table 7.4 and Figure 7.9 summarise some of the
major physiological indices.

Virtual treatment planning

Virtual FFR computation

T —
v d

VFFR=0.58

VFFR=0.78

Virtual stent to LAD 0.62
0.90
Virtual stent to diagonal
Pressure 0.79

20 3

86

82

7

70 0.7

66

62

58 Virtual stent to both
— 0.85

[mm Hg] 0.90

Figure 7.8 Virtual coronary physiology. Computer modelling has been used to calculate the pressure gradient along
diseased LAD and diagonal coronary arteries. Modelling has also allowed the physiological impact of a variety of stenting
strategies to be assessed (right). This information is potentially useful when planning PCl strategy.
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Table 7.2 Recommendations and level of supporting evidence for investigations indicated in the investigation of CAD/IHD

Symptomatic

Pretest probability of CAD?

Asymptomatic Low (<15%) Intermediate (15%-85%) High (>85%)
Test Class Level Class Level Class Level Class Level
ICA llb
CTCA lla
Stress echo
MPS SPECT
MPS PET
Stress MRI

Source: Windecker, S. et al., Eur Heart J., 35, 37, 2014.

ICA, invasive coronary angiography; CTCA, coronary computed tomography; echo, echocardiography; SPECT, single photon emission
computed tomography; PET, photon emission tomography; MPS, myocardial perfusion scintigraphy ; MRI, magnetic resonance imaging;
CAD, coronary artery disease.

2 See Figure 1.2.1.

Table 7.3 Practical and methodological considerations (pros and cons) of the major investigations used in IHD

Myocardial Applicable to a  Discriminates
Coronary functional data Capable of largely epi- from
Radiation anatomical (detects directly unselected endocardial
Investigation exposure data ischaemia)  guiding PCl Invasive patient cohort disease
Invasive
anatomical
tests
ICA
CTCA

Non-invasive
functional tests
Exercise ECG
Stress echo
MPS (SPECT)
MPS (PET)
Perfusion MRI
CT perfusion

ICA-based
functional tests
FFR
CFVR
HSR (also

allows HMR)

Red and green shading indicates positive and negative attributes. ICA, invasive coronary angiography; CTCA, coronary computed tomog-
raphy; echo, echocardiography; SPECT, single photon emission computed tomography; PET, photon emission tomography; MPS, myocar-
dial perfusion scintigraphy; MRI, magnetic resonance imaging; ECG, electrocardiography; CT, computed tomography; FFR, fractional flow
reserve; CFVR, coronary flow velocity reserve; HSR, hyperaemic stenosis resistance.

a Standard MRI exclusions (claustrophobia and ferromagnetic prostheses).

b Potentially, if performed as hybrid procedure with CTCA protocol.
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Table 7.4  Summary of the major intracoronary physiological indices

Index

FFR

CFR therm’

CFVR
Doppler

rCFR

IMR

HMR

HSR

Definition

=P, /P,

_ TBL h
=Ton / Tt

—anr/a

vel

= CFVR*®" /
CFV norm

:Pd/ovel

:Pd_Pa/QveI

Hyperaemia
induction

Y

Threshold for
abnormality

<0.80

<20

<20

<0.65

< 25 mmHg s

Not fully

established
but upper
limit of normal
considered
1.85-2.05

mmHg cm s,

>0.80 mmHg

cm s

Procedural

requirements

Pressure wire

assessment.
Induction of
hyperaemia.

recordings.

Doppler flow

velocity wire
assessment in
index vessel.

Doppler flow

velocity wire
assessment in
index and
normal
reference
vessel.

Pressure wire

and

thermodilution

assessment.

Combined

pressure and
flow
assessment
distal to
epicardial
lesion/s.

Combined

pressure and
flow
assessment
distal to
epicardial
lesion/s.

Information
generated

Percentage flow
limitation caused
by proximal
stenosis/es and
therefore value
of putative
revascularisation.

Average of three Degree of flow

limitation
secondary to
disease of either
epicardial or CMV
vessels.

Degree of flow
limitation
secondary to
disease of either
epicardial or CMV
vessels.

Degree of flow
limitation relative
to a ‘normal’
reference vessel.
Less susceptible
to variability in
baseline
physiology than
CFVR.

Index of myocardial
resistance.

Coronary
microvascular
resistance.

Trans-lesional
epicardial
resistance.
Independent of
baseline
haemodynamic
conditions.

Limitations

No information

about the CMV.
Use of pressure
as a surrogate of
flow relies on a
number of
assumptions.

Variability in

baseline
physiology /
haemodynamics
can also reduce
CFR. Average of
three recordings
for BL and
hyperaemic
measurements.

Variability in

baseline
physiology /
haemodynamics
can also reduce
CFR.

Also requires

measurement in a
normal reference
artery. Unsuitable
in three-vessel
disease. Can be
‘normal’ even if
flow is globally
reduced by CV
dysfunction.

Few centres have

experience with
thermodilution
method.

Normal values and

role in
management
decisions not yet
established.

Measuring Doppler

flow velocity
distal to a lesion
can be
challenging.

(Continued)
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Table 7.4 (continued) Summary of the major intracoronary physiological indices

Hyperaemia Threshold for Procedural Information
Index Definition induction abnormality requirements generated Limitations
BSR =P,—P,/ Q. N Not fully Combined Trans-lesional Not as effective as
established pressure and epicardial HSR at
but flow resistance identifying
>0.66 mmHg assessment measured at ischaemia-
cm’ s distal to baseline. causing lesions.
considered epicardial
abnormal lesion/s.
iFR =P, / P, during N >0.93 normal; Pressure wire No induction of Whether iFR
diastolic, <0.86 assessment. hyperaemia represents
wave-free abnormal, needed. equivalence to
period 0.86-0.93 FFR is

undergo FFR controversial.
Long-term
outcome data

awaited.

P = pressure. Pressure is used as mean. CMV, coronary microvascular vessels; FR, instantaneous wavefree ratio; HSR, hyperaemic stenosis resis-
tance; BSR, baseline stenosis resistance; HMR, hyperaemic microvascular resistance; IMR, index of microvascular resistance; CFVR, coronary
flow velocity reserve; rCFR, relative CFR; CFR, coronary flow reserve; FFR, fractional flow reserve; BL, baseline; CV, cardiovascular.

Epicardial coronary artery

CMV (myocardium)

CFR=Q"P/Q®

FFR = Py/P,
SR= (P,~Pe)/Quey

A
A,

HMR = (Py - P,)/Quq
IMR=(Pg—P,) T

Figure 7.9 A summary of some of the major coronary physiological indices. When calculating indices of stenosis resis-
tance, P, is often disregarded and P, is used. CMV, coronary microvascular vessels; CFR, coronary flow reserve; Q, flow;
Hyp, hyperaemia; BL, baseline; P,, proximal pressure; P, distal pressure; P,, venous pressure; FFR, fractional flow reserve;
SR, stenosis resistance; vel, velocity; HMR, hyperaemic stenosis resistance; IMR, index of stenosis resistance; T,,,, mean
transit time. (Courtesy of Morris PD.)

7.18 Summary

Compared with visual angiographic assessment, physi-
ological lesion assessment is superior in terms of identify-
ing ischaemia-causing lesions, and optimising treatment
decisions. A number of techniques are now available to the
interventionist. A good understanding of the underlying
principles of coronary physiology can aid interpretation
of images and decision-making. The ease, simplicity and
reproducibility of measuring FFR has meant that cardiolo-
gists currently rely almost exclusively on this test. However,
no index of coronary physiology is perfect and other indices
can be used to build up a more comprehensive picture of
the underlying coronary pathophysiology. Future develop-
ments may involve combined assessment of pressure and

flow because this ‘unlocks’ valuable information regarding
the state of the CMV. However, this will require advances
in how coronary flow is assessed, which may involve adopt-
ing new technology such as computational techniques based
upon coronary imaging.
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Coronary artery disease remains among the top most
causes of morbidity and mortality globally. There have been
substantial improvements in medical therapy to prevent
and treat coronary artery disease. However, patients with
prognostically significant disease or anginal symptoms
despite optimal medical therapy (OMT) require coronary
revascularisation with either coronary artery bypass graft-
ing (CABG) or percutaneous coronary intervention (PCI).
CABG was the main revascularisation modality during the
second half of 20th century; however, PCI has now become
the preferred mode of revascularisation in patients with
one- or two-vessel disease. Nevertheless, the optimal ther-
apy in patients with multi-vessel disease and/or unprotected
left main stem (LMS) disease has remained debatable and
is the subject of many clinical trials in recent years. This
chapter discusses the current status and the evidence-based
use of PCI in the treatment of patients with coronary artery
disease.

8.1 Introduction

Treatment of coronary artery disease, both medically and
invasively, has seen marked improvements in the last few
decades. Development of surgical revascularisation tech-
niques in the latter half of the 20th century revolutionised
the treatment of coronary artery disease.! Vasilii Kolesov
performed anastomosis between the left internal mammary
artery (LIMA) and left circumflex artery in a man in 1962.
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Rene Favaloro used saphenous vein graft (SVG) as bypass
conduit in 1967. Reed was the first surgeon to perform the
operation using cardiopulmonary bypass. CABG has shown
superiority over medical therapy for prognosis and symp-
tomatic relief; however, there are operative risks that may
make it less attractive option in certain groups of patients.
Andreas Gruentzig performed the first balloon angio-
plasty in 1977.2 Although it was a huge advancement in
the treatment of coronary artery disease, outcomes were
compromised by acute vessel closure due to dissection or
elastic recoil, late vascular remodelling and neointimal
proliferation.> Coronary stents were, therefore, developed
to address these issues.* The Belgium Netherlands Stent
Arterial Revascularisation Therapies Study (BENESTENT)
and the North American Stent Restenosis Study (STRESS)
demonstrated superiority of the stents over balloon angio-
plasty.>® However, there was a significant risk of in-stent
restenosis over medium and long-term follow-up of these
bare metal stents (BMS).” Drug eluting stents (DES) were
therefore developed and have shown reduction in reste-
nosis and target vessel revascularisation (TVR) compared
with BMS.%° The concerns about stent thrombosis (ST) with
the first generation DES!*!! led to the development of novel
polymers, anti-platelet agents and the newer generation of
DES.1213 Cobalt-chromium and platinum-chromium have
superseded steel as the material of choice for stents and
biocompatible and biodegradable polymers have largely
replaced the permanent synthetic polymers.! These stent
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platforms are being combined with newer anti-proliferative
drugs including everolimus, zotarolimus and biolimus.
The ‘newer generation’ DES have shown superiority over the
‘original’ DES, in terms of preventing complications or the
need for repeat revascularisation.!>!® This chapter discusses
the current status and the evidence-based use of PCI in the
treatment of patients with coronary artery disease, with a
particular emphasis on comparison with other treatment
modalities.

8.2 Revascularisation versus medical
therapy

Whilst studies for the treatment of coronary artery disease
have usually compared two treatment options, MASS
(Medicine, Angioplasty or Surgery Study) and MASS-II
trials are unique for comparing the three treatment
modalities. MASS was a modest size (n = 214), single-centre
study of patients with stable angina, normal ventricular
function and a proximal stenosis of the left anterior descend-
ing artery who were randomly assigned to undergo CABG
(n = 70), balloon angioplasty (n = 72) or medical therapy
alone (n = 72). The predefined primary study endpoint
was the combined incidence of cardiac death, myocardial
infarction or refractory angina requiring revascularisation.
At an average follow-up period of 3 years, a primary end-
point had occurred in only two patients (3%) assigned to
bypass surgery compared with 17 assigned to angioplasty
(24%) and 12 assigned to medical therapy (17%) (p = .0002,
angioplasty vs. bypass surgery; p = .006, bypass surgery vs.
medical treatment; p = .28, angioplasty vs. medical treat-
ment). There was no difference in mortality or infarction
rates among the groups. However, no patient allocated to
bypass surgery needed revascularisation, compared with
eight and seven patients assigned, respectively, to coronary
angioplasty and medical treatment (p =.019).”

MASS-II (n = 611) was the next step to compare CABG
(n = 203), PCI with BMS (n = 205) or OMT (n = 203)
group. The 1-year mortality rates were similar in the three
groups (CABG 4.0% vs. PCI 4.5% vs. OMT 1.5%, p = .23).
The 1-year survival rates without Q-wave MI were 98%
for CABG, 92% for PCI, and 97% for OMT (p = .01). After
1-year follow-up, 1.97% of OMT patients and 8.78% of PCI
patients underwent additional interventions, compared
with only 0.5% of CABG patients (p = .08). Although
underpowered for outcomes, MASS-II has shown no dif-
ference in survival between OMT and revascularisation
(OMT 69%, CABG 74.9%, PCI 75.1%, p = .089) at 10-year
follow-up.?° However, for the primary composite endpoint
of mortality, Q-wave MI and repeat revascularisation,
CABG was superior to other therapies (CABG 33% vs. PCI
42.4% vs. OMT 59.1%, p = .01). Compared with PCI and
OMT, repeat revascularisation was five times lower among
patients with CABG; however, in this trial PCI was per-
formed using BMS. There has been no randomised trial
comparing OMT, CABG and PCI with DES in a head-to-
head fashion.

8.2.1 CABG versus medical therapy

The superiority of CABG over medical therapy has been
demonstrated in multiple studies (e.g. the European
Coronary Surgery Study, the Veteran’s Administration
Coronary Artery Bypass Surgery Cooperative Study
Group and the Coronary Artery Surgery Study) and meta-
analyses, confirming a survival advantage conferred by
CABG in patients with unprotected LMS or three-vessel
disease, particularly in those with severe symptoms, early
positive exercise tests and impaired left ventricular (LV)
function.?22 However, it should be noted that only patients
at high (4.8%) or moderate (2.5%) annual mortality risk
gained a clinically and statistically significant improve-
ment in survival. Among patients without involvement
of the proximal left anterior descending (LAD) disease,
mortality lowered with surgical therapy for patients with
three-vessel disease. In patients who would not get sur-
vival benefit with CABG, surgery can still be considered
to improve functional capacity and quality of life (if not
accomplished with OMT). However, no overall impact of
CABG surgery on subsequent infarction has been dem-
onstrated. This is due to an excess of infarction in the
perioperative period among those assigned to surgery,
even though the subsequent risk is lower during extended
follow-up.

8.2.2 PCI versus medical therapy

Multiple studies have also compared outcomes of PCI and
medical therapy. The initial studies (e.g. ACME [Angioplasty
Compared to Medicine], RITA-2 [Randomised Intervention
Treatment of Angina], AVERT [Atorvastatin versus
Revascularization Treatment], TIME [Trial of Invasive versus
Medical Therapy in Elderly], MASS [Medicine, Angioplasty
or Surgery Study]) comparing balloon angioplasty or PCI
with BMS against medical therapy have limited relevance
to current practice as both medical therapy (lipid lowering,
anti-platelet, secondary prevention drugs) and PCI tech-
niques/technology have significantly improved in recent
years.

Clinical Outcomes Utilizing Revascularization and
Aggressive Drug Evaluation (COURAGE) trial (n = 2287)
compared OMT alone versus PCI plus OMT for treating
patients with significant one-, two- and three-vessel dis-
ease without LMS involvement and found no significant
difference in the composite endpoint of death or non-fatal
myocardial infarction (MI) at a median follow-up of 4.6 years
(hazard ratio [HR] for the PCI group 1.05, 95% confidence
interval [CI] 0.87-1.27, p = .62) (Figure 8.1).2* Both groups
were also equal in terms of freedom from angina at 5 years.
During 6 years follow-up, 21% patients in the PCI group had
additional revascularisation, as compared with 33% of those
in the OMT group (HR 0.60, 95% CI 0.51-0.71, p < .001).%
However, it should be noted that in nuclear sub-study of
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Figure 8.1 Comparison of optimal medical therapy versus percutaneous coronary intervention in the COURAGE trial.
Kaplan—Meier curves showing that patients treated with optimal medical therapy (OMT) and percutaneous coronary
intervention (PCI) had similar outcomes for the primary composite endpoint of all-cause death and non-fatal myocardial
infarction (panel a), all-cause death (panel b), hospitalisation for acute coronary syndromes (panel ¢) and acute myocar-

dial infarction (panel d) over 4.6 years follow-up.

COURAGE trial, reduction in ischaemic myocardium was
greater with PCI group (2.7% vs. 1.6%, p < .0001).2*

There are multiple meta-analyses comparing OMT with
PCI and most reported no mortality benefit, increased non-
fatal periprocedural MI and reduced need for urgent revas-
cularisation with PCI compared with OMT.?>?¢ However,
it has also been shown recently that in patients with stable
CAD and functionally significant stenosis, PCI guided by
fractional flow reserve (FFR) along with the best available
medical therapy, as compared with OMT alone, decreased
the need for urgent revascularisation; but in patients without
ischaemia, the outcome was favourable with OMT alone.?

We can conclude that OMT should be considered as a
first-line therapy in patients with one- or two-vessel dis-
ease not involving LMS or proximal LAD. While PCI will
reduce the stenosis of haemodynamically significant lesions
causing angina, it may not prevent future MI, which is often
due to the rupture of mild lesions. It is therefore impera-
tive to acknowledge the importance and complimentary
value of OMT for patients with CAD undergoing coronary
revascularisation.?

8.3 PCl versus CABG surgery

8.3.1 Single-vessel disease

Both PCI and CABG are highly effective in providing
symptom relief for patients with severe single vessel coro-
nary artery disease. Neither procedure is associated with
an unequivocal reduction in mortality. PCI can provide
good outcomes in such patients and may be the preferred
revascularisation strategy.” PCI can also provide long-
term improvement in quality of life similar to CABG in this
group of patients.>

Among patients with single-vessel disease, treatment of
isolated LAD coronary artery disease has remained debat-
able due to the prognostic significance of lesions at this loca-
tion. Historically, proximal LAD disease has been treated
with CABG, as data from multiple trials and two meta-
analyses reported a two- to fourfold increase in recurrence
of angina and TVR in PCI group. However, there was no
significant difference in mortality, MI or stroke.’:3 Patients
undergoing CABG had longer hospital stay, required
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more blood transfusions and were more likely to have
post-procedural arrhythmias.®> Recent advances in PCI
technology (especially use of DES) have made data from old
trials somewhat redundant. A small randomised controlled
trial (RCT) comparing sirolimus DES against minimally
invasive direct coronary artery bypass (MIDCAB) showed
that PCI is non-inferior to MIDCAB at 12-month follow-up
with respect to MACE and relief in symptoms.*> Another
study compared 1-year outcomes among all patients in New
York who underwent CABG surgery or PCI with DES for
isolated proximal LAD disease between 2008 and 2010.3*
CABG and DES groups did not significantly differ for mor-
tality or mortality, MI and/or stroke, but repeat revascu-
larisation rates were lower for CABG (7.09% vs. 12.98%,
p =.0007). After further adjustment with Cox proportional
hazards models, there were still no significant differences in
3-year mortality rates (HR 1.14, 95% CI 0.70-1.85) or mor-
tality, MI and/or stroke rates (HR 1.15, 95% CI 0.76-1.73);
however, repeat revascularisation rate remained signiﬁ-
cantly lower for CABG patients (HR 0.54, 95% CI 0.36-
0.81). Based on these data, it can be concluded that PCI is
a reasonable choice for the treatment of isolated proximal
LAD disease.*

8.3.2 Multi-vessel disease

Thereisalarge spectrum of heterogeneity in what is classified
as ‘multi-vessel disease’. A patient with discrete lesions of
the right coronary and circumflex arteries who has a normal
left ventricle or a patient with diffuse three-vessel disease
and a poor ejection fraction can be rightly classified under
the term ‘multi-vessel disease’, yet the prognoses, risks and
potential benefits of revascularisation vary considerably.
Synergy between percutaneous coronary intervention with
Taxus and cardiac surgery (SYNTAX) score has emerged as
a good marker of extent and complexity of coronary disease
and is recommended to be used in clinical practice.>> CABG
has been the standard of care for stable patients with multi-
vessel CAD, over many decades. While recent advances in
PCI have made it technically possible to intervene in com-
plex lesions, technical feasibility is not, by itself, a definite
indication to intervene.

While there have been numerous randomised trials of
PCI versus CABG in multi-vessel disease, most trials (with
the exception of the MASS-II and SYNTAX trials) only
enrolled around 5%-10% of the total potentially eligible
population, raising questions about applicability of results
to daily practice.® Furthermore, the initial trials (e.g.
RITA, EAST [emory angioplasty versus surgery], GABI
[German angioplasty vs bypass investigation], CABRI [cor-
onary angioplasty versus bypass revascularisation investi-
gation], ERACI [Argentine randomized study: coronary
angioplasty vs. coronary bypass surgery in multivessel
disease], ARTS [arterial revascularization therapies], SoS
[stent or surgery]) showing superiority of CABG over bal-
loon angioplasty or PCI with BMS for patients with multi-
vessel disease have limited applicability in contemporary

practice.’” A large meta-analysis of 23 RCTs comparing PCI
with plain old balloon angioplasty (POBA) or bare-metal
stent (BMS) (n = 5019) versus CABG (n = 4944) reported
that there was no mortality difference between PCI and
CABG but a significantly higher rate of stroke in CABG
(1.2% vs. 0.06%, p = .002) and TVR in PCI (46% vs. 9.8%,
p < .001).%% Hlatky et al. performed a collaborative analysis
comparing POBA and BMS with CABG and reported no
difference in mortality (PCI 15% vs. CABG 16%, p = .12) at
a median of follow-up of 5.9 years.** Another meta-analysis
of the four RCTs comparing BMS versus CABG in multi-
vessel disease showed a similar rate of the composite of
death, stroke or MI and a significantly higher rate of TVR
in PCI treated patients at 5-year follow-up.

With the advent of DES, indirect comparison against
CABG was attempted by the addition of DES arms to the
original BMS-CABG trials, as in ARTS-II and ERACI-III.
ARTS-II study showed higher rates of repeat revascularisa-
tion in PCIarm (20.8% vs. 9.0%, p <.001) but no difference in
survival between PCI with DES and CABG (DES 94.5% vs.
CABG 92.6%) at 5-year follow-up.*! ERACI-III also reported
similar events rate in CABG (5.7%) and PCI with DES
(9.8%) groups at 3-year follow-up.> Comparison between
CABG and PCI with DES in various registries has produced
mixed results: Asan Medical registry showed no differ-
ence in mortality at 5-year follow-up*’; New York registry
reported similar unadjusted survival (PCI 93.7% vs. CABG
93.4%), but different risk-adjusted survival (PCI 94.0% vs.
CABG 92.7%, p = .03) at 18 months*; and ACCF and STS
Database Collaboration on the Comparative Effectiveness of
Revascularization Strategies (ASCERT) reported no mortal-
ity difference at 1 year (PCI 6.55% vs. CABG 6.24%, HR 0.95;
95% CI 0.90-1.0) but lower mortality with CABG at 4 years
(PCI20.8% vs. CABG 16.4%, HR 0.79; 95% CI 0.76-0.82).%

SYNTAX is the largest clinical trial of patients with
multi-vessel randomised to revascularisation with PCI or
CABG and followed-up for 5 years. In 1800 randomised
patients, 12.4% of CABG and 17.8% of PCI patients reached
the primary composite endpoint (p = .002) of death (3.5%
vs. 4.4%; p = .37), MI (3.3% vs. 4.8%; p = .11), stroke (2.2% vs.
0.6%; p = .003) or repeat revascularisation (5.9% vs. 13.5%;
p <.001) at 1 year.*s At 5 years, the composite endpoint was
significantly more in PCI arm (PCI 37.3% vs. CABG 26.9%,
p < .001), all cause death (PCI 13.9% vs. CABG 11.4%,
p =.10), MI (PCI 9.7% vs. CABG 3.8%, p < .001), stroke (PCI
2.4% vs. CABG 3.7%, p = .09) and repeat revascularisation
(PCI25.9% vs. CABG 13.7%, p <.001). The sub-group analy-
ses (whilst acknowledging limitations of this approach) of
the trial have shown that in the tercile of patients with the
lowest SYNTAX scores (0-22) there was no significant dif-
ference in mortality (PCI 8.9% vs. CABG 10.1%, p = .64),
MI (PCI 7.8% vs. CABG 4.2%, p = .11), stroke (PCI 1.8%
vs. CABG 4.0%, p = .11), TVR (PCI 23.0% vs. CABG 16.9%,
p =.056) and major adverse cardiovascular and cerebrovas-
cular events (MACCE) (PCI 32.1% vs. CABG 28.6%, p = .43)
between the two groups. However, CABG outperformed
PCI in middle (23-32 score) tercile (PCI 36.0% vs. CABG
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Figure 8.2 (a—f) Comparison of percutaneous coronary intervention versus coronary artery bypass grafting in the synergy
between percutaneous coronary intervention with TAXUS and cardiac surgery (SYNTAX) trial at 5-year follow-up.

25.8%, p = .008) and high (233 score) tercile (PCI 44.0%
vs. CABG 26.8%, p < .001) for MACCE at 5 years.*” In the
highest tercile (>33 score), PCI patients had higher all cause
death (HR 1.84, 95% CI 1.19-2.83, p = .005) and cardiac
death (HR 2.99, 95% CI 1.62-5.53, p = .0002) (Figure 8.2).
These outcomes are also consistent with several other stud-
ies and registry data.*#4> SYNTAX trial, however, used first
generation DES, which have now been superseded by newer

generation DES and it is postulated that comparison may be
different between CABG and newer generation DES.
Randomised Comparison of Coronary Artery Bypass
Surgery and Everolimus-Eluting Stent Implantation in
the Treatment of Patients with Multivessel Coronary
Artery Disease (BEST) is a recently reported prospec-
tive, randomised and non-inferiority trial, comparing
PCI with everolimus-eluting stents versus CABG. After
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the enrolment of 880 patients (PCI = 438; CABG = 442),
the study was terminated early owing to slow enrolment.
At 2 years, the primary endpoint had occurred in 11.0%
of the patients in the PCI group and in 7.9% of those in
the CABG group (p = .32 for non-inferiority). At longer-
term follow-up (median, 4.6 years), the primary endpoint
had occurred in 15.3% of the patients in the PCI group
and in 10.6% of those in the CABG group (HR 1.47, 95%
CI 1.01-2.13, p = .04). No significant differences were seen
between the two groups in the occurrence of a composite
safety endpoint of death, myocardial infarction or stroke.
However, the rates of repeat revascularisation and MI were
significantly higher after PCI than after CABG.*® A recent
observational study of 34,819 eligible patients elected pro-
pensity-based 9223 patients who received PCI with evero-
limus-eluting stents and 9223 who underwent CABG. Ata
mean follow-up of 2.9 years, PCI with everolimus-eluting
stents, as compared with CABG, was associated with a
similar risk of death (3.1% vs. 2.9% per year; HR 1.04, 95%
CI 0.93-1.17, p = .50), higher risks of myocardial infarction
(1.9% vs. 1.1% per year; HR 1.51, 95% CI 1.29-1.77, p < .001),
repeat revascularisation (7.2% vs. 3.1% per year; HR 2.35,
95% CI 2.14-2.58, p < .001) and a lower risk of stroke (0.7%
vs. 1.0% per year; HR 0.62, 95% CI 0.50-0.76, p < .001). The
higher risk of MI with PCI than with CABG was not sig-
nificant among patients with complete revascularisation
but was significant among those with incomplete revascu-
larisation (p = .02 for interaction).*

Taking together the currently available evidence, we
would recommend following the strategy supported by
SYNTAX data, that is to prefer CABG in patients with
SYNTAX scores >22, whereas PCI as well as CABG can
be considered for those with SYNTAX score 22 or less.
However, it is imperative to highlight that many other fac-
tors, including patient preference, comorbidities, local
expertise and resources and expected completeness of revas-
cularisation, etc., will also play a role in decision making.

8.3.3 Unprotected LMS disease

Cohen and Gorlin published a case series of CABG in unpro-
tected LMS in 1975 showing a long-term mortality benefit.>
Subsequently, several registries and RCTs confirmed the
survival benefit of CABG over medical treatment in mod-
erate to high-risk groups.?*! PCI has remained a class III
indication (i.e. the procedure is generally not effective and
may even be harmful) for this indication in international
guidelines,”* largely due to historical data comparing
POBA or BMS with CABG.

Several RCTs have compared PCI with DES against
CABG for the treatment of LMS stenosis (Table 8.1). The
Study of Unprotected Left Main Stenting Versus Bypass
Surgery (LEMANY) trial was the first randomised trial of
PCI (n = 52) versus CABG (n = 53). The primary outcome
of MACE at 1 year was similar in the two groups, despite
higher perioperative complications in CABG group and
higher TVR in PCI group.* This trial has now 10-year

follow-up data available showing that mortality (21.6%
vs. 30.2%, p = .41), MI (8.7% vs. 10.4%; p = .62), stroke
(4.3% vs. 6.3%, p = .68) and repeat revascularisation rates
(26.1% vs. 31.3%; p = .64) were similar between PCI and
CABG.> However, the results of this trial may not be appli-
cable to contemporary practice as only 72% of the CABG
group received a LIMA graft and only 35% of PCI group
received DES. Another prospective, multi-centre RCT
(n = 101) attempted to address these limitations by assign-
ing 201 patients with unprotected LMS disease to undergo
PCI with sirolimus-eluting stenting (n = 100) or CABG
using predominantly arterial grafts. The combined rates for
death or MI were comparable (CABG 7.9% vs. PCIL, 5.0%;
non-inferiority p < .001). Freedom from angina was similar
in both groups, whereas repeat vascularisation was higher in
PCI arm and perioperative complications including stroke
were higher in CABG arm.*® In Premier of Randomised
Comparison of Bypass Surgery versus Angioplasty
Using Sirolimus-Eluting Stent in Patients with Left Main
Coronary Artery Disease (PRECOMBAT) trial, 600 patients
with unprotected LMS stenosis were randomised to undergo
CABG (n = 300 patients) or PCI with sirolimus-eluting
stents (n = 300). At 2-year follow-up, PCI was non-inferior to
CABG for MACCE (12.2% vs. 8.1%, HR with PCI 1.50, 95%
CI0.90-2.52, p =.12). However, ischaemia- driven TVR was
higher in PCI group (9.0% vs. 4.2%; HR 2.18, 95% CI 1.10-
4.32,p=.02).5” At 5 years, MACCE outcomes were still com-
parable in PCI or CABG-treated patients (17.5% vs. 14.3%,
p = .26). The two groups did not differ significantly in terms
of death from any cause, myocardial infarction or stroke as
well as their composite (8.4% vs. 9.6%, p = .66). Ischaemia-
driven target vessel revascularisation remained more fre-
quent in the PCI group than in the CABG group (11.4%
and 5.5%, p = .012).8 In the LMS subgroup of the SYNTAX
trial, there was no difference in MACCE between the treat-
ment groups (CABG 31% vs. PCI 37%, p = .12) at 5 years.*
Analysing MACCE on the basis of SYNTAX score terciles
indicated that both PCI and CABG may provide optimal
revascularisation in lower (CABG 32% vs. PCI 30%, p = .74)
and middle (CABG 32% vs. PCI 33%, p = .88) terciles, but for
high score tercile CABG is clearly superior (CABG 30% vs.
PCI 47%, p =.003).* Two recent large clinical trials, NOBLE
(Coronary Artery Bypass Grafting Vs Drug Eluting Stent
Percutaneous Coronary Angioplasty in the Treatment of
Unprotected Left Main Stenosis) and EXCEL (Evaluation
of Xience Versus Coronary Artery Bypass Surgery for
Effectiveness of Left Main Revascularisation), have com-
pared PCI with newer generation DES versus CABG.**¢ In
NOBLE (n = 1201), there was no difference in mortality
(12% vs. 9%, P = 0.77) and stroke (5% vs. 2%, P = 0.073) but
higher rates of non-procedural MI (7% vs. 2%, P = 0.004)
and revascularisation (16% vs. 10%, P = 0.032) in PCI
group.” In EXCEL (n = 1905), there was no difference in
mortality (PCI: 8.2% vs. CABG: 5.9%, P = 0.11), cardiac
death (PCI: 4.4% vs CABG: 3.7%, P = 0.48), stroke and MI
at 3-years; however, ischemia-driven revascularisation was
higher in PCIarm (12.6% vs. 7.5%, P < 0.001).
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A meta-analysis of four trials (LEMANS, PRECOMBAT,
Boudriot et al. and SYNTAX LMS) including 1611 patients
has shown that PCI, as compared with CABG, was asso-
ciated with a significant reduction in risk of stroke, an
increased risk of repeat revascularisation, a similar risk of
mortality or MI, resulting in a higher risk of MACE but a
similar risk of MACCE.®! Similarly a recent meta-analysis of
five trials (excluding LEMANS) has shown similar results.®?
The trails included in this meta-analysis had differences in
inclusion/exclusion criteria, complexity of coronary dis-
ease (LMS bifurcation disease, Syntax score, etc.), technical
aspect of the procedure (type of stent, use of intravascular
ultrasound, use of arterial grafts), definition of clinical end-
points, and duration of follow-up. Despite these differences,
it is reassuring to see that both PCI and CABG provided
effective treatment of unprotected LMS disease with no dif-
ference in survival. There are trends towards less stroke in
PCI treated patients and less MI in CABG treated patients.
The main advantage seen with CABG was reduction in
repeat revascularisation. This difference persisted even
with the use of DES. However, one may argue that without
impact on survival, need for revascularisation is not a hard
endpoint and many patients would accept it to avoid the
need for CABG. Nevertheless, it is also important to con-
sider that patients with LMS may have varying degree of
anatomical complexities leading to different outcomes. PCI
of non-distal LMS has favourable clinical and angiographic
outcomes, whereas PCI of complex LMS bifurcation or
trifurcation may be associated with poorer outcomes.®6¢
There are reports suggesting that simple bifurcation lesions
treatable with a one-stent approach may have better results
compared with ‘complex’ bifurcation lesions treated with
a two-stent approach. There are limited data on long-term
outcomes for patients with LMS bifurcation disease treated
with CABG or PCI with DES. However, a study compared
the long-term treatment effects of PCI with DES (n = 556)
and CABG (n = 309) in LMS bifurcation disease. After
adjusting for covariates, the cumulative rates of death (HR
0.95, 95% CI 0.62-1.45) or composite of death, MI and
stroke (HR 0.97, 95% CI 0.64-1.48) were not significantly
different between the two groups over a 5-year follow-up
period. However, repeat revascularisation remained higher
in the PCI group (HR 4.42, 95% CI 2.39-8.18). The long-
term outcomes were comparable between simple stenting
and complex stenting groups except for TVR (HR 1.94,
95% CI 1.22-3.10).5

Based on these recent data, PCI may be considered for
patients with coronary anatomy that is associated with a
low risk of procedural complication and/or clinical condi-
tions that predict an increased risk of adverse surgical out-
comes. We recommend that patients with LMS disease and
SYNTAX scores between 0 and 32 can be treated with PCI
using DES when technically feasible, whereas in patients
with SYNTAX scores > 33, CABG surgery should remain the
standard treatment. We also believe that future iterations of
guidelines should also update PCI for LMS to a class I (level
of evidence A), for patients with Syntax score < 32.

8.4 PCl versus CABG for patients with
diabetes mellitus

Diabetes is a risk factor for both revascularisation strate-
gies.®® Although some studies have reported no difference
between PCI and CABG outcomes in patients with diabe-
tes, data from dedicated trials reported clear advantage of
CABG over PCI, as discussed below.

In the CARDia (Coronary Artery Revascularisation in
Diabetes) trial comparing PCland CABG in diabetic patients
with multi-vessel disease, repeat revascularisation was
more frequently in the PCI group (9.9% vs. 2.0%, p < .001),
even in DES PCI group (7.3% vs. 2.0%, p < .013); however,
there was no significant difference in 1-year mortality (PCI
3.2% vs. CABG 3.3%, p = .83) or the 1-year MACCE (PCI
10.2% vs. CABG 11.8%).° Bypass angioplasty revasculariza-
tion investigation 2 diabetes (BARI 2D) trial randomised
2368 patients with both type 2 diabetes and coronary artery
disease to undergo either prompt revascularisation with
intensive medical therapy or intensive medical therapy
alone. At 5 years, survival rate was same for patients with
type 2 diabetes and stable ischaemic heart disease irrespec-
tive of the treatment with OMT only and CABG surgery or
PCI with OMT (88.3% vs. 87.7%; p = .89). OMT is therefore
an acceptable first-line strategy for diabetic patients with
less severe coronary disease. BARI 2D, however, supported
the CABG as the preferred revascularisation method for
diabetic patients with stable multi-vessel disease.”” A sub-
group analysis of 452 diabetic patients in the SYNTAX trial
demonstrated a higher rate of MACCE for diabetic patients
treated with PCI, but did not find any mortality difference.®®
At 5-year follow-up, PCI was associated with significantly
higher rates for MACCE (PCI 46.5% vs. CABG 29.0%,
p <.001) and repeat revascularisation (PCI 35.3% vs. CABG
14.6%, p < .001). There was no statistical difference in all-
cause death (PCI 19.5% vs. CABG 12.9%, p = .065), stroke
(PCI 3.0% vs. CABG 4.7%, p = .34) or MI (PCI 9.0% vs.
CABG 5.4%, p = .20).”! Future Revascularisation Evaluation
in Patients With Diabetes Mellitus: Optimal Management
of Multivessel Disease (FREEDOM) is the largest (n = 1900)
contemporary trial in patients with diabetes and multi-
vessel coronary disease randomised to either PCI with first
generation DES (51% PES, 43% SES) or CABG. All patients
were prescribed currently recommended medical therapies
for the control of diabetes, hypertension and dyslipidaemia,
and were followed-up for a median of 3.8 years. The mean
age was 63.1 + 9.1 years, 29% were women, median diabetes
duration 0f 10.2 8.9 years, 32% on insulin therapy and 83%
had three-vessel disease. The primary endpoint (composite
of death from any cause, non-fatal MI or stroke) occurred
more frequently in the PCI group (26.6% vs. 18.7%, p =.005)7
(Figure 8.3). The benefit of CABG was driven by differences
in both death from any cause (10.9% vs. 16.3%, p = .049) and
rates of MI (6.0% vs. 13.9%, p < .001).”> However, the inci-
dence of stroke was higher in the CABG group (PCI 2.4% vs.
CABG 5.2%, p = .03).7> Based on these data, CABG should
be the revascularisation option of choice for patients with
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Figure 8.3 Comparison of percutaneous coronary intervention versus coronary artery bypass grafting for diabetic patients
in the FREEDOM trial. Kaplan—Meier curves showing that diabetic patients treated with coronary artery bypass grafting
(CABG) had lower rates of the composite primary outcome of death, myocardial infarction or stroke (panel a) and death
from any cause (panel b), compared with diabetic patient treated with percutaneous coronary intervention (PCI).

multi-vessel disease and diabetes mellitus. However, in dia-
betic patients with relatively less complex disease (e.g. lower
SYNTAX score), both PCI and CABG can be considered.

8.5 Summary and recommendations

OMT can be the initial strategy for majority of patients
with mild symptoms and non-prognostic coronary dis-
ease. Single-vessel disease can usually be treated with PCL
Multi-vessel disease can also be treated with PCI if patient
is not diabetic and disease is not extensive (SYNTAX
score> 22), in which case CABG should be the first choice.
It must be remembered that the three modes of therapy
are not utilised in a mutually exclusive fashion, but in fact
are complementary. In clinical practice, both PCI and

CABG surgery may be used in the same patient at differ-
ent times, while OMT and aggressive risk factor reduc-
tion must be used in all patients with significant coronary
artery disease. The selection of revascularisation strategy
for patients with complex coronary disease remains chal-
lenging and it is strongly recommended to adopt a multi-
disciplinary heart-team approach for decision making
after careful consideration of relevant data.”? It is best to
avoid ad hoc PCI in stable patients with complex coro-
nary disease and these cases should be discussed in heart
team before a deferred revascularisation (PCI or CABG)
procedure. There are various tools available to help heart
team in selecting optimal strategy. EuroSCORE and the
SYNTAX score have been shown to predict adverse out-
comes in studies with both PCI and CABG arms.*"7* The
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recently proposed SYNTAX score II, combining anatomi-
cal and clinical factors, may provide an evidence-based
approach for decision-making process.”” It is important
to acknowledge that all risk models have their limitations;
informed patient consent and clinical judgement of heart
team remain vital.
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