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Preface

Interventional cardiology is a very exciting and fast-developing area in mod-
ern medicine. Since percutaneous coronary angioplasty was introduced in
1977, the inventions of novel devices, such as the balloon catheter, bare metal
stent, and drug-eluting stent, have steadily improved clinical outcomes of
percutaneous coronary intervention. These advances were undoubtedly based
on insights derived from intracoronary imaging or physiologic evaluations.

Intravascular ultrasound is the “gold standard”” among intravascular imag-
ing modalities and provides various information about lesional characteristics
and interventional therapy. Optical coherence tomography enables visualiza-
tion of intravascular morphologies clearly based on high resolution. The
assessment of fractional flow reserve, as known, guides whether the stenotic
lesion needs revascularization. Because these examinations have their own
advantages and disadvantages, it is important to know their characteristics
and applications. The comprehensive understanding of intravascular imaging
and physiology eventually might help to treat patients with coronary artery
diseases in daily practice.

It is my honor to provide a state-of-the-art update on the most relevant
topics of coronary imaging and physiology written by an expert group of
Imaging and Physiology on Patients with Cardiovascular Disease (IPOP) in
Korea. I appreciate the authors’ dedication to this work despite their busy
practices. I hope that this book helps clinicians to provide the optimal treat-
ment for patients with coronary artery diseases.

Seoul, South Korea Myeong-Ki Hong, MD



Introduction: Coronary Anatomy and
Circulation

Coronary Anatomy

The coronary artery is the first branch of the aorta and is divided into the left
and right coronary arteries. The left main coronary artery is derived from the
left coronary cusp and is divided into the left anterior descending artery
(LAD) and left circumflex artery (LCX). The LAD is located in the anterior
interventricular groove and supplies the anterior wall, septum, and apex. The
branches of the LAD are septal perforating arteries and diagonal branches.
The septal perforating arteries supply most of the septum, and the diagonal
branches supply the lateral wall of the left ventricle. The LCX passes through
the atrioventricular groove and supplies the left atrium, as well as most of the
lateral and posterior walls of the left ventricle. The branches of the LCX are
obtuse marginal branches, and approximately 30—-40% of the sinoatrial nodal
branch is derived from the LCX [1, 2].

The right coronary artery (RCA) is derived from the right coronary cusp;
it runs along the right atriventricular groove and continues to the posterior
interventricular sulcus. The RCA supplies the right atrium, right ventricle,
sinoatrial node, and atrioventricular node via several branches (conus, right
ventricular wall, sinoatrial nodal, atrioventricular nodal branch). At the distal
portion of the RCA (i.e., the crux), it divides into two branches: the postero-
lateral and posterior descending arteries, which supply the inferior portion of
the interventricular septum and apex. In more than 80% of cases, the RCA
has posterior descending and posterolateral branches. The others are left-
dominant systems, in which the LCX gives rise to posterolateral and posterior
descending branches, or codominant systems, in which both arteries provide
an equal supply (Fig. 1).

The incidence of coronary anomaly is approximately 1%. Common anom-
alies are separate origin of the LAD and LCX (0.4%), high takeoff (0.25%),
single coronary artery (atresia), origin from opposite coronary sinus, and
anomalous termination (fistula) [1, 2]. Myocardial bridge is a specific con-
genital condition in which the epicardial coronary artery travels the intramus-
cular course, usually in the middle portion of the LAD. Approximately 5-80%
of autopsy, 25% of CT scan, and 0.15-25% of cases were detected during
coronary angiography as systolic compression of the coronary artery. The
myocardial bridge is usually benign, but sometimes it causes chest pain, acute
coronary syndrome, left ventricular dysfunction, and arrhythmias [3, 4].

vii
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RCA

Fig. 1 Anatomy of coronary artery. LM left main, LAD left anterior descending artery,
LCX left circumflex artery, OM obtuse marginal, RCA right coronary artery, SA nodal sino-
atrial nodal, AV atrioventricular, PDA posterior descending, PLB posterolateral branch

Coronary Circulation

Coronary blood flow is a phasic pattern; main arterial flow in the coronary
artery occurs in diastole. During systole, contraction of the myocardium com-
presses the coronary microvessels, impedes arterial blood flow, and increases
venous outflow. Coronary flow is determined by myocardial demand and blood
supply. Major determinants of myocardial blood flow are heart rate, myocardial
contractility, and myocardial wall stress (preload, afterload). Because coronary
blood flow passes from the epicardium to the endocardium, the subendocardial
area is susceptible myocardial ischemia. The pressure difference between the
epicardial coronary artery and the left ventricle is important to maintain myo-
cardial perfusion. The “potential” for coronary flow to the subendocardium is
the difference between diastolic aortic and left ventricular pressures multiplied
by the diastolic period. A low aortic pressure or a brief diastolic period (tachy-
cardia) may compromise subendocardial blood flow [5, 6].

The epicardial coronary artery is the conduit to transfer blood to the arte-
riole, capillary, and myocardium and consists of less than 10% of coronary
resistance unless severe stenosis develops. The precapillary arteriole (100—
500 pm) connect epicardial conduit to myocardial capillaries; it covers less
than 30% of coronary resistance. In a normal state, it gives little contribution
to resistance. Distal precapillary arteriolar vessels (<100 pm) are mainly
responsible for resistance and flow.

Regulation of Coronary Blood Flow

Coronary blood flow is reasonably constant despite changes in coronary
artery pressure to keep myocardial perfusion, although blood pressure
changed within certain range, usually between 40-150 mmHg. Below the
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Fig.2 Coronary autoregulation

autoregulatory range (approximately 60 mmHg), flow is strongly pressure-
dependent. Vasodilator reserve is the increase in flow between the prevailing
flow and a specified “maximum” vasodilator stimulus. Below the autoregula-
tory range, vasodilator reserve is exhausted. In a normal coronary artery,
blood flow of maximally dilated coronary increases fourfold to sixfold of
resting state [7-9] (Fig. 2).

Endothelial-Dependent Regulation

Endothelium-dependent regulation is mediated by nitic oxide (NO). NO is
made by NO synthase in endothelial cell. It diffuses into smooth muscle in
media, which in turn vasodilate by decreasing intracellular Ca**. Shear stress
and paracrine mediators (endothelial-dependent hyperpolarizing factor,
endothelin) can influence endothelial function via NO. In a normal coronary
artery, acetylcholine dilates coronary artery via increasing NO; however, in
case of endothelial denudation, acetylcholine causes vasoconstriction due to
decreased NO production [5, 10].

Myogenic Regulation

Myogenic regulation is controlled by coronary smooth muscle, which can
change coronary vessel diameter in response to pressure. In normal condi-
tions, smooth muscle of the coronary artery maintains vessel diameter below
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maximal vasodilation level. According to Laplace law, to decrease wall ten-
sion, resistance is inversely related with pressure (Laplace law). If coronary
artery pressure increase, it influences smooth tone and results in vasoconstric-
tion via increasing resistance to decrease wall stress. Myogenic regulation is
primarily observed in the arteriole (<100 pm) [11].

Metabolic Regulation

Adenosine mainly dilates small coronary arterioles by binding A2 receptor on
vascular smooth muscle. It increases cAMP followed by increasing intracel-
lular Ca** mainly small arteriole. Endothelin and hypoxia cause vasoconstric-
tion [5].

Neural Regulation

Increased sympathetic tone stimulates beta-2 receptor followed by coronary
vasodilation; however, alpha-1 stimulation leads to vasoconstriction.
Although flow-mediated vasodilation is the main mechanism after sympa-
thetic activation in a normal artery, alpha-1-mediated vasoconstriction is
developed in case of impaired NO-mediated vasodilation. For cholinergic
nervous system, acetylcholine dilates the coronary artery via NO-mediated
vasodilation [12, 13].

Extravascular Compression
During systole, coronary blood flow is limited due to the effect of increased

resistance as a consequence of coronary artery compression and higher left
ventricular pressure than coronary pressure due to myocardial contraction.

Reference Values of Normal Coronary Flow Measurements
in Clinical Setting

The characterization of normal coronary blood flow dynamics could provide
crucial guidelines for the physiologic assessment of diseased coronary artery.
Spectral flow velocity parameters, including average peak velocity (APV),
average diastolic peak velocity (ADPV), average systolic peak velocity
(ASPV), and diastolic-to-systolic velocity ratio (DSVR), were measured
using Doppler wire at baseline and intracoronary adenosine-induced maxi-
mal hyperemic state. Coronary flow reserve (CFR) was calculated from the
ratio of hyperemia to baseline APV [14-16] (Figs. 3 and 4).

Summary of characteristics of normal coronary flow patterns are as
follows:
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Fig.4 Correlations between coronary flow and stenosis severity on quantitative coronary
angiography at baseline and hyperemia

1. Intracoronary flow velocity was relatively well preserved from proximal
to distal segment, especially in the left coronary system (tapered branch-
ing model).

2. CFR was preserved from the proximal to distal segments.

3. There was a significant difference in CFR between left and right arteries.
CFR of the right artery is significantly higher.
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4. CFR has a wide range of individual variation: from 1.6 to 6.7. Incidence
of low CFR (<2.0) was 13%.

5. CFR was adversely affected by the level of baseline flow and heart rate at
the time of measurement rather than the level of hyperemic flow.

6. In physiologic evaluation of diseased coronary arteries in a real clinical
setting, significant regional differences of coronary flow patterns and fac-
tors affecting flow pattern, especially baseline hemodynamic status of
patients, should be considered.

Coronary Blood Flow Under Coronary Stenosis

When a given coronary artery stenosis is present, pressure drop across a ste-
nosis is influenced by viscous loss and post-stenosis flow separation.
According to Poiseuille’s Law, AP (pressure difference) is inversely related
to radius and positively related to stenosis length and flow, so viscous losses
are related to stenosis diameter and length. For separation losses, pressure
gradient is related to flow, and the relationship is nonlinear.

Under normal coronary autoregulation, coronary blood flow is maintained
despite presence of stenosis. In the relationship between pressure drop across
a stenosis and coronary blood flow, the pressure drop is that which might be
seen across an 80-85% diameter stenosis of a coronary artery. If the aortic
pressure is 100 mmHg and the flow is 1.0 ml/min/g myocardium, then the
pressure distal to the stenosis will be below the lower limit of autoregulation
(approximately 60 mmHg). The patient will probably experience angina,
even though flow is greater than an initial resting value of approximately
0.5 ml/min/g myocardium. The pressure-flow relationship curve showed that
the pressure drop across the lesion was more prominent as the degree of
stenosis was more severe. Because of the nonlinear resistance characteristics
of stenoses, the critical narrowing is approximately 80-85% at resting flows
but approximately 45% during hyperemia. To prevent myocardial ischemia,
the coronary microvasculature dilates to decrease pressure difference across
a lesion [14-17].
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Physical Principles and Equipment:

IVUS

Taek-Geun Kwon, Young Jun Cho,

and Jang-Ho Bae

1.1 Physical Principles

Images made from ultrasound are based on the
transmission and reception of sound waves
reflected from tissue. Ultrasound transducers use
a piezoelectric crystal (usually a ceramic) to gen-
erate and receive ultrasound waves. The piezo-
electric crystal material has the property of
expanding its crystal size through electrical cur-
rent. When an alternating electric current is
applied, the crystal alternately compressed and
expands, generating an ultrasound wave [1]. The
frequency of sound wave depends on the nature
and thickness of the piezoelectric material. When
reflected ultrasound waves return to the trans-
ducer, an electric current is generated and con-
verted into the image.

The ultrasound beam remains parallel for a
short distance (near field) and then diverges (far
field), like the light from a flashlight. The beam
shape and size depend on transducer frequency,
distance from the transducer, and aperture size
and shape (Fig. 1.1). The beam shape affects
measurement accuracy and contributes to imag-
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ing artifacts. The image quality is better in the
near field because the beam is narrower and more
parallel and has a greater resolution. In addition,
the characteristic backscatter from a given tissue
is more accurate. The length of the near field (L)
depends on the diameter (D) of the transducer
and wavelength (1): L = D%4) [2]. Therefore,
transducers with lower frequencies are used for
examination of large vessels to extend the near
field. Image resolution depends on the wave-
length and penetrating power of ultrasound wave
transmitted by the transducer. Shorter wave-
lengths penetrate a shorter distance than longer
wavelengths. The wavelength for any transducer
frequency can be calculated as A (mm) = 1.54/f,
where 1.54 is the propagation velocity of sound-
wave in the heart and f is frequency. A 40 MHz
transducer has higher image resolution and lower
penetrating depth than a 20 MHz transducer
(Fig. 1.2).

Image quality can be partially described by
spatial resolution and contrast resolution. The
spatial resolution is the capacity to differentiate
two objects within the ultrasound image and has
two principle directions: axial (parallel to the
beam) and lateral (perpendicular to both the
beam and the catheter). The axial resolution is
the ability that the ultrasound technique has to
separate the spatial position of two consecutive
scatters through its corresponding echoes. The
axial resolution (d,) depends on ultrasound
speed (c¢) and pulse duration (d;) and is calcu-
lated as d, = cd, = cT = c/f = 1.54/f, where d, is
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Fig. 1.1 Schematic diagram of beam geometry for an unfocused transducer. The length of the near field and the diver-
gence angle in the far field depend on transducer frequency and aperture
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Fig. 1.2 An ultrasound pulse P1 that has width d1 fron-
tally affects a linear scatterer array at a distance d,;. (a)
Each one of the echoes forms a “train” of pulses tempo-
rally distanced according to the equation 7,; = 2IRil/c, Ri
being the ith relative emitter/scatterer distance and ¢ the
pulse propagation speed. There exists a critical distance

the pulse width, 7 is the period of ultrasound
wave, and fis the ultrasound frequency. The lat-
eral resolution is the capacity to discern two
objects located in the tangential direction and
depends on the beam width. The lateral resolu-
tion is calculated as dy = 1.224/D, where D is the
aperture diameter. For a typical transducer of
40 MHz with aperture diameter 0.6 mm, the
axial resolution is approximately ~39 pum, the
lateral resolution is dy ~ 0.8°, and the focal
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width d, at which the pulses that arrive at the receiver are
superposed, therefore not being able to discriminate. The
resolution can be improved by diminishing the pulse
width d,, which is equivalent to increasing the frequency
of the emitted pulse (b)

length is L = 2.3 mm. Contrast resolution is the
distribution of the gray scale of the reflected sig-
nal and is often referred to as dynamic range.
The greater the dynamic range, the broader the
range of reflected signal (form weakest to stron-
gest) that can be detected, displayed, and dif-
ferentiated. An image with low dynamic range
appears black and white with only a few in-
between gray-scale levels. High-dynamic-range
images have more shades of gray and can



1 Physical Principles and Equipment: IVUS

discriminate more different tissue types and
more structural elements.

The interaction of ultrasound waves with the
tissues of the body can be described in terms of
reflection, scattering, refraction, and attenuation
(Fig. 1.3). When ultrasound waves encounter a
boundary between two tissues such as fat and
muscle, the beam will be partially reflected and
partially transmitted. The amount of ultrasound
reflected depends on the relative change in
acoustic impedance between the two tissues and
the angle of reflection. For example, imaging of
highly calcified structures is associated with
acoustic shadowing because of nearly complete
reflection of the beam at the soft tissue/calcium
interface. Scattering of the ultrasound signal
occurs with small structures, such as red blood
cells, because the radius of the cell (about 4 pm)
is smaller than the wavelength of the ultrasound
signal. The extent of scattering depends on par-
ticle size (red blood cells), number of particles
(hematocrit), ultrasound transducer frequency,
and compressibility of blood cells and plasma.
Scattering results in a pattern of speckles. The
intensity of blood speckle increases exponen-
tially with the frequency of the transducer.
Blood stasis resulted from the catheter crossing

Attenuation

efraction

Transducers

Scattering from
1oving blood cells

Fig. 1.3 Diagram of the interaction between ultrasound
and body tissues

a tight stenosis increases blood speckle because
of red cell clumping or rouleaux formation.
Actually, static blood can be more echodense
than plaque. Ultrasound waves can be refracted
as they pass through a medium with a different
acoustic impedance, which can result in ultra-
sound artifacts including double-image artifact.
Attenuation is the loss of signal strength as
ultrasound interacts with tissue. As ultrasound
penetrates into tissues, signal strength is pro-
gressively attenuated (reduced) due to absorp-
tion of the ultrasound energy by conversion to
heat, as well as by reflection and scattering.
Therefore, only a small percentage of the emit-
ted signal returns to the transducer. The received
signal is converted to electrical energy and sent
to an external signal processing system for
amplification, filtering, scan conversion, user-
controlled modification, and, finally, graphic
presentation [3].

1.2  Equipment for IVUS

Examination

The IVUS acquisition system consists of a cath-
eter, a pullback device, and a scanning console
(Fig. 1.4).

1.2.1 IVUS Catheter

Currently, IVUS catheters are 150 cm long and
have a tip size of 3.2-3.5 French (outer diameter,
1.2-1.5 mm) that can go through 5-6-French
guiding catheter [4]. The catheter is visible in
angiographic images and is advanced along with
a guidewire. The guidewire rail is positioned
next to the catheter plastic sheath or within its
center.

1.2.2 IVUS Transducer

The current intracoronary ultrasound imaging
frequency range of 20-45 MHz provides
70-200 pm axial resolution, 200400 pm lateral
resolution, and 5-10 mm penetration [5, 6].
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IVUS acquistion diagram

(b) @\

Pull-back unit

IVUS
console

Longitudinal cut of
IVUS sequence

Fig. 1.4 The IVUS acquisition system. The IVUS cath-
eter is manually placed within the artery (a) and extracted
by a pullback unit at a constant linear velocity and rotated
at a constant angular velocity (b). Multi-element phased

There are two different types of IVUS transduc-
ers: the mechanically rotating transducer and the
electronically switched multi-element array sys-
tem (Fig. 1.5) [7].

1.2.2.1 Mechanical Systems

A single rotating transducer is driven by a flexible
drive cable at 1800 rpm (30 revolutions per sec-
ond) to sweep a beam almost perpendicular to the
catheter. At approximately 1° increments, the trans-
ducer sends and receives ultrasound signals. The
time delay and amplitude of these pulses provide
256 individual radial scans for each image. The
40 MHz iCross or Atlantis SR Pro catheters (Boston
Scientific, Santa Clara, California), the Revolution
45 MHz catheter (Volcano Corp., Rancho
Cordova, California), and the 40 MHz LipiScan
IVUS (InfraReDx, Burlington, Massachusetts) are

Cross-section

—

Multi-element transducer

IVUS

(d)

array IVUS transducer (c¢) and its beam shape. The infor-
mation is transformed by the IVUS console as a unique
cross-sectional artery gray-level image (d) or a longitudi-
nal image sequence (e)

commercially available as 6F compatible systems
which offer a more uniform pullback and greater
resolution. Newer 40 MHz OPTICROSS IVUS
catheter (Boston Scientific, Santa Clara, California)
features a low profile delivery system allows 5 F
guide catheter compatibility and a shorter distal
marker to transducer (15 mm).

1.2.2.2 Electronic Systems

Electronic systems, also known as phased array
system, use an annular array of small crystals
instead of a single rotating transducer. The array
can be programmed so that one set of elements
transmits while a second set receives simultane-
ously. The coordinated beam generated by groups
of elements is known as a synthetic aperture
array. SF compatible Eagle Eye Catheter (Volcano
Corp.) is commercially available.
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Driving shaft
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Phased-array transducer

|
Multi-element array

Fig. 1.5 Mechanical transducer catheters use rotating
ultrasound sources, while phased array catheters use
sequentially flashing ultrasound sources (Courtesy of
Boston Scientific)

1.2.3 Catheter Pullback Device

The catheter is manually advanced to the distal
end of the lesion of interest in coronary artery
and is then pulled back, manually or with an
automatic pullback system, at a speed of
0.5-1 mm/s.

Table 1.1 Comparison between mechanical and elec-
tronic system

Mechanical

transducer Phased array transducer

Single, rotating Transducer Multiple,
sequentially
firing

6F Catheter SF

Rigid, more Flexibility Flexible, easy to

difficult to pass pass through

through tortuous tortuous vessels

vessels

Nonuniform Artifact Ring-down

rotational artifact

distortion

Relatively low Cost Relatively high

1.2.4 IVUS Scanning Consoles

A scanning console carries a computer that is
used for post-processing and storage of recorded
IVUS data. A cable from the end of the pullback
device is connected with a computer for data pro-
cessing. During the catheterization procedure,
the clinician uses a trackball keyboard and func-
tional buttons to enter the patient information,
determine the percentage of stenosis, and apply
image processing and possibly tissue character-
ization techniques to better understand and evalu-
ate atherosclerotic plaques (Table 1.1).
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IVUS Artifacts and Image Control

Hyung-Bok Park, Yun-Hyeong Cho,

and Deok-Kyu Cho

2.1 Artifacts

2.1.1 Post-acoustic Shadowing
(Severe Calcified Lesions,
Metal Stent Struts,

and Guidewires)

Since IVUS is a type of ultrasound, when scan-
ning severe calcified lesions, post-acoustic shad-
owing frequently occurs due to poor penetration
of the ultrasound beam into calcium. Due to
shadowing, underlying plaque beyond the cal-
cium cannot be evaluated or measured (Fig. 2.1a).
In addition, calcified lesion can cause other types
of artifacts such as reverberations and side lobes.
A large coalesce of calcium seen on IVUS is
often revealed to actually be many small calcifi-
cations upon histopathologic study [1]. Metal
stent struts can also cause a typical sunburst pat-
tern of post-acoustic shadows compromising the
plaque evaluation underneath (Fig. 2.1b).
Guidewires, at times, cause significant artifacts,
especially during bifurcation lesion intervention.
The dual guidewires make dual postshadows
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obscuring significant lesions (Fig. 2.1c). A long
monorail catheter could be used as a preventive
method. However, when dealing with highly
movable vessels that have calcified lesions or
even depending on the composition of guidewire
tips, these artifacts can be worsened [1].

2.1.2 Ring-Down Artifacts

A luminous ring of false images surrounding
the transducer or the catheter of IVUS, which
presents as several layers around the catheter
that compromise evaluation of the area adja-
cent to the catheter (Fig. 2.2). Often it is called
near-field artifacts when using other medical
ultrasound devices. Digital subtraction of a ref-
erence mask can suppress ring-down artifact;
however, it also limits the ability to distinguish
extremely near tissue from the surface of the
catheter [2].

2.1.3 Nonuniform Rotational
Distortion (NURD)

NURD is the unique motion artifact that can only
be observed in IVUS system. It results from hin-
dered constant rotational as well as fullback
velocity of the transducer due to nonuniform fric-
tion of the coronary artery lumen [1, 3]. It can be
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Fig. 2.1 Post-acoustic shadows due to severe calcified
lesions, metal stent struts, and guidewires. (a) Heavy cal-
cified lesions mask the plaque underneath between the 9
and 3 o’clock positions (arrowheads). (b) Multiple post-

present especially in bending or tortuous vessels,
sometimes being influenced by small guided
catheter lumens, the kinking of coronary wires in
the same catheter, instability of catheter engage-
ment, and the hub or drive machine itself. One of
the other problems is the transducer can move up
to 5 mm longitudinally according to systolic and
diastolic movement of the heart. This movement
can also cause significant motion artifacts.

H.-B. Park et al.

11.4 mm, 1 mm{div

shadows (arrows) by stent struts combined with calcifica-
tion (2-7 o’clock, arrowhead) can be observed. (¢) Dual
postshadows are present due to dual guidewires (arrows)
with calcified plaque (arrowhead)

NURD is critically limited for the quantitative
analysis of IVUS use (Fig. 2.3).

2.1.4 SideLobes

Outside of main and high energy ultrasound beams,
there are low energy beams called side lobes [1]. If
there is a strong echo reflector such as calcium or
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11.4 mm, 1 mmjdiv

Fig. 2.2 Ring-down or near-field artifacts. (a) An
extremely displayed ring-down artifact can be noted due
to ultrasound element defect (arrow). (b) Presented here

stent strut, where the side lobe beams should pass,
it will reflect these low energy echoes back to the
transducer. Hence, false images of circumferential
sweep will present adjacent to the calcium or stents.
These false images mimic dissection flaps and may
compromise precise evaluation of true lumen bor-
der (Fig. 2.4). One tip to overcome side lobe arti-
fact is to reduce gain setting.

11.4 mm, 1 mmfdiv

is ring-down artifact of around 10 mm diameter with sev-
eral bright layers at the center of IVUS image (arrow). (¢)
Reduced ring-down artifact is noted (arrow)

2.1.5 Reverberations

Reverberations are the production of repetitive
false echo images due to reflections between two
interfaces with a high acoustic impedance mis-
match [2]. When the ultrasound beam bumps
into strong reflectors such as calcium, metal
stents, guide wires, and guiding catheters, it may
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Fig. 2.3 Nonuniform rotational distortion (NURD). (a)
NURD artifact is present between 5 and 7 o’clock with
distortion of the underlying plaque (arrowhead). (b)

Fig. 2.4 Side lobes. (a) False images of circumferential
lines are showing between 7 and 8 o’clock (arrowheads).
(b) Slices of circumferential lines are present between 6

be repeatedly reflected back and forth before
returning to the transducer. These repeated
reflections are displayed as multiple equidis-
tantly spaced circumferential layers on IVUS
(Fig. 2.5).

H.-B. Park et al.

11.4 mm, T mm/div

Multiple NURD artifacts occurred in a small-sized vessel
(less than 2.5 mm diameter, arrowheads)

9.6 mm, 1 mmjdiv

and 9 o’clock positions being confused with the dissection
flap of the intima (arrowheads)

2.1.6 Ghosts

Stent “ghost” artifacts are false reflected images
that present on the opposite side of where the stent
metal truly is [2]. They frequently appear after
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9.6 mm, 1 mmjdiv

Fig. 2.5 Reverberations. Repetitive false echo images
(arrowheads) are showing outside the calcified lesion
between 7 and 10 o’clock (a) and 11 and 1 o’clock (b).

stenting implantation and make it difficult to dis-
tinguish the true stent apposition (Fig. 2.6). Ghost
artifact can be decreased by reducing overall gain.

2.1.7 Blood Speckle Artifact

High intensity of blood speckles in the coro-
nary lumen make it difficult to distinguish
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(¢) Multiple equidistantly spaced circumferential layers
are present due to catheter-derived reverberations

between lumen and plaque (Fig. 2.7). The
speckles are the result of decreased velocity of
blood due to severe luminal stenosis or at
times from using higher than conventional
transducer frequencies such as when using
40 MHz [1-3]. Saline or contrast dye flushing
would immediately resolve this artifact.
Adjusting the time gain control is another
option.
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8.2 mm, 1 mm}div

Fig. 2.6 Ghosts (a) Circular false images are shown opposite of implanted stent between 9 and 11 o’clock (arrows).
(b) Ghost artifact caused by dense calcium is present (arrow)

9.6 mm, 1 mmjdiv

Fig. 2.7 Blood speckle artifact. (a) Highly accumulated
blood speckles in lumen make it difficult to distinguish
between lumen and plaque (9-3 o’clock and 4-6 o’clock).

2.1.8 Air Bubble Artifact

Air bubble artifact is simply caused by improper
catheter saline flushing [2]. Therefore, remaining
air bubbles reduce the resolution of IVUS images
(Fig. 2.8a). Complete flushing of air bubbles in

Reverberation artifact is also noted between 7 and 11
o’clock (arrowhead). (b) Dense blood speckles are shown
between 2 and 7 o’clock

the catheter with saline will be enough to resolve
this problem (Fig. 2.8b). However, it is important
to prevent an air embolism from occurring, and
thus it is best to remove the IVUS catheter and
reintroduce it to the coronary upon successful
completion of flushing to remove the air bubbles.
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Fig. 2.8 Air bubble artifact. (a) Air bubble artifacts are present due to improper catheter saline flushing. (b) Upon
completion of proper air bubble flushing, an improved image was achieved

Fig. 2.9 Sawtooth artifact. “Sawtooth” appearance is present on the longitudinal reconstructed image due to a rapid
swinging coronary artery (arrows)

2.1.9 Sawtooth Artifact

This artifact appears when the transducer is
excessively swung during the pullback period.
Due to this, a “sawtooth” appearance shows on
the longitudinal reconstructed image (Fig. 2.9). It
frequently happens in tortuous vessels, rapid
beating hearts, or rapid moving coronary arteries
such as right coronary arteries [2].

2.2 Image Control

2.2.1 Gain Control (Overall Gain
and Time Gain Compensation)

Overall gain control is used to increase or
decrease the overall brightness of the image
through amplification of the return signal without
changing the transmitted pulse (Fig. 2.10).



H.-B. Park et al.

11.4 mm, 1 mmjdiv

11.4 mm, 1 mm{div

Fig.2.10 Overall gain control. (a) A gain setting being set too high caused amplified noise signals in the lumen. (b) In

this image, a properly adjusted gain setting can be seen

Therefore, overall gain increase does not improve
tissue penetration or resolution power. On the
contrary, if overall gain is set too high, it also
amplifies noise signals resulting in the reduction
of the image resolution [1].

The time gain compensation (TGC) is a way to
overcome ultrasound attenuation by increasing
signal gain over time it is emitted from the trans-
ducer. As emitted ultrasound passes through tis-
sue, wave amplitude becomes attenuated. Hence,
TGC is a compensation technique of increasing
return signal amplification while penetrating
deeper [1]. This correction makes equally echo-
genic structures appear the same visually regard-
less of depth. In large vessels such as left main,
increasing the far-field attenuation would be help-
ful. On the other hand, reducing the near-field
intensity can compromise assessment of in-stent
neointimal tissue, small branches, or CTO lesions.

2.2.2 Rejection

Rejection is a way of increasing image contrast
by filtering-out low amplitude noise signals [1].
However, if reject level is set too high, low echo-
genic structures such as hematoma or small dis-
section flaps might be missed.

2.2.3 Compression (Dynamic
Range)

Compression (also known as dynamic range) is
controlling the range of echo intensities by nar-
rowing or broadening the range of the gray scale
[1]. If the compression level is set too high, fewer
shades of gray will be displayed resulting in
higher contrast images with more black and
white [2].

2.24 Zoom, Depth, and Scale

According to vessel size or lesion morphology,
zoom, depth, or scale adjustment should be tact-
fully chosen. Zoom is only magnifying the image,
not providing further structural detail. Therefore,
adjusting depth might be useful to gain greater
detail within the structure (Fig. 2.11).

23  Summary

Artifacts in IVUS imaging are an infrequently
inevitable phenomenon due to the inherent limi-
tations of ultrasound modality itself. Therefore, it
should be important to distinguish artifacts from
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8.2 mm, 1 mmjdiv 5.8 mm, 1 mmjdiv

Fig. 2.11 Depth or scale control. Depth or scale was adjusted from 8 mm diameter (a) to 6 mm (b). It is noted that
image resolution has not changed despite magnifying the image
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Quantitative Measurements
of Native Lesion

Mayank Goyal, Hoyoun Won, and Sang Wook Kim

Intravascular ultrasound (IVUS) imaging pro-
vides a detailed information about the coronary
artery including the vessel wall, plaque, and
lumen with resolution up to 150 microns. IVUS
use is based on the obvious principle, which is
angiography cannot accurately represent the
sizes (dimensions) or the composition of coro-
nary plaque and luminal narrowings. These infor-
mation are necessary to assess the lesion
morphology as well as percutaneous coronary
intervention. The quantitative parameters are
summarized in Table 3.1.

3.1 Vessel Wall Identification

Due to reflection of ultrasound waves at tissue
interface, generally, there are two such interfaces
in the normal coronary artery [1]. It is important
to recognize the leading edge of boundaries when
measuring the IVUS image quantitatively [2].
Outside the lumen, the second layer is the media,
and the third and outer layer consists of the
adventitia and periadventitial tissues [3-8].
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Interpretation of IVUS image begins with recog-
nition of these two interfaces: blood/intimal
(lumen) and medial/adventitial interface. A rela-
tive echo-translucency of media compared with
intima and adventitia gives rise to a three-layered
appearance of coronary wall (bright, dark, bright)
in muscular arteries such as the coronary arteries.
As intimal layer reflects ultrasound more strongly
than media, there is a spillover effect, called
blooming, resulting in slight overestimation of
intimal layer and correspondingly underestima-
tion of medial layer. However, the medial-
adventitial border is accurately identified as a
step-up in echoreflectivity occurring at this bor-
der with no blooming effect. In diseased arteries,
media may not appear as a distinct layer around
the vessel. The adventitia and periadventitial
structures are similar in echodensity so that a dis-
tinct outer-adventitial border cannot be defined
(Fig. 3.1).

3.2 Lumen Measurements

The most important parameter of quantitative
analysis is the measurement of coronary lumen.
Lumen measurements are performed using the
interface between the lumen and the leading edge
of the intima. The leading edge of the innermost
echogenic layer should be used as the lumen
boundary. The intimal leading edge can be easily
identified because the intima has thickened
enough to be resolved as a separate layer and has
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Table 3.1 Quantitative measurements of IVUS

EEM and lumen measurement

Lumen cross-sectional area

The area bounded by the luminal border

Minimum lumen diameter

The shortest diameter through the center point of the lumen

Maximum lumen diameter

The longest diameter through the center point of the lumen

Lumen eccentricity

[(Maximum lumen diameter - minimum lumen diameter)/maximum
lumen diameter]

Lumen area stenosis

(Reference lumen CSA - minimum lumen CSA)/reference lumen CSA

External elastic membrane cross-
sectional area

EEM is an interface at the border between the media and the adventitia.
Synonyms: vessel area, total vessel area

Vessel volume

Vessel area measurements can be added to calculate volumes (Simpson’s rule)

Lumen volume

Lumen area measurements can be added to calculate volumes (Simpson’s rule)

Plaque measurement

Plaque + media CSA (atheroma area)

EEM CSA-lumen CSA

Maximum plaque + media(or atheroma)
thickness

The largest distance from the intimal leading edge to the EEM along any
line passing through the center of the lumen

Minimum plaque + media(or atheroma)
thickness

The shortest distance from the intimal leading edge to the EEM along
any line passing through the luminal center of mass

Plaque + media (or atheroma)
eccentricity

(Maximum plaque plus media thickness - minimum plaque plus media
thickness)/maximum plaque plus media thickness

Plaque (or atheroma) burden

Plaque + media CSA/EEM CSA

Plaque volume

Plaque + media CSA measurements can be added to calculate volumes
(Simpson’s rule)

Calcium measurement

Superficial/deep calcium

The leading edge of the acoustic shadowing appears within the most
shallow/the deepest 50% of the plaque plus media thickness

Arc

Measured in degrees by using an electronic protractor centered on the
lumen

Semiquantitation

Absent or subtracting one, two, three, or four quadrants

CSA cross-sectional area, EEM external elastic membrane

sufficiently different acoustic impedance from
the lumen in normal segments. The vessel wall
has a single-layer appearance because the intima
cannot be resolved as a discrete layer with a thin,
inner echolucent band corresponding to the
intima and media, particularly in younger normal
subjects (e.g., posttransplantation). The thickness
of this layer will be <160 pm and will be a negli-
gible error to the measurement.

3.3 EEM Measurements

The third and outer layer consists of the adventi-
tia and periadventitial tissues. But external elastic
membrane area is the outer layer of the vessel in
IVUS measurement because the border of

adventitia and periadventitial tissue is not dis-
tinct. A discrete interface at the border between
the media and the adventitia is usually present
within IVUS images due to the relative echo-
translucency of media. The term of this measure-
ment is EEM CSA, rather than alternative terms
such as “vessel area”. The measurement of EEM
border should be avoided at the sites where large
side branches originate or with extensive calcifi-
cation and acoustic shadowing. If acoustic shad-
owing involves a relatively small arc (<90°),
planimetry of the circumference can be per-
formed by estimation from the closest identifi-
able EEM borders, although the accuracy and
reproducibility will be reduced. If calcification is
more extensive than 90° of arc, EEM measure-
ments should not be reported. Normal arteries are
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Direct Measurements: Derived Measurements:

Lesion length = 12 mm Lesion Plaque Area = 4.79 mm?
Reference Lumen Area = 6.84 mmz2 Lesion Plaque Burden = 73.9 %
Reference EEM Area = 9.90 mmz2 Remodeling Index = 0.7

Lesion Lumen Area = 1.69 mm?2 Lesion Lumen Eccentricity Index = 0.83
Lesion EEM Area = 6.49 mm2 Plaque Eccentricity Index = 0.12

Maximum Plaque thickness = 1.3 mm
Minimum Plaque thickness = 0.15 mm

Lesion Maximum Lumen Diameter = 1.58 mm
Lesion Minimum Lumen Diameter = 1.38 mm
Arc of Calcium = 40 degree

Fig. 3.1 Quantitative measurements of IVUS. Panels a
and b show the reference segment. Panels ¢ and d repre-
sent the target lesion. The EEM and lumen areas are
traced (b). The minimum and maximum lumen diameters
are shown inside the lumen. In panel d, the minimum and
maximum plaque plus media thickness is also assessed

Acoustic
shadowing

using double-headed arrows (blue for minimum and yel-
low for maximum). The EEM and lumen areas are demon-
strated, and the arc of calcification (dotted line) is shown.
Panel e represents the measurement of lesion length. EEM
external elastic membrane
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Fig.3.1 (continued)

circular, but a noncircular configuration is often
due to the atherosclerotic remodeling.

34 Plaque Measurements

IVUS revealed a much larger plaque burden than
what would be predicted by angiography. The
plaque plus media area is used to calculate a sur-
rogate for the true atheroma area, because the
leading edge of the internal elastic membrane
(the media) is not well delineated and IVUS mea-
surements cannot determine true histologically
atheroma area (the area bounded by the internal
elastic membrane) [1]. The media represent only
a very small percent of the atheroma CSA, and it
does not conclude a major limitation of
IVUS. Thus, the term “plaque plus media” can be
used and that the measurements can be
performed.

3.5 Reference Segment

Measurements

Usually reference segment is defined as the most
normal-looking (site with largest lumen with
minimal plaque burden) area within 10 mm from
the lesion site (maximum stenosis) with no inter-
vening major side branches. Even normal-
looking reference segment on angiography has
shown to be on an average having 35-50% plaque
burden on IVUS [9, 10]. Once the reference seg-

ments are selected, quantitative assessment
should be similar to the lesion.

3.6  Calcium Measurements
Intravascular ultrasound is a sensitive method to
detect the coronary calcium in vivo [11, 12]. Calcific
deposits represent as bright echoes that block the
penetration of ultrasound signal; it produces a phe-
nomenon known as “acoustic shadowing” behind
the calcium. IVUS can delineate only the leading
edge and cannot identify its thickness. The ultra-
sound signal is oscillated between the transducer
and calcium and causes concentric arcs (reverbera-
tions or multiple reflections) in the image at repro-
ducible distances. Calcium deposits can be described
qualitatively according to the location (Fig. 3.2).

3.7 Remodeling

Figure 3.3 represents the IVUS measurement of
vascular remodeling. The superiority of IVUS is
to measure the vascular remodeling about coro-
nary artery disease compared to other imaging
device [13-19]. Vascular remodeling was origi-
nally described from necropsy specimens by
Glagov et al. [20]. The EEM area is expanded or
shrinked during the development of atherosclero-
sis. If EEM area increases during atheroma devel-
opment, the process is termed “positive
remodeling.” If the EEM area decreases, the pro-
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a. Superficial calcium

ac

Fig. 3.2 IVUS measurements of calcium. Panel a represents the superficial calcium, and panel b shows the deep

calcium

cess is termed “negative” or “constrictive remod-
eling” In positive remodeling, the EEM area
increase may overcompensate for the increasing
plaque area and a net increase in lumen size. An
index that describes the magnitude and direction
of remodeling is expressed as: lesion EEM CSA/
reference EEM CSA. If the lesion EEM area is
greater than the reference EEM area, positive
remodeling has occurred, and the index will be
>1.05. If the lesion EEM area is smaller than the
reference EEM area, negative remodeling has
occurred, and the index will be <0.95. A number
of dichotomous definitions of remodeling have
been proposed [13—19]. The reference segment(s)
used in studies of remodeling should be measured
without any major intervening side branches.
However, the interpretation of remodeling should
be careful in the situation which both reference
and lesion sites have undergone changes in EEM
area due to the atherosclerotic disease process.

3.8 Length Measurements

IVUS measurements of the length can be per-
formed only using the motorized transducer pull-
back. The length of the lesion, stenosis, calcium, or
any other longitudinal feature can be determined.

3.9 Summary

IVUS 1is a reliable and established imaging
modality to quantify the coronary lesion with
high sensitivity and specificity. It has an impor-
tant role in assessing the target lesion and plan-
ning intervention strategy. Although IVUS
cannot replace the noninvasive or invasive func-
tional assessment, it has a key role to evaluate the
lesion morphology including the vessel size,
luminal narrowing, plaque composition, vascular
remodeling, and lesion length.
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Lesion site 20.86 mm?2 Distal reference 15.9 mm2

oy - . = 2o . =

Proximal reference 14.28 mm2 Lesion site 12.69 mm?2 Distal reference 12.01 mm2

Fig. 3.3 IVUS represents the vascular remodeling. Panel ~ 0.7), and panel ¢ shows the intermediate remodeling
a shows the positive remodeling (remodeling index 1.3),  (remodeling index 1.0)
panel b shows the negative remodeling (remodeling index

human arterial wall. Verification of intima-media
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Qualitative Assessment of Native

Lesion

Young Joon Hong

Qualitative assessment was performed according
to criteria of the American College of Cardiology
clinical expert consensus document on IVUS
and the Study Group on Intracoronary Imaging
of the Working Group of Coronary Circulation
and of the Subgroup on IVUS of the Working
Group of Echocardiography of the European
Society of Cardiology [1, 2].

4.1 Plaque Morphology

IVUS cannot be used to detect and quantify spe-
cific histologic contents. The threshold between
normal and abnormal is the subject of some
debate, but more than 0.3 mm of intimal thicken-
ing is probably abnormal and can be used to dis-
tinguish from atherosclerosis. The maximal
thickness of the intima-media complex or, more
appropriately, the percentage of the total vessel
area occupied by plaque is the most common
quantitative indices used to define the severity of
atherosclerotic  involvement.  Atherosclerotic
lesions may be present in segments which are
angiographically normal because compensatory
total vessel enlargement in the early phases of
atherosclerosis tends to keep the lumen constant.
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Lumen reduction does not occur, according to
these pathology studies, until the plaque occupies
more than 40% of the total cross-sectional vessel
area. However, atherosclerotic lesions occupying
less than 20 and 40% of the total vessel area can
still be considered as lesions with a minimal and
moderate atherosclerotic burden, respectively
(Table 4.1) [1].

Atherosclerotic lesions are heterogeneous and
include varying amounts of calcium, dense
fibrous tissue, lipid, smooth muscle cells, throm-
bus, etc. By IVUS, imaging can grossly separate
lesions into subtypes according to echodensity
and the presence or absence of shadowing and
reverberations (Table 4.2) [3].

4.1.1 Soft (Echolucent) Plaque

The term “soft” refers not to the plaque’s struc-
tural characteristics but rather to the acoustic

Table 4.1 Atherosclerotic burden

Single-layer appearance or
three-layer appearance with
Normal intima intimal thickness < 0.3 mm
Minimal atherosclerotic | <20% of VA occupied by
burden plaque
Moderate >20%, <40% of VA
atherosclerotic burden | occupied by plaque
Large atherosclerotic >40%, <60% of VA
burden occupied by plaque
Massive atherosclerotic | >60% of VA occupied by
burden plaque

VA total vessel area
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Table 4.2 Intravascular ultrasound plaque characteristics

Homogeneous? Mixed®

Soft Fibrous Calcific* Soft/fibrous

Low echoreflective High echoreflective High echoreflective with Soft/calcific
shadowing Fibrocalcific

2>80% area constituted by the same plaque components; no calcium or focal calcium deposits (arc of calcium <10°)
*The presence of multiple plaque components not matching the 80% criterion of prevalence

“Total calcific arc greater than 180°

Fig. 4.1 Plaque morphology. (a) Soft (echolucent)
plaque. Soft plaque is less bright compared with reference
adventitia. Soft plaque contains varying amounts of
fibrous and fatty tissue. (b) Fibrous plaque has an interme-
diate echogenicity between soft (echolucent) atheromas
and highly echogenic calcific plaques. Fibrous plaque is
as bright as or brighter than the adventitia without shad-
owing. (¢, d) Calcified plaque is echodense (hyperechoic)

signal that arises from low echogenicity. Soft
plaque is less bright compared with reference
adventitia. Soft plaque contains varying amounts
of fibrous and fatty tissue. Reduced echogenicity
may also result from a necrotic zone within the
plaque, an intramural hemorrhage, or a thrombus
(Fig. 4.1a).

plaque (brighter than the reference adventitia) that shad-
ows using IVUS calcium can be localized and character-
ized as superficial [closer to tissue-lumen interface (c)]
and deep [closer to the media-adventitia junction (d)]. (e)
When there is no dominant plaque composition, the
plaque was considered “mixed.” Mixed plaque is also
called as “fibrocalcific,” “fibrofatty”” plaque

4.1.2 Fibrous Plaque

Fibrous plaque has an intermediate echogenicity
between soft (echolucent) atheromas and highly
echogenic calcific plaques. Fibrous plaque repre-
sents the majority of atherosclerotic lesion.
Fibrous plaque is as bright as or brighter than the
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adventitia without shadowing. Very dense fibrous
plaques may produce sufficient attenuation to be
misclassified as calcification with acoustic shad-
owing. Both calcified and fibrotic plaques are
hyperechoic (Fig. 4.1b).

4.1.3 Calcified Plaque

Calcium is a powerful reflector of ultrasound.
Calcific deposits appear as bright echoes that
obstruct the penetration of ultrasound, a phenom-
enon known as ““acoustic shadowing.” In practice
calcium is echodense (hyperechoic) plaque
(brighter than the reference adventitia) that shad-
ows using IVUS calcium can be localized and
characterized as superficial (closer to tissue-
lumen interface) and deep (closer to the media-
adventitia junction) and quantified according to
its arc and length. The arc of calcium can be mea-
sured (in degrees) by using an electronic protrac-
tor centered on the Ilumen. Because of
beam-spread variability at given depths within
the transmitted beam, this measurement is usu-
ally valid only to £15°. Semiquantitative grading
has also been described, which classifies calcium
as absent or subtending 1, 2, 3, or 4 quadrants.
The length of the calcific deposit can be mea-
sured using motorized transducer pullback
(Fig. 4.1c, d).

4.1.4 Mixed Plaque

Plaques frequently contain more than one acous-
tical subtype. When there is no dominant plaque
composition, the plaque was considered “mixed.”
Mixed plaque is also called as “fibrocalcific,”
“fibrofatty” plaque (Fig. 4.1¢).

4.2 Vulnerable Plaque

No definitive IVUS features define a plaque as
vulnerable. However, necropsy studies demon-
strated that unstable coronary lesions are usually
lipid rich with a thin fibrous cap. Accordingly,
hypoechoic plaques without a well-formed fibrous

cap are presumed to represent potentially vulner-
able atherosclerotic lesions. The important mecha-
nisms leading to the development of acute coronary
syndrome (ACS) are rupture of a vulnerable
plaque and subsequent thrombus formation. The
majority of ACS events are the result of sudden
luminal thrombosis, with 55-60% due to plaque
rupture, 30-35% caused by plaque erosion, and a
small portion resulting from a calcified nodule.

4.2.1 Plaque Rupture

Rupture of vulnerable plaque and/or endothelial
erosions with subsequent thrombus formation are
considered the main mechanisms implicated in
the pathogenesis of ACS. Ruptured plaque con-
tains a cavity that communicated with the lumen
with an overlying residual fibrous cap fragment
[4] (Figs. 4.2 and 4.5). Rupture sites separated by
a length of artery containing smooth lumen con-
tours without cavities are considered to represent
different plaque ruptures (multiple plaque rup-
tures) (Fig. 4.3). Plaque rupture is closely related
to obstructive thrombus formation, and the longi-
tudinal morphology of plaque rupture also affects
the coronary flow. The presence of thrombi may
obscure IVUS detection of plaque rupture.

dResidual fthrous cap ﬂ‘gment

'Q
|l

3 /]
=y

\ Ruptured cavnty

Fig.4.2 Plaque rupture. Ruptured plaque contains a cav-
ity that communicated with the lumen with an overlying
residual fibrous cap fragment
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Fig. 4.3 Multiple plaque rupture. Rupture sites separated by a length of artery containing smooth lumen contours
without cavities are considered to represent different plaque ruptures (multiple plaque ruptures)

4.2.2 Thrombus 1. Sparkling or scintillating appearance

2. Lobulated mass projecting into the lumen
The identification of thrombus is one of the most A distinct interface between the suspected
difficult aspects of IVUS imaging [5, 6] (Figs. 4.4 thrombus and underlying plaque

w

and 4.5). 4. Identification of blood speckle within the
Clues to the presence of thrombus include the thrombus indicating microchannels through
following [5, 6]: the thrombus

5. Mobility
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Thrombus

Fig. 4.4 Thrombus. Thrombus shows sparkling or scin-
tillating appearance and lobulated mass projecting into the
lumen and a distinct interface between the suspected
thrombus and underlying plaque

Ruptured plaque
cavity

Thrombus

1.0 wu/div

Fig. 4.5 Representative intravascular ultrasound finding
in patient with acute myocardial infarction. This figure
shows plaque rupture with overlying fibrous cap with sur-
rounding thrombus

Because of limited resolution of IVUS, the
detection rate of thrombus by IVUS is not high.
Injection of contrast or saline may disperse the
stagnant flow, clear the lumen, and allow differ-
entiation of stasis from thrombosis. However,
none of these features is pathognomic for throm-
bus, and the diagnosis of thrombus by IVUS
should always be considered presumptive.

4.2.3 Attenuated Plaque

Attenuated plaque is defined as hypoechoic
plaque with deep ultrasound attenuation without
calcification or very dense fibrous plaque [7]
(Fig. 4.6). Wu et al. [8] reported that 78% of the
AMI patients had attenuated plaques in
HORIZONS-AMI trial. Lee et al. [9] reported
that attenuated plaque was observed in 39.6% of
STEMI and 17.6% of NSTEMI (p < 0.001), and
the level of C-reactive protein (CRP) was higher;
angiographic thrombus and initial Thrombolysis
In Myocardial Infarction (TIMI) flow grade <2

10710/ 1R

Fig.4.6 Attenuated plaque. Attenuated plaque is defined
as hypoechoic plaque with deep ultrasound attenuation
(asterisk) without calcification or very dense fibrous
plaque
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Fig. 4.7 Calcified nodule. Calcified nodule (arrow) is an
eruptive, dense, calcified mass often having an irregular
surface appearance

were more common; IVUS lesion site plaque
burden and remodeling index were significantly
greater; lesion site luminal dimensions were sig-
nificantly smaller; and thrombus, positive remod-
eling and plaque rupture were more common in
AMI patients with attenuated plaque compared
with those without attenuated plaque.

4.2.4 Calcified Nodule

Calcified nodule is an eruptive, dense, calcified
mass often having an irregular surface appear-
ance (Fig. 4.7). Lee et al. [10] reported the IVUS
characteristics of calcified nodules, which include
(1) a convex shape of the luminal surface, (2) a
convex shape of the luminal side of calcium, (3)
an irregular luminal surface, and (4) an irregular
leading edge of calcium. Although calcified nod-
ule is a marker for atherosclerosis, it is associated
with fewer future cardiac events, suggesting qui-
escence rather than ongoing activity.

larger than reference) in a native coronary artery
diagnosed by angiography. IVUS true aneurysms
were defined as having an intact vessel wall and a
maximum lumen area 50% larger than proximal
reference (Fig. 4.8). IVUS pseudoaneurysms had
a loss of vessel wall integrity and damage to
adventitia or perivascular tissue. Complex
plaques were lesions with ruptured plaque or
spontaneous or unhealed dissection. Twenty-one
lesions (27%) were classified as true aneurysms,
3 (4%) were classified as pseudoaneurysms, 12
(16%) were complex plaques, and the other 41
(53%) were normal arterial segments adjacent to
>1 stenosis. Therefore, only one third of angio-
graphically diagnosed aneurysms had the IVUS
appearance of a true or pseudoaneurysm. Instead,
most angiographically diagnosed aneurysms had
the morphology of complex plaques or normal
segments with adjacent stenoses.

44 Angiographically

Ambiguous Lesions

Angiographically ambiguous lesions may include
(1) intermediate lesions of uncertain stenotic
severity, (2) aneurysmal lesions, (3) ostial steno-
ses, (4) disease at branching sites, (5) tortuous
vessels, (6) left main stem lesions, (7) sites with
focal spasm, (8) sites with plaque rupture, (9) dis-
section after coronary angioplasty, (10) intralu-
minal filling defects, (11) angiographically hazy
lesions, and (12) lesions with local flow distur-
bances. IVUS is frequently employed to examine
lesions with the above characteristics, in some
cases providing additional evidence useful in
determining whether the stenosis is clinically sig-
nificant (i.e., difficult to assess left main or bor-
derline stenosis with continued symptoms).
However, it must be emphasized that IVUS does
not provide physiologic information per se.

4.3  Angiographic Aneurysms

Maehara et al. [4] reported IVUS findings in 77
consecutive patients with an aneurysmal dilata-
tion (defined as a lesion lumen diameter 25%

4,5 Myocardial Bridge

The muscle overlying the intramyocardial seg-
ment of an epicardial coronary artery is termed a
myocardial bridge, and the artery coursing within
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Distal reference EEM CSA 23.6mm?

Fig. 4.8 True aneurysm. True aneurysm in 30-year-old
female with acute myocardial infarction. (a) Computed
tomography showed true huge aneurysm (arrow) in mid-
dle right coronary artery. (b) Intravascular ultrasound true

the myocardium is called a tunneled artery. It is
characterized by systolic compression of the tun-
neled segment. The “half-moon phenomenon” is
a characteristic IVUS finding. It seems specific
for the existence of myocardial bridging inasmuch
as it is only found in tunneled segments but not in
proximal or distal segments or in other arteries.
In the presence of a half-moon phenomenon on
IVUS, milking can be provoked by intracoronary
provocation tests, even if the bridge was angio-
graphically undetectable. IVUS pullback studies
supported the absence of atherosclerosis within
tunneled segments, although ~90% of patients
showed plaque formation proximal to the bridge.
When deep tunneled segments approach the right
ventricular subendocardium, the trabeculated
right chamber myocardium and the right ventric-
ular cavity may be visible on IVUS.

Lesion site EEM CSA 97.3mm?

03:35:41 0336  ODR2G{Z000 09.36:07 D595

1R kM

Proximal reference EEM CSA 27.5mm?2

aneurysm which was defined as having an intact vessel
wall and a maximum lumen area 50% larger than proxi-
mal reference

4.6 Spontaneous Dissection
Spontaneous coronary artery dissection is a rare
cause of acute coronary syndrome (ACS) and
sudden death. IVUS showed an entry intimal tear
with an intimal flap dividing the true lumen from
the false one at the dissection site. Usually, the
false lumen has a larger area than the true lumen
(Fig. 4.9).

4.7  Chronic Total Occlusion

Fujii et al. [11] published an excellent paper
describing IVUS findings in 83 CTOs interro-
gated with IVUS immediately after antegrade
wire crossing and small caliber balloon inflation.
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Fig. 4.9 Spontaneous dissection. IVUS showed an entry
intimal tear with an intimal flap (arrow) dividing the true
lumen from the false one at the dissection site

Procedures were performed in four Japanese cen-
ters with procedures performed between 2003
and 2005. This study found nearly all lesions
contained calcium (96%) although in many,
(68%), this was mild. The authors were able to
define the proximal cap according to angio-
graphic landmarks and observing abrupt mor-
phology change on IVUS. The proximal cap was
a location where calcium was concentrated, par-
ticularly in blunt stump CTOs. A calcified arc
was demonstrated in the wall opposite the side
branch in 74% of this morphology. A smaller
proportion had calcification found perpendicular
to the side-branch origin, and a small number
were found on the ipsilateral aspect as the side
branch.

Suzuki et al. [12] described IVUS findings in
79 CTO lesions and found moderately strong cor-
relations between lesion age and indices of calci-
fication assessed by IVUS. Some very recent
CTOs were heavily calcified suggesting that the
CTO had arisen in a vessel with well-entrenched
atheroma.

4.8 Summary

IVUS is reliable and established imaging modal-
ity to evaluate coronary lesion with high sensitiv-
ity and specificity. IVUS is very helpful to define
plaque morphology according to echodensity and
the presence or absence of shadowing and rever-
berations and to detect vulnerable plaque and
aneurysm and to define angiographically ambig-
uous lesions and to detect myocardial bridge,
spontaneous  dissection, and chronic total
occlusion.
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Clinical Evidence of Intravascular
Ultrasound-Guided Percutaneous
Coronary Intervention

Sung-Jin Hong, Yangsoo Jang,

and Byeong-Keuk Kim

Intravascular ultrasound (IVUS) provides ana-
tomic information regarding the coronary artery
lumen, wall, and plaques, which can help the
accurate evaluation of lesion characteristics with
vessel sizing. In addition, after stent implanta-
tion, underexpansion, malapposition, or edge
dissections can be detected by IVUS. Thus,
through further intervention based on these
IVUS findings, stent optimization can be
achieved, causing the improved clinical out-
comes. Current guidelines recommend the use of
IVUS to optimize stent implantation for select
patients (Class of recommendation Ila, Level of
evidence B) [1, 2]. However, recently, many evi-
dences demonstrating the clinical usefulness of
IVUS have been accumulated since the prior
guidelines were released. In this chapter, clinical
evidences of IVUS-guided percutaneous coro-
nary intervention (PCI) will be discussed from
observational studies, randomized studies, and
meta-analysis.

S.-J. Hong * Y. Jang * B.-K. Kim (P<)

Division of Cardiology, Severance Cardiovascular
Hospital, Yonsei University College of Medicine,
Seoul, South Korea

e-mail: kimbk@yuhs.ac

© Springer Nature Singapore Pte Ltd. 2018
M.-K. Hong (ed.), Coronary Imaging and Physiology,
https://doi.org/10.1007/978-981-10-2787-1_5

5.1 Clinical Studies Evaluating
Clinical Usefulness of IVUS-

Guidance PCI

Several randomized clinical trials were per-
formed to demonstrate clinical usefulness of
IVUS-guidance during PCI. Recently con-
ducted randomized controlled trials comparing
IVUS-guidance vs. angiography-guidance par-
ticularly using the drug-eluting stent (DES) are
summarized in Table 5.1 [3-10]. The first two
trials by Jakabacin et al. and Cheiffo et al. failed
to prove the clinical benefit of IVUS-guidance
because of relatively small number of patients,
less than 150 patients in each group were
included in their studies [3, 4]. Kim et al.
reported that IVUS usage for diffuse long
lesions was associated with improved clinical
outcomes particularly when used by operators’
decision. In the per-protocol analysis, IVUS-
guidance group significantly had lower 1-year
major adverse cardiovascular event (MACE)
(4.0% vs. 8.1%, p = 0.048), although the strat-
egy of routine IVUS for DES implantation did
not improve the MACE rates in the intention-
to-treat analysis [5]. Recent randomized trials
which showed statistically significant clinical
benefit were performed mainly for complex
lesions, such as left main lesions [7], chronic
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Table 5.1 Recent randomized studies comparing clinical usefulness between IVUS-guided and angiography-

guided PCI
N (IVUS vs. | Enrolled Follow-up, Major findings (IVUS vs.
Study Year | angiography) | patients m Primary endpoint angiography)
Jakabacin | 2010 | 105 vs. 105 | Complex cases | 18 Composite of No significant differences
et al. [3] and high death, MI, TLR (11% vs. 12%)
clinical risk
profile
Chieffo 2013 | 142 vs. 142 | Complex 24 Post-procedural IVUS group had greater
etal. [4] lesions in-lesion MLD MLD (2.70 mm vs.
2.51 mm, p = 0.002)
Kimetal. |2013 |269 vs. 274 | Long lesions 12 Composite of No significant differences
[5] (implanted cardiovascular by intention-to-treat
stent > 28 mm death, MI, stent analysis; but IVUS group
in length) thrombosis, or TVR | had lower primary endpoint
by per-protocol analysis
(4.0% vs. 8.1%, p = 0.048)
MOZART | 2014 |41 vs. 42 High risk of - Total volume IVUS group had lower
[6] contrast- contrast agent used | volume contrast agent
induced acute during PCI (20 ml vs. 65 ml, p < 0.001)
kidney injury
or volume
overload
Tanetal. | 2015 |62 vs.61 Unprotected 24 Composite of IVUS group had lower
[7] LM in the death, non-fatal MI, | primary endpoint (13.1%
elderly (aged or TLR vs. 29.3%, p = 0.031)
70 or older)
CTO- 2015 | 201 vs. 201 | Chronic total 12 Cardiac death No significant differences
IVUS [8] occlusion in primary endpoint; but
IVUS group had lower
secondary endpoint (the
composite of cardiac death,
MI, or TVR) (2.6% vs.
7.1%, p = 0.035)
Tianetal. | 2015 | 115vs. 115 | Chronic total 12 Late lumen loss IVUS group had a lesser
[9] occlusion late lumen loss (0.28 mm
vs. 0.46 mm, p = 0.025)
IVUS- 2015 | 700 vs. 700 | Long lesions 12 Composite of IVUS group had lower
XPL [10] (implanted cardiac death, MI, | primary endpoint (2.9% vs.
stent >28 mm or TLR 5.8%, p = 0.007)
in length)

IVUS intravascular ultrasound, LM left main, MI myocardial infarction, MLD minimal lumen diameter, PCI percutaneous
coronary intervention, 7LR target-lesion revascularization, 7VR target-vessel revascularization

total occlusions (CTO) [8, 9], and diffuse long
lesions [10]. The CTO-IVUS (Chronic Total
Occlusion InterVention with drUg-eluting
Stents) study, the first randomized trial for CTO
lesions, demonstrated that IVUS-guided PCI
may improve 12-month MACE rates after DES
implantation when compared with conventional
angiography-guided CTO-PCI [8]. In the

IVUS-XPL (Impact of Intravascular Ultrasound
Guidance on Outcomes of Xience Prime Stents
in Long Lesions) trial, IVUS-guided DES
implantation compared with angiography-
guided DES implantation resulted in a signifi-
cantly lower rate of the composite of MACE (a
composite of cardiac death, myocardial infarc-
tion [MI], or target-lesion revascularization
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[TLR]) at 1 year (2.9% vs. 5.8%, hazard ratio
[HR] =0.48, p = 0.007) [10]. These differences
were primarily due to lower risk of TLR (2.5%
vs. 5.0%, HR = 0.51, p = 0.02).

According to the ADAPT-DES (The assess-
ment of dual antiplatelet therapy with drug-
eluting stents) study, the most recent largest
observational study with all-comers (n = 8583)
[11], IVUS was utilized in 3349 patients (39%),
and larger-diameter devices, longer stents, and/or
higher inflation pressure were used in the IVUS-
guided cases. At 1 year, propensity-adjusted mul-
tivariable analysis revealed IVUS-guidance vs.
angiography-guidance was associated with a
reduced definite/probable stent thrombosis (0.6%
vs. 1.0%, p = 0.003), MI (2.5% vs. 3.7%,
p =0.004), and composite adjudicated major car-
diac events (cardiac death, MI, or stent thrombo-
sis) (3.1% vs. 4.7%, p = 0.002). The benefits of
IVUS were especially evident in patients with
acute coronary syndromes and complex lesions

[11]. Further recent observational studies evalu-
ating clinical usefulness of IVUS-guided PCI are
summarized in Table 5.2 [11-17].

Lastly, meta-analyses comparing the IVUS-
guidance and angiography-guidance are pre-
sented in Table 5.3 [18-22]. Shin et al. reported
the results of meta-analysis with individual
patient-level data from 2345 randomized patients.
IVUS-guided new-generation DES implantation
vs. angiography-guided DES implantation was
associated with a favorable outcome, particularly
the occurrence of hard clinical endpoint (the
composite of cardiac death, MI, or stent throm-
bosis) for complex lesions [22]. Of note, the pri-
mary endpoint of this meta-analysis did not
include TLR. Therefore, different from the
IVUS-XPL trial showing the benefit of IVUS due
primarily to the less frequent TLR events [10],
MACE:s, even excluding the TLR events in this
meta-analysis, were less frequent with IVUS-
guidance than angiography-guidance [22].

Table 5.2 Recent observational studies comparing clinical outcomes between IVUS-guided and angiography-

guided PCI
N (IVUS vs. Enrolled Follow-up, | Major findings
Study Year | angiography) patients m (IVUS vs. angiography)
Witzenbichler | 2014 | 3349 vs. 5234 All comers 12 Definite/probable ST: 0.6% vs. 1.0%,
etal. [11] p =0.003
MI: 2.5% vs. 3.7%, p = 0.004
Composite of cardiac death, ST, MI; 3.1%
vs. 4.7%, p = 0.002
Roy etal. [12] |2008 | 884 vs. 884 by All comers 12 Definite ST: 0.7% vs. 2.0%, p =0.014
matching
Park et al. [13] | 2013 | 463 vs. 463 by Nearly all 12 Composite of cardiac death, MI, TLR:
matching comers 4.3% vs. 2.4, p =0.047
Youn et al. [14] | 2011 | 125 vs. 216 Primary PCI | 36 Composite of death, MI, TLR, TVR:
cases 12.8% vs. 18.1%, p = NS
Kimetal. [15] | 2011 |487 vs. 487 by Non-left main | 36 Death or MI: 3.8% vs. 7.8%, p = 0.03
matching bifurcation
Hong et al. 2014 | 201 vs. 201 by Chronic total | 24 Definite/probable ST: 0% vs. 3.0%,
[16] matching occlusion p=0.014
MI: 1.0% vs. 4.0%, p = 0.058
de la Torre 2014 | 505 vs. 505 by Left main 36 Composite of cardiac death, MI, TLR:
Hernandez matching lesions 11.3% vs. 16.4%, p = 0.04
etal. [17] Definite/probable ST: 0.6% vs. 2.2%,
p=0.04

IVUS intravascular ultrasound, MI myocardial infarction, PCI percutaneous coronary intervention, S7 stent thrombosis,
TLR target-lesion revascularization, TVR target-vessel revascularization, NS non-significant
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Table 5.3 Recent meta-analyses comparing clinical outcomes between IVUS-guided and angiography-guided PCI

N (analyzed N (IVUS vs.
Study Year | studies) angiography) | Data analysis | Major findings (IVUS vs. angiography)
Jang 2014 |3 RCTs and 12 11,793 vs. Study-level IVUS had lower MACE (OR = 0.79,
et al. [18] observational 13,056 meta-analysis | p = 0.001), all-cause mortality (OR = 0.64,
studies with DES p <0.001), MI (OR =0.57, p <0.001), TVR
implantation (OR =0.81, p=0.01), and ST (OR = 0.59,
p=0.002)
Ahnetal. | 2014 |3 RCTs and 14 12,499 vs. Study-level IVUS had lower TLR (OR = 0.81, p = 0.046),
[19] observational 14,004 meta-analysis | death (OR =0.61, p <0.001), MI (OR =0.57,
studies with DES p <0.001), and ST (OR =0.59, p < 0.001)
implantation
Elgendy |2016 |7 RCTs with 1593 vs. Study-level IVUS group had lower MACE at a mean of
et al. [20] DES 1599 meta-analysis | 15 months (6.5% vs. 10.3%, p < 0.0001),
implantation mainly because of reduction in the risk of
TLR (4.1% vs. 6.6%, p = 0.003)
Steinvil | 2016 |7 RCTs and 18 14,659 vs. Study-level IVUS group had lower MACE (OR = 0.76,
etal. [21] observational 16,624 meta-analysis | p < 0.001), death (OR = 0.62, p < 0.001), MI
studies with DES (OR =0.67, p <0.001), ST (OR =0.58,
implantation p <0.001), TLR (OR =0.77, P = 0.005), and
TVR (OR =0.85 p < 0.001)
Shin 2016 | 3 RCTs with 1170 vs. Individual IVUS group had a lower occurrence of hard
et al. [22] new-generation 1175 patient-level | clinical outcome (composite of cardiac death,
DES meta-analysis | MI, or ST) at 1 year (0.4% vs. 1.2%, p = 0.04)
implantation

DES drug-eluting stent, /VUS intravascular ultrasound, MACE major adverse cardiovascular event, MI myocardial
infarction, OR odds ratio, RCT randomized clinical trial, ST stent thrombosis, MI myocardial infarction, 7LR target-
lesion revascularization, TVR = target-vessel revascularization

5.2  Left Main Lesion

Procedural complication or failure of left main
lesion of PCI is critical. Thus, IVUS-guidance
PCI for left main lesion is currently recom-
mended as a class Ila or class IIb recommenda-
tion [1, 2]. In addition to the stent optimization,
particularly for left main lesions, functionally
significant lesion can be relatively accurately
predicted by IVUS examination for intermediate
lesions because of the limited variability of left
main coronary artery length, diameter, and the
amount of supplied myocardium. Minimal
lumen area (MLA) less than 4.5 mm? predicted
the fractional flow reserve (FFR) less than 0.80
with sensitivity of 77% and specificity of 82%
[23]. Other studies also reported the optimal cut-
off value of MLA by IVUS for predicting func-
tionally significant left main lesions (FFR less
than 0.75) were 5.9 mm? and 4.8 mm?, respec-
tively [24, 25]. IVUS is also essential for the

optimization to reduce the restenosis. A previous
study showed that the cut-off values of post-
stenting ML A that best predicted in-stent reste-
nosis were 5.0 mm? in ostial left circumflex,
6.3 mm’ in ostial left anterior descending,
7.2 mm? in polygon of confluence, and 8.2 mm?
in left main [26].

Recently, a randomized trial for unprotected
left main lesions revealed that IVUS-guided
group had a lower composite of death, non-fatal
MI, or TLR (13.1% vs. 29.3%, p = 0.031),
although small number of patients were studied
in this study [7]. Also, a recent pooled analysis
from 4 Spanish registries demonstrated that
IVUS-guided DES implantation for unprotected
left main showed a lower 3-year composite rate
of cardiac death, MI, and TLR compared with the
angiography-guided DES implantation (11.3%
vs 16.4%, p = 0.04), and a more prominent in the
subgroup with distal left main lesions (10.0% vs
19.3%, p =0.03) [17].
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5.3  Bifurcation Lesion

There were no randomized studies performed par-
ticularly for the bifurcation lesions. According to
the observational studies, Kim et al. demonstrated
that the 3-year cumulative incidence of death or
MI was significantly lower in the IVUS-guided
PCI group than the angiography-guided PCI
group (3.8% vs 7.8%, p = 0.03) [15]. Another
observational study with bifurcation lesions, the
rate of TLR was significantly lower in the IVUS-
guided PCI group (6% vs 21%, p =0.001) [27]. In
the first study, two-stent technique and final kiss-
ing balloon were more frequently used in the
IVUS-guidance group [15], whereas in the second
study, the number of implanted stents was signifi-
cantly lower in the IVUS-guidance group [27]. In
this regard, although further studies are needed to
determine the optimal stent strategies including
the stent number particularly for bifurcation
lesions, the role of IVUS for the decision of stent
strategies may be important to improve clinical
outcomes for the complex bifurcation lesions. A
previous study evaluated the IVUS parameters
predicting the IVUS >4 mm? at 9-month follow-
up IVUS for both main vessel and side branch
after bifurcation T-stenting with first-generation
DES [28]. Inadequate post-procedural minimal
stent area (MSA) with increased neointimal
hyperplasia may cause the side branch ostium to
be the most frequent restenotic site after bifurca-
tion PCI and the optimal cut-off value of post-
procedural MSA was 4.83 mm? [28].

5.4  Chronic Total Occlusion

The roles of IVUS for CTO intervention could be
classified into 3 different uses: (1) wire-crossing
for the stumpless CTO lesions, (2) pre-stenting
use, and (3) post-stent use. For the stumpless
CTO lesions, IVUS-guidance has been reported
to lead a higher success rate and to be useful in
revealing the entry point of occlusion and in
repositioning a guidewire in the event of inadver-
tent sub-intimal passage [29]. Pre-stenting IVUS
could provide the accurate information regarding
vessel size and lesion length and cause resultant

appropriate stent size and length for stent optimi-
zation. CTO vessel often increases in size follow-
ing the successful CTO PCI. An IVUS follow-up
study at 6 month after CTO PCI revealed that
distal lumen diameter was increased in two thirds
of patients by 0.4 mm (p < 0.001) [30]. Post-stent
IVUS may detect PCI complications or subopti-
mal stent expansion and could lead to stent opti-
mization and finally can decide the need for
additional stenting or ballooning. However, there
had been a lack of evidence regarding the benefi-
cial role of IVUS-guided CTO intervention using
current-generation DES for the improved clinical
outcomes after stent implantation. Two random-
ized trials were performed particularly for CTO
lesions [8, 9]. In the CTO-IVUS trial, 402 patients
with CTOs were randomized to the IVUS-guided
group (n = 201) or the angiography-guided group
(n=201) after successful guidewire crossing [8].
Although IVUS-guided CTO intervention did not
significantly reduce cardiac mortality, IVUS-
guided CTO intervention improved 12-month
MACE rate after new-generation DES implanta-
tion when compared with conventional
angiography-guided CTO intervention. In this
study, IVUS-guidance group had a higher pro-
portion of high-pressure post-stent dilation (51%
vs. 41%, p = 0.045) with a higher maximum post-
stent balloon pressure (14.6 vs. 13.8 atm,
p = 0.040). Consequently, the post-procedural
minimal lumen diameter was significantly larger
in the IVUS-guidance vs. angiography-guidance
(2.64 vs. 2.56 mm, p = 0.025).

In the second randomized trial, Tian et al.
reported stent late lumen loss at 1 year between
IVUS- vs. angiography-guidance [9]. Late lumen
loss was significantly lower in the IVUS-guided
group compared with the angiography-guided
group (0.28 vs 0.46 mm, p = 0.025), although
these angiographic findings were not translated
into the improvement of clinical outcomes.

5.5 Diffuse Long Lesion

A long lesion inevitably increases the length of
implanted stent, and long stent increases the inci-
dence of stent underexpansion. In the IVUS-XPL
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enrolling 1400 patients requiring >28 mm
everolimus-eluting stents, adjunct post-stent bal-
loon dilation was more frequently performed in
the IVUS-guided stent group (76%) than in the
angiography-guided stent group (76% vs 57%,
p <0.001) [10]. The mean final balloon size was
larger in the IVUS-guided group than in the
angiography-guided group. On post-procedural
quantitative angiography analysis, minimum
lumen diameter was greater and diameter steno-
sis was smaller in the IVUS-guided stent group
than in the angiography-guided stent group [10].
In addition, in the post hoc analysis in that study
among the patients within the IVUS-guided stent
group, the patients who did not meet the IVUS
criteria (n = 315, 46%) had a significantly higher
incidence of the primary endpoint compared with
those meeting the IVUS criteria for stent optimi-
zation (n = 363, 54%) (4.6% vs 1.5%, p = 0.02),
when IVUS criteria for stent optimization after
PCI was defined as an MLA greater than the
lumen cross-sectional area at the distal reference
segments [10].

5.6 In-Stent Restenosis

The use of IVUS to guide PCI for the treatment
of restenosis is a class Ila recommendation in
the current PCI guidelines [1, 2]. IVUS can dif-
ferentiate whether restenosis is related to inti-
mal hyperplasia or mechanical complications,
such as stent fracture or underexpansion.
According to the recent IVUS study comparing
the mechanisms and patterns of in-stent resteno-
sis among bare metal stents and DES, restenotic
first- and second-generation DES were charac-
terized by less neointimal hyperplasia, smaller
stent areas, longer stent lengths, and more stent
fractures [31].

5.7 Patients with Chronic Kidney

Disease

Patients with chronic kidney disease (CKD) com-
prise a challenging subset of patients because of
the increased incidence of contrast-induced acute

kidney injury following angiography and
PCI. Considerable efforts have been made to
reduce contrast volume particularly in patients
with CKD. Although most randomized clinical
trials measured clinical or angiographic out-
comes, the MOZART (Minimizing cOntrast uti-
liZation With IVUS Guidance in coRonary
angioplasty) trials measured the total volume
contrast agent used during PCI as the primary
endpoint [6]. In this trial, a total of 83 patients
with a high risk of contrast-induced acute kidney
injury or volume overload were randomized to
IVUS-guided PCI or angiography-guided PCI,
and IVUS group had a lower total volume of con-
trast (20 ml vs. 65 ml, p < 0.001). Also, recent
another study with a total of 31 patients with
advanced CKD (creatinine = 4.2 mg/dL) revealed
that PCI without contrast using IVUS and physi-
ologic guidance may be performed safely with

high  procedural success and  without
complications [32].
5.8 IVUS Predictors

for the Better Clinical
Outcomes: Stent
Optimization

The IVUS predictors of stent failure after DES
implantation are underexpansion, dissections,
and significant plaque burden (Table 5.4) [33—
35]. When a total of 804 patients who under-
went both post-intervention IVUS examination
after long everolimus-eluting stent (>28 mm in
length) implantation were analyzed from two
randomized trials (RESET trial and IVUS-XPL
trial), the predictors of MACE were the post-
intervention MLA at the target lesion and the
ratio of MLA/distal reference segment lumen
area [33]. The MLA and MLA-to-distal refer-
ence segment lumen area ratio that best pre-
dicted patients with MACE from those without
it were 5.0 mm? and 1.0, respectively. Patients
with an MLA < 5.0 mm? or a distal reference
segment lumen area had a higher risk of MACE
than those without MACE (HR = 6.2, p =0.003).
Similarly, Song et al. reported that the optimal
MSA to predict angiographic restenosis at
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9 months were 5.3 mm? for zotarolimus-eluting
stents and 5.4 mm? for everolimus-eluting stents
[34]. Therefore, the confirmation of sufficient
MLA by IVUS is important after DES implanta-
tion. Figure 5.1 represents the stent underexpan-
sion detected by IVUS examination despite of

angiographically acceptable diameter stenosis,
suggesting the need of post-stent adjuvant bal-
looning. Figure 5.2 represents the achievement
of sufficient MLA after post-stent adjuvant
ballooning.

Table 5.4 IVUS parameter after newer generation DES implantation predicting angiographic restenosis or MACE

Follow-up IVUS parameter | Cut-off
N | endpoint Stent | after stenting value Accuracy
Lee et al. 804 | MACE (cardiac | EES MLA 5.0 mm? | Patients with an MLA < 5.0 mm? or
[33] death, MI, and MLA/distal 1.0 a distal reference segment lumen
TLR) reference lumen area had a higher risk of MACE
area (hazard ratio = 6.231, p = 0.003)
than those without MACE
Song et al. 229 | Angiographic EES MSA 5.4 mm? | Sensitivity 60%, specificity 60%
[34] 220 | in-stent restenosis | ZES 5.3 mm? | Sensitivity 57%, specificity 62%
Kang et al. 433 | Angiographic E-ZES | Edge plaque 56.3% Sensitivity 67%, specificity 86%
[35] 422 | edge restenosis R-ZES | burden 57.3% Sensitivity 80%, specificity 87%
813 EES 54.2% Sensitivity 86%, specificity 80%

EES everolimus-eluting stent, E-ZES Endeavor zotarolimus-eluting stents, /VUS intravascular ultrasound, MACE major
adverse cardiovascular event, MLA minimal lumen area, MSA minimal stent area, R-ZES Resolute zotarolimus-eluting

stents

After stent implantation

(a) 5.19 mm?

Fig.5.1 Representative case showing the stent underex-
pansion by IVUS despite of angiographically acceptable
diameter stenosis. After implantation of everolimus-
eluting stent (Xience prime 2.75 x 38 mm, Abbott
Vascular) for diffuse stenosis of right coronary artery, the
residual stenosis by angiography at proximal portion of

(b) 5.42 mm? (c) 4.95 mm?

the stent was 8.1%, which was angiographically accept-
able. However, on IVUS evaluation, the MLA was mea-
sured 4.95 mm? (¢), which was smaller than the distal
reference lumen area of 5.19 mm? (a) and less than
5 mm? suggesting the need of post-stent adjuvant
ballooning
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(c) 4.95 mm?

Fig.5.2 Representative case showing the achievement of
sufficient minimal lumen area measured by IVUS after
post-stent adjuvant ballooning. After post-stent adjuvant
ballooning with 3.0 mm-sized non-compliant balloon

Kang et al. evaluated IVUS predictors for
angiographic edge restenosis after newer genera-
tion DES [35]. The predictive cut-off of the refer-
ence plaque burden was 56.3% for Endeavor
zotarolimus-eluting stents, 57.3% for Resolute
zotarolimus-eluting stents, and 54.2% for
everolimus-eluting stents. Figure 5.3 presents the
representative case showing the need of addi-
tional stenting at proximal segment of stent
because of edge dissection and residual plaque
more than 60%, even though angiographic find-
ings were acceptable.

Although IVUS studies have reported that the
late stent malapposition is a predictor of late or
very late stent thrombosis, there is no data linking

S.-J.Hong et al.

(c') 5.75 mm?

catheter based on the findings of IVUS, the minimal
lumen was increased from 4.95 mm? to 5.75 mm?. Same
patients presented in Fig. 5.1

isolated acute stent malapposition without stent
underexpansion to early stent thrombosis or
restenosis [36].

From the bare-metal stent era, the need for a
standard to examine the stent optimization led
to the formation of IVUS defined criteria.
IVUS criteria for stent optimization used in the
recent randomized clinical trials were summa-
rized in Table 5.5 [3, 8—10]. Despite the need
for a consensus, several different criteria have
been employed in different clinical studies.
However, according to the previous studies and
the criteria used in recent trials, the achieve-
ment of sufficient lumen area by IVUS may be
imperative.
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Additional stent implantation
Initial After stent implantation at proximal segment

Fig. 5.3 Representative case showing the need of addi- tionally implanted at the proximal segment based on the
tional stenting at proximal segment of stent because of IVUS finding, (c¢) the dissection at the proximal edge of
edge dissection and residual plaque. Although angio-  the stent with (d) residual plaque more than 60%

graphic findings were acceptable, another stent was addi-

Table 5.5 TVUS criteria for stent optimization used in

recent randomized clinical trials References
Study | IVUS criteria for stent optimization 1. Levine GN, Bates ER, Blankenship JC, et al. 2011
Jakabacin | (1) Go‘?d apposition ) . ACCF/AHA/SCALI guideline for percutaneous coro-
etal. [3] | (2) Optimal stent expansion [Wlth.MSA nary intervention. A report of the American College of
of 5 mm?] or CSA > 90% of distal Cardiology Foundation/American Heart Association
reference lumen CSA for small vessel task force on practice guidelines and the society for
() No e.dge dlSSCCFlOIl (5-mm margins cardiovascular angiography and interventions. J] Am
proximal and distal to the stent) Coll Cardiol. 2011:58:e44—122.
CTO- (1) MSA > distal reference lumen area 2. Windecker S, Kolh P, Alfonso F, et al. 2014 ESC/
IVUS [8] |(2) Stent area at CTO segment >5 mm? EACTS guidelines on myocardial revasculariza-
as far as vessel area permits tion: the task force on myocardial revasculariza-
(3) Complete stent apposition tion of the European society of cardiology (ESC)
Tianetal. | (1) Good apposition and the European Association for Cardio-Thoracic
9] (2) Stent MSA >80% of reference vessel Surgery (EACTS) developed with the special contri-
area bution of the European Association of Percutaneous
(3) Symmetric index >70% Cardiovascular Interventions (EAPCI). Eur Heart J.
(4) No > Type B dissection 2014;35:2541-619.
IVUS- (1) A minimal lumen CSA greater than 3. Jakabcin J, Spacek R, Byst'ron M, et.al. Long—~term
XPL [10] the lumen CSA at distal reference health outcome and mortality evaluation after inva-
segments sive coronary treatment using drug eluting stents with

- s or without the ivus guidance. Randomized control
CSA cross-sectional area, MSA minimal stent area
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6.1 Introduction

Traditionally, quantitative coronary angiography
(QCA) was the major imaging modality to assess
the severity of CAD for coronary lesion assess-
ment when coronary artery disease is treated with
catheter-based coronary interventions. But only
provides lumenogram or shadowgram a planar
two-dimensional silhouette of the lumen contains
only about 25% of the total coronary blood flow
and is unsuitable for the precise assessment of
atherosclerosis. Intravascular ultrasound (IVUS)
provides a unique real-time, tomographic assess-
ment of coronary artery assessment of lesion
characteristics, lumen diameters, cross-sectional
area, plaque area, and distribution. Generally
coronary angiography underestimates the sever-
ity and extent of disease, IVUS is golden stan-
dard for accurate evaluation for pre-intervention
lesion assessment.

Current USA [1] and European guidelines [2]
for coronary revascularization recommend IVUS
use with class Ila for assessment of angiographi-
cally indeterminant left main disease, stent steno-
sis or failure lesion, stent optimization for
selected patients, and evaluation for cardiac
allograft vasculopathy (Table 6.1).
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Table 6.1 Class Ila recommendation for clinical values
of intravascular ultrasound of current coronary revascular-
ization guidelines

Level of

2011 ACCF/AHA/SCAI Guideline [1] evidence

Assessment of angiographically B
indeterminant left main CAD

Reasonable 4-6 weeks and 1 year after B
cardiac transplantation to exclude donor
CAD, detect rapidly progressive cardiac
allograft vasculopathy, and provide
prognostic information

Determine the mechanism of stent C
restenosis

2014 ESC/EACTS guidelines on
myocardial revascularization [2]

Optimize stent implantation in selected B
patients®

Assess severity and optimize treatment of | B
unprotected left main lesions

Assess mechanism of stent failure B

“In reducing restenosis and adverse events after bare metal
stent implantation, better clinical and angiographic results
may be obtained under IVUS guidance

6.2 Angiographic Indeterminant
Non-Left Main Coronary

Artery Stenosis

Fractional flow reserve (FFR; the ratio of distal to
proximal pressure at maximum hyperemia) is the
standard method for assessing the physiologic
significance of a non-left main coronary artery
(LMCA) lesion. IVUS has been corrected for
vessel size, but IVUS has not been able to factor
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in the amount of subtended viable myocardium.
IVUS minimal lumen area (MLA) in predicting
hemodynamic significance in non-LMCA lesions
is that the functional effects of a lesion are depen-
dent on additional factors besides dimension.
These include lesion location in the coronary
tree, lesion length, eccentricity, entrance and exit
angles, shear forces, reference vessel dimensions,
and the amount of viable myocardium subtended
by the lesion [3].

Therefore, in non-LMCA lesions there is only
moderate correlation between anatomic dimen-
sions by IVUS and ischemia by physiological
assessment. Many studies have attempted to
identify invasive IVUS minimum lumen area
(MLA) criteria that are equivalent to FFR,
reported IVUS MLA cut-off thresholds range
from 2.3 to 3.9 mm? (Table 6.2) [4-14].

In earlier study IVUS MLA < 4.0 mm? corre-
lates with ischemia on single-photon emission
computed tomography and also correlates mod-
erately well with an FFR < 0.75. Importantly, low
event rates are observed in intermediate lesions
when intervention is deferred with an IVUS
MLA > 4 mm? [15-17]. In the largest study to
date, IVUS was compared with FFR in 544
lesions [13]. The optimal cut-off value for pre-
dicting an FFR < 0.80 was an MLA = 2.9 mm? by
IVUS, but the overall accuracy was only 66%.
Moreover, of the 240 lesions that had an
MLA < 2.9 mm?, only 47% was hemodynami-
cally significant by FFR. Similarly concerning,

19% of lesions with an MLA > 2.9 mm? had an
FFR < 0.80, limiting the utility of IVUS for
lesion assessment. Kang et al. [7, 8] evaluated
236 angiographically intermediate coronary
lesions in which both IVUS and FFR measure-
ments were performed. An IVUS MLA_2.4 mm?
had the maximum accuracy for predicting
FFR < 0.80. However, the overall diagnostic
accuracy was 68% with a confidence interval
ranging from 1.8 to 2.6 mm?. FIRST was a multi-
center prospective registry of patients who under-
went elective coronary angiography and had
intermediate coronary stenosis (40-80%) [12].
An IVUS-measured MLA < 3.07 mm? had the
best sensitivity and specificity (64% and 64.9%,
respectively) for correlating with FFR < 0.80.
So, FFR should be considered the standard for
assessing the hemodynamic significance of inter-
mediate non-LMCA lesions and better validated
than IVUS as a physiologic assessment. An
MLA < 4.0 mm? has reasonable accuracy in iden-
tifying non-significant lesions for which percuta-
neous coronary intervention (PCI) can be safely
deferred [18]. However, an MLA < 4.0 mm? does
not accurately predict a hemodynamically sig-
nificant lesion and should not be used in the
absence of supporting functional data (such
as DEFER, FAME-I, or FAME-II with FFR)
to recommend revascularization [3]. An
MLA < 3.0 mm? is most likely a significant ste-
nosis, but due to its only modest sensitivity and
specificity, physiologic testing is desirable before

Table 6.2 Studies correlating intravascular ultrasound to FFR in non-left main intermediate disease

Kang Koo

Takagi | Briguori | Lee etal |Ben-Dor |etal |Waksman |VERDICT/ |Kang

etal [4] |etal [5] |etal[6] |[7,8] |etal[9,10] [11] |etal[12] |FIRST [13] |etal[14]
No of lesion 51 53 94 236 205 267 304 544 700 LAD
Angiographic 30-70 |40-70 30-75 |30-75  40-70 30-70 | 40-80 40-80 30-75
DS %
IVUS mean 39 39 2.3 2.6 35 3.0 35 3.0 25
MLA (mm?)
IVUS MLA 4.0 4.0 2.0 24 3.1 2.8 3.07 3.0 2.5
cut-off (mm?)
Year of 1999 2001 2010 2011 |2011 2011 | 2013 2013 2013
publication

FFR fractional flow reserve, LAD left anterior descending,
minimal lumen area, A study with Asian populations

DS diameter stenosis, IVUS intravascular ultrasound, MLA
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Table 6.3 Studies correlating intravascular ultrasound to FFR to identify functional significant LMCA lesion

IVUS Survival
FFR Route of | correlation Survival revascularization
N | cut-off | adenosine | with FFR Defer | defer (%) | Revascularization | (%)

Jasti et al [20] | 55 | 0.75 IC MLA 5.9 mm? |24 100 20 PCI 100

MLD 2.8 mm 11 CABG
Park et al [22] | 112 | 0.80 v MLA 4.5 mm?> | NA NA NA NA
Kang et al. 55 10.80 v MLA 4.8 mm? |25 NA 29 PCI NA
[23] 0.75 MLA 4.1 mm? 1 CABG

FFR fractional flow reserve, LMCA left main coronary artery, /C intracoronary, /V intravenous, MLA minimal lumen
area, MLD minimal lumen diameter, PCI percutaneous coronary intervention, CABG coronary artery bypass graft, NA

not available

proceeding with revascularization. It may be
acceptable to defer an intervention in selected
situations based on MLA size, IVUS should
never be used to justify an intervention.

6.3  Left Main Coronary Artery

Lesion

Left main coronary artery (LMCA) lesion has
greatest angiographic assessment variability.
Small real-world analysis showed that less than
half of intermediate LMCA had significant steno-
sis by IVUS assessment, especially for lesions
located at the left main ostium [19].

IVUS evaluation for LMCA stenosis can be
valuable when coronary angiography gives
equivocal or ambiguous images. Both IVUS and
FFR have theoretical and practical limitations for
LMCA lesion, proximal LAD and/or LCX dis-
ease can impact FFR of LMCA stenosis. With
IVUS, distal LMCA lesions can be difficult to
accurately image, and often require pullback
from both the LCX and LAD. But limited vari-
ability in LMCA length, diameter, and amount of
supplied myocardium explains the better correla-
tion in LMCA with FFR than non-LMCA steno-
sis, the most widely used parameter is MLA in
LMCA stenosis.

Jasti et al. [20] showed good correlation
between FFR and IVUS, with good sensitivities
and specificities >0.90. In a study of 55 interme-
diate LMCA lesions (reference diameter
4.2 mm), an MLA <59 mm? and an MLD
<2.8 mm correlated well with FFR < 0.75.

A prospective application of these criteria was
tested in the LITRO study [21]. LMCA revascu-
larization was performed in 90.5% of patients
with an MLA < 6 mm? and was deferred in 96%
of patients with an MLA > 6 mm?. In a 2-year
follow-up period, cardiac death-free survival was
97.7% in the deferred group versus 94.5% in the
revascularized group (P = ns), and event-free sur-
vival was 87.3% versus 80.6%, respectively
(P = ns). At 2-year follow-up, only eight (4.4%)
patients in the deferred group required subse-
quent LMCA revascularization, none of who had
an MI. Thus, it is safe to defer LMCA revascular-
ization with MLA > 6 mm? Additionally, the
data confirms that MLA < 6.0 mm? is clinically
significant, correlates with FFR < 0.75 (Tables
6.3 and 6.4).

More recently study with Asian populations
with smaller normal coronary diameters, an
MLA cut-off < 4.8 mm? correlates with
reduced FFR < 0.8 and <4.1 mm? with
FFR < 0.75 [22, 23].

Table 6.4 Challenges treating severely calcified coro-
nary lesions

Respond poorly to angioplasty

Difficult to completely dilate

Prone to dissection during balloon angioplasty or
predilatation

Preclude stent delivery to the desired location

Can prevent adequate stent expansion, maybe
increased risk of stent thrombosis

May result in stent malapposition

Insufficient drug penetration and subsequent restenosis




52

6.4 Caicified Lesion

Calcium is under-recognized angiographically.
In IVUS study, most of visible calcification by
angiogram is correlated with arc of calcium
involved, length of calcium involved, and where
calcium is located [24]. So visible calcified lesion
in angiography means significant calcification
nearly encircled the vessel wall and spread along
the vessel.

Coronary calcification has been considered a
stable coronary lesion. But recent studies, how-
ever, it is not really stable because lots of micro-
calcification and calcified nodule had observed in
unstable plaque. Patients with moderate or severe
target lesion calcification (TLC) were older, had
more renal insufficiency, had lower ejection frac-
tions, and were more likely to have had a STEMI
compared with patients with no or mild TLC. On
the other hand, lesions with moderate or severe
TLC also have other characteristics that are unfa-
vorable, including longer lesion length, more
total occlusions, more visible thrombi, and more
triple-vessel disease [25].

Calcification may prevent complete expan-
sion of the stent or interfere with stent delivery,

Fig. 6.1 Tterative IVUS imaging for calcified plaque at
left anterior descending artery of stable angina patient. (a)
Pre-intervention intravascular ultrasound showed superfi-
cial calcified plaque with 250° of arc. (b) Post-intervention

SY.Lee

resulting in damage either to the structure of the
stent or to the polymer in the case of drug-elut-
ing stent (DES). A malapposed, incompletely
expanded, or damaged stent increases the risks
for stent thrombosis of target lesion. There is
general agreement that the greater the arc and
length of IVUS-associated lesion calcium the
greater the likelihood of underexpansion, but
published or agreed criteria for recommending
lesion modification prior to stent implantation
does not exist. And IVUS has limitation for mea-
sure calcium thickness because of acoustic
shadow, which may be an important limit to stent
expansion ([26], http://www.acc.org/latest-in-
cardiology/articles/2016/06/13/10/01/
ivus-in-pci-guidance).

On the other hand, and most of the time, itera-
tive IVUS imaging in conjunction with prepara-
tion and debulking of the lesion with rotational
atherectomy, special balloons such as cutting or
scoring and wire-cutting technique and repeated
high-pressure adjunctive balloon inflations can
be used to correct post-procedure stent underex-
pansion even in the setting of significant
calcification (Fig. 6.1). Nevertheless, it is easier
to prevent stent underexpansion than it is to

intravascular ultrasound revealed luminal gain and few
small cracks on superficial calcium (white arrow) after
AngioScuplt Scout balloon® angioplasty
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struggle to correct it such as stent ablation proce-
dure. IVUS studies have shown that localized
calcium deposits or the transition from calcified
to non-calcified plaque (or to normal vessel wall)
are foci for PCl-associated dissections. More
extensive dissections occur in segments of arter-
ies that are heavily calcified, and stent implanta-
tion into calcified lesions is more often associated
with stent fracture.

6.5  Bifurcation Lesion

Coronary bifurcation PCI represents 10-15% of
PCI procedures. Bifurcation lesions may show
dynamic changes during PCI, with plaque/carina
shift or dissection leading to side branch compro-
mise and requiring adjustment to the interven-
tional approach. Therefore, accurate anatomic
characterization of bifurcation lesions may
improve stent sizing and deployment techniques.
The most important role of IVUS is correct mea-
surement of reference vessel size of both main
and side branch (SB), if operator decided to use
two stent technique with proximal optimization
technique.

Also IVUS can detect the distribution of
plaques not only in the main branch but also in
the ostium of the SB. One study revealed that SB
occlusion occurred in 35% of the plaque-
containing lesions at the SB ostium after PCI as
compared to the 8.2% occlusion rate of plaque-
free lesions at the SB ostium [27]. Therefore,
wiring the SB to protect it before PCI should be
considered if IVUS reveals plaque involvement
at the SB ostium, but there do not appear to be
reliable IVUS predictors of functional SB com-
promise after crossover stenting.

In IVUS study [28] regarding complex bifur-
cation lesions (nearly 90% of the lesions were
medina class 1, 1, 1), the number of implanted
stents was significantly lower in the IVUS-guided
PCI group. Also, the rate of TLR was signifi-
cantly lower in the IVUS-guided PCI group (6%
vs 21%, P = 0.001). In this regard, the role of
IVUS in decreasing the TLR rate may become
more important, a decrease in the number of
stents in the IVUS-guided PCI group may con-

tribute to reduce the TLR rate. So, liberal and
active use of IVUS in bifurcation PCI is
encouraged.

6.6 Vulnerable Plaque

To Identify thrombosis or embolization-prone
“vulnerable” plaques before they rupture, catheter-
based intravascular imaging modalities are being
developed to visualize pathologies in coronary
arteries in vivo. Mounting evidences have shown
three distinctive histopathological features—the
presence of a thin fibrous cap (<65 pm), a lipid-
rich necrotic core (>40% of total lesion area), and
numerous infiltrating macrophages in the fibrous
cap—are key markers of increased vulnerability
in atherosclerotic plaques [29].

In the early days of coronary intervention,
many coronary angiographic predictors for no-
reflow or CK-MB elevation after and during PCI
were identified (Table 6.5). After that to visualize
these changes, the majority of catheter-based
imaging modalities used IVUS with integrated tis-

Table 6.5 Predictors for no-reflow phenomenon or
CK-MB elevation after or during PCI

Angiographic characteristics

Accumulated thrombus (>5 mm) proximal to the
occlusion

Presence of floating thrombus

Persistent dye stasis distal to the obstruction
Reference lumen diameter of the IRA >4 mm

Gray scale IVUS

Large plaque burden > 70% of plaque burden
Attenuated plaque

Calcified nodule

Intraluminal mass

Soft plaque, especially lipid pool-like imaging
Positive remodeling

VH-IVUS

Large necrotic core area

VH-thin cap fibrous atheroma

Plaque burden > 40%

necrotic core > 10% of Plaque area

Necrotic core contact lumen at least 3 image slices
Arc of necrotic core > 36° along lumen

Spectroscopy
Max LCBI 4 mm value > 500
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sue characterization techniques and OCT to
enhance the characterization of vulnerable plaques.
Several studies have evaluated with IVUS to
characterize morphologic predictors of plaque
vulnerability, the most consistent for this phe-
nomenon, determined by gray scale IVUS, are
the presence of a large plaque burden, attenuated
plaque, calcified nodule, intraluminal mass (sug-
gestive finding for thrombus), lipid pool-like
imaging, and positive vessel remodeling.
Attenuated plaque is defined as the absence
of ultrasound signal behind plaque that was
either hypoechoic or isoechoic to reference
adventitia, but without bright calcium (Fig. 6.2).
By definition, echo-attenuated plaque excludes

attenuation (or, more correctly, shadowing)
behind hyperechoic calcium. The hypothesis
that microcalcification and thrombus with
underlying advanced atherosclerosis maybe the
mechanism of echo attenuation in unstable
plaques. Predictors of myonecrosis during stent
implantation are a large, grayscale IVUS attenu-
ated plaque especially. When shadowing begins
closer to the lumen than to the adventitia [30—
32]; a large virtual histology and intravascular
ultrasound (VH-IVUS) necrotic core, VH- thin-
cap fibroatheroma (TCFA) [33]; a large lipid-
rich plaque detected by using near infrared
spectroscopy (NIRS) [34-36] (Fig. 6.3); and the
presence of plaque rupture [37].

Fig.6.2 A 75-year-old female presenting with ST eleva-
tion myocardial infarction. Pre-intervention intravascular
ultrasound showed attenuated plaque (white arrow) on
both cross-sectional (b and ¢) and longitudinal (e) intra-

Fig. 6.3 Intravascular ultrasound for distal right coro-
nary artery lesion of acute coronary syndrome patient
showed attenuated plaque (unusual echo attenuation with-

vascular ultrasound image in culprit lesion, but no echo
atenuation was found on proximal (d) and distal (a)
refernce segment. After stent deployment, no-reflow phe-
nomenon was developed

10

)
L g

LCBI: 313 mxLCBI(4): 698

out calcification). Near infrared spectroscopy reveled very
high maximum LCBI 4 mm value of 698
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In patients with acute coronary syndrome, a
calcified nodule is observed in 2-7%. IVUS char-
acteristics of a calcified nodule were shown to be:
(1) a convex shape of the luminal surface (94.1%
of calcified nodules vs. 9.7% of non-nodular cal-
cium); (2) a convex shape of the luminal side of
calcium (100% vs. 16.0%); (3) an irregular lumi-
nal surface (64.7% vs. 11.6%); and (4) an irregu-
lar leading edge of calcium (88.2% vs. 19.0%)
[38] (Fig. 6.4). Calcified nodules, especially
close to the luminal surface of the plaque, can
protrude through and rupture the fibrous cap,
leading to thrombus formation and acute coro-
nary syndromes.

However, these studies associated with gray
scale IVUS for dangerous plaque are limited by
their retrospective or cross-sectional design and
small sample size, neither the prognostic utility
(risk of future events caused by vulnerable
plaques) nor the clinical utility (impact on physi-
cian decision making and/or patient outcomes)
has been prospectively validated [39], and not
informative about the natural history of culprit
lesion formation.

More informative color-coded tissue charac-
terization technology has been proved useful tool
for TCFA imaging. Of these, VH-IVUS has cor-
related plaque composition with human coronary
atherectomy specimens; however, considering
the axial resolution of 200 pm, VH-IVUS is lim-
ited in its ability to identify TCFA. To partially

Fig. 6.5 Virtual histology and intravascular ultrasound
for left circumflex lesion of acute coronary syndrome
patient. (a) Gray scale IVUS revealed 76% plaque burden

overcome this limitation, the VH-TCFA defini-
tion was created [40]; VH-TCFA is defined by a
focal, necrotic core-containing (10% of the total
plaque area) in direct contact with the lumen at
least 3 image slices, arc of NC > 36 degree along
lumen and in the presence of a percent atheroma
volume 40% (Fig. 6.5).

Thrombus aspiration or distal protection
device deployment before PCI is recommended if

Fig. 6.4 Typical intravascular ultrasound findings of cal-
cified nodule. (1) A convex shape of the luminal surface;
(2) a convex shape of the luminal side of calcium; (3) an
irregular luminal surface; and (4) an irregular leading
edge of calcium

mainly soft plaque with lipid pool-like imaging. (b)
Virtual histology showed typical findings of VH-thin cap
fibroatheroma (necrotic area 49% with lumen contact)
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such lesions are found. Furthermore, sometimes
interventionists may encounter multiple border-
line angiographic lesions without critical narrow-
ing during acute coronary syndrome intervention.
Even though inferior to OCT, IVUS as well as
tissue characterization may play an important
role in locating the culprit lesion where plaque
rupture or TCFA has been developed [41].

To date only VH-IVUS has been shown to
predict future nonculprit events. In the
PROSPECT study, predictors of nonculprit
events at 3 years were a VH-TCFA, an IVUS
MLA < 4.0 mm?, and an IVUS plaque bur-
den > 70% [42]. These findings, especially the
importance of a large plaque burden [37], were
supported by the VIVA (VH-IVUS in Vulnerable
Atherosclerosis) and ATHEROREMO-IVUS
(European Collaborative Project on Inflammation
and Vascular WallRemodelingin Atherosclerosis—
Intravascular Ultrasound) studies [43, 44].

PROSPECT 1I study is an ongoing overall
prospective observational study using multimo-
dality imaging that will examine the natural his-
tory of patients with unstable atherosclerotic
coronary artery disease with IVUS and Near
InfraRed Spectroscopy (NIRS), to identify
plaques prone to future rupture and clinical
events, plaque Burden (PB) > 70% as the pri-
mary threshold defining vulnerable plaques.
Currently, we cannot predict which plaques carry
a risk of complications high enough to warrant
prophylactic therapy, although a randomized sub-
study within the PROSPECT-II study will attempt
to address this issue (https://clinicaltrials.gov/
ct2/show/NCT02171065).

6.7  StentFailure

Recurrence of symptoms or ischemia after PCI is
the result of restenosis, incomplete initial revas-
cularization, or disease progression. In both bare
metal stents (BMS) and DES, the IVUS predic-
tors of early stent thrombosis or in-stent resteno-
sis (ISR) are underexpanded stent and inflow/
outflow track disease (e.g., dissections, signifi-
cant plaque burden, edge stenosis), but not acute
stent malapposition as long as the stent is well

expanded [37]. Underexpansion refers to the size
of the stent, whereas malapposition refers to the
contact of the stent with the vessel wall.

The use of intracoronary imaging has also
been advocated in patients with stent failure,
including restenosis and stent thrombosis, in
order to explicate and correct underlying mechan-
ical factors (Fig. 6.6).

Restenosis
and Neoatherosclerosis

6.8

The presence of an underexpanded stent should,
if possible, be corrected using repeat aggressive
high-pressure noncompliant balloon angioplasty
during the repeat procedure.

IVUS criteria of stent underexpansion depend
on lesion location or size of reference vessel size.

Restenosis associated with stent underexpan-
sion, repeat aggressive high-pressure balloon
dilation should be used to correct underlying,
stent-related, predisposing, mechanical problems
revascularization and repeat PCI remains the
strategy of choice for these patients if technically
feasible (Table 6.6).

Recent studies have reported that one-third of
patients with in-stent restenosis of bare BMS pre-
sented with acute coronary syndrome that is not
regarded as clinically benign. Furthermore, both
clinical and histologic studies of DES have dem-
onstrated evidence of continuous neointimal
growth during long-term follow-up, which is des-
ignated as “late catch-up” phenomenon.

In-stent neoatherosclerosis is an important
substrate for late stent failure for both BMS and
DES, especially in the extended phase. In light of
the rapid progression in DES, early detection of
neoatherosclerosis may be beneficial to improv-
ing long-term outcome of patients with DES
implants [45].

Gray scale IVUS cannot discriminate neoath-
erosclerosis from neointimal hyperplasia. It is
difficult for IVUS to determine or classify neo-
intimal tissue because of the signal interference
from metal struts, there are several reports
attempting discrimination of neointimal tissues
by IVUS. A case report described calcified neo-
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Fig. 6.6 Examples of intravascular ultrasound of in-stent
restenosis. (a) Pre-intervention intravascular ultrasound
measured minimal stent area 2.42 mm? for diffuse in-stent
restenosis of PICO elite stent (diameter 3 mm) of mid-
LAD, typical example of stent underexpansion. (b) Pre-

Table 6.6 IVUS criteria of stent underexpansion and
neoatherosclerosis

IVUS minimal stent area criteria of stent
underexpansion

Left main above polygon of confluence
<8 mm? in LMCA ostium or mid shaft
<7 mm? in distal LMCA

<6 mm? in LAD ostium

<5 mm? in LCX ostium

<5.0-5.5 mm? in general

In small vessel disease
<80% of the average proximal and distal reference

Lumen
<90% of the distal reference lumen area

VH-IVUS and NIRS findings suggest
neoatherosclerosis

In-stent necrotic core and dense calcium
maxLCBI 4 mm predict OCT-TCNA with a cut-off
value of >144

IVUS intravascular ultrasound, LM CA left main coronary
artery, LAD left anterior descending artery, LCX left cir-
cumflex artery, VH-IVUS virtual histology and intravascu-
lar ultrasound, OCT-TCNA OCT derived thin fibrous cap
neoatheromas

intervention intravascular ultrasound measured minimal
stent area 5.83 mm?’ and neointial hyperplasia area
3.84 mm? (65.9% of stent area) for in-stent restenosis of
Endeavor stent (diameter 3 mm) of mid-LAD, typical
example of intimal hyperplasia

intima on gray scale IVUS 8 years after BMS
deployment [46], and other reports demonstrated
plaque rupture and a flaplike dissection inside a
restenotic stent [47, 48].

In addition, VH-IVUS has recently been
reported to identify neointimal hyperplasia with
unstable morphology that mimics a TCFA as in
native arteries.

Using VH-IVUS, tissue characterization of
restenotic in-stent neointima after DES (n = 70)
and BMS (n = 47) implantation was assessed in
117 lesions with angiographic in-stent restenosis
and intimal hyperplasia (IH) > 50% of the stent
area. Both groups had greater percent necrotic core
and percent dense calcium at maximal percent IH
and maximal percent necrotic core sites, especially
in stents that had been implanted for longer peri-
ods. VH-IVUS analysis showed that BMS- and
DES-treated lesions develop in-stent necrotic core
and dense calcium, suggesting the development of
in-stent neoatherosclerosis [49] (Fig. 6.7).
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Fig. 6.7 Examples of virtual histologic intravascular
ultrasound composition of the neointima at maximal per-
cent intimal hyperplasia sites. Follow-ups of paclitaxel-
eluting stent implantation at (a) 6 months (necrotic core
10%, dense calcium 2%), (b) 9 months (necrotic core
28%, dense calcium 8%), and (¢) 22 months (necrotic

core 39%, dense calcium 20%) and bare metal stent
implantation at (d) 48 months (necrotic core 40%, dense
calcium 25%) and (e) 57 months (necrotic core 57%,
dense calcium 15%) (Kang et al. Am J Cardiol

2010;106:1561-1565)

l———37 ]

LCBI: 45 mxLCBI(4): 220

Fig. 6.8 IVUS for LCX ISR lesion showed modest intima hyperplasia and stent fracture. Near infrared spectroscopy
revealed maximum LCBI 4 mm value of 220, suggested presence of thin fibrous cap neoatheromas

Recent study evaluated ability of NIRS to
detect OCT derived thin fibrous cap neoathero-
mas [TCNA; thin fibrous cap covering the lipid
core (<65 um)] are prone to rupture and higher
risk of late stent failure. In 39 drug-eluting stents

with ISR, values of LCBI derived by NIRS were
compared with the OCT-derived thickness of the
fibrous cap covering neoatherosclerotic lesions.
A total of 22 (49%) in-stent neointimas were
identified as lipid rich by both NIRS and
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OCT. There was good agreement between OCT
and NIRS in identifying lipid within in-stent neo-
intima. OCT identified TCNA in 12 stents (23%),
the minimal cap thickness of in-stent neoathero-
sclerotic plaque measured by OCT correlated
with the maxLCBI 4mm (maximal LCBI per
4 mm) within the stent (r = —0.77, P < 0.01).
Moreover, maxLCBI 4 mm was able to accu-
rately predict TCNA with a cut-off value of >144.
NIRS correlates with OCT identification of lipids
in stented vessels and is able to predict the pres-
ence of thin fibrous cap neoatheroma [50]
(Fig. 6.8).
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IVUS: Post-Evaluation After

Stenting

Yun-Kyeong Cho and Seung-Ho Hur

7.1 Introduction

Although the coronary angiography (CAG) can
visualize the improvement of luminal narrowing
after stent implantation in coronary atheroscle-
rotic lesions, it only provides indirect vessel
information using contrast medium because of a
shadow image at stented segments as well as
adjacent reference segments. Intravascular ultra-
sound (IVUS) is capable of generating a cross-
sectional anatomy of the vessel wall comparable
to corresponding histologic image, resulting in
providing more information of atherosclerotic
coronary plaque either quantitatively or qualita-
tively. On the other hand, stent struts appear as
focal, bright spots at cross-sectional and longitu-
dinal images owing to a strong echoreflection by
ultrasound beam. Thus, it allows detailed infor-
mation regarding stent strut expansion, intra-
stent luminal condition, and plaque characteristics
at adjacent reference vessel area [1]. The routine
use of IVUS in daily practice is still a matter of
debate in current drug-eluting stent (DES) era,
however, stent optimization by IVUS immedi-
ately after stent deployment has reported to
improve clinical outcomes, especially during
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complex percutaneous coronary intervention
(PCI) [2, 3]. This chapter reviews important
IVUS findings after stent implantation and its
clinical relevance.

Evaluation of Stent
Symmetry and Eccentricity

7.2

Symmetry index (SI) defines minimum stent
diameter/maximum stent diameter (Fig. 7.1) [4].
Asymmetry index (AI) also can be used to
express the stent symmetry: (1 — minimum stent
diameter/maximum stent diameter) [5]. Because
maximum and minimum stent diameters are the
values throughout an entire stented segment,
these diameters can derive from different cross
section in the stented segment. A stent was char-
acterized as asymmetric when the value of Al
was over 0.3 (which corresponds to SI of 0.70
from the MUSIC study). Post-procedural asym-
metry of device was associated with unfavorable
clinical outcomes [6].

Eccentricity index (EI) was calculated as mini-
mum stent diameter/maximum stent diameter to
show the circularity of the cross section.
Therefore, the calculation of minimum and maxi-
mum stent diameters were derived from the same
cross section frame by frame and value was
expressed as an average. A stent with EI > 0.7
was defined as concentric while EI < 0.7 was
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defined as eccentric [7, 8]. The eccentricity of
DES had been previously considered as one of the
factors for restenosis, because of the higher pos-
sibility of the uneven diffusion of the drug into the
arterial wall [9]. However, subsequent reports
showed that eccentricity of DES did not have any
clinical impact because DES powerfully sup-
pressed the neointimal formation [8, 10].

proximal

min'SB/max SD,
= 3.39/3.60 = 0.8
3.35/3.83 = 0.8

A f
]

3.30/3.63=0.93 2.92/3.33 = 0.88

2.90/3.43 = 0.8

3.36/3.44=048

3.07/3.32=0.9

Fig. 7.1 A representative images showing stent symme-
try and eccentricity. Minimum and maximum stent diam-
eters with 1 mm interval over the length of the device were

2.79/3.46 = 0.8
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Measurement of Minimal
Stent Area

7.3

Minimal stent area (MSA) of bare metal stent
(BMS) for long-term patency was considered as
6.4-6.5 mm? [11, 12], and adequate post-
interventional MSA of DES was 5.0-5.7 mm?
(Fig. 7.2) [13-15]. In left main lesions, optimal

2.75
=M Symmetry index = =0.72

3.83

2.75
Asymmetry index =1 - =0.28

3.83

Eccentricity index = 0.89

2.85/3.34'= 0:85 2.90/3.23.= 0:90 2.76/3.33 = g,ﬂ‘ﬁ

297/3.19 0.9 292/3.28 <0.8

shown. Stent (Xience alpine, 3.5 x 15 mm) showed sym-
metric and concentric expansion

Underexpansion 4— e BMS: 6.4-6.5 mm?2
in BMS era
0 5 6.5 8.7 10
© Minimal Stent Area (mm2)
. '+ LMCA: 8.7 mm2
Underexpansion — < i

in DES era * ZES: 5.3 mm2
e EES: 5.4 mm2
e SES: 5.5 mm?2
e PES: 5.7 mm2

Fig. 7.2 Minimal stent area (MSA) to prevent in-stent
restenosis or target vessel revascularization. Best cutoff of
bare metal stent (BMS) was 6.4—-6.5 mm? and the value of

drug-eluting stent (DES) was 5.0-5.7 mm?. In case of left
main coronary artery (LMCA), 8.7 mm? was suggested
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Fig. 7.3 Minimal stent
area (MSA) for left main
bifurcation lesion.
Considering 4 segments
of left main bifurcation,
the best MSA criteria
were 5.0 mm? (ostial left
circumflex artery),

6.3 mm? (ostial left
anterior descending
artery), 7.2 mm?
(polygon of confluence
[POC]), and 8.2 mm?
(proximal left main
artery above the POC)

LAD carina >

MSA was reported as 8.7 mm? in the MAIN-
COMPARE (revascularization for unprotected
left main coronary artery stenosis: comparison of
percutaneous coronary angioplasty versus surgi-
cal revascularization) study [2]. Considering 4
segments of left main bifurcation, the best mini-
mal stent area criteria to predict angiographic
restenosis were 5.0 mm? (ostial left circumflex
artery), 6.3 mm? (ostial left anterior descending
artery), 7.2 mm? (polygon of confluence [POC]),
and 8.2 mm? (proximal left main artery above the
POC) (Fig. 7.3) [16].

Evaluation of Stent
Expansion (Well Expansion
vs. Underexpansion)

7.4

In the BMS era, MUSIC study (multicenter ultra-
sound stenting in coronaries study) defined ade-
quate expansion as >90% of the average reference
cross-sectional area (CSA), or >100% of a smaller
reference CSA with complete apposition and
symmetric expansion [4]. CRUISE (Can Routine

proximal LM
8mm?2 |
| / LCX carina
N
POC A
7mm?2 e,
ostial LCX
5mm?2
ostial LAD
6mm2

Ultrasound Influence Stent Expansion) study
showed better stent expansion of IVUS-guided
PCI than angiography-guided PCI, especially in
terms of target vessel revascularization (TVR),
but not in mortality or myocardial infarction [17].
In contrast to the BMS era, early studies of IVUS-
guided PCI with DES had no significant benefit in
terms of TVR or clinical events. AVIO
(Angiography Versus IVUS Optimization) study
which defined optimal stent expansion as final
minimum stent CSA of at least 70% of the hypo-
thetical CSA of the fully inflated balloon used for
post-dilatation did not show any difference in
clinical outcome [18]. However, attention should
be paid to avoid stent underexpansion. Several
evidences indicate that stent underexpansion is
one of the major causes of stent failure such as
stent restenosis or stent thrombosis (Table 7.1)
[14, 19-21]. ADAPT-DES (Assessment of Dual
Antiplatelet Therapy With Drug-Eluting Stents)
study showed reduction in stent thrombosis, myo-
cardial infarction, and major adverse cardiac
events by IVUS-guided optimization of stent
expansion and apposition [22]. Representative
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Table 7.1 Underexpansion as the predictor of DES thrombosis and restenosis

Study Stent type

No. of lesion

Minimal stent area

Fujii K, et al. [19] Sirolimus-eluting stent

(Cypher)

15 in ST group vs.
45 in control group

4.3 £ 1.6 mm? in ST group vs.
6.2 + 1.9 mm? in control group

Okabe T, et al. [20] Sirolimus-eluting stent
(Cypher), paclitaxel-eluting

stent (Taxus)

14 in ST group vs.
30 in control group

4.6 = 1.1 mm? in ST group vs.
5.6 = 1.7 mm? in control group

Liu X, et al. [21] Sirolimus-eluting stent
(Cypher), paclitaxel-eluting

stent (Taxus)

20 in ST group vs.
50 in ISR group vs.
50 in control group

3.9 = 1.0 mm? in ST group vs.
5.0 = 1.7 mm? in ISR group vs.
6.0 = 1.6 mm? in control group

Hong MK, et al.
[14]

Sirolimus-eluting stent
(Cypher)

21 in ISR group vs.
522 in control group

5.1 £ 1.5 mm? in ISR group vs.
6.5 = 1.9 mm? in control group

DES drug-eluting stent, ST stent thrombosis, ISR in-stent restenosis

Fig. 7.4 A representative images of stent underexpan-
sion and well expansion. A 53-year-old man was admitted
with stable angina. The coronary angiogram (CAG)
showed significant stenosis (dotted line) on mid and distal
right coronary artery (RCA) (a). Two drug-eluting stents
(Ultimaster 3.0 x 33 mm on mid RCA and Ultimaster
2.75 x 18 mm on distal RCA) were implanted separately

IVUS images of underexpansion and well expan-
sion are shown in Fig. 7.4.

7.5 Detection of Stent Edge

Dissection

Stent edge dissection is a tear in the plaque paral-
lel to the vessel wall with visualization of blood
flow in the false lumen <5 mm to a stent edge. The
incidence of edge dissections by IVUS is approxi-
mately 10-20% and 40% of the IVUS-identified
dissections was not detected by angiography [23—
25]. Significant (major) edge dissections, defined
by IVUS as lumen area < 4 mm? or dissection

and CAG after stent implantation showed stent underex-
pansion on distal RCA (b, arrow). Corresponding intra-
vascular ultrasound image showed minimal stent area
(MSA) of 2.57 mm? (b1). After additional dilation with
noncompliant balloon, CAG showed well expansion of
distal stent (¢, arrow) and MSA was increased as 5.06 mm?
(ch

angle >60°, have been associated with early stent
thrombosis [26]. However, minor non-flow-limit-
ing dissection at the edge of stent may not be
associated with an increased incidence of clinical
events although no consensus exists on an optimal
strategy. Figure 7.5 is an example of stent edge
dissection.

7.6 Detection of Acute

Incomplete Stent Apposition

Incomplete stent apposition (ISA), synonymous
with stent malapposition, was defined as the
absence of contact between at least one strut and
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Fig. 7.5 A case of stent edge dissection. A 60-year-old
woman with stable angina showed calcified stenotic lesion
(dotted line) on mid-right coronary artery (a). The coro-
nary angiogram after drug-eluting stent implantation

the lumen wall that did not overlap a side branch
with evidence of blood speckle behind the strut
and can occur acutely after stent implantation
(acute ISA) or develop over time (late-acquired
ISA). Acute ISA is almost due to suboptimal
stent deployment. The frequency of acute ISA
has been reported to be nearly 10% and it appears
not to be associated with increased cardiac events
[27, 28].

Detection of Tissue
Protrusion (Plaque Prolapse
and Intra-stent Thrombus)

7.7

Tissue protrusion (TP) was defined as a visible
tissue extrusion through the stent struts by IVUS
(Fig. 7.6) [29, 30]. Although thrombus was
characterized by heterogeneous echodensity tis-
sue with a sparkling pattern by IVUS [31], the
accurate discrimination of atherosclerotic
plaque and thrombus within stent is very diffi-
cult because of limited resolution of IVUS. Thus,
TP includes plaque and/or thrombus extrusion
within stent [32]. The incidence of TP has been
reported in various ranges between 20% and
73%, depended on characteristics of enrolled
patients (Table 7.2) [29, 30, 32-36]. In fact, TP
is likely to develop in patients with acute coro-
nary syndrome, especially ST-segment eleva-
tion myocardial infarction owing to a higher

showed small dissection on proximal stent edge (b,
arrow). Dissection flap (asterisk) was observed by intra-
vascular ultrasound (¢)

chance of thrombus or friable plaque compared
to stable patients [32, 35] and receiving longer
stent probably caused by unequal distribution of
inflation pressure during stent deployment [30,
34]. Other predictors of TP are larger reference
lumen area, greater plaque burden, more plaque
rupture, attenuated plaque, positive vascular
remodeling, and virtual histology thin-cap fibro-
atheroma by IVUS [30, 32]. The clinical impact
of TP remains a controversy. Previous studies
suggested that TP after stent implantation may
increase the risk of stent thrombosis [26, 37].
Other studies, however, have been failed to
show this relationship [29, 32, 38].

Although some investigators demonstrated
greater cardiac enzyme elevation after stent
implantation in patients with TP, it did not trans-
late into the increased risk of stent thrombosis
or periprocedural myocardial infarction [30,
32]. An IVUS substudy from ADAPT-DES
reported the 2-year clinical outcomes of TP
after stenting. At 2-year clinical follow-up,
there was no difference in the rate of major
adverse cardiac events between patients with or
without TP. Interestingly, patients with TP
showed a less frequency of clinically driven tar-
get lesion revascularization at 2 years (1.9% vs.
4.0%, p = 0.008), probably due to larger mini-
mal stent area at the end of procedure [32].
Taken together, TP may influence the early clin-
ical phase rather than late clinical stage after
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Fig. 7.6 Representative cases of tissue protrusion. A
65-year-old man was admitted with ST-segment elevation
myocardial infarction (a). The coronary angiogram
(CAG) after drug-eluting stent (DES) implantation
showed no luminal narrowing within stented segments
(al, arrow). Correspondingly, intravascular ultrasound
(IVUS) revealed tissue protrusion (plaque and/or throm-

stent implantation even though its clinical sig-
nificance is still uncertain.

Evaluation of Full Lesion
Coverage

7.8

IVUS can assess plaque amount in atheroscle-
rotic coronary lesion, enabling to determine ref-
erence segment during stent implantation. Based
on IVUS examination, reference segment is
defined as <40% of plaque burden at cross-
sectional image adjacent to the lesion [39]. Early
IVUS study has demonstrated that angiographi-

bus) between stent struts (a2, arrowheads). A 55-year-old
woman was admitted with ST-segment elevation myocar-
dial infarction (b). The CAG after DES implantation
showed mild luminal narrowing within stented segments
(b1, arrow). Correspondingly, IVUS revealed tissue pro-
trusion (most likely thrombus) between stent struts (b2,
arrowheads)

cally normal looking segments, namely reference
vessel segments, have 30-50% of plaque burden
at cross-sectional image [40]. Several studies
have shown that a reference segment that has
>50% of plaque burden at cross-sectional area
may increase the risk of target lesion revascular-
ization or restenosis at follow-up after DES
implantation (Fig. 7.7) (Table 7.3) [41-43].
Recent study also reported plaque burden with a
cutoff value of 54.7% at less than 1 mm from
proximal stent edge as a predictor of stent edge
restenosis after everolimus-eluting stent implan-
tation [43]. During or after stent deployment,
thus, estimation of plaque amount at landing



7 IVUS: Post-Evaluation After Stenting 69
Table 7.2 Summary of tissue protrusion after stent implantation
Cardiac | % of Clinical

Patients/ | % of | % of ACS enzyme | peri- % of stent | outcomes (TP
Study lesions TP (% of STEMI) | elevation | procedural MI | thrombosis | vs. non-TP)
Sohn J, et al. [29] | 38/40 45% | 65.8% (18.4%) | Yes 5.3% 0% 2-year MACE:

no difference
Choi SY, et al. [26] | 401/401 73.6% | 100% (100%) | NA NA Early: 1-year clinical
(HORIZON-AMI 3.4% events: no
IVUS substudy) difference
Hong YJ, et al. 418/418 34% 100% (37.1%) | Yes NA Acute: 1-year cardiac
[37] 3.5% death, MI,
Subacute: | TVR: no
4.2% difference
Maehara A, et al. | 286/286 27.3% |39.1% (0%) NA NA NA NA
[48]
QiuF etal. [32] |2072/2446 |34.3% | 58.5% (17.9%) | Yes 1.8% 0.6% 2-year cardiac
(ADAPT-DES) death, MI, ST:
no difference

Shimohama T, 183/199 19.1% | 12.7% (NA) NA NA NA 9-month TLR:
et al. [36] 3.3%

TP tissue protrusion, ACS acute coronary syndrome, STEMI ST-segment elevation myocardial infarction, MACE major
adverse cardiac events, TVR target vessel revascularization, S7 stent thrombosis, 7LR target lesion revascularization

Fig. 7.7 Representative cases of appropriate (a—c) and
inappropriate (d—f) location of drug-eluting stent (DES)
based on post-stenting intravascular ultrasound findings. A
49-year-old man with acute myocardial infarction was
treated with a second-generation DES 3.0 x 30 mm (dotted
line) at mid to proximal left anterior descending artery (a).
There is a well-expanded and apposed struts at the proxi-
mal (b2) and distal (b3) edges of stent. In addition, less
than 50% of plaque burden is observed at proximal (b/)

and distal (b4) reference segments, suggesting that the
location of deployed stent is appropriate. A 68-year-old
man with stable angina was treated with a second-
generation DES 3.0 x 16 mm (dotted line) at mid right
coronary artery (d). There is a well-expanded and apposed
struts at the proximal (e2) and distal (e3) edges of stent.
However, more than 50% of plaque burden is observed at
proximal (e/) and distal (e4) reference segments, suggest-
ing that the location of deployed stent is inappropriate
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Table 7.3 Suggestive IVUS criteria for stent

optimization

Completely apposed struts

Apposition of stent struts to the vessel wall, not
surrounded by lumen

Well expanded struts
Minimal stent area (MSA) at least
¢ 5.0-5.5mm? (non-LM) & 8.7 mm? (LM) for DES
¢ 6.5-7.5 mm? for BMS (not in small vessels)
* >90% of distal reference segment LA or >80% of
average reference segment LA

No edge dissection

Post-procedure IVUS for evaluation of edge dissection

Full lesion coverage

Reference site with plaque burden of <50%

IVUS intravascular ultrasound, LM left main, DES drug-
eluting stents, BMS bare metal stents, LA lumen area

point determined by IVUS can assess future clin-
ical outcomes.

7.10 Impact on Final Procedure

During Stent Deployment

The most important utility of IVUS after stent
implantation is that it can provide information
whether additional procedure is needed or not.
An IVUS substudy from ADAPT-DES showed
that the operator changed the PCI strategy based
on IVUS findings in three fourth of 3349 patients
including the use of a larger stent or balloon
(38%) and a longer stent (22%), higher inflation
pressure (23%), additional post-stent dilatation
due to underexpansion (13%) or incomplete
apposition (7%), and additional stent implanta-
tion (8%) [22]. Among them, post-stenting IVUS
was performed in 93% of patients (Fig. 7.8). A
study by Kim et al. also reported that post-
stenting IVUS findings contributed to perfor-
mance of additional balloon inflation or stent
implantation [47].

7.9 Evaluation of Plaque
Characteristics at Stented or

Reference Segments

IVUS can provide qualitative and quantitative
change of plaque characteristics at stented seg-
ments as well as adjacent reference segments by
serial IVUS examination. Analysis of radiofre-
quency backscatter signals of IVUS allows us to
understand whether stent strut is placed underly-
ing necrotic core or not at reference segments
due to capability of tissue characterization at
adjacent segment to the stent [44]. One investi-
gator reported that a higher frequency of plaque
vulnerability behind the stent strut as well as at
reference segments in DES-treated lesions com-
pared to BMS by virtual histology IVUS
(VH-IVUS) [44]. Another long-term serial
VH-IVUS study demonstrated similar change of
neointimal tissue characterization beyond
3 years between DES and BMS [45]. On the
other hand, a recent study suggested that
decrease in plaque located behind the stent area
may be associated with neointimal proliferation
at follow-up after BMS implantation [46].

7.11  Summary

Since stent optimization has been reported to be
associated with clinical events, IVUS assess-
ment after stent implantation might be impor-
tant in a clinical point of view. Although the
clinical relevance of stent eccentricity, acute
stent malapposition, and tissue protrusion was a
matter of debate, numerous studies have shown
that smaller MSA, stent underexpansion, and
major edge dissection were independent predic-
tors of poor clinical outcomes. Even in the cur-
rent era of bioresorbable scaffold, improved
procedural results under IVUS guidance still
contribute to avoidance of early scaffold failure.
In conclusion, post-stenting IVUS can offer
qualitative as well as quantitative information
within and adjacent stented segments that may
expand our comprehensive understanding dur-
ing procedure. Importantly, the major role of
IVUS after stent implantation is that IVUS-
driven suboptimal procedure results can provide
a clue of whether operator should perform addi-
tional intervention during stenting procedure for
making better acute and long-term clinical
outcomes.
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Fig. 7.8 The frequency and detailed information of
changed the percutaneous coronary intervention (PCI)
strategy after procedural intravascular ultrasound use
(data from ADAPT-DES study) [22]. The operator
changed the PCI strategy in 74% (2484/3349) of patients
to choose (1) a larger stent or balloon (in 38% [943/2484]
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Long-Term Complications
and Bioresorbable Vascular
Scaffolds Evaluation

Kyeong Ho Yun

Stent failure is defined as loss of short-term,
long-term safety and efficacy of drug-eluting
stent. Intravascular ultrasound can provide
important information of stent failure, which
mainly consist of stent restenosis and thrombo-
sis. In this chapter, I will describe intravascular
ultrasound findings associated with stent failure.
Bioresorbable vascular scaffolds have become
an attractive option due to the complete resorp-
tion process over a few years. However, current
generation devices have been indicated that an
optimized implantation strategy is required for
prevention of scaffold thrombosis. This chapter
will be discussed optimize implantation tech-
nique using intravascular ultrasound in brief.

8.1 Long-Term Complications
Contributed to Stent Failure

8.1.1 Stent Underexpansion

Minimal stent area after drug-eluting stent

implantation is an important predictor for resteno-
sis. Hong et al. reported that final minimum stent
area <5.5 mm? is an independent predictor of
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6-month angiographic restenosis after sirolimus-
eluting stent implantation [1]. After that, minimal
stent area of each kind of 1st- and 2nd-generation
drug-eluting stent for prediction of restenosis was
evaluated (Fig. 8.1) [2, 3]. However, sensitivity
and specificity of cut-off minimal stent area was
low, and cut-off area would not reflect various
clinical situations and vessel size, such as long
lesion. Recently, The Impact of Intravascular
Ultrasound Guidance on Outcomes of Xience
Prime Stents in Long Lesions (IVUS-XPL) study,
first randomized 2nd-generation intravascular
ultrasound study, suggested optimal intravascular
criteria for minimal stent area [4]. In this study,
the minimal stent area and minimal stent area-to-
distal reference segment lumen area ratio that best
predicted in patients with adverse events from
those without these events were 5.0 mm? and
1.0 mm?, respectively (Fig. 8.2) [5]. Therefore,
final minimal stent area should be obtained at
least greater than the lumen cross-sectional area at
the distal reference segments.

Stent underexpansion is associated with stent
thrombosis as well as stent restenosis. Lui et al.
reported that underexpansion associated with
thrombosis is more severe, diffuse, and proximal
in location compared with restenosis [6].

8.1.2 Stent Fracture

Stent fracture is defined as the presence of an
angiographically visible interrupted connection
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of stent struts or fewer visible stent struts at the
suspected site than normal looking stented area
on intravascular ultrasound. The classification of
stent fracture varies from study to study
(Table 8.1) [7]. Intravascular ultrasound can
identify complete stent fracture (complete strut
absent) and partial stent fracture (stent struts
absent in >1/3 of the vessel wall) (Fig. 8.3) [8].
Most stent fracture occurred in sirolimus-eluting
stent, but several cases of stent fracture were also
reported in other type of stents. Especially, stent
fracture of 2nd generation drug-eluting stent can
be associated with longitudinal stent deformation
due to their weak compressive force (Fig. 8.4).
Stent fracture can be incidental finding in

Table 8.1 Classification of stent fracture

Type | Description

1 A single-strut fracture

11 2 or more strut fractures without deformation
it 2 or more strut fractures with deformation

v Multiple strut fractures with acquired
transection but without gap

v Multiple strut fractures with acquired
transection with gap

Complete
fracture

Distal reference

Partial
fracture

Fig. 8.3 Intravascular ultrasound definition of stent fracture

asymptomatic patients, however, it also presents
as recurrent angina, myocardial infarction, and
even sudden death. The uses of intravascular
ultrasound increase the rate of stent fracture
detection, and provide associated information
regarding neointima formation, vessel remodel-
ing, stent expansion, and aneurysmal formation
(Fig. 8.5).

8.1.3 Late Stent Malapposition

Stent malapposition was defined as a separation
of at least I stent strut not in contact with the inti-
mal surface of the arterial wall that was not over-
lapping a side branch, was not present
immediately after stent implantation, and had
evidence of blood speckling behind the strut.
Late stent malapposition was defined as stent
malapposition developing between 30 days and
1 year, but typically detected on 6-month follow-
up intravascular ultrasound [9]. Very late stent
malapposition was defined as a late stent malap-
position lesion that developed after 1 year
(Fig. 8.6). A meta-analysis showed that the risk

Fracture site Proximal reference
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Fig. 8.4 A case of Proximal
everolimus-eluting stent e
fracture. Partial fracture
was followed by
longitudinal deformation
and overlap of fractured
edges leading to
excessive neointimal
hyperplasia Fracture Overlap

Stent fracture

Fig. 8.5 A case of sirolimus-eluting stent fracture associated with coronary aneurysm
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Baseline

Fig. 8.6 Example of late stent malapposition 3-year after sirolimus-eluting stent implantation

of late stent malapposition was significantly
greater after drug-eluting stent than bare-metal
stent, whereas other studies showed that primary
stenting in acute myocardial infarction was an
independent predictor after both drug-eluting
stent and bare-metal stent implantation [10, 11].
Late stent malapposition of drug-eluting stent is
associated with positive vascular remodeling and
vascular remodeling can be progression [9].
Therefore, stent malapposition could continu-
ously progress and new areas of malapposion
also could develope in later stage.

The clinical impact of stent malapposition has
been a matter of concern and debate. In the har-
monizing outcomes with revascularization and
stents in  acute  myocardial infarction
(HORIZONS-AMI) trial, stent malapposition
was not associated with stent thrombosis
(Fig. 8.7) [12]. Hong et al. also reported that late
stent malapposition after drug-eluting stent
implantation was not a predictor of major adverse
cardiac events or stent thrombosis at 3 years after
the O6-month intravascular ultrasound [13].
However, Cook et al. reported that late stent
malapposition associated with stent thrombosis
had higher maximal malapposition area, length,
and depth than without stent thrombosis (Fig. 8.8)

[14]. The prognostic impact of late stent
malapposition on long-term clinical outcomes
requires further investigation.

8.1.4 In-Stent Neoatherosclerosis

In-stent neoatherosclerosis has emerged as an
important contributing factor to late vascular
complications including very late stent throm-
bosis and late in-stent restenosis. Histologically,
neoatherosclerosis is characterized by accumu-
lation of lipid-laden foamy macrophages
within the neointima with or without necrotic
core formation and/or calcification. The devel-
opment of neoatherosclerosis may occur in
months to years following stent placement.
Pathologic and clinical imaging studies have
demonstrated that neoatherosclerosis occurs
more frequently and at an earlier time point in
drug-eluting stent when compared with bare-
metal stent [15, 16]. In intravascular ultra-
sound, in-stent plaque rupture likely accounts
for most thrombotic events associated with
neoatherosclerosis  (Fig. 8.9). However,
because intravascular ultrasound has poor res-
olution (spatial resolution = 150-250 pm),
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proximal

distal

Fig. 8.9 A case of very late stent thrombosis. Intravascular ultrasound after thrombus aspiration showed significant
neointimal tissue growth and neointimal flap (arrow)

intravascular optical coherence tomography is
the best image tool for detection of neoathero-
sclerosis. The detailed discussion will be
described in optical coherence tomography
section.

Intravascular Guided
Bioresorbable Vascular
Scaffold Implantation

8.2

Bioresorbable scaffolds have become an attractive
option in the field of percutaneous coronary inter-
vention, due to the advantages associated with the
complete resorption process. Recent randomized
trials have demonstrated non-inferiority of BRS
when compared to contemporary drug-eluting
stents [17, 18]. However, recently concerns have
been raised regarding a potentially higher inci-
dence of scaffold thrombosis. This may be related
to implantation strategy, since consistent opti-

Table 8.2 Optimal implantation technique for the
Absorb bioresorbable vascular scaffold

5P’s of optimal implantation technique

1. Prepare the lesion

2. Properly size the vessel

3. Post-dilate with a non-compliant balloon

4. Pay attention to expansion limits

5. Prescribe dual anti-platelet therapy

mized implantation strategies were not utilized in
most of the prior reports, including relatively low
rates of post-dilation and intravascular imaging
use [17-20]. Furthermore, a recent report demon-
strated that the incidence of scaffold thrombosis
could be significantly reduced with an optimal
implantation strategy [21].

Several types of bioresorbable scaffold are in
development, however, currently the Absorb bio-
resorbable vascular scaffold (BVS) is only used
in Korea. BVS has different implantation strategy
compared with metallic stent (Table 8.2).
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In BVS implantation, careful device sizing is
required to avoid both over- and undersizing.
Undersizing can lead to malapposition, which is
thought to be a major cause of scaffold thrombo-
sis [22]. Malapposition with undersized BVS
may be frequently difficult to correct after
deployment due to limited expansion capabili-

Fig. 8.10 An example of intravascular ultrasound guided
Absorb bioresorbable vascular scaffold (BVS) implanta-
tion. Reference diameter was 4.0 mm in pre-interventional
ultrasound (upper). Lesion preparation was performed by

ties. On the other hand, an oversized BVS
increases the percentage of vessel coverage and
strut volume in the vessel lumen more dramati-
cally than current metallic stents, which may
increase thrombogenicity and side branch occlu-
sions [23, 24]. Intravascular ultrasound provides
accurate size of the vessel/lumen before BVS

3.75 mm balloon, and then 3.5 x 18mm BVS was implanted
at 6 atm. Post-dilation with 3.75 non-compliant balloon
was performed at 14 atm. Final IVUS (lower) showed good
apposition without significant complications
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implantation and information regarding subopti-
mal implantation such as underexpansion, incom-
plete lesion coverage, and malapposition
(Fig. 8.10). Therefore, operators should have low
threshold for intravascular imaging use espe-
cially during the early experiences for the opera-
tor and institution.

The decision on whether to use intravascular
ultrasound or optical coherence tomography
(OCT) depends on several factors. OCT has
higher resolution than ultrasound, while less
power of tissue penetration. Furthermore, OCT
generally requires an injection of contrast media
to obtain the images, which may increase total
contrast volume and procedure time. Therefore,
intravascular ultrasound is advantageous when
confirming vessel diameters especially in large
vessels or flow limiting distal vessels, and also
can be used widely in any situation and repeat-
edly even in the presence of chronic kidney dis-
ease. Although intravascular ultrasound can also
detect the majority of potentially concerning
findings after BVS implantation including
malapposition, underexpansion, and dissection,
OCT can show them more clearly. Moreover, it
is frequently difficult for intravascular ultra-
sound to detect scaffold fracture. Therefore OCT
may be advantageous when an operator wants to
observe BVS struts with fine detail, although it is
still unclear whether it is clinically beneficial to
detect findings that intravascular ultrasound
cannot [25, 26].
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Near-Infrared Spectroscopy

Byoung-joo Choi

Nowadays, various newly developed intracoro-
nary imaging techniques have provided unique
information on the coronary plaque and are
widely used either for clinical decision-making
or for research purposes (Table 9.1). However,
there is still unmet need for the characterization
of atheromatous plaque, especially for in vivo
measurement of lipid burden within coronary

artery wall. Near-infrared spectroscopy (NIRS)
uses properties of the light reflection and absorp-
tion in each specific chemical component and
provides us information on the presence of lipid
core plaque in the coronary artery wall. This
chapter will review the basic mechanism, valida-
tion, and techniques of NIRS followed by the
results of early clinical studies.

Table 9.1 Comparison of different intravascular imaging modalities

Imaging Cap Lipid

modality Resolution | thickness |core |Calcium |Thrombus | Macrophage |Neovascularization
IVUS 100 pm + + ++ + - -

OCT 10 pm +++ ++ ++ ++ + ++

VH 100 pm + + ++ + - -

NIRS - + +++ |- - - -

Angioscopy — + + - +++ — -

IVUS intravascular ultrasound, OCT optical coherence tomography, VH virtual histology, NIRS near-infrared
spectroscopy
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9.1 Basic Mechanism

Spectroscopy 1is well established and widely
accepted method to identify unknown chemicals in a
variety of industries and scientific studies. Basically,
spectroscopy employs the mechanism that light
reflection (scattering) and absorption vary at differ-
ent wavelengths according to each chemical compo-
nent or substance [1, 2]. Organic component in the

Fig. 9.1 Representative case of near-infrared spectros-
copy (NIRS) in patient with acute coronary syndrome.
The coronary angiogram shows significant stenosis at the
proximal segment of the left anterior descending artery
(white arrow) (a). NIRS shows large lipid burden within
coronary artery wall (b). The cross-sectional image of

atheromatous plaque (collagen, cholesterol, etc.),
when near-infrared (wavelength 780-2500 nm) light
is shed on them, provides unique spectral signature
(there are particular and specific peaks and trough
patterns according to each chemical substances)
that can be used as “chemical thumbprint” [3]. All
these information are integrated with grayscale
intravascular ultrasound (IVUS) images and dis-
played into a single picture (Fig. 9.1).

NIRS clearly reveals lipid accumulation is present from 7
o’clock to 10 o’clock (white arrow), while concomitant
intravascular ultrasound (IVUS) image demonstrates the
presence of plaque rupture (black arrow) at the same loca-
tion. In this case the identification of lipid by IVUS image
is not feasible



9 Near-Infrared Spectroscopy

87

9.2 Validation

NIRS system was rigorously validated with 84
human autopsy hearts in a prospective and
double-blind manner to assess the accuracy in
detecting the lipid core plaque (LCP) [4]. In order
to develop quantitative index for the validation,
an LCP of interest was defined as a lipid core
>60" in circumferential extent, >200 pm thick-
ness, and with a mean fibrous cap thickness
<450 pm. The algorithm of NIRS system pro-
spectively identified LCP with a receiver-operator
characteristic area of 0.80 (95% confidence inter-
val [CI]: 0.76-0.85). The lipid core burden index
detected the presence or absence of any fibroath-
eroma with an area under the curve of 0.86 (95%
CI: 0.81-0.91). This study successfully demon-
strated good agreement between NIRS system
and histopathology in coronary autopsy speci-
mens. Clinical verification of NIRS system was

Fig. 9.2 Near-infrared (NIR)
(TVC®, InfraReDx, Burlington, MA, USA). The system
consists of a console (a), a mechanical rotation pullback
device (b), and a 3.2F imaging catheter (c). The dispos-
able imaging catheter uses traditional 0.014-in. monorail

spectroscopy  system

performed by SPECTACL (Spectroscopic
Assessment of Coronary Lipid) study. This study
showed that spectral data obtained from patients
by NIRS system were similar with those from
autopsy specimens [5]. Furthermore, high repro-
ducibility of NIRS system for the detection of
LCP was demonstrated by Garcia et al. [6].

9.3 NIRS System

and Measurement

NIRS system (TVC®, InfraReDx, Burlington,
MA, USA) consists of 3.2F catheter, which uses
0.014-in. coronary guidewire system and pull-
back devices (Fig. 9.2). Mechanical pullback and
rotation are performed at a speed of 0.5 cm/s and
240 rotation/m. The NIRS system acquires
approximately 1000 NIRS measurement/12.5 cm
of artery scanned and determines the presence of

infrared

system and contains an optical fiber to deliver NIR light
from a console as well as intravascular ultrasound (IVUS)
imaging system. The console integrates NIR information
with IVUS image using predictive algorithm
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lipid core plaque (LCP) at each interrogated loca-
tion in the artery using a predictive algorithm.
The calculated data are displayed in a two-
dimensional map of the vessel (‘“‘chemogram”)
(Fig. 9.3a). The x-axis of the chemogram repre-
sents pullback position in millimeter scale, and
the y-axis represents circumferential position in
degrees (0-360°); a color scale from red to yel-
low indicates increasing probability that a LCP is
present.

The block chemogram is a summary mea-
surement of the probability that a LCP of 2-mm
pullback interval is analyzed and displayed in a
color map (Fig. 9.3b). The block chemogram
uses the same color scale as the chemogram, but

Fig. 9.3 An example of
chemogram and block che-
mogram. (a) The color of
chemogram from red to
yellow  indicates  the
increasing probability that
a lipid core plaque (LCP) is
present at this location. (b)
Each color of the block
chemogram is determined
by 90th percentile value of
the chemogram within a
2-mm segment. Four colors
of the block chemogram
represent chance of a LCP

Chemogram

the display is summed up to four discrete colors
to facilitate visual interpretation (red, p < 0.57;
orange, 0.57 < p < 0.84; tan, 0.84 < p < 0.98;
yellow, p > 0.98, algorithm probability that a
LCP is present in that 2-mm block). Lipid core
burden index (LCBI) is defined as the fraction
of valid pixel in the chemogram that exceed a
LCP probability of 0.6, multiplied by 1000
(Fig. 9.4). LCBI provides a summary measure-
ment of the LCP presence in the entire scanned
segment. The maxLCBI,,, is defined as the
maximum value of LCBI for any of the 4-mm
segment in the interrogated region and used as
the index representing the size of the LCP
(Fig. 9.5).

Degrees of Rotation

at this location (red,
p < 057 orange,
0.57 < p < 0.84; tan,
0.84 < p < 0.98; yellow,
p >0.98)

Block
Chemogram

Pullback length (mm)

Yellow p=0.98
Tan 0.84<p<0.98
Orange  0.57<p<0.84
Red p<0.57
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Fig. 9.4 Lipid core
burden index (LCBI).
LCBI is defined as
cholesterol-positive
signals which exceed an
LCP probability of 0.6
within the region of
interest divided by total
valid signals multiplied
by 1000 (%o)

Chemogram

Region of Interest (ROI)

Lipid core burden index (LCBI) =

Cholesterol signal pixel (p>0.6)

within ROI
x1000

Total valid signal pixel
within ROI

Pullback length (mm)

Chemogram

Pullback length (mm)

Fig.9.5 maxLCBI4mm. maxLCBI4mm is defined as the
maximum value of lipid core burden index for any of the
4-mm segment. It represents the angular size of the LCP

9.4 Clinical Studies

9.4.1 Prediction of Periprocedural
Mmi

NIRS is able to identify high risk of periprocedural
myocardial infarction (MI). Goldstein JA et al.
observed 62 patients with stable cardiac biomarker
who underwent coronary stenting [7].
Periprocedural MI was observed in 50% of patients
with a maxLCBI4mm > 500. On the other hand,
periprocedural MI occurred only in 4.2% of
patients with maxLCBI4mm < 500 (p = 0.0002).
Quantification of LCP measured as maxL-
CBI4mm > 500 was associated with increased
risk of periprocedural MI, which is completely in
accordance with traditional studies with IVUS or
virtual histology (Fig. 9.6). The CANARY
(Coronary Assessment by NIR of Atherosclerotic
Rupture-Prone Yellow) study [8] enrolled 85 sta-
ble angina patients in a prospective and multi-
center manner. NIRS performed prior to PCI
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Baseline

Post-PCI

Fig. 9.6 Representative case of periprocedural myocar-
dial infarction (MI) predicted by near-infrared spectros-
copy. (a) Baseline angiogram shows discrete tight stenosis
at the middle segment of the left anterior descending
artery. (b) Baseline intravascular ultrasound (IVUS)
shows significantly narrowed lumen with 1.75 mm? of
minimal lumen area due to a large eccentric echo-
attenuated plaque. The plaque burden was 86.9%. (c) The
baseline chemogram displays “yellow” lipid-rich plaque
extending almost 330° of the vessel circumference with

showed maxLCBI4mm was significantly higher
(481.5 vs. 371.5, p = 0.05). However, among the
randomized lesions with maxLCBI4mm >600,
there was no difference of periprocedural MI with
vs. without the use of distal protection filter (35.7%
vs. 23.5%, respectively; relative risk, 1.52; 95%
confidence interval: 0.50-4.60, p = 0.69). It is
unclear whether this result is due to the limitation
of NIRS predicting periprocedural MI or that of
distal protection device preventing periprocedural
MLI. Further investigations will be needed to clarify
this issue.

9.4.2 PCl Guidance

Visual assessment of coronary angiogram is
commonly used to determine stent length.

IRERETEXRRERRRNRT

maxLCBI4mm 906 (between blue lines), which highly
suggests the development of periprocedural MI or no-
reflow phenomenon. (d) Post-PCI angiogram shows no-
reflow phenomenon. Cardiac biomarkers taken after the
procedure were significantly elevated. (e) Post-PCI IVUS
shows multiple stent struts well expanded and opposed to
the vessel wall. Final minimal stent area is 5.8 mm?. (f)
The post-PCI chemogram displays significantly reduced
and partly relocated lipid core area (yellow) after stenting.
The maxLCBI4mm is 295 (between blue lines)

However, in terms of full lesion coverage, it is
frequently inaccurate. IVUS can provide us more
precise information than angiogram on lesion
length by showing intravascular plaque morphol-
ogy. Further, NIRS system substantiates another
potential that it can give us additional informa-
tion by showing the extent of lipid within coro-
nary artery wall. Dixon et al. [9] observed that
LCP extended beyond the angiographic margin
of the lesion in 16% of PCI lesions. Whether LCP
extending beyond the stent edges produces
adverse outcome is unclear and requires further
investigation. However, it is not difficult to expect
that incomplete lesion coverage may increase the
risk of stent edge problems such as restenosis
requiring additional PCI or myocardial infarc-
tion. Strategy of PCI optimization with NIRS
currently may be implicative.
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9.4.3 Prediction of Outcome

Prospective identification of both vulnerable
plaque and patient has been an important issue.
However, only a small number of prospective
outcome studies (Table 9.2), which assessed non-
culprit lesions with intravascular imaging modal-
ities, have been available. Most of them used
IVUS or virtual histology (VH-IVUS) and have
been describing several well-established features
of vulnerable plaque (Table 9.2). Now accumu-
lating data suggest that NIRS can identify vulner-
able or rupture-prone plaque and predict outcome
of the patients. Madder et al. reported maxL-
CBI4mm was 5.8-fold higher in STEMI culprit
segments than in non-culprit segments of the
STEMI culprit vessel (median [interquartile
range (IQR)]: 523 [445-821] vs. 90 [6-265];
p < 0.001) [15]. A threshold of maxL-

CBI4mm >400 distinguished STEMI culprit
(sensitivity, 85%; specificity, 98%). Oemrawsingh
RM et al. observed non-culprit coronary arteries
in 203 patients who were referred for coronary
angiography [14]. About half (46%) of the
patients had acute coronary syndrome. A four-
fold increase in major adverse cardiac and cere-
brovascular events during 1-year follow-up was
observed in patients with LCBI above the median
(16.7% vs. 4.0% event rate [adjusted hazard ratio,
4.04; 95% confidence interval, 1.33-12.29;
p = 0.01]). Furthermore, the majority of event in
this study was unplanned revascularization,
which suggest NIRS is able to identify “active
phase” or “rapid growing” plaque as well as
rupture-prone plaque. Similarly, Madder et al.
reported that in their 121 registry patients analy-
sis maxLCBI4mm >400 in a non-stented seg-
ment at baseline is significantly associated with

Table 9.2 TImaging predictors in non-culprit lesion for clinical outcomes

Study Patients Method Outcome Results
Ohtani et al. [10] 552 pts Angioscopy 7.1% ACS events at Number of yellow
57.3 £ 22.1-month FU plaques (adjusted
HR1.23[1.03-1.45],
p=0.02)

Prospect 697 ACS pts 3-vessel 11.6% MACE (cardiac PB > 70% (HR

Stone et al. [11] VH-IVUS death, cardiac arrest, M1, 5.03[2.51-10.11],

or rehospitalization) at p <0.001),

3.4-year FU MLA < 4.0 mm?
(HR3.21[1.61-6.42],
p=0.001), VH-TCFA
(HR3.35[1.77-6.36],
p <0.001)

Calvert et al. [12] 931 non-culprit 3-vessel 1.4% MACE (death, MI, VH-TCFA (HR7.53,
lesions in 170 VH-IVUS or unplanned p =0.038) and PB > 70%
pts (41% ACS) revascularization) at (HR 8.13, p =0.011)

625-day FU remodeling index
(HR2686 [1.94—
3.72x10], p = 0.032)
Atheroremo-IVUS 581 pts (54% VH-IVUS 7.8% MACE (mortality, VH-TCFA (adjusted
Cheng et al. [13] ACS) ACS, or unplanned HR1.98[1.09-3.60],
revascularization) at p=0.026) PB > 70%
1-year FU (adjusted HR2.90[1.15—
5.49], p =0.021)

Atheroremo-NIRS 203 pts (47% 1-vessel 13.7% MACE (all-cause LCBI > 43.0 (median)

Oemrawsingh et al. ACS) NIRS mortality, nonfatal ACS, (adjusted HR4.04[1.33—

[14] stroke, and unplanned 12.29], p =0.01)

revascularization)
atl-year FU

ACS acute coronary syndrome, F'U follow-up, HR hazard ratio, pts patients, VH-IVUS virtual histology intravascular ultra-
sound, MACE major adverse cardiac event, MI myocardial infarction, PB plaque burden, MLA minimal luminal area,
VH-TCFA virtual histology thin-capped fibroatheroma, NIRS near-infrared spectroscopy, LCBI lipid core burden index
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Baseline

1 year follow-up

Fig. 9.7 Representative case of plaque progression pre-
dicted by near-infrared spectroscopy (NIRS). (a) Baseline
angiogram shows insignificant stenosis (white arrow) at
the middle segment of the right coronary artery.
Concomitant NIRS scan displays the presence of large
lipid core in the coronary artery wall (maxLCBI4mm is
483), which highly suggest the future cardiac event. (b)
Baseline intravascular ultrasound (IVUS) shows an eccen-

adverse cardiac events during follow-up (HR
10.2, 95%ClI 3.4-30.6, P < 0.001) [16]. NIRS is
able to predict outcome in patients with coronary
artery disease (Fig. 9.7).

9.4.4 Endothelial Dysfunction

Although the mechanism of exacerbating ath-
erosclerosis by endothelial dysfunction has been

tric plaque with 8.2 mm? of minimal lumen area (MLA).
The plaque burden is 58%. (¢) The 1-year follow-up coro-
nary angiogram shows definite “progression of plaque”
with significant luminal narrowing (white arrow). (d)
Follow-up IVUS shows narrowing of MLA (2.1 mm) and
increased plaque burden (88%) compared with baseline
images

extensively investigated in vitro and animal
studies, in vivo demonstration using intravascu-
lar imaging technique such as IVUS has failed
to substantiate this association. Choi B et al.
reported that there was a significant correlation
between LCBI (r = —0.460, p = 0.008), LCBI
divided by lesion length (r = —0.453, p = 0.009),
and maxLCBI4mm (r = —0.431, p = 0.014) and
the degree of epicardial endothelial function
[17]. NIRS system was sensitive enough to
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detect the early changes of atherosclerosis
according to the degree of endothelial dysfunc-
tion, which suggest it may serve as an important
tool for assessing atherosclerosis and patho-
genic mechanism of it.

9.5 Limitation

The NIRS system only provides two-dimen-
sional information of cholesterol accumulation
and does not provide information on the depth
of the cholesterol within the coronary artery
wall. IVUS may therefore be used for additional
evaluation of plaque structure. False-positive
reading of NIRS could be caused by fibroather-
omas too small or with caps too thick to meet
criteria for the LCP of interest or by lesions con-
taining significant lipid but not having necrotic
core (intimal xanthoma and pathologic intimal
thickening).

Conclusion

The new lipid-identification methodology with
NIR spectroscopy seems to be of value to
research as well as clinical decision-making.
Initial studies successfully demonstrated its
ability and potentials. Several ongoing clinical
trials may confirm its clinical usefulness and
future applications.
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Physical Principles and Equipment
of Intravascular Optical Coherence

Tomography

Jinyong Ha

Optical coherence tomography (OCT) is an
emerging imaging modality analogous to intra-
vascular ultrasound imaging but uses light instead
of sound. The integration of a fiber-optic probe
with frequency domain OCT enables video
images that display the location and changes of
coronary plaques and stent apposition in live
patients. This chapter details the basic principles
of intravascular optical coherence tomography
(IV-OCT) in clinical practice. The system archi-
tecture and catheter structure consisting of an
optical probe and a protective sheath are dis-
cussed in detail. Also, recent technology advances
in [V-OCT are briefly introduced.

10.1 Introduction to OCT

Optical coherence tomography (OCT) is a high-
resolution imaging modality that provides real-
time  cross-sectional images of  tissue
microstructures using the near-infrared light [1].
As OCT has common features with ultrasound
imaging and microscopy in medical applications,
it has been clinically adopted in ophthalmology,
dermatology, and cardiology [2—4]. In most tis-
sues, OCT imaging plays an important role in
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filling a gap between microscopy and ultrasound
in comparison with resolution and imaging depth
as shown in Fig. 10.1 [5]. Microscopy performs
very high-resolution (~1 pm) imaging of en face
tissue plane, but imaging depth in biological tis-
sues is limited up to only a few hundred microm-
eters due to the signal attenuation from large
optical scattering. The resolution of medical
ultrasound imaging varies 0.1-1 mm depending
on the sound wave frequency. It is, however, pos-
sible to see internal organs even if the imaging
depth is limited to only millimeter ranges at high
frequencies of ultrasound waves [6].

Compared with ultrasound imaging, OCT
has the same operation principle, echo signal
detection, but utilizes infrared light instead of
ultrasound. In general, imaging is performed
by measuring the magnitude and time delay of
backscattered or backreflected signal from inter-
nal biological tissues. As a sound wave travels
at 340 m/s in air, the echo signal can be mea-
sured with a time resolution of ~100 ns, which
is within the limits of the electronic detection
process. However, it is impossible to electrically
measure echoes of backscattered light due to
the light speed of 3 x 10® m/s in air, and optical
interferometric techniques were then proposed
[7-9]. Optical interferometers are widely used
in science and engineering to measure small dis-
placements and spatial irregularities by measur-
ing interference patterns. To achieve microscale
resolutions of the optical sectioning ability,
low-coherence interferometry, using the short
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clinical ultrasound
(Res: 0.1-1 mm @3~40 MHz)
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Fig. 10.1 Image resolution and penetration depth for
OCT, microscopy, and ultrasound. OCT plays a role in
filling a gap between microscopy and ultrasound in medi-
cal imaging. The image resolution in OCT is about
1-15 pm and the imaging depth is limited to 2-3 mm.
Microscopy performs very high-resolution (~1 pm) imag-
ing of en face tissue plane, but the imaging depth in bio-

coherence length of a broadband light source,
is required. Low-coherence interferometry used
in OCT is a unique solution to measure the echo
signal of backscattered light with a very high
signal-to-noise ratio, which is termed system
sensitivity. The incident beam of light source is
divided into a reference beam reflected from a
mirror and a sample beam illuminated on biolog-
ical tissues, and the sum of two beams is directed
to a photodetector that measures the intensity of
the combined signals [10].

10.1.1 Time Domain OCT
and Frequency Domain OCT

OCT systems mainly consist of a light source, a
coupler- or a circulator-based interferometer, and a
photodetector. OCT is categorized into time
domain OCT (TD-OCT) and frequency domain
OCT (FD-OCT) as illustrated in Fig. 10.2 [11, 12].
TD-OCT employs a broadband light source such
as a superluminescent diode and a scanning refer-
ence arm. The path length difference between the
sample and reference arms of the interferometer is

logical tissues is limited up to only a few hundred
micrometers due to the signal attenuation from large opti-
cal scattering. The resolution of medical ultrasound imag-
ing varies 0.1-1 mm depending on the sound wave
frequency, but it is possible to see internal organs even if
imaging depth is limited to only millimeter ranges at high
frequencies of ultrasound waves

modulated by scanning a reference path length.
The envelope of interference fringes is then
extracted as a function of time, which means that
image data is finally generated in a time domain. A
single travel of the reference mirror creates a depth
profile or an A-scan. Development of the high-
speed scanning delay line of the reference arm
allows OCT imaging speeds of several thousand
axial profiles per second and video frame rate [13,
14]. FD-OCT additionally requires a spectrometer
as a photodetector or wavelength-swept laser as
light source without scanning a reference length.
The former case is referred to as spectral domain
OCT (SD-OCT), whereas the latter is termed
swept-source OCT (SS-OCT) or alternatively
optical frequency domain imaging (OFDI) [15-
19]. SS-OCT has the advantages of easy imple-
mentation of polarization diverse detection as well
as large depth range over SD-OCT. In the case of
SS-OCT, a narrow instantaneous linewidth over a
broad spectral range is tuned in wavelength as a
function of time, and all echo signals from differ-
ent depths are measured simultaneously. Thus,
system sensitivity and imaging speeds can be dra-
matically improved [11, 19].
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Fig. 10.2 Comparison between TD-OCT and FD-OCT.
(a) Time domain optical coherence tomography
(TD-OCT) system configuration consisting of a low-
coherent light source, an interferometer, and a photode-
tector. To generate axial profiles, the reference arm is
scanned as a function of time. (b) Frequency domain OCT
(FD-OCT) system configuration. A wavelength-swept

10.2 Intravascular OCT System

Intravascular OCT (IV-OCT) is a catheter-based
imaging modality using a fiber-optic probe
(Fig. 10.3). In general, in vivo intracoronary
imaging is challenging because a suitable OCT

'a‘n‘h'.‘\'t N L

Fourier transform

f—2Z

source is utilized and the reference arm is stationary.
Interferometric patterns are measured as a function of
wavelength and time, rather than as a function of time
alone. The delay of echo signals from different positions
in tissue results in different frequency modulations which
are measured by Fourier transform

catheter and contrast agent flushing protocols to
remove blood need to be developed. IV-OCT
additionally requires a catheter system that is
composed of a rotary junction and a catheter as
shown in Fig. 10.4 [20, 21]. A rotary junction
plays the important role of pulling back and
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Fig. 10.3 Configuration of intravascular OCT. Intravascular OCT (IV-OCT) additionally requires a catheter system,
which includes a rotary junction and a catheter. The rotary junction connects an IV-OCT platform to a catheter
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Fig. 10.4 Rotary junction and catheter structure. To cre-
ate cross-sectional OCT images, a catheter needs to be
rotated and pulled back by a rotary junction. The rotary
junction also couples OCT light from the IV-OCT system
to the fiber-optic probe in the protective sheath. To focus

rotating a catheter as well as optically connecting
an OCT system console with a catheter. A cathe-
ter consists of an optical probe and a protective
sheath. An optical probe is composed of a single
mode fiber, a small lens, and a hollow torque
cable. The torque cable has multiple threads and
layers to accurately transmit the proximal end
rotation to the distal tip of a fiber probe in curved
environments. As a rotating optical fiber is prone
to fragility, it is inserted into a torque cable and
fixed. To focus light on the vessel, an angle-
polished ball lens or a gradient index (GRIN)
lens is utilized. An inserted catheter is rotated to
create two-dimensional cross-sectional images of
coronary artery while it is pulled back to generate
multiple frames (Fig. 10.5). IV-OCT creates orig-
inal rectangular OCT images that are converted
from polar to Cartesian coordinates for display as

Imaging core
!:I:I'TI'I‘D

GRIN lens-based probe Ball lens-based probe

Torque cable

TN

light beam, a GRIN lens or a polished ball lens is utilized.
To provide the stable torque transmission from the proxi-
mal end to the distal tip of a fiber probe, the fiber probe is
inserted into a hollow torque cable and fixed

shown in Fig. 10.6. To examine the coronary
artery by IV-OCT, blood in the artery must be
removed to avoid massive optical scattering and
attenuation by red blood cells. The first catheter-
based imaging of a human artery ex vivo was
conducted by Tearney et al. [22, 23]. This study
reported that OCT images were capable of dif-
ferentiating the intima, media, and adventitia of
the artery. The first in vivo IV-OCT imaging in
human patients was conducted by Jang et al. who
demonstrated a comparison of OCT with IVUS
images of tissue prolapse in a stent [24].

The first commercial IV-OCT product was the
M2 OCT system (LightLab Imaging, Inc.,
Westford, MA, USA, now part of St. Jude
Medical, Inc.) with regulatory approval in Europe
and Japan in 2004, and the M3 system was
launched 3 years later in Japan. Since both M2
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Fig. 10.5 Image data acquisition by helical scanning. Image data in IV-OCT are acquired by helical scanning of a
catheter. This helical scanning consists of transverse scanning and pullback motion
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Fig. 10.6 Converting image in polar to Cartesian coordi-
nate. [IV-OCT images are generated by axial, lateral scan-
nings and pullback motion. The original polar OCT
images are transformed into Cartesian coordinates. (a)

and M3 systems were based on TD-OCT tech-
nology, the imaging speeds were limited (frame
rate, 15.6/s for the M2 vs. 20/s for the M3, and
pullback speed, 3.0 mm/s vs. 2.0 mm/s) [25, 26].
The balloon occlusion with lactated Ringer’s
solution or normal flushing was performed from

Pullback

Rectangular OCT image in the polar domain naturally
generated by IV-OCT. (b) Cross-sectional OCT image
converted to Cartesian domain for visualization of coro-
nary artery

proximal location to the lesion during the OCT
imaging. Dramatic advancements in the
wavelength-swept source in FD-OCT enabled
much faster frame rates (100 frames/s) and pull-
back speeds (5-20 mm/s), resulting in non-
occlusive OCT imaging with flushing of viscous
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Table 10.1 Comparison of TD-OCT and FD-OCT

Imaging
method TD-OCT FD-OCT
Axial 15 pm 10-15 pm
resolution
Lateral 90 pm 20-40 pm
resolution
Catheter Maximum outer 2.4-Fto3.2-F
profile diameter of 0.019”
Frame rate | 16-20 frames/s 100-160 frames/s
(typ. 15.4 frames/s)
Pullback 0.5-2 mm/s for 10-40 mm/s
speed occlusion (typ. 20 mm/s)
2-4 mm/s for
non-occlusion
Balloon Highly Not required
occlusion | recommended

contrast [4, 27]. The commercial version of
FD-OCT, a Dragonfly imaging catheter and
C7-XR OCT system (St. Jude Medical/LightLab
Imaging, Westford, MA, USA), was launched
with the world’s first regulatory approval in 2010
[26]. The feasibility and safety of the Terumo
OFDI system allowing 160 frames/s were evalu-
ated in human patients in 2011 [28], and the first
product of a LUNAWAVE OFDI system (Terumo
Corporation, Tokyo, Japan) was then launched in
more than 30 countries in Europe in 2013. The
main specifications of TD-OCT and FD-OCT
systems are summarized in Table 10.1 [4, 26, 28].

10.3 Image Quality of OCT

Since image quality is determined by imaging
modality resolution, developing a high-resolu-
tion optical imaging system has been one of
main research topics, involving high-speed and
penetration depth imaging modalities. The
image resolution of OCT is divided into axial
resolution and lateral or transverse resolution.
The axial resolution is the smallest distance
between two objects that can be resolved along
the axis of the incident beam. It is independent
of the lens design and proportionally dependent

on the center wavelength of light source and
inversely proportional to the source bandwidth
[29]. The lateral resolution in OCT imaging is
the minimum resolvable distance between two
objects which lie perpendicular to the OCT
beam at the same depth position. It is mainly
dependent on the focusing lens in the imaging
core [30]. Another important parameter to
determine the image quality is the depth of
focus (DOF). DOF is twice the Rayleigh range,
defined as the axial distance from the position
of the minimum spot size (d) to the position of
J2d . A trade-off exists between lateral reso-
lution and DOF. Thus, increasing the lateral
resolution to acquire better image quality
results in decreasing the DOF. Since the rela-
tive position of a catheter from the vessel wall
significantly varies during IV-OCT imaging,
great variations of the lateral resolution induce
distortion of images. The axial resolution for
IV-OCT is typically ~10 pm at a center wave-
length (~1300 nm) in the light source, and the
lateral resolution is between 20 and 40 pm and
the DOF is ~1.3 mm [31, 32].

10.3.1 Image Distortion in IV-OCT

Image artifacts in [IV-OCT are mainly caused by
catheter motion and cardiac dynamics. To create
OCT cross-sectional images of vessels, a cathe-
ter is inserted into the coronary artery and
rotated with an automatic pullback. Here, the
torque applied at the proximal end of the cathe-
ter is not evenly transmitted to the distal imag-
ing core, and thus the catheter is nonuniformly
rotated since a catheter is placed through tortu-
ous vessels or a crimped imaging sheath or a
tight hemostatic value. This distortion is referred
to as nonuniform rotational distortion, which
also occurs in IVUS imaging [32]. Cardiac
dynamics causes image distortion. During the
cardiac cycle, heart motion directly affects the
catheter motion in both the radial and longitudi-
nal direction as shown in Fig. 10.7 [33, 34].
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100 rps and 20 mm/s pullback

Cardiac motion

Radial motion

Fig. 10.7 Representative motion artifacts caused by car-
diac motion. A catheter is significantly fluctuated in the
coronary artery due to cardiac dynamics. Cardiac motion
mainly generates the probe motion in the radial and longi-
tudinal directions. During the cardiac cycle, the probe

As a result, an axial discontinuity in the cross-
sectional image of coronary artery may appear
at the transition region between the first and the
last A-scan, and the repeated images of cross-
sectional coronary artery can be generated by
the longitudinal motion of a catheter that is
pulled back and forth. In addition, there is also
image distortion by saturation due to high
optical backscattering, shadowing effect caused
by blood inside of a catheter or stent struts, and
suboptimal flushing [32].

oscillates in both directions. (a) Cross-sectional view of
coronary artery, (b) longitudinal cutaway view of the
stented vessel caused by the radial motion artifact and (c)
unfolded longitudinal view of the stented vessel due to the
longitudinal motion artifact

10.4 AdvancesinIV-OCT
Technology

Imaging speed, resolution, and penetration depth
are most importantly considered when the perfor-
mance of imaging modalities is evaluated. High-
speed imaging may provide motion-artifact-free
images and reduce the contrast flush volume.
Recently, an ECG-triggered high-speed OCT
system demonstrated a cardiac motion-free imag-
ing at a rate of 500 frames/s and a pullback speed
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of 100 mm/s, and the in vivo imaging experiment
was conducted in a beating swine heart [35]. It
was also reported that micro-OCT (pOCT) with
enhanced lateral resolution of 1 pm proved an
ability to observe cells, extracellular compo-
nents, and endothelial coverage in situ although
a POCT catheter needs to be developed [36].
However, it may be difficult to improve penetra-
tion depth in tissue without increasing the center
wavelength of light source, which decreases the
axial resolution.

There has been a great deal of interest in
identifying high-risk plaques by characterizing
tissue components. Polarization-sensitive OCT
(PS-OCT) is a functional extension and provides
the property of tissue birefringence which may be
associated with collagen and smooth muscle cell
content [37, 38]. Recently, an in vivo human pilot
study demonstrated the feasibility and robustness
of intravascular PS-OCT by achieving improved
tissue characterization such as plaque rupture [39,
40]. For other light-based approaches to detect-
ing high-risk plaques, multimodality OCT com-
bined with near-infrared fluorescence (NIRF)
or near-infrared autofluorescence (NIRAF) has
been demonstrated. Multimodality IV-OCT and
NIRF imaging system accurately identified lipid-
rich inflamed plaques using a FDA-approved
indocyanine green (ICG) in rabbit models [41].
A first-in-human IV-OCT and NIRAF study was
conducted with a 2.6-F coronary catheter. This
study showed that an elevated NIRAF signal was
focally associated with a high-risk morphologi-
cal phenotype as determined by IV-OCT [42]. It
was recently noted that the most advanced IVUS-
OCT system at a rate of 72 frames/s was success-
fully demonstrated in a rabbit artery in vivo. The
accurate registration between IVUS and OCT
data sets showed great potential to accelerate the
clinical adoption for accurate identification of
vulnerable plaques in humans [43].

10.5 Summary

IV-OCT has a light-based imaging modal-
ity using an ultrathin catheter. Development of
the high-speed imaging technology based on

FD-OCT has enabled real-time non-occlusive
coronary artery imaging. As IV-OCT has a great
potential for further understanding and treat-
ment for atherosclerotic coronary artery disease,
new technologies will be constantly developed
and revolutionized by taking multidisciplinary
approaches.
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Image Acquisition Techniques

Ki-Seok Kim

In recent times, clinical usefulness of optical
coherence tomography (OCT) is showing greater
potential in the intracoronary imaging field. In
this chapter, we will discuss about basic charac-
teristics and imaging acquisition technique during
Frequency-domain OCT (FD-OCT) examination.

11.1 Introduction

Optical coherence tomography (OCT) is a
catheter-based invasive coronary imaging sys-
tem. Using light source instead of ultrasound,
OCT provided high-resolution coronary plaque
image and state of deployed stent. Naohiro Tanno
and James G. Fujimoto developed OCT in 1991
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[1], and they first performed OCT on the human
retina. Intravascular OCT was performed in 2002
(Fig. 11.1) [2, 3]. Intravascular OCT requires a
single fiber-optic wire that both emits light and
records the reflection while being simultaneously
rotated and pulled back along the coronary artery
[4]. As compared to intravascular ultrasound
(IVUS), OCT provided ten times higher resolu-
tion (10-15 versus 100 pm). OCT cannot be able
to make an image through the blood and more
shorter penetration into the tissue (2 versus 1 cm)
compared to IVUS [2, 5]. However, OCT pro-
vided high-resolution image of coronary plaque
and detailed information of coronary atheroscle-
rosis (Table 11.1), which may aid in future diag-
nosis and treatment of coronary artery disease.
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White light
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biomedical tissue
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Fig. 11.1 History of the OCT development. Naohiro
Tanno and James G. Fujimoto developed OCT in 1991,
and they first performed OCT on the human retina.

Table 11.1 Performance comparison between intravas-
cular ultrasound (IVUS) and frequency-domain optical
coherence tomography (FD-OCT)

IVUS FD-OCT
Axial resolution (pm) 100-200 12-15
Beam width 200-300 2040
Frame rate (frames/s) 30 100
Pullback speed (mm/s) 0.5-1 20
Scan diameter (mm) 15 10
Tissue penetration (mm) 10 1.0-2.0
Line per frame 256 500
Lateral sampling (pm) 225 19
Frame rate (frames/s) Not required | Required

High-speed
endoscopic OCT

Doppler OCT

Polarization-sensitive-OCT

([N

1stcommerical FD-OCT
scanner introduced
(2007)

(1998)

1st clinical application
of intravascular OCT
(2002)

Intravascular OCT was performed in 2002. The first com-
mercial second-generation FD-OCT introduced in 2007,
which overcomes the limitation of TD-OCT system

11.2 History of OCT Development

Intracoronary OCT catheter is connected to a
rotary junction, which uses a motor to rotate
the optical fiber in the catheter and couples
light from this rotating fiber to light from the
reference arm [6]. The rotary junction mounted
to an automated pullback device (Fig. 11.2).
There are two types of OCT system: time
domain and frequency domain. The first-gener-
ation OCT is time domain (TD-OCT) which
requires balloon occlusion in the proximal
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Optical fiber quick-
connect
N
Insertable length: \ e
135 cm with hydrophilic 3
coating /
2.7 Fr tip -
diamet /ﬁ

(distal 28 cm) wijth
hydrophilic

Fig. 11.2 Dragonfly OCT catheter and DOC system.
Intracoronary OCT catheter connected to a rotary junc-
tion, which uses a motor to rotate the optical fiber in the

vessel, which provides blood clearing during
image generation. The problem of TD-OCT
was prolonged examination time, shorter
lengths of imaging segment, and intermediate
imaging quality [7]. The first commercial sec-
ond-generation FD-OCT was introduced in
2007, which overcomes the limitation of the
TD-OCT system (Tables 11.2 and 11.3) [8].

Purge port with
3ml syringe

irail tip compatible with .014”
guidewire

catheter and couples light from this rotating fiber to light
from reference arm. The rotary junction mounts to an
automated pullback device

Table 11.2 Difference of time-domain versus frequency-
domain optical coherence tomography (OCT)

TD-OCT FD-OCT
Scan Mechanically scans | Electronically scans
method a reference mirror | the laser wavelength
Imaging Slow Fast
speed
Image Moderate Exceptional
quality

TD-OCT Time-domain OCT, FD-OCT frequency-domain
OCT
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Table 11.3 Performance comparison between TD-OCT
and FD-OCT

TD-OCT | FD-OCT
Axial resolution (pm) 12-15 1520
Frame rate (frames/s) 100 15-20
Pullback speed (mm/s) 20 2-3
Scan diameter (mm) 10 6.8
Tissue penetration (mm) 1.0-2.0 1.0-2.0
Line per frame 500 200
Lateral sampling (pm) 19 39

TD-OCT Time-domain OCT, FD-OCT frequency-domain
OCT, s second

11.3 Principle of FD-OCT Image
Acquisition

Using the FD-OCT system, the OCT probe is
first positioned over a regular guidewire, distal
to the region of interest. Identification of the
pullback starting point is a simple task as a dedi-
cated marker identifies the exact position of the
OCT beam, located at 20 mm proximal to the
marker itself. When the OCT catheter is posi-
tioned and blood clearance is visually obtained
distally through the contrast injection, the acqui-
sition of a rapid OCT image sequence with fast
pullback can be automatically commenced by
injecting a bolus of solution through the guiding
catheter, with the pullback speed of 20 mm/s
(Fig. 11.3). The infusion rate of contrast is usu-
ally set to 3—4 ml/s for the left coronary artery
and 2-3 ml/s for the right coronary, but can be
modified based on the vessel runoff and size.
This contrast agent is recommended for low
arrhythmogenic potential and high viscosity,
which help to prolong imaging time [9]. Most
expert users advocate the use of automated con-
trast injection to optimize image quality. The
pullback can start automatically when blood
clearance is distally recognized or can be manu-
ally activated. An acquisition speed of 20 mm/s
enables the acquisition of 200 cross-sectional
image frames over a 5 cm length of artery in
2.5 s with a total infused volume of 14 ml of
contrast [4]. This may represent a concrete
advantage of FD-OCT for use in percutaneous

Fig. 11.3 OCT imaging catheter insertion and position-
ing. Using the FD-OCT system, the OCT probe is first
positioned over a regular guidewire, distal to the region of
interest. Identification of the pullback starting point is a
simple task as a dedicated marker identifies the exact posi-
tion of the OCT beam, located at 20 mm proximal to the
marker itself

coronary interventions (PCI), allowing quick
evaluation of the stent and of the landing zones
and avoiding geographical miss. The FD-OCT
pullback speed is too fast to interpret the run
during the acquisition, but the recorded images
are stored digitally and can be reviewed in a
slow playback loop [10].

11.4 FD-OCT Image Acquisition
Protocol

The St. Jude Medical OCT system and the
Dragonfly intravascular imaging catheter are used
to perform OCT intravascular imaging after intra-
coronary injection of 200 pg of nitroglycerin
through conventional 6 Fr guiding catheters with-
out side hole. A 0.014 in guidewire is positioned
distal to the region of interest. The Dragonfly cath-
eter is wiped proximal to the shaft to activate
hydrophilic coating and gently purge the catheter
with 100% contrast until three drops exit the
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Fig. 11.4 OCT imaging catheter preparation. The
Dragonfly catheter is wiped proximal to the shaft to acti-
vate hydrophilic coating and gently purge catheter with
100% contrast until three drops exit the catheter tip. The

catheter tip. The guidewire is then back-loaded
through the blue tip and out of the exit port on the
Dragonfly catheter. A slight bend is recommended
to help ease the guidewire out of the exit portal
(Fig. 11.4). The Dragonfly catheter is advanced
until the proximal radiopaque marker is distal to
the target lesion. A test injection of 1-2 cc of 100%
contrast is used to ensure guide catheter position-
ing. Before pullback procedure, purging is neces-
sary to remove residual blood in the catheter lumen
(Fig. 11.5a, b). During live scan, use a puff of con-
trast to evaluate clarity (Fig. 11.5¢c, d). Once the
pullback is enabled on the system, the coronary

guidewire is then back-loaded through the blue tip and out
of the exit port on the Dragonfly catheter. A slight bend is
recommended to help ease the guidewire out of the exit
portal

blood flow is replaced by continuous flushing of
100% contrast media using a power injector or
manual injection. The system labeling suggests
power injector settings of 14 ml of total volume at
4 ml/s rate at 300 psi and O rise. We recommend
these settings for the left anterior descending
(LAD) and left circumflex (LCX) arteries and
12 ml of total volume at 4 ml/s rate at 300 psi and
0 rise for the right coronary artery (RCA). We find
these settings to provide consistent, high-quality
images. Measurements are performed using the
system after proper calibration settings of the
Z-offset [11].
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Fig. 11.5 OCT imaging
catheter preparation
before pullback
procedure. Before
pullback procedure,
purging is necessary to
remove residual blood in
the catheter lumen (a,
b). During live scan, use
a puff of contrast to
evaluate clarity (c, d)

Margihal, Blood Swirls

11.5 FD-OCT Imaging Acquisition:
Tips and Trick

In our experience, the fiber-optic OCT catheter is
softer and less amenable to pulling than the IVUS
catheter, and even the diameter (2.7 Fr) is less
than IVUS. Before the operator advances the
fiber-optic catheter, diffuse, long, relatively calci-
fied, or bending lesions should be well prepared
to avoid breaking the fiber-optic -catheter.
Moreover, OCT should be used to carefully coax-
ially guide the catheter position and measure firm
catheter engagement in the coronary ostium to
prevent residual blood attenuation. Vessel sizes
range from 2.0 to 3.75 mm in diameter, which is
ideal for OCT imaging. Thus, operators should
be aware of “out-of-screen” loss of image, which
is a result of the vessel size being larger than the

K.-S. Kim

Optimal Clearance

scan diameter (field of view) of OCT, and fold-
over artifacts. So far, ostial lesions of the main
trunk are still a limitation of OCT due to poor
blood washing and catheter engagement
(Table 11.4).

Table 11.4 Summary of optical coherence tomography
mage acquisitioni

Do not use less than 6 Fr guiding catheter and

side-hole guiding catheter

Use soft standard 0.014" coronary guidewire

Diffuse, long, calcified, or bending lesion should be
carefully prepared

Ideal vessel size is 2.0-3.75 mm in diameter

To ensure firm catheter engagement with good coaxial
alignment can avoid blood attenuation

Inject non-diluted iodine contrast at rates of 3—5 ml/s
in4-5s
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11.6 Artifact of OCT

Residual blood attenuates the OCT light beam
and may defocus the beam if red cell density is
high. This will reduce brightness of the vessel
wall, especially at large radial distances from the
image wire. Blood swirls are caused by turbulent
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flow between flushing contrast fluid and blood.
Flush fluid dose not filling the vessel lumen or
end of bolus flush injection (Fig. 11.6a). Blood
Speckling occurred by red blood cell (RBC)
mixed into flush fluid or diluted with saline make
less viscosity, which does not remove all RBS
during image formation (Fig. 11.6b).

Fig. 11.6 Imaging artifact during pullback procedure.
Blood swirls is caused by turbulent flow between flushing
contrast fluid and blood. Flush fluid is not filled in the ves-
sel lumen or the bolus injection of contrast is ended (a).
Blood speckling occurs by red blood cell (RBC) mixed
into flush fluid or diluted with saline make less viscosity,
which does not remove all RBS during image formation

(b). Sew-up artifact is the result of rapid artery or imaging
wire movement in single-frame imaging formation, lead-
ing to single-point misalignment of the lumen border (c).
Fold-over artifact is more specific to the new generation of
FD-OCT. Typical examples are side branch and large ves-
sels (d)
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Sew-up artifact is the result of rapid artery or
imaging wire movement in single-frame imaging
formation, leading to single-point misalignment
of the lumen border (Fig. 11.6¢).

Fold-over artifact is more specific to the new
generation of FD-OCT. It is the consequence of
the “phase wrapping” or “alias” along the Fourier
transformation when structure signals are
reflected from outside the system’s field of view.
Typical examples are side branch and large ves-
sels (Fig. 11.6d).

11.7 Summary

The advanced FD-OCT system provides more
detailed coronary plaque information to plan an
appropriate PCI procedure. A recent clinical trial
(ILUMIEN III) has shown that OCT-guided PCI
is not inferior to IVUS-guided PCI. Precise
FD-OCT catheter manipulation and imaging
acquisition technique will provide coronary ves-
sel information and improve PCI outcomes.
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Coherence Tomography:
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Quantitative Measurement

So-Yeon Choi

Obtaining of good-quality image is essential to
make accurate measurements. The image should
be correctly calibrated for z-offset, the zero-point
setting of the system before measurements. The
definition of lesion, reference, and stented seg-
ment from the Journal of American College of
Cardiology intravascular ultrasound (IVUS) con-
sensus document has been adopted for optical
coherence tomography (OCT) [1]. For standard-
ization of OCT measurement, expert review doc-
uments and consensus standards have been
published previously [2—4]. Studies regarding the
accuracy and the reproducibility of qualitative
and quantitative OCT measurements have been
published previously [5-7].

12.1 Border Identification

The borders of the lumen, external elastic
membrane (EEM), internal elastic membrane
(IEM), plaque, and stent could be demarcated
in OCT cross-sectional images similar to
IVUS. In normal vessel without any plaque,
OCT may discriminate IEM which is defined
as the border between the intima and media
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and EEM which is defined as the border
between the media and the adventitia.
Measurements that EEM uses are likely closer
to those of IVUS, whereas IEM measurements
that use the IEM more closely approximate the
pathologic definition of atherosclerosis as a
disease of the intima. However, because of low
penetration depth and rapid attenuation of its
signal, OCT could not visualize IEM or EEM
border in most diseased segments. The border
measurements should not be made in cross-
sectional images that contain artifacts that
obscure a significant portion (>90°) of the
image or over regions that contain side
branches. The differences between OCT and
IVUS measurements were demonstrated in
Table 12.1 and Fig. 12.1.

12.2 Lesion Assessment
12.2.1 Reference Segment
Reference Assessment Proximal or distal refer-

ence is defined as the sites with the largest lumen
proximal or distal to a stenosis within the same
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Table 12.1 Comparison of major quantitative measure-
ments between optical coherence tomography and intra-
vascular ultrasound

OCT IVUS

Lesion

Lumen area + +

Vessel area —/+ +

Plaque burden —/+ +

Area stenosis + +
Stent

Stent area + +

Vessel remodeling —/+ +

IVUS intravascular ultrasound; OCT optical coherence
tomography

segment with no major intervening branches
(usually within 10 mm of the stenosis).

Reference Lumen and EEM Assessment
Proximal or distal mean reference lumen diameter
is the mean value of the shortest and the longest
lumen diameter through the center of mass of the
lumen at proximal or distal reference site. Proximal
or distal mean reference EEM diameter is the
mean value of the shortest and the longest EEM
diameter through the center of mass of the lumen
at proximal or distal reference site.

Average reference lumen diameter is the aver-
age value of mean lumen diameter at the proxi-
mal and distal reference sites. Average reference
EEM diameter is the average value of mean EEM
diameter at the proximal and distal reference
sites. Both average reference lumen diameter and
average reference EEM diameter are useful
parameters for stent sizing during PCI.

Average reference EEM CSA, which is a use-
ful parameter for evaluation of lesion severity in
terms of stenosis, is the average value of EEM
CSA at the proximal and distal reference sites.

Recent in the OPINION study, which had a
randomized controlled design to compare the
benefit of OCT guidance with IVUS guidance
during percutaneous coronary intervention (PCI),
OCT reference site was defined as the most
normal-looking site with free of lipidic plaque
(defined as signal-poor region with diffuse bor-
der) at a cross-section adjacent to the target lesion
[8]. In other randomized controlled study, the
ILUMIEN III: OPTIMIZE PCI study comparing

OCT guidance, IVUS guidance, or angiography-
guided stent implantation, proximal and distal
reference mean EEM diameters and the smaller
of these diameters to determine stent diameter or
the proximal and distal lumen diameters were
used if the EEM could not be visualized [9].

12.2.2 Lesion Segment

Lumen Measurements Lumen CSA is the area
bounded by the luminal border. Minimum lumen
diameter is the shortest diameter through the cen-
ter of mass of the lumen. Maximum lumen diam-
eter is the longest diameter through the center of
mass of the lumen. Lumen eccentricity is calcu-
lated as (maximum lumen diameter minus mini-
mum lumen diameter) divided by maximum
lumen diameter.

OCT-measured lumen CSA is well correlated
with IVUS-measured lumen CSA. In both phan-
tom models and in vivo study comparing quanti-
tative coronary analysis (QCA) for angiography
vs IVUS vs OCT measurements, OCT was most
precise to the real value, and IVUS measurement
was 8% larger than OCT measurement [6]. The
mean minimum lumen diameter (MLD) mea-
sured by QCA was 5% smaller than that mea-
sured by OCT, and the minimum lumen diameter
measured by IVUS was 9% greater than that
measured by FD-OCT [6].

Previously several studies regarding IVUS cri-
teria for defining the functional significance eval-
uated with fractional flow reserve (FFR)
demonstrated that MLLD had a good correlation
with the FFR values, but the utility of IVUS
MLA as an alternative to FFR to guide interven-
tion in intermediate lesions may be limited in
accuracy and vessel dependent [10-13].
Anatomical measurements of coronary stenosis
obtained by OCT show significant correlation
with FFR. OCT-derived parameters were smaller
than those reported in previous IVUS studies
(Table 12.2) [14, 15]. Recent study assessing
computational fractional flow reserve from OCT
in patient with intermediate stenosis showed
promising approach of it in assessment not only
of anatomic information but also of the func-
tional significance of intermediate stenosis [16].
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\ 4 Intima
Media

-‘ =

eem W)
A

Lumen CSA: 6.79 mm?2
EEM CSA: 8.35 mm?

Lumen CSA: 1.05 mm?2
EEM CSA: NA
PB: NA

Fig.12.1 Comparision of border detection between opti-
cal coherence tomography (OCT) and intravascular ultra-
sound (IVUS). Normal artery wall shows a 3-layered
architecture, comprising a high backscattering, thin
intima, a low backscattering media, a heterogeneous and/
or high backscattering adventitia in both OCT (a) and
IVUS (b). OCT could visualize internal elastic membrane

17

NSE >
Lumen CSA: 6.98 mm?2
EEM CSA: 8.46 mm?

Lumen CSA: 2.60 mm?
EEM CSA: 11.95 mm?2
PB: 78.27%

(IEM) and external elastic membrane (EEM) (bold arrow
heads) (inset, x3). The OCT-derived EEM or IEM mea-
surement could not be made in cross-sectional image that
contains diseased vessel (¢) whereas IVUS demonstrate
EEM border well (d). * represents wire artifact. CSA cross
sectional area; PB plaque burden

Table 12.2 OCT-derived minimal lumen area predicting for physiologic significance assessed by fractional flow

reserve
Study Patients FFR value
Gonzalo et al. 61 intermediate lesions | FFR < 0.8
[14] in 56 patients
Shiono et al. [15] | 62 intermediate lesions | FFR < 0.75

in 59 patients

OCT JAYASN

1.95 mm? (AUC, 2.36 mm? (AUC,
0.74;95% CI, 0.63;95% CI,
0.61-0.84; sensitivity, | 0.47-0.77,

82%; specificity,
63%)

1.91 mm? (sensitivity,
94%; specificity,
77%)

sensitivity, 67%;
specificity 65%)
NA

AUC area under curve; CI confidence interval; FFR fractional flow reserve; /VUS intravascular ultrasound; OCT optical

coherence tomography
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EEM Measurements EEM CSA is the area
bounded by EEM border as a surrogated param-
eter for vessel area. A discrete interface at the
border between the media and the adventitia is
almost invariably present within OCT images
and corresponds closely to the location of the
EEM. Because of low penetration depth of OCT
signal and rapid OCT signal attenuation within
plaque, EEM circumference and area mostly
cannot be measured reliably especially in lesion
segment. If low signal involves a relatively small
arc (<90°), planimetry of the circumference can
be performed by extrapolation from the closest
identifiable EEM borders, although measure-
ment accuracy and reproducibility will be
reduced.

Plaque (or Atheroma) Measurement Plague
(or atheroma) CSA is the EEM CSA minus the
lumen CSA. Maximum plaque (or atheroma)
thickness is the largest distance from the intimal
leading edge to the EEM along any line passing
through the center of mass of the lumen. Minimum
plaque (or atheroma) thickness is the shortest dis-
tance from the intimal leading edge to the EEM
along any line passing through the center of mass
of the lumen. Plaque (or atheroma) eccentricity is
calculated as (maximum plaque thickness minus
minimum plaque thickness) divided by maximum
plaque thickness. If EEM area could not be
obtained, plaque measurement is not available.

Plaque Burden Plaque (or atheroma) burden is
assessed as plaque CSA divided by the EEM
CSA. This parameter can only be defined when
the EEM can be demonstrated. The plaque bur-
den is distinct from the luminal area stenosis. The
former represents the area within the EEM occu-
pied by atheroma regardless of lumen compro-
mise. The latter is a measure of luminal
compromise relative to a reference lumen analo-
gous to the angiographic diameter stenosis. If
EEM area cannot be obtained, plaque burden
cannot be assessed.

Lumen Area Stenosis Lumen area stenosis is
assessed as reference lumen CSA minus minimum
lumen CSA divided by reference lumen CSA.

Plaque Component and Other Measurements
The presence of specific component within the
plaque or over the plaque, such as calcium, lipid,
or thrombus, could be assessed as quantitative
measurements like angle, depth, thickness, or
area. Angle or arc could be measured using the
center of mass of the lumen as the angle point.
Depth is the distance between the lumen and the
leading edge of the plaque feature. Thickness is
usually assessed as the thickest distance between
the inner and outer surfaces of the plaque
component (valid only if the deep boundary can
be identified). Area of some component could be
described as the CSA of the plaque component
(valid only if the deep boundary can be
identified).

Fibrous cap thickness can be measured by
the thickness of a cap present over OCT-
delineated lipid or necrotic core either at the
single cross-section where the fibrous cap thick-
ness is considered minimal or from multiple
samples (three or more). Although studies have
been performed to compare the OCT measure-
ment of fibrous cap thickness with histologic
measurements of cap thickness, it was generally
considered that this area needs further valida-
tion, as the boundary between the cap and the
necrotic core is not always straightforward to
precisely determine.

Remodeling An index of remodeling can be
assessed as lesion EEM CSA/reference EEM
CSA, if the EEM CSA is identified in OCT image.

Because of its limited tissue penetration, OCT
does not appear to be suited to study vessel
remodeling.

12.3 Stent Measurements

OCT has been considered as an useful intracoro-
nary imaging modality for the lesion assessment,
stent sizing, and stent optimization during PCI
(Figs. 12.2 and 12.3). The Clinical usefulness of
OCT-guided PCI will be discussed in next chap-
ter (Chap. 13).

OCT is capable of visualizing the vascular
response between stent strut and vessel wall, and
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a Distal reference

Minimum@=2.90mm

Area=6.98mm?

MLA 1.68mm?

B=1.4 DS=53.8%

Fig.12.2 Pre-percutaneous coronary intervention optical
coherence tomography measurements. Both proximal and
distal reference was obtained at normal looking segments
from longitudinal and cross-sectional images. Mean refer-
ence lumen diameter (@) was assessed from the each

identifying tissues surrounding stent struts. Most
metallic stent struts have strong reflection to
optic signal creating a bright hyperintense signal
at the surface of strut (blooming appearance)
with a shadow that obscures deeper structure
within the vessel. The polymeric struts of bioab-
sorbable vascular scaffolds are transparent to the
optic signal, allowing visualization of the vascu-
lar wall structure behind the struts without shad-
owing (Fig. 12.4).

Strut assessment is limited by the axial resolu-
tion of the OCT system, and OCT could not allow
the visualization of a single layer of endothelial
cells. Furthermore the biological and clinical sig-
nificance of some OCT-derived stent measure-
ments within stent segment has not been fully
understood. Recently a retrospective data evalu-
ating OCT measurements to predict very late
stent thrombosis demonstrated that malapposi-

b Minimal lumen area

¢ Proximal reference

Minimum@=3.19mm

Area=8.56mm?

cross-sectional images (a and ¢) and the lesion length was
the distance between proximal and distal reference seg-
ments. Minimum lumen area (MLA) was measured by
detection of lumen border at the most narrowest site (b)

tion, neoatherosclerosis, uncovered struts, and
stent underexpansion, without differences
between patients treated with early- and new-
generation drug-eluting stents, were leading OCT
findings associated with very late stent thrombo-
sis in descending order [17].

12.3.1 Stented Segment

Stent Area Measurements Stent CSA is the
area bounded by the stent border. Minimum
stent diameters are the shortest diameter through
the center point of the stent. Maximum stent
diameters are the shortest and the longest diam-
eter through the center point of the stent. Stent
eccentricity (symmetry) is calculated as (maxi-
mum stent diameter minus minimum stent
diameter) divided by maximum stent diameter.
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Fig.12.3 Post-percutaneous coronary intervention optical coherence tomography measurements. The minimum stent
area was obtained by detection of stent border at the most narrowest cross-sectional area (a). MLA minimum lumen area

Fig. 12.4 Comparison of stent struts detection between
metal stent and bioabsorbable vascular scaffolds (BVS)
assessed by optical coherence tomography. Metallic drug
eluting stent struts have strong reflection to optic signal
creating a bright hyper-intense signal at the surface of

strut (blooming appearance) with a shadow that obscures
deeper structure within the vessel (a). BVS are transparent
to the optic signal, allowing visualization of the vascular
wall structure behind the struts without shadowing (b)
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Stent expansion is calculated as the minimum
stent CSA compared with the predefined refer-
ence area which can be the average reference
lumen area or EEL area if possible. An underex-
panded stent has an in-stent minimal lumen area
less than 90% of the average reference lumen
area. In the CLI-THRO study, which compared
OCT parameters between in patient with sub-
acute stent thrombosis and in those without,
stent thrombus group had smaller OCT stent
CSA (5.6 £2.6 vs 6.8 + 1.7 mm?, p = 0.03) and
higher incidence of stent underexpansion
(42.8% vs 16.7%, p = 0.05) when compared
with control group [18].

12.3.2 Stent Strut Measurements

OCT has been considered as the most useful
intracoronary imaging modality to assess imme-
diate- and long- term vascular response after
stent implantation. Stent strut measurements can
be obtained at a cross-section level or can be
evaluated at the strut level analysis. (Fig. 12.5).
The assessment of stent struts requires strict
interval ranging from every 0.5 mm to 1 mm to
obtain high rate of reproducibility. Stent strut
maps can be computed with the x axis represent-
ing the length of the stent (millimeters) and the y
axis representing the circumference (0-360°).

Fig. 12.5 Example of stent strut coverage and apposition assessment. (a) shows three covered struts and (b) represents
an uncovered strut. In (¢) and (d) examples of malapposed and apposed struts are, respectively, presented
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A contour plot optical coherence tomography
analysis for evaluating stent strut may provide
more useful information to understanding the
serial changes in strut coverage [19].

Stent Apposition Incomplete stent apposition
or malapposition occurs if there is a separation of
a stent strut from the vessel wall. Malapposition
is defined as a measured distance greater than the
strut thickness for stent materials (metal or metal
plus polymer). Malapposition distance could be
measured as the distance between the luminal
surface of the covering tissue and the luminal sur-
face of the strut. The area between the endolumi-
nal midpoint of the struts and the vessel wall was
measured as malapposition area.

Acute, late-persistent, and late-acquired
stent malapposition assessed by OCT has rela-
tively high incidences, but their clinical impor-
tance and the mechanism have been shown
different. The clinical outcome of acute malap-
position is favorable, but late malapposition has
been considered as a predictor of stent throm-
bosis [20].

Strut Coverage and Neointima Measurements
Strut coverage thickness is the distance between the
luminal surface of the covering tissue and the lumi-
nal surface of the strut. Percentage of uncovered
stent struts is calculated as the number of struts
without distinct overlying tissue, in which the lumi-
nal reflection of the strut surface is directly interfac-
ing with the lumen, divided by total number of
analyzable struts.

Variable thickness of stent struts which con-
sisted of metal and polymer should be consid-
ered to determine whether struts are “covered”
or “uncovered.” OCT cannot visualize a single
layer of endothelium over the strut, or it does
not demonstrate accurate nature of tissue. In a
case-controlled study, the presence of uncov-
ered stent struts assessed by OCT was associ-
ated with late stent thrombosis after DES
implantation [21]. Won et al. showed that the
best cutoff value of percentage of uncovered
struts for predicting major safety events (a com-
posite occurrence of cardiovascular death, myo-
cardial infarction, and stent thrombosis) was

5.9% using the maximal y [2] method (area
under the receiver-operating characteristic
curve, 0.779; 95% confidence interval, 0.648—
0.910; p = 0.019, a sensitivity of 83.3% and a
specificity of 70.3%) [22].

Neointima area is defined as stent CSA
minus lumen CSA. Percent neointima area is
defined as (neointima area divided by stent
CSA) X 100. The qualitative assessment of the
neointima pattern is assessed at the site of the
largest cross-sectional area of neointima within
stent. OCT has been considered as the best tool
to evaluate tissue characterization of neo-
intima, and it also could discriminate neoath-
erosclerosis from intimal hyperplasia by OCT
qualitative measurements.

The rates of stent strut coverage or the char-
acteristics of neointima assessed by OCT sur-
veillance differed according to stent type. The
clinical implications of these differences
require further study but may imply on the dif-
ferences in rates of stent thrombosis observed
in clinical trials with different stent types
[23-26].

12.4 Length and Volume
Measurements

OCT image acquisition is performed using
motorized transducer pullback commonly at
100 frames/s with an automatic pullback speed
of 20 mm/s. Longitudinal view is obtained auto-
matically, and length measurements can be
assessed from longitudinal view or calculated as
the number of seconds by the pullback speed.
This approach can be used to determine the
length of a lesion, stenosis, stent, or any other
longitudinal features (calcium, lipid, thrombus,
etc.). OCT offered more accuracy than IVUS in
longitudinal geometric measurement of coronary
artery [27].

Lesion length is determined as the distance
from distal to proximal reference site using the
OCT automated lumen detection feature. Stent
length is determined as the distance from distal to
proximal edge of stent using the OCT automated
lumen detection feature. Length measurements
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of any longitudinal features can be performed
using motorized transducer pullback (number of
seconds x pullback speed).

Volume measurements are calculated by
Simpson’s rule and area measurements from
every single frame usually at 0.5—-1 mm.
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Qualitative Assessments of Optical
Coherence Tomography

13

Ae-Young Her and Yong Hoon Kim

Optical coherence tomography (OCT) is arecently
developed high-resolution imaging technique that
has a homoaxial resolution of 10 pm and a lateral
resolution of 20 pm, which is about 10 times
higher than that of any clinically available diag-
nostic imaging modality [1]. Therefore, OCT is
capable of resolving microstructural features of
atherosclerotic plaques such as thin fibrous cap,
lipid core, and intracoronary thrombus, which are
thought to be responsible for plaque vulnerability
[2, 3]. In this chapter, the qualitative assessments
of characterizing atherosclerotic plaques and
plaque rupture triggering coronary thrombosis in
native lesion will be introduced.

13.1 Qualitative Assessment

of Atherosclerosis

Table 13.1 summarizes the appearance of athero-
sclerotic components by OCT and intravascular
ultrasound (IVUS). The OCT interpretation of
the images was based on the results of in vitro
studies [4-7].

All plaques identified by OCT are character-
ized by the loss of the layered structure observed
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in normal vessels or vessels with intimal hyper-
plasia. As the various components of atheroscle-
rotic plaques have different optical properties,
OCT makes it possible to differentiate them to a
great extent. Identification of plaque components
by OCT depends on the penetration depth of the
incident light beam into the vessel wall. The
depth of penetration is greatest for fibrous tissue
and least for thrombi with calcium and lipid tis-
sue having intermediate values [3, 8, 9].
Calcifications within plaques are identified by
the presence of well-delineated, low-backscattering
heterogeneous regions (Figs. 13.1 and 13.2) [3,
6-9]. Superficial microcalcifications, considered
to be a distinctive feature of plaque vulnerability,
are revealed as small superficial calcific deposit.
The contrast between calcifications and the sur-
rounding vessel wall is often well-defined in IVUS
images. However, the bright IVUS signal from
calcifications can cause difficulty in accurate
assessment of neighboring plaque composition
due to saturation artifact. In contrast, OCT images
allow improved evaluation of the extent of calcifi-
cations within plaques and visualization of plaque
microstructure adjacent to calcifications. Fibrous
plaques are typically rich in collagen or muscle
cells and consist of homogeneous high-backscat-
tering area (Figs. 13.2 and 13.3) [3, 6-9]. Necrotic
lipid pools are less well-delineated than calcifica-
tions and exhibit decreased signal density and
more heterogeneous backscattering than fibrous
plaques (Fig. 13.2) [3, 6-9]. The strong contrast
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Table 13.1 Image features of optical coherence tomog-
raphy vs. intravascular ultrasound by histopathologic find-
ings [2, 4-7]

Histopathologic | Image features

findings OCT IVUS

Calcification Heterogeneous Very high

reflectivity

Sharply Shadowing
well-delineated
Low reflectivity
Low attenuation

Fibrous plaque | Homogeneous Homogeneous
High reflectivity | High reflectivity
Low attenuation

Lipid pool Homogeneous Low backscatter
Less
well-delineated
High reflectivity
High attenuation

White thrombus | Medium
reflectivity
Low attenuation

Red thrombus Medium Medium-high
reflectivity reflectivity

High attenuation

OCT optical coherence tomography, /VUS intravascular
ultrasound

between lipid-rich cores and fibrous regions in
OCT images allows fibrous caps to be easily
identified.

Intracoronary thrombi might take a critical role
in the pathogenesis and the clinical manifestations
of acute myocardial infarction (AMI). But coro-
nary angiography and IVUS cannot reliably iden-
tify thrombus, and OCT is able to visualize the
intracoronary thrombus clearly [8]. Thrombi are
identified by the masses protruding into the vessel
lumen discontinuous from the surface of the vessel
wall. White thrombi consist mainly of platelets and
white blood cells and are characterized by a sig-
nal-rich, low-backscattering billowing projections
protruding into the lumen (Figs. 13.4 and 13.5).
Red thrombi consist mainly of red blood cells, and
relevant OCT images are characterized as high-
backscattering protrusions with signal-free shad-
owing (Figs. 13.2 and 13.5) [10].

Although previous results have reported good
accuracy as well as inter- and intra-observer
agreement for visual plaque characterization by

A.-Y.Her and Y.H. Kim

Fig. 13.1 Example of calcifications within plaque. It is
identified by well-delineated, low-backscattering hetero-
geneous regions (arrow)

OCT images, correct image interpretation
depends on the experience of the observer and
on the penetration depth into the tissue [3, 11].
Alternatively, a variety of approaches for quan-
titative tissue analysis are under development to
further improve diagnostic accuracy in an
observer-independent way [12].

13.2 Plaque Rupture
and Intracoronary
Thrombosis

In the presence of thrombosis, three distinct OCT
morphologies can be detected: (1) either massive
thrombosis or any amount of red thrombus that
does not permit assessment of vessel and plaque
morphology; (2) thrombosis with signs of ulcer-
ation underneath, or (3) thrombosis with appar-
ently normal endothelial lining underneath that
may be indicative of erosion [7]. However, a firm
diagnosis of erosion cannot be made without
knowledge of the morphological or functional
alterations of a single endothelial layer that can-
not be assessed directly with OCT.

Plaque dissections are common findings associ-
ated with ruptured plaques visualized by OCT. They
are identified as rims of tissue protruding into the
lumen [13] (Fig. 13.6). Plaque ulceration or rup-
ture can be detected by OCT as a ruptured fibrous
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Fig. 13.2 Optical coherence tomography examples of phy image of a plaque with a lipid pool (arrow) docu-
plaque composition (left panels) and corresponding his-  mented by histology. (¢, d) Optical coherence tomography
tology (right panels). (a) Optical coherence tomography image of a calcific component (arrow in ¢) and thrombus
image of plaque consists of predominantly fibrotic plaque  (arrow in d)

documented by histology. (b) Optical coherence tomogra-
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cap that connects the lumen with the lipid pool.
These ulcerated or ruptured plaques may occur
with or without a superimposed thrombus. The use
of thrombolysis, IIb-IIla glycoprotein inhibitors,
or other antithrombotic drugs facilitates clot degra-
dation and in some circumstances may lead to
complete disappearance (Fig. 13.7).

Identification of erosion as a mechanism of
plaque instability is a challenge even for a tech-
nique with a resolution below 20 pm. Validation
studies combining OCT with techniques provid-

Fig. 13.3 Example of fibrous plaque. Optical coherence
tomography has the potential to identify dense fibrotic tis-
sue (arrows)

A.-Y.Her and Y.H. Kim

ing a functional assessment of the endothelium
may be able to give us more information on vessel
thrombosis induced by erosion. OCT is able to
evaluate the plaque erosion clearly, and the preva-
lence of plaque erosion was 23% in patients with
AMI in the previous study [8]. Plaque erosion is
characterized by loss of the endothelial lining
with lacerations of the superficial intimal layers
and without “trans-cap” ruptures (Fig. 13.8).

Controversial Points
in Optical Coherence
Tomography

of Atherosclerosis

13.3

Neovascularization or angioneogenesis within
coronary atheromas has been known to accelerate
coronary atherosclerosis via various mecha-
nisms, including transportation of nourishment to
the intima, stimulation of vascular inflammation,
and microvascular hemorrhage or leakage. OCT
imaging can provide cross-sectional in vivo
images of neovascular microchannel formation at
micrometer resolution. Despite the lack of spe-
cific validation studies, there is a general consen-
sus that microvessels in plaque appear as thin
black holes with a diameter of 50-100 pm that
are present for at least 3—4 consecutive frames in
pullback images [14] (Fig. 13.9).

Fig. 13.4 Example of white thrombus. Culprit lesion in the right coronary artery (arrow in the left panel). White
thrombus is platelet rich and exhibits a low signal attenuation (arrowhead in the right panel)
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Fig. 13.5 Example of white and red thrombus. White
thrombus is characterized by a signal-rich, low-
backscattering protrusions (arrow in the left panel), while

Fig. 13.6 Example of plaque dissection. Optical coher-
ence tomography image shows the plaque dissection with
a clear rim of tissue protrusions (arrow)

The identification of plaque hemorrhage and the
link between plaque hemorrhage and plaque vulner-
ability are major issues that will require additional
validation studies. Further studies will be required
to assess the ability of OCT to separate recent from
old hemorrhagic areas and to clarify if hemosiderin
can be distinguished from calcific components.

OCT has the potential to identify inflamma-
tory cells such as clusters of lymphocytes.

red thrombus, due to presence of red blood cell compo-
nents, causes a marked signal attenuation with high-
backscattering protrusions (arrow in the right panel)

Previous studies showed that application of
OCT algorithm can identify inflammatory cells
with high specificity and sensitivity [12, 15].
Although this dedicated algorithm may be
instrumental to identify and possible quantify
plaque inflammation, it is felt that the applica-
bility of these results to real-time imaging is
questionable because the detection and quantifi-
cation algorithms developed in these studies
depend on accurate selection of the region of
interest.

13.4 Summary

The high resolution of OCT when compared
with IVUS enables the identification of the main
plaque components that include lipid pools, cal-
cium, fibrotic tissue, and thrombus. However,
identification of individual plaque components
by OCT requires experience; in other words, a
careful analysis of optical properties of the
plaque components must be done. The applica-
tion of new software-based algorithm or other
optical tissue properties should improve the
characterization of atherosclerotic coronary
plaques and provide a more objective
assessment.
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Fig. 13.7 Clinical example of plaque rupture. (a)
Coronary angiography shows culprit lesion (arrow) in the
left anterior descending artery in a patient with non-ST
elevation myocardial infarction. (b) Optical coherence
tomography image reveals the ruptured thin cap fibroath-

A.-Y.Her and Y.H. Kim

eroma (arrowheads) in the shoulder region of the plaque.
Remnants of the necrotic core are in direct contact with
the blood stream (double stars). Star indicates guidewire
artifacts

Fig. 13.8 Examples of typical plaque erosion. Plaque erosion in images of optical coherence tomography. Erosion
located on the surface of a plaque (arrowheads) with intraluminal white thrombi (arrows) and red thrombus (star)
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Fig. 13.9 Example of neovascularization. Presence of
thin black holes (arrows) at optical coherence tomogra-
phy image. These holes have a diameter of 50-100 pm
and are likely due to plaque angioneogenesis
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Coherence Tomography-Guided

14

Percutaneous Coronary

Intervention

Seung-Yul Lee, Yangsoo Jang,

and Myeong-Ki Hong

Although the guideline of the European Society
of Cardiology has recommended that optical
coherence tomography (OCT) may be considered
in selected patients during percutaneous coronary
intervention (PCI) [1], data regarding OCT guid-
ance are limited (Table 14.1). In this chapter,
clinical evidences and benefits of OCT-guided
PCI will be discussed.

14.1 Lesional Assessment

The accurate measurement of lumen dimensions
is important for assessing the severity of coro-
nary stenoses. In the study comparing the lumen
measurement obtained ex vivo in human coro-
nary arteries using intravascular ultrasound,
OCT and histomorphometry, and in vivo in
patients using intravascular ultrasound and OCT
with and without balloon occlusion, both intra-
vascular ultrasound and OCT overestimated the
lumen area compared with histomorphometry
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Table 14.1 Recent recommendations regarding the
usage of optical coherence tomography (OCT) during per-
cutaneous coronary intervention

Class of Level of
Recommendations recommendation | evidence
European Society of
Cardiology [1]
OCT to assess Ila C
mechanisms of stent
failure
OCT in selected 1Ib C

patients to optimize

stent implantation

ACCF/AHA/SCAI

[2]

Not documented
ACCF American College of Cardiology Foundation; AHA
American Heart Association; SCAI Society for
Cardiovascular Angiography and Interventions

(mean difference 0.8 mm? for OCT and 1.3 mm?
for intravascular ultrasound) [3]. The lumen
dimensions in vivo obtained using intravascular
ultrasound were larger than those obtained using
OCT (mean difference 1.67 mm? for intravascu-
lar ultrasound relative to OCT with balloon
occlusion and 1.11 mm? relative to OCT without
balloon occlusion) [3]. OCT has a moderate
diagnostic efficiency in identifying hemodynam-
ically severe coronary stenoses with fractional
flow reserve (FFR) < 0.80 measured with pres-
sure wire (sensitivity = 82%, specificity = 63%)
[4]. The optimal cutoff value associated with
FFR < 0.80 was 1.95 mm? of minimal lumen
area [4]. Like intravascular ultrasound, the
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Table 14.2 Optical coherence tomographic criteria for defining severe coronary stenosis evaluated by fractional flow

reserve (FFR)

Authors No. of lesions | FFR Minimal lumen area | Sensitivity Specificity
Shiono et al. [5] 62 0.75 1.91 mm? 94% 77%
Gonzalo et al. [4] 61 0.80 1.95 mm? 82% 63%
Pawlowski et al. [6] | 71 0.80 2.05 mm? 75% 90%
Reith et al. [7] 62 0.80 1.59 mm? 76% 79%

FFR = 0.71

Catheter

Fig. 14.1 Representative images of computational flow
dynamics model and fractional flow reserve (FFR) simu-
lation. Coronary angiography (a) showed a moderate ste-
nosis (arrows) of the proximal segment of left anterior
descending artery. The measured FFR of the lesion was

assessment of OCT is not specific for identifying
severe stenoses, thus limiting the positive pre-
dictive value [4]. Table 14.2 summarizes the cut-
off values of OCT-derived minimal lumen area
that correspond to functionally significant steno-
sis. Recently, an OCT study reported that there

FFRocr = 0.75

0.71, indicating functionally significant stenosis. After
three-dimensional reconstruction (b) was performed
using optical coherence tomography (OCT), computa-
tional flow dynamics model was applied to the acquired
geometry (c¢). The calculated FFR of the lesion was 0.75

was a moderate correlation between OCT-
derived FFR measurements using computational
fluid dynamics algorithm and direct FFR mea-
surements using pressure wire (r = 0.72,
p <0.001) in patients with intermediate coronary
stenosis in the left anterior descending coronary
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Fig.14.2 Morphological features of fibrotic (left panel),
fibrocalcific (middle panel), and lipid-rich (right panel)
plaques at the segment with minimal lumen area. Fibrotic
plaques had high backscattering and relatively homoge-
neous optical signal. Fibrocalcific plaques showed signal-

artery, as represented in Fig. 14.1 [8]. This OCT
approach without use of pressure wire may be
useful for evaluating the simultaneous functional
and anatomic severity of coronary stenosis [8].
However, further studies are required to estab-
lish its feasibility and effectiveness. In contrast
to determination of functionally significant
severity of coronary artery, the OCT examina-
tion is reliably sensitive and specific for charac-
terizing different types of atherosclerotic
plaques: fibrous, fibrocalcific, and lipid-rich
plaques (Fig. 14.2) [9, 10]. Morphological fea-
tures detected by OCT were associated with the
occurrence of post-interventional complications.
The presence of thin-cap fibroatheroma identi-
fied by OCT was a predictor of post-PCI myo-
cardial infarction [11]. Figure 14.3 represents a
typical case that showed post-PCI myocardial

poor heterogeneous region with well-delineated borders,
being consistent with calcium (arrows). Lipid-rich
plaques demonstrated signal-poor regions with poorly
delineated borders, indicating lipid (arrowheads)

infarction in patient treated with elective stent
implantation.

14.2 Stent Optimization

The optimal OCT criteria for stent deployment
have not been established yet. In the CLI-OPCI
(Centro per la Lotta contro I'Infarto-Optimisa-
tion of Percutaneous Coronary Intervention)
study, the reference lumen narrowing had to be
greater than 4 mm?, and the stent-lumen distance,
namely, malapposed distance, had to be less than
200 pm for optimal stenting [12]. However, this
study was retrospective, and the decision as to
whether to perform further actions if the OCT
criteria were not satisfied was left at the opera-
tor’s discretion [12]. In the multicenter, random-
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Fig.14.3 A case showing post-interventional myocardial
infarction after successful stent implantation. There was a
tight narrowing at midportion of the right coronary artery
(left upper panel). Pre-intervention optical coherence
tomography (OCT) examination showed smallest lumen
area with large amounts of lipid pool (left lower panel).

ized DOCTORS (Does Optical Coherence
Tomography Optimize Results of Stenting) study
[13], the guidelines for the procedural strategy
incorporating OCT information were as follows:
(1) additional balloon overdilations were to be
performed in case of stent underexpansion (the
ratio of in-stent minimal lumen area to reference
lumen area was < 80%), (2) management of

malapposition or edge dissection was at the oper-

Stent implantation was successfully performed without
residual stenosis on angiogram (right upper panel) and
with larger stent lumen area on post-intervention OCT
examination (right lower panel). The level of CK-MB was
elevated from 2.1 ng/mL pre-intervention to 22.7 ng/mL
post-intervention

ator’s discretion, and (3) additional stent implan-
tations were to be performed to rectify incomplete
lesion coverage. These methods of stent optimi-
zation led to a larger minimum lumen area com-
pared with immediate post-stenting and
subsequently improved the functional outcome
assessed by FFR after PCI [13]. Table 14.3
summarizes the considerations for stent optimi-
zation using OCT.
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Table 14.3 Criteria for optimal stent implantation

Comments

Achievement of adequate stent expansion (minimum
lumen area or minimum stent area > 4—5 mm? or 80%
of reference lumen area)

Avoidance of large stent malapposition (> 200 pm)

Complete lesion coverage with minimal residual
plaque burden

No procedure-related complications (edge dissection,
thrombosis, and others)

14.3 Clinical Benefits
The CLI-OPCI study firstly evaluated
I-year clinical outcomes in matched patients
between angiographic guidance alone and angio-
graphic plus OCT guidance. The use of OCT was
associated with a lower risk of cardiac death or
myocardial infarction (odds ratio = 0.49,
p = 0.037) [12]. This observational study sug-
gested the potential usefulness of OCT-guided
PCI compared to conventional therapy. The
ILUMIEN I (Observational Study of OCT in
Patients Undergoing FFR and PCI) was a pro-
spective, nonrandomized, observational study of
PCI procedural practice in a total of 418 patients
(with 467 stenoses) undergoing intra-procedural
pre- and post-PCI FFR and OCT [14]. Based on
pre-PCI OCT findings, the procedure was altered
in 57% of all stenoses by selecting different stent
lengths, and further stent optimization based on
post-PCI OCT findings was done in 27% of all
stenoses using additional post-dilation or implan-
tation of new stents [14]. With the decreases of
stent malapposition, underexpansion, and edge
dissection, the change in treatment strategy
appeared to be associated with reduced rates of
periprocedural myocardial infarction [14].
Although intriguing, these results need confirma-
tion in randomized controlled trial to firmly
establish the clinical benefit of OCT-guided PCI.
Several benefits including adequate stent
expansion, improved strut coverage, or FFR after
PCI were also noted in patients receiving OCT-
guided PCI. According to the OCT substudy of the
thrombectomy versus PCI alone (TOTAL) trial,
OCT-guided primary PCI for ST segment eleva-
tion myocardial infarction was associated with a

larger final stent minimum lumen diameter com-
pared to angiographic guidance (2.99 + 0.48 mm
versus 2.79 £0.47 mm, p <0.0001) [15]. Although
this study was statistically underpowered to detect
a difference in clinical outcomes in OCT-guided
patients, these findings suggested that OCT had
the potential to improve clinical outcomes in
patients undergoing PCI [15]. The ILUMIEN II
study retrospectively compared OCT guidance
with intravascular ultrasound guidance in propen-
sity scores matched population and demonstrated
that stent expansion was comparable between
OCT- and intravascular ultrasound-guided patients
[16]. Recently, the ILUMIEN III randomized trial
tested whether or not OCT-based stent sizing strat-
egy would result in a minimum stent area similar
to or better than that achieved with intravascular
ultrasound guidance and better than that achieved
with angiography guidance alone [17]. In this trial,
stent diameter was determined according to mea-
surements of the external elastic lamina in the
proximal and distal reference segments, and stent
length was determined as the distance from distal
to proximal reference site using the OCT auto-
mated lumen detection feature [17]. After stent
implantation, high-pressure or larger noncompliant
balloon inflation was performed to achieve a mini-
mum stent area of at least 90% in both the proxi-
mal and distal halves of the stent relative to the
closest reference segment [17]. Regarding mini-
mum stent area, OCT guidance was non-inferior to
intravascular ultrasound guidance, but not supe-
rior. OCT guidance was also not superior to angi-
ography guidance [17]. Accordingly, these data
warrant a large-scale randomized trial to establish
whether or not OCT guidance results in superior
clinical outcomes to angiography guidance [17].
Another study investigated the impact of OCT
guidance on follow-up stent strut coverage after
drug-eluting stent implantation. In this random-
ized trial, OCT-guided PCI significantly reduced
the incidence of uncovered stent struts at
6 months compared to angiography-guided PCI
(the percentage of uncovered struts, 1.6% versus
4.5%, p = 0.0004) [18]. This finding was accom-
panied with lower percentage of malapposed
struts at 6 months in patients undergoing OCT
guidance (0.19% versus 0.98%, p = 0.027) [18].
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Fig. 14.4 Six-month follow-up after drug-eluting stent
implantation. The shown optical coherence tomography
(OCT) images were taken at the narrowest site on coro-
nary angiography (arrows). Stent struts were almost cov-

Given that delayed healing of implanted stents
has been associated with stent thrombosis [19],
this study demonstrates the possible benefit of
OCT-guided PCI. Figure 14.4 shows representa-
tive cases of OCT versus angiographic guidance.

The use of OCT was related to the improved
result of functional status after PCI. A random-
ized DOCTORS study involving 240 patients

Angiographic guidance

ered in patients undergoing OCT guidance (left panel),
while uncovered struts (arrowheads) were frequently
noted in patients receiving angiographic guidance at stent
implantation (right panel)

with non-ST segment elevation acute coronary
syndromes compared OCT-guided PCI with angi-
ography-guided PCI [13]. The OCT-guided group
showed a higher value of post-procedural FFR
compared with angiography-guided group
(0.94 £ 0.04 versus 0.92 = 0.05, p = 0.005) [13].
The OCT evaluation after stent implantation led
to the more frequent use of post-stent overdilation
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Table 14.4 Clinical benefits of optical coherence tomog-
raphy (OCT) guidance during percutaneous coronary
intervention

Authors Main findings

Prati et al. Lower risk of cardiac death or

[12] myocardial infarction at 1 year,
compared with angiographic guidance

Wijns et al. OCT-derived changes in treatment

[14] strategy were associated with the
decrease of periprocedural myocardial
infarction

Sheth et al. Larger minimum lumen diameter at

[15] post-intervention, compared with
angiographic guidance

Macehara Stent expansion was comparable

etal. [16] between OCT and intravascular

ultrasound guidance

Alietal. [17] | OCT guidance using a specific
reference segment external elastic
lamina-based stent optimization
strategy resulted in similar minimum
stent area to that of intravascular

ultrasound guidance

Kim et al. Lower rates of malapposed or

[18] uncovered struts at 6 months,
compared with angiographic guidance

Meneveau Higher fractional flow reserve at

etal. [13] post-intervention, compared with

angiographic guidance

in the OCT-guided group versus the angiography-
guided group (43% versus 12.5%, p < 0.0001)
with lower residual stenosis (7.0 + 4.3% versus
8.7 £ 6.3%, p = 0.01) [13]. However, this func-
tional benefit will translate into the clinical benefit
remains to be determined [13]. Nevertheless, it
has been previously shown that patients with a
post-stent FFR of > 0.90 had event rates of 4.9—
6.2% at 6 months, compared with 20.3% in
patients with post-stent FFR < 0.90 [20].

Based on the present studies, Table 14.4 sum-
marizes the clinical benefits of OCT-guided PCI.

14.4 Specific Considerations

Left Main Diseases The use of OCT in left
main diseases is challenging due to vessel size
and anatomical access. OCT cannot adequately
evaluate the large-sized vessel and aorto-ostial

involvement because it needs to engage the guide
catheter for removing the blood by contrast
flushing. Although an observational study
showed that frequency-domain OCT assessment
of non-ostial left main diseases was feasible and
provided high-quality imaging [21], data regard-
ing OCT measurements of stenotic severity of
left main diseases are currently limited.
However, the OCT evaluation may be useful to
optimize or guide PCI. Stent underexpansion or
malapposition can be corrected to minimize
restenosis or to facilitate the strut coverage of
implanted stent. In a study comparing fre-
quency-domain OCT with intravascular ultra-
sound, the OCT achieved imaging completeness
less often, whereas it was more sensitive in
detecting malapposition and edge dissections
[22]. If kissing balloon angioplasty or two-stent
techniques are necessary, the position of recross-
ing guidewire or the degree of stent distortion
can be assessed by OCT, possibly improving the
outcomes of stent therapy.

Bifurcated Lesions Based on high resolution,
OCT provides additional information for treat-
ing bifurcated lesions. Three-dimensional OCT
evaluation showed morphologic characteristics
in jailed side-branch ostium. In lesions treated
with single stent, the shape of the side-branch
ostium changed from circular to elliptical after
stent implantation [23]. The elliptical change of
the side-branch ostium led to a larger minimal
lumen area measured by OCT compared to mini-
mal lumen area calculated by quantitative
coronary angiography [23]. Given that three-
dimensional OCT analysis may predict FFR
more accurately rather than quantitative coro-
nary angiography [24], the three-dimensional
reconstruction using the most recent OCT sys-
tem (ILUMIEN OPTIS OCT, St. Jude Medical)
may be helpful to assess the stenotic severity of
the side-branch ostium. OCT often detects ves-
sel injuries or stent complications in bifurcated
interventions, and it triggers additional proce-
dures [25, 26]. In bifurcated lesions treated by
provisional stenting, stent malapposition was
more common at the proximal segment of main
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vessel and tissue prolapse at the distal segment
of main vessel [25]. Stent malapposition was
also associated with the location of wire
recrossing at the side-branch ostium [26]. The
OCT evaluation revealed that the wire passage
via distal cell of the side-branch ostium reduced
the rate of strut malapposition [26]. Thus,
patients who were treated using OCT-guided
recrossing had a lower number of malapposed
stent struts compared to those treated with
angiography guidance alone [26]. Figure 14.5
shows the case of ostial lesion of proximal seg-
ment of left anterior descending artery which
was treated with single-stent implantation
crossover the ostium of left circumflex artery
and three-dimensional OCT reconstruction.

Safety and Feasibility Compared to previous
OCT models, frequency-domain OCT system

Angiography

Pre-stent image

=

Post-stent image

Fig. 14.5 Pre- and post-intervention angiogram and
three-dimensional optical coherence tomographic (OCT)
reconstructions. After stent implantation for ostial lesion
of left anterior descending (LAD) artery, three-

Longitudinal cutaway view

becomes more practical and less procedurally
demanding [27, 28]. In a single-center registry,
frequency-domain OCT was safe and feasible for
PCI guidance [28]. The mean time of frequency-
domain OCT pullback (from the setup to the
completion of the pullback) was 2.1 min [28].
The procedure was almost successful, and major
complications in terms of death, myocardial
infarction, emergency revascularization, emboli-
zation, life-threatening arrhythmia, coronary dis-
section, prolonged and severe vessel spasm, and
contrast-induced nephropathy were not noted
[28]. In the randomized DOCTORS trial, there
was no significant difference in the rate of proce-
dural complications including periprocedural
myocardial infarction and acute kidney injury
between OCT and angiographic guidance [13].
However, the duration of OCT-guided procedures
was longer than in those guided by angiography

Fly-through view

dimensional OCT reconstruction image clearly shows that
proximal margin (arrow) of stent was protruded from
LAD to left main (LM) coronary artery. LCX left circum-
flex artery
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alone, with a greater fluoroscopy time [13]. In
addition, the volume of contrast medium and the
dose of radiation delivered were greater in
patients receiving OCT guidance [13].

14.5 Summary

During PCI, the OCT evaluation has several
advantages (Table 14.5). OCT can evaluate the
severity and morphology of coronary atheroscle-
rotic plaques and guide the proper treatment of
coronary artery diseases. Various OCT findings
affect the decision-making process of the physi-
cians, leading to a change in interventional strat-
egy. Compared to angiography guidance,
OCT-guided PCI has a better stent expansion and
FFR at the end of PCI and shows a lower percent-
age of uncovered or malapposed struts at follow-
up. In complex lesions, detailed information
derived from OCT helps to improve procedural
outcomes. These beneficial findings were parallel
to better outcomes of clinical end points in
patients treated by OCT guidance. However,
additional prospective studies are required to
establish OCT guidance as standard use in
patients with coronary artery diseases.

Table 14.5 Considerations for the usage of optical
coherence tomography during percutaneous coronary
intervention

Advantage

Good image resolution

Identification of morphometric characteristics of
coronary atherosclerosis

Excellent visualization of stent apposition,
dissection, and tissue prolapse

Evaluation of bioabsorbable stent

Disadvantage

Poor tissue penetration

Additional usage of contrast

Lesional limitations such as large-sized vessel
(left main disease) or ostial stenosis

Insufficient clinical outcome data compared to
intravascular ultrasound
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Pre-interventional Lesion

Assessment

Hyuck-Jun Yoon

15

15.1 Introduction

Coronary angiography (CAG) is an established
method to diagnose coronary artery disease,
and it regards as gold standard method for
guidance of percutaneous coronary interven-
tion (PCI). However, it cannot directly assess
atherosclerotic change of vessel wall because
CAG can detect only the luminal contrast agent
filling. Therefore, need for a compensated
method to evaluate cross-sectional images of
the lumen and vessel wall had been increased
[1-3].

Recently, optical coherence tomography
(OCT) was adopted in increasing numbers of
catheterization laboratory. Because of its high-
resolution power, OCT provides precise lumi-
nal narrowing as well as more detailed
information about microscopic atherosclerotic
change, the presence of high-risk plaque, tiny
calcium and thrombus, plaque rupture (PR),
and plaque erosion (PE) [4-7]. In this chapter,
we will discuss about the pre-procedural OCT
imaging.
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15.2 How to Obtain Good Pre-
interventional OCT Image

Contrary to intravascular ultrasound (IVUS),
OCT imaging requires blood in the coronary
artery to be cleared. The infrared rays used in
OCT are scattered by red blood cell in blood
which will lead to severe signal attenuation, so
it is essential to remove blood from the coronary
arteries to obtain a good-quality image.
However, in the currently used frequency-
domain (FD)-OCT, image acquisition is done by
a simultaneous process which consisted of the
filling with injected contrast agents that replaced
blood in vessel and automatic rapid pullback.
The introduction of FD-OCT significantly
reduces blood flow interruption time, and it
makes simple the process of preparing the
examination [8].

Imaging catheters are designed for rapid
exchange over a 0.014-inch guide-wire delivery,
have a crossing profile of 2.4-2.8 Fr, and are
compatible with 6 Fr or larger guiding catheters.
In case of severe stenotic lesion, predilatation
with small-caliber balloon can be needed because
the imaging catheter itself cannot pass the lesion
or if it passes the contrast agent cannot be deliv-
ered to the distal portion and therefore the distal
portion of severe stenosis cannot be visualized
(Fig. 15.1).

Several checkpoints were summarized in
Table 15.1 to obtain high-quality OCT images.
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Fig. 15.1 Representative images of pre-procedural OCT
images with poor preparation. Visualization of the distal
portion of the MLA was not achieved because contrast
agent could not pass the MLA site (indicated by a rect-
angle composed of white dashed lines). After balloon
dilatation (2.0 mm balloon), visualization of the distal

portion was much improved. Distal reference area (cross-
sectional image) became clear after balloon dilatation. (a)
Baseline OCT image and (b) post-balloon OCT image.
OCT optical coherence tomography, MLA minimal lumen
area

Table 15.1 Checklist for obtaining good pre-interventional OCT image

Proper guiding catheter position

Adequate vessel preparation

The guiding catheter must be deep seated in coaxially maintained position

1. Intracoronary nitrate must be used prior of OCT examination to avoid

coronary spasm and to obtain accurate vessel size
2. In case of severe stenosis, small-caliber balloon can be needed to visualize

the distal portion
Imaging catheter position

Be sure to include the area of interest because the indicator is located within

proximal and distal part of imaging catheter

Imaging catheter status

Adequate synchronization of
OCT pullback after flushing

Make sure that there is no blood or air in the imaging catheter before pullback

It is important to minimize the use of contrast by keeping in mind the
synchronization of OCT pullback after flushing. Both the operator and the

assistants must match their feet

15.3 Artifacts

As with other intravascular imaging methods,
OCT also shows several types of artifacts requir-
ing interpretation. Here are some typical exam-
ples of artifact (Fig. 15.2).

The most common avoidable artifact is the sig-
nal attenuation caused by the suboptimal purge of
blood in the imaging catheter (Fig. 15.2a). Even if
enough preparation was done prior to examina-
tion, during the passage of the guiding catheter

and lesion, some blood may enter the imaging
catheter. So, rechecking of standby imaging
before pullback is necessary. This artifact can be
prevented with additional purge.

Incomplete blood clearing also frequently
causes artifacts (Fig. 15.2b). Incomplete guiding
catheter engagement, too large vessel size, sig-
nificantly angulated vessel, and inadequate con-
trast agent filling can affect this artifact. The
stagnation of blood can be confused with throm-
bus as seen from a single cut.
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Fig. 15.2 Frequently observed OCT artifact images. (a)
Incomplete imaging catheter preparation makes signal
attenuation. (b) Incomplete blood clearance of coronary
artery makes attenuated image. (¢) Seam-line artifact is
caused by rapid artery or wire movement during single-
frame formation. (d) Deformation of imaging catheter can

The “sew-up artifact (seam-line artifact)” is
misalignment on the lumen surface due to fast
imaging wire movement during the construction
of a single frame (Fig. 15.2¢).

Nonuniform rotational distortion can lead to
shape distortion and mirror artifact (Fig. 15.2d).

“Fold-over artifact” is caused by the inherent
property of the FD-OCT. This artifact is the result
of “phase wrapping” or “aliasing” along the
Fourier transform when the structural signal is
selected outside the system’s field of view
(Fig. 15.2e).

Tangential signal drop due to the location of
the eccentric catheter adjacent to the lumen wall
may result in misinterpretation of the lesion as
thin-cap fibroatheroma (TCFA) or cap disruption
(Fig. 15.2f).

Most of artifacts can be distinguished from
true lesions by observing continuous changes in
the serial cuts.
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make mirror artifact. (e) Fold-over artifact. This artifact is
the result of “phase wrapping” or “aliasing” along the
Fourier transform when the structural signal is selected
outside the system’s field of view. (f) Tangential signal
drop can be confused with plaque disruption or thin-cap
fibroatheroma

15.4 The Role of OCT in Pre-
procedural Assessment

OCT provides detailed information on vessel
walls and microstructure due to its superior reso-
lution compared to CAG and IVUS. Especially,
OCT may be more helpful in the following cases.

15.4.1 Role of OCT in Ambiguous
Lesions

OCT provides a lot of information about plaque
extension and characteristics that have not been
fully evaluated in conventional CAG due to its
excellent resolution.

This allows accurate diagnosis of suspicious
findings that could not be confirmed and quanti-
tative analysis of intracoronary thrombus.
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Fig.15.3 Culprit lesion OCT findings of acute coronary syndrome. (a) Plaque rupture, (b) plaque erosion, (¢) calcified

nodule

Fig.15.4 Representative case of unstable angina without evident coronary disease. Coronary angiogram only revealed
minimal stenosis and OCT revealed presence of recanalized thrombus at proximal left anterior descending artery

Ambiguous angiographic visualization of
lesion is not infrequent in real practice, and OCT
provides us the correct answer, especially when
mixed with intermediate lesions, short lesions,
thrombus, or calcification [9].

Kubo and colleagues conducted a comparison
study using OCT, IVUS, and angioscopy in 30
consecutive patients with acute myocardial
infarction (AMI) to assess the ability of each
imaging method to detect the specific character-
istics of culprit lesion. OCT was superior in
detecting plaque rupture, plaque erosion, and
thrombus, respectively [5].

Recent OCT studies have revealed three major
mechanisms in acute coronary syndrome (ACS):
PR, PE, and calcified nodule [10, 11] (Fig. 15.3).

In case of haziness on CAG without signifi-
cant stenosis, there are cases of thrombus, dissec-
tion, heavy calcification, and ruptured plaque
when examined through OCT [9].

If no evident lesion was seen in ACS presenting
vasospastic angina, plaque disruption or thrombus
was identified in OCT on a significant number of
cases [12, 13] (Figs. 15.4, 15.5 and 15.6).

The diagnosis of spontaneous coronary artery
dissection (SCAD) is not always apparent on



15 Pre-interventional Lesion Assessment

147

Fig.15.5 Representative case of ambiguous coronary lesion which confirmed by OCT. After stent deployment at mid-
RCA, linear slit-like lesion was observed. OCT confirmed clear image of edge dissection with thrombus

Fig. 15.6 Another case with ambiguous coronary lesion
which confirmed by OCT. In coronary angiography, there
was round filling defect on right coronary artery (in circle
with white dashed line). OCT clearly revealed presence of

coronary angiography, and OCT has been greatly
helpful to the diagnosis of this unfamilial disease
entity (Fig. 15.7).

Abovementioned findings were not previously
identified as CAG alone, which led to break-
throughs in the diagnosis by introduction of OCT.

thrombus without evidence of plaque disruption, lipid
plaque, or calcified nodule. This is a representative image
of probable plaque erosion

15.4.2 Role of OCT in Lesion Severity
Assessment

In addition, OCT can be helpful to determine
functionally significant lesion in intermediate
stenosis lesion.
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Fig. 15.7 Representative case of spontaneous coronary
artery dissection. The 60-year-old woman received mitral
valve replacement 10 years before and was on anticoagu-
lation. Clinical presentation was acute ST-segment eleva-
tion myocardial infarction. The angiography showed

Although the gold standard method to iden-
tify functional significance of the coronary
lesion is fractional flow reserve (FFR) in inter-
mediate angiographic stenotic lesion, minimal
lumen area (MLA) can be used as surrogate
marker for functional significance. In compari-
son with IVUS, OCT showed slightly superior in
identifying hemodynamically severe coronary
stenosis (especially in vessel diameter less than
3 mm) [14].

Recently, a dedicated, semiautomated contour
detection system (OPTIS™, St. Jude, MN, USA)
is used for measurements. A contour detection
algorithm that automatically traces lumen
boundaries of the longitudinal (L)-mode view
was implemented, and it allowed us to automati-
cally detect MLA position within few seconds
(Fig. 15.6). In a comparison study regarding
automatically detected and manually detected
lumen analysis, there was excellent correlation
with two methods [15].

intermediate stenosis in distal portion of left anterior
descending artery. OCT revealed presence of hematoma
in coronary artery without evidence of atherosclerosis.
This patient was conservatively treated due to patent coro-
nary perfusion, and she was well recovered

Through this method, we can easily identify
the location and severity of the minimal lumen
area (Figs. 15.8 and 15.9).

15.4.3 Role of OCT in Determining
Vessel Sizing

OCT allows clear delineation between the lumen
and vessel wall, although there may be a limit in
the detail of the whole vessel structure visualized
due to shallow penetration as compared with
IVUS imaging.

OCT has good correlation in lumen measure-
ment with IVUS. Moreover, OCT showed good
inter-study correlation for FD-OCT in evaluat-
ing both stented and native coronary arteries
undergoing PCI (R? = 0.99 and P < 0.001 for
MLA) [16].

In a phantom model comparison, the mean
lumen area per FD-OCT was equal to the actual
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Fig. 15.8 Longitudinal view and automated detected tour detection were finished. After then operator can eas-
lumen measurement (upper panel). Within few seconds, ily identify the location and severity of lesion
reconstruction of longitudinal view and automated con-

A. distal reference B. proximal reference

Min D 3.04mm / Max D 3.10mm Min D 3.28mm /Max D 3.47mm

< distal Length 16.2 mm proximal >
Stent Size:3.0*18 mm

Fig. 15.9 Example of OCT-guided vessel sizing. Cross- ization allowing measurement of a 3.28 and 3.47 mm in
sectional analysis of the distal reference identified EEL  diameter. The distance from proximal to distal reference
measurements of 3.04 and 3.10 mm. Cross-sectional anal- ~ was 16.2 mm, and thus a 3.0 mm diameter by 18 mm stent
ysis of the proximal reference area identified EEL visual- ~ was chosen
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lumen area, with low standard deviation; IVUS
overestimated the lumen area and was less
reproducible than FD-OCT [17, 18]. OCT accu-
rately measured the MLA compared with the
actual phantom, whereas IVUS significantly
overestimated the MLA in 10% of the patients
(P < 0.001 vs. OCT), and it was less
reproducible.

In early comparison of FD-OCT and IVUS to
guide PCI (both groups finally confirmed by
FD-OCT), OCT guidance showed smaller stent
expansion compared with IVUS [19]. However,
recently a conducted larger-sized randomized
study (ILUMIEN III) showed OCT guidance
had similar final MSA compared with IVUS
guidance [20]. In this trial, OCT guidance group
used external elastic lamina (EEL) as determi-
nant to vessel size. In the reference area, EEL
can be easily detected in OCT with three clearly
separated layers. However, in lipid-rich plaque,
vessel circular arcs could not be identified due
to OCT signal attenuation in lipid plaque. In
that case, clear discrimination of EEL might be
only available at some portion. Kubo and col-
league suggested approximation algorithm that
can be applied in lipid plaque for assumption of
OCT invisible circular arc. In comparison with
IVUS, the assumption of the vessel area was
well correlated with the actual EEM measured
by IVUS [21].

If tapering vessel is severe in L-mode view, it
will be able to determine whether to apply post-
dilatation or not.

15.4.4 Role of OCT in Plaque
Characterization

Pre-procedural OCT can reliably visualize the
plaque extent, characteristics, and lumen
dimensions.

Compared to CAG, the greatest advantage of
intracoronary imaging such as OCT or IVUS is to
show not only the degree of stenosis but also pre-
cise changes from the early stage of atherosclero-
sis to the advanced stage.

Rupture of atherosclerotic plaque is responsi-
ble for most thrombotic coronary event. So,
detection of rupture-prone plaque (vulnerable
plaque) might have clinical relevance to prevent
thrombotic complication [5, 22]. Histologically,
the vulnerable plaque was defined as a large lipid
core, a TCFA (fibrous cap thickness <65 pm),
and an accumulation of macrophages localized at
the subsurface of the fibrous cap. Because fibrous
cap thickness in most ruptured plaques is less
than 65 pm, the resolution required for imaging
of risky plaques should be at the level of 50 pm
or better. OCT is the only available imaging
technique with enough resolution to detect
TCFAs [4].

With this information, the operator can iden-
tify the exact location of the culprit lesion,
determine the adequate stent size and length, and
avoid landing on a vulnerable plaque.

For determining optimal stent landing site, it
is better to avoid lipid-rich plaque, TCFA with
high plaque burden [23-25].

15.4.5 Role of OCT in Determining
Treatment Strategy

OCT finding of the pre-procedural culprit lesion
may have a significant impact on the decision of
the therapeutic direction.

In the presence of large lipid pools or necrotic
core contents, a no-reflow phenomenon can be
predicted, and adjunctive medical therapy or
distal filter device protection may also be
considered.

In severely calcified lesions, OCT finding
can be helpful to determine whether scoring
balloon, wire-cutting, or rotablation is needed.
Kubo and colleagues showed that the thick-
ness of calcified plaque by OCT can predict
the possibility of calcium plate break in encir-
cled calcified lesion [26]. It can offer useful
information about the lesions which need fur-
ther plaque modification prior to stenting
especially in the severe calcified lesion
(Fig. 15.10).
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Fig.15.10 Representative case of heavy calcified lesion. After balloon dilatation, OCT clearly revealed broken calci-

fied plate

15.4.6 The Role of OCT in Acute
Coronary Syndrome

OCT imaging technique enables detailed evalua-
tion of plaque morphology in patients with ACS
and helps to wunderstand the underlying
mechanisms.

Plaque disruption and subsequent thrombus
formation is the main mechanism for the onset of
acute coronary syndrome. Current guideline
regards catheter-based reperfusion of the infarct-
related artery with stent placement as preferential
treatment of acute myocardial infarction (AMI)
and thrombus aspiration as supplementary treat-
ment option. Although advanced atherosclerosis
with obstructive stenosis is often accompanied in
ACS, previous postmortem studies and recent
clinical study using optical coherence tomogra-
phy (OCT) revealed that about one third of ACS
cases showed plaque disruption accompanying
thrombus formation without severe stenosis [27,
28]. After removal or reduction of thrombus by
aspiration, OCT can provide assessment of the
underlying plaque pathology including PR or
PE. Because plaque erosion has an intact fibrous
cap and represents less luminal narrowing after
thrombus removal compared to PR, medical

treatment without stent implantation has been
challenged as an alternative strategy for the treat-
ment of culprit lesion in ACS.

A study by Prati et al. reported clinical follow-
up (median 753 days) results of two treatment
strategies including medical therapy with and
without percutaneous revascularization in 31
STEMI patients with plaque erosion by OCT
after thrombectomy. In their study, 40% of
patients who had intact fibrous cap with nonob-
structive lesions were treated with dual antiplate-
let therapy alone and showed comparable
outcomes without symptoms compared to the
remaining 60% of patients who underwent stent
implantation [29]. Similarly, favorable clinical
outcomes were reported in young patients with
STEMI after thrombus aspiration without stent
implantation [29].

IK Jang and his colleague conducted prospec-
tive study for this approach. Among the 405 ACS
patients, 103 patients showed plaque erosion as
culprit morphology. Sixty plaque erosion patients
were treated with dual antiplatelet therapy (aspi-
rin and ticagrelor), without stent deployment.
Significant number of patients (78.3%) showed
>50% reduction of thrombus volume at 1-month
follow-up [30].
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Therefore, OCT evaluation of culprit lesion
will identify ACS patients who can defer coro-
nary stenting.

15.5 Summary

Pre-procedural OCT can provide us much more
accurate morphometric information and plaque
characters compared with CAG or IVUS. This
may be helpful in selecting the optimal treatment
method and avoiding unnecessary stents in coro-
nary artery disease.
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Immediate Post-Stent Evaluation
with Optical Coherence

Tomography

16

Seung-Yul Lee, Yangsoo Jang,

and Myeong-Ki Hong

Compared to intravascular ultrasound, optical
coherence tomography (OCT) enables detailed
evaluations regarding immediate post-stent
deployment. Contents of this chapter are limited
to metallic coronary drug-eluting stents.
Absorbable stents with polymeric scaffolds will
be reviewed in the following chapter.

16.1 Stent Expansion

Adequate stent expansion has been considered as
a key component of successful percutaneous cor-
onary intervention (PCI). In ILUMIEN II study
(Observational Study of OCT in Patients
Undergoing Fractional Flow Reserve and
Percutaneous Coronary Intervention) that ana-
lyzed the matched cohort with intravascular
ultrasound-guided PCI, the degree of optimal
stent expansion was not different between OCT
and intravascular ultrasound guidance (median
[first, third quartiles] = 72.8% [63.3, 81.3] versus
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70.6% [62.3, 78.8], respectively, p = 0.29) [1].
Based on previous intravascular ultrasound study
[2], optimal stent expansion was defined by the
CLI-OPCI (Centro per la Lotta contro I’Infarto-
Optimisation ~ of  Percutaneous  Coronary
Intervention) study as in-stent minimal lumen
area > 90% of average reference lumen area or
>100% of lumen area of reference segment with
lowest lumen area [3]. Also, in the CLI-OPCI 11
study that retrospectively compared the OCT
findings with clinical outcomes [4], in-stent min-
imum lumen area < 4.5 mm? was an independent
predictor of major adverse cardiac events.
Although most of these findings resulted from
observational studies, stent expansion can be reli-
ably evaluated by OCT [4, 5]. Figure 16.1
represents causative mechanisms of in-stent
restenosis, as assessed by OCT.

16.2 Stent Apposition

The position of individual struts from the vessel
wall can be assessed qualitatively (apposed or
malapposed) or quantitatively (distance or area)
with OCT. Immediately after stent implantation,
individual stent struts are in touch with the vessel
wall (apposed) or not (malapposed). Apposed
struts are further classified into embedded or pro-
truding. Struts are defined as embedded if more
than half of the strut thickness is below the level
of luminal surface [6] and as protruding if the
adluminal strut surface is just above the vessel
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Stent
underexpansion

Area stenosis: 60.1%
Lumen area: 2.7 mm2
Stent area: 3.1 mm?2
Neointimal area: 0.4 mm?2

10

<< 84.0 mm, 20.0 mm/sec

Fig. 16.1 Optical coherence tomographic images of in-
stent restenosis 1 year after stent implantation. On /eft
panel, the percentage of area stenosis was 60.1%, show-
ing in-stent restenosis. The cross-sectional area of stent
and neointima was, respectively, 3.1 mm? and 0.4 mm?,

Table 16.1 Definitions of malapposed strut according to
types of drug-eluting stents [8, 9]

Distance between

Trade name Company vessel wall and strut

Cypher Cordis >160 pm

Taxus Boston >130 pm
scientific

Endeavor Medtronic >110 pm

resolute

Resolute Medtronic >110 pm

integrity

Xience Abbott >100 pm
vascular

Nobori Terumo >130 pm

Biomatrix Biosensors >130 pm

wall [6]. Considering the thickness of stent strut
or abluminal polymer, struts that are detached
from the vessel wall are defined as malapposed
[7]. Accordingly, the distances for defining
malapposed struts are different among types of
drug-eluting stents (Table 16.1). Representative
OCT images of apposed and malapposed struts
are shown in Fig. 16.2.

The malapposed struts are commonly
observed immediately after stent implantation.

S.-Y.Leeetal.

Neointimal
hyperplasia

Area stenosis: 85.5%
Lumen area: 0.9 mm?2
Stent area: 7.2 mm?2
Neointimal area: 6.3 mm?2

10

<< §4.0 mm, 20.0 mm/sec

suggesting that stent underexpansion was a causative
mechanism for in-stent restenosis. However, on right
panel, neointimal hyperplasia was a restenotic mecha-
nism. The cross-sectional area of stent and neointima was
7.2 mm? and 6.3 mm?, respectively

The incidence of acute stent malapposition was
approximately 40-60% (Table 16.2), and about
70% of acute stent malapposition spontaneously
disappeared at follow-up of 1 year [8, 10].
Determinants of the spontaneous resolution were
malapposed distance or area, indicating that tiny
malapposition can be resolved at follow-up [8,
10, 11]. The coverage of malapposed struts is
delayed compared with apposed struts [12].
Recent two registries investigating mechanisms
of stent thrombosis showed that stent malapposi-
tion was the most frequent finding (about one
third of all cases) that caused stent thrombosis
[13, 14]. In these studies, a significant or
observed maximal distance of malapposition
was >200-300 pm (Fig. 16.3) [13, 14].
Accordingly, it may be important to interpret
malapposition as a quantitative, rather than
binary phenomenon (present or absent), and to
define the threshold of malapposition detach-
ment that may benefit from optimization during
stent implantation [15]. However, simple pres-
ence of acute stent malapposition >200 pm itself
was not associated with worse outcomes [4], and
results from prospective trials have not been
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Fig. 16.2 Representative optical coherence tomographic
images of apposed (left panel) and malapposed struts
(right panel) immediately after implantation. Arrows indi-
cate embedded struts and arrowheads protruding struts.

Table 16.2 Frequency of acute malapposition, detected
by optical coherence tomography

Frequency of

No. of study acute
Authors population | Stent type | malapposition
Kawamori 40 DES 65%
etal. [10]
Imetal. [8] | 356 DES 62%
Soedaetal. | 1001 BMS and | 39%
(5] DES
Prati et al. 1002 BMS, 49%
(4] DES, and

BVS

BMS bare metal stent; BVS bioresorbable vascular scaf-
fold; DES drug-eluting stent

addressed yet. On the contrary to malapposed
struts, embedded struts at post-intervention were
highly covered at follow-up of 6 months (median
percentage of uncovered struts, 0% in embedded
and 26.8% in malapposed, p <0.001) [16]. Using

157

All struts were malapposed on top right panel, whereas
partial struts (asterisks) were malapposed on bottom right
panel

contour plot analysis [17], the associations
between strut apposition immediately after inter-
vention and strut coverage at follow-up can be
identified at a glance. On the contour plot, x-axis
represented circumferential arc length of indi-
vidual stent strut, and y-axis represented stent
length. In (x, y) format, the locations of stent
struts were delineated by their pixel coordinates
[17]. In addition, individual stent struts could be
marked regarding the status of apposition or cov-
erage. Figure 16.4 is an example of serial contour
plot analysis at post-intervention and follow-up.

16.3 Dissection

During PCI, dissections can occur within stented
segment or at stent edge. Intra-stent dissection is
defined as a disruption of the luminal vessel sur-
face in the stent segment [18]. It can appear in
two forms:
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Fig.16.3 A case of very late stent thrombosis related to
malapposed struts. A 69-year-old man visited the emer-
gency department for severe angina. He underwent
biolimus-eluting stent (3.5 mm X 18 mm) implantation
24 months ago. Electrocardiogram showed ST-segment
elevation on inferior leads, suggesting acute myocardial

infarction. Emergent angiography showed intraluminal
haziness (arrow) within stent of right coronary artery.
After thrombosuction, optical coherence tomography
revealed that irregular-shaped thrombi (arrowheads) were
attached to malapposed struts. The maximal distance
between malapposed struts and vessel wall was 560 pm
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Fig.16.4 Serial contour plot analyses at post-intervention
and 6-month follow-up. Compared to embedded struts
(green circle in Circle B), malapposed struts (red circle in
Circle A) at post-intervention were more uncovered (blue

(1) dissection: the vessel surface is disrupted,
and a dissection flap is visible; (2) Cavity: the
vessel surface is disrupted, and an empty cavity
can be seen [18].

Edge dissection is defined as a disruption of
the luminal vessel surface in the edge segments
(within 5 mm proximal and distal to the stent, no
struts are visible) [18]. Figures 16.5 and 16.6
show OCT images of these dissections. Intra-
stent dissection was more frequently observed
compared to edge dissection, and the incidence
of intra-stent dissection was 86.6% by Gonzalo
et al. [18]. The incidence of edge dissection was
approximately 25-40% after stent implantation,
and most was not apparent on coronary angiogra-
phy [18-21]. At 1 year of follow-up, edge dissec-
tions that were small and non-flow limiting were
completely healed, and consequently there were
no associated major adverse cardiac events [20,
21]. However, large dissection (>200 to 300 um)

Circumferential arc length (mm)

circle in Circle Al) at follow-up of 6 months. Orange
circle indicated strut above the ostium of side-branch
vessel

at the distal stent edge increased the risk of major
adverse cardiac events during follow-up [4, 19].

16.4 Tissue Prolapse

Tissue prolapse is found in more than 90% of
stented segments immediately after successful PCI
[18]. On OCT, tissue prolapse is defined as fol-
lows: convex-shaped protrusion of tissue between
adjacent stent struts toward the lumen, without dis-
ruption of the continuity of the luminal vessel sur-
face (Fig. 16.7) [18]. Tissue prolapse (>500 pm of
protrusion) was not associated with worse clinical
outcomes in the CLI-OPCI II study [4], but one
OCT study suggested that irregular shape of tissue
protrusion was an independent predictor of adverse
cardiac events at 1 year of follow-up [5].
Accordingly, clinical significance regarding tissue
prolapse has not been established yet.
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Fig.16.5 Representative optical coherence tomographic images of intra-stent dissection. With the disruption of vessel
surface, dissection flap (arrows) or empty cavity (asterisks) was seen
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Fig. 16.6 Representative optical coherence tomographic images of edge dissection. The luminal vessel surface was
disrupted in the edge segments (arrows)
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Fig.16.7 Various morphologies of tissue prolapse. Arrows indicated prolapsed tissues

16.5 Summary

Based on previous studies, suggestions regard-
ing post-stenting OCT findings are summa-
rized in Table 16.3. Stent underexpansion and
large-sized dissection with flow limitation
should be considered for further treatment if
these are shown at post-intervention. Although
large malapposition and tissue prolapse may be
associated with worse outcomes, clinical
impacts of these OCT findings need further
investigations.

Table 16.3 Suggestions regarding post-stenting optical
coherence tomographic findings

Findings
Adequate stent
expansion

Stent malapposition

Edge dissection

Tissue prolapse/
thrombus

Comments

Minimum lumen area or
minimum stent area > 4—5 mm?
or 80% of reference lumen area
May consider further treatment
if significant malapposition
(>200 pm) was identified
Intervene if coronary flow is
limited

Presence of minor findings is
possibly insignificant
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Using light instead of ultrasound, optical coher-
ence tomography (OCT) can provide high-
resolution in vivo images of the coronary artery
and evaluate the stent status and neointimal tissue
after coronary stent implantation more accurately
than intravascular ultrasound (IVUS).
Intravascular OCT assessment is useful for the
detection of strut coverage, malapposition, and
the characterization of neointimal tissue during
stent follow-up due to high resolution.
Furthermore, OCT enables detailed assessment
of the morphological characteristics of late stent
failure, including neoatherosclerosis. In this
chapter, late stent-based changes evaluated by
OCT will be reviewed.

17.1 Stent Strut Coverage

Percutaneous coronary intervention is currently the
standard treatment for symptomatic coronary
artery disease [1], and drug-eluting stent (DES) has
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minimized the limitation of bare metal stent (BMS)
[2, 3]. However, delayed stent strut coverage fol-
lowing DES implantation is considered as one of
the crucial pathological mechanism of late stent
thrombosis [4]. Neointimal formation is a common
feature of healing response after stent implantation
that occurs in vascular tissue [5]. It is well recog-
nized that neointimal coverage after BMS implan-
tation requires around 1 month and excessive
neointimal formation results in in-stent restenosis
(ISR) [6]. Several OCT studies showed that almost
complete stent strut coverage was observed in
BMS treated lesion in both the early and late peri-
ods [7-10]. DES remarkably reduced the rate of
ISR and subsequent target lesion revascularization
(TLR) by releasing drugs that can inhibit neointi-
mal growth [2, 3]. However, excessive inhibition of
neointimal formation and the vascular inflamma-
tory response caused delayed vascular healing pro-
cess with incomplete endothelialization, which has
been associated with an increased risk of late stent
thrombosis (LST) [11, 12]. Representative OCT
images of late stent thrombosis within incomplete
endothelialization of struts are shown in Fig. 17.1.
There are many observational OCT studies about
the rate of stent strut coverage of various DES and
BMS in each period after stent implantation
(Table 17.1) [7-10, 13-23]. Some studies evalu-
ated neointimal coverage according to initial clini-
cal presentation, such as acute coronary syndrome
(ACS) and non-ACS, and suggested that strut cov-
erage might be associated with initial clinical pre-
sentation (Table 17.2) [7, 9, 22, 24-27]
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Fig.17.1 Representative optical coherence tomography (OCT) images of late stent thrombosis within incomplete stent
struts coverage

Table 17.1 Proportions of uncovered stent struts observed by optical coherence tomography

Stent duration

Stent type Stent position 1 month 3 months 6-9 months >12 months

BMS Single layered 0.1% 0.3-2.0% 0.3-1.1%
Overlapped 3.4%

SES Single layered 13-18% 12.3% 3.2-11.6%
Overlapped 9.6%

PES Single layered 3.8% 4.9% 0.9%
Overlapped 16.5%

ZES-P Single layered 0.1% 0.02-1.2%
Overlapped 0.37%

EES Single layered 26.7% 4.7% 1.6-2.3% 1.9-5.8%
Overlapped 51.6%
Side branch 89.4% 35.7%

ZES-R Single layered 6.2% 4.4%
Side branch 35.7%

BES Single layered 21.3% 15.9-21.8% 4.1%
Side branch 35.7%

BP-EES Single layered 3% 1.8%

BMS bare metal stent, SES sirolimus-eluting stent, PES paclitaxel-eluting stent, ZES-P sprint zotarolimus-eluting stent,
EES everolimus-eluting stent, ZES-R resolute zotarolimus-eluting stent, BES biolimus-eluting stent, OLP overlapped,
BP bioabsorbable
Other values are for single layered stents.

The values, which were derived from Bayesian hierarchical models, were excluded in this table.
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The application of these findings to real clin-
ical practice is the important task. A pathologi-
cal study showed that uncovered stent strut after
DES implantation was the best morphometric
predictor of late stent thrombosis; the odds ratio
for stent thrombosis in a stent with a ratio of
uncovered to total stent struts per section >30%
was 9.0 (95% confidence interval, 3.5-22) [28].
In a case-control study to evaluate uncovered
stent strut on stent thrombosis with OCT, the
length of an uncovered stent strut segment was
one of the independent predictor of late stent
thrombosis [29]. Another OCT study revealed
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that a greater percentage of uncovered struts
(the cutoff value of >5.9% uncovered struts), as
assessed by OCT at the 6—18-month follow-up,
in asymptomatic DES-treated patients might
predict increases in major adverse cardiac
events which is very relevant to stent safety in
the future [30]. Based on these studies, strut
coverage assessed by OCT is an important
marker for predicting serious adverse cardio-
vascular events in daily clinical practice. Typical
representative examples of follow-up strut cov-
erage by using cross-sectional OCT are shown
in Fig. 17.2.

Table 17.2 Proportions of uncovered stent struts and malapposed struts according to initial clinical presentation

Clinical
presentation Authors Stent type
ACS Takano et al. [22] SES
Kim et al. [24] ZES
Guagliumi et al. [7] BMS
Guagliumi et al. [7] ZES
Davlouros et al. [25] PES
Kim et al. [26] SES, PES, ZES
Guagliumi et al. [9] BMS
Guagliumi et al. [9] PES
Raber et al. [27] SES, PES
Non-ACS Takano et al. [22] SES
Kim et al. [24] ZES
Kim et al. [26] SES, PES, ZES
Raber et al. [27] SES, PES

Uncovered stent | Malapposed stent

Stent duration | struts struts
3 months 18% 8%
3 months 0.1% 0.4%
6 months 1.98% 0.15%
6 months 0.00% 0.00%
6 months 8.6% 2.2%
9 months 8.9% 2.2%
13 months 1.1% 0.1%
13 months 5.7% 0.9%
5 years 1.7% 0.5%
3 months 13% 5%
3 months 0.1% 0.02%
9 months 2.9% 0.5%
5 years 0.7% 0.13%

ACS acute coronary syndrome, BMS bare metal stent, SES sirolimus-eluting stent, PES paclitaxel-eluting stent, ZES

zotarolimus-eluting stent

POST

Fig.17.2 Typical representative examples of follow-up strut
coverage by using cross-sectional OCT. (a) OCT images of
immediate after stent implantation revealed well-apposed

6 months follow-up

2 years follow-up

stent struts, (b) OCT images of 6-month follow-up showed
that uncovered stent strut at 6 o’clock (white arrow), (¢) OCT
images of 2-year follow-up showed well-covered strut
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Fig. 17.3 Representative contour plot images at post-
stenting and 12-month follow-up. (a) Baseline plot of
artery-strut spacing post-intervention. Malapposed and
embedded struts are indicated with red and green circles,
respectively. Grayscale indicates the artery-strut dis-
tance post-intervention (range 0.0-0.7 mm). (b) The
neointimal coverage at follow-up as a function of cir-
cumferential arc length and stent length in a 3.0 x 18 mm
biolimus-eluting stent; covered struts and struts crossing
over the side branches are indicated with blue and
orange circles, respectively. Grayscale indicates a stent
strut coverage thickness range of —0.1 to 0.6 mm. (c) At

Serial analysis of the malapposed and
uncovered struts at the strut level by current
OCT analysis with conventional methods
might be challenging during serial follow-up
at different time points. Recent study sug-
gested that a contour plot OCT analysis could
be a possible method of assessing individual
stent struts at the strut level practically; this
comprehensive monitoring of stent strut status
at different time points would then provide
useful information regarding vascular healing
status after DES implantation [31, 32].
Representative contour plot images at post-
stenting and 12-month follow-up are shown in
Fig. 17.3 [32].

a stent length of 13.6 mm from the distal stent margin, a
malapposed strut at post-intervention turns into an
uncovered strut at follow-up without malapposition (red
arrows on contour plots and cross sections) in A and A’ .
At a stent length of 6.0 mm from the distal stent margin,
an embedded strut becomes a covered strut (green
arrows) in B and B’. At a stent length of 4.6 mm from the
distal stent margin, a malapposed strut post-intervention
becomes a covered strut without malapposition at fol-
low-up (blue arrows) in C and C’. Adapted with permis-
sion from Kim et al. [32]

17.2 Neointimal Characteristics

Pathological studies have demonstrated that
neointima in stented coronary artery is con-
sisted of various tissue components including
proteoglycan, collagen, smooth muscle, fibrin,
or thrombus [33, 34]. By using previous imag-
ing modalities, such as conventional angiogra-
phy or intravascular ultrasound, there are
several limitations for detecting distinct neo-
intimal characteristics due to their low resolu-
tion. However, intravascular OCT has higher
resolution and is useful for both the qualitative
as well as quantitative evaluation of neointimal
tissue [35, 36]. The neointima within a stent
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Fig.17.4 Representative OCT images of neointimal tissue. (a) Homogeneous, (b) heterogeneous, (¢) layered neointi-

mal tissue

could be assessed qualitatively to characterize
the neointimal tissue as (1) homogeneous neo-
intima, a uniform signal-rich band without
focal variation or attenuation; (2) heteroge-
neous neointima, focally changing optical
properties and various backscattering patterns;
and (3) layered neointima, layers with different
optical properties, namely, an adluminal high
scattering layer and an abluminal low scattering
layer [35-37]. Pathological studies have
reported differential morphological characteris-
tics of neointimal tissue, which was well cor-
related with histological findings [37, 38].
Representative OCT images of neointimal tis-
sue are shown in Fig. 17.4. Comparing different
OCT morphological characteristics with differ-
ent in-stent neointimal tissue types analyzed by
histology with swine in-stent restenosis mod-
els, the optical characteristics of neointimal
formation seen in OCT were consistent with the
histological studies on stent healing [37].
Fibrous connective tissue deposition was more
frequently present in the homogeneous pattern
(71.6%, P < 0.001), whereas significant fibrin
deposits were more commonly seen in the het-
erogeneous pattern (56.9%, P = 0.007). Peri-
strut inflammation was less frequently found in
the homogeneous pattern (19.8%, P < 0.001) in
comparison with the layered (73.9%) or hetero-
geneous patterns (43.1%). The presence of
external elastic lamina (EEL) rupture was also

more commonly seen in layered (73.9%) and
heterogeneous (46.6%) patterns than in the
homogeneous pattern (22.4%, P < 0.001) [37].
A recent histopathological OCT studies investi-
gated 22 autopsy cases with a total of 36 lesions
and 42 implanted stents (17 BMS, 11 first gen-
eration DES, and 14 second generation DES)
[39] In this study, stented segments neointimal
histologic characteristics revealed great vari-
ability of tissue components, which were not
consistent with characteristics OCT features,
except in the case of restenotic tissue (Fig. 17.5)
[39]. This study suggested that it required more
attention to interpret OCT imaging in non-
restenotic tissues.

A recent study determined the detailed rela-
tionship between different OCT-based neointi-
mal tissues regardless of neoatherosclerosis and
clinical outcomes [40]. Heterogeneous neo-
intima was frequently detected in 21.7% of
DES-treated lesions and significantly associated
with both old age and initial clinical presentation
of ACS [40]. Major adverse cardiac events
(MACE), a composite of cardiac death, nonfatal
myocardial infarction, or target lesion revascu-
larization, were more frequently in patients with
heterogeneous neointima over a median
31-month follow-up period after OCT examina-
tion (13.7% vs. 2.9% in homogeneous vs. 7.3%
in layered, p = 0.001) [40]. In that study, the het-
erogeneous neointima (hazard ratio: 3.925, 95%
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Fig.17.5 Neointimal pattern and histologic findings. (a)
Drug-eluting stent(s) (DES) (resolute) in the left anterior
descending coronary artery, 238 days after implantation in
the setting of stable coronary artery disease. (A7) Optical
coherence tomographic (OCT) image shows heteroge-
neous backscattering. (A2) Corresponding histological
cross section (hematoxylin and eosin [H&E]) shows an
intense inflammatory reaction and focal fibrin deposits in
the peri-strut regions. Higher magnification shows mas-
sive leukocyte infiltration and fibrin accumulation (scale
bar = 1000 mm). (b) Bare metal stent(s) (BMS) (vision)
3 years after revascularization. (B/) Optical frequency
domain image shows a homogeneous appearance. (B2)
H&E-stained histopathological cross section showing

CI: 1.445-10.662, P = 0.007) was one of the
independent risk factor for MACE. This data
suggested that the neointimal tissue pattern in
the heterogeneous pattern might be associated
with future adverse clinical events in undergoing
follow-up OCT surveillance after DES implanta-
tion. It means that OCT surveillance for neointi-
mal characteristics might be useful in future
clinical practice. A representative case of hetero-
geneous neointima who should be required
repeat revascularization at 2-year follow-up is
shown in Fig. 17.6.

smooth muscle cell-rich neointimal tissue coverage above
all struts (scale bar = 1000 mm). (¢) DES (endeavor) in the
right coronary artery, 2 years after implantation in the set-
ting of stable CAD. (C7) OCT image shows a layered pat-
tern. (C2) Corresponding histological cross section,
stained with hematoxylin and eosin, shows a layer of
loose neointimal tissue with neovascularization and
inflammation close to stent struts (small arrowhead; black
bar represents strut) and a smooth muscle cell (SMC)-rich
neointimal layer toward the lumen (large arrowhead)
(scale bar = 1000 mm). Immunohistochemical staining
(identification of SMCs by a-actin). Adapted with permis-
sion from Lutter et al. [39]

17.3 Neoatherosclerosis

In-stent neoatherosclerosis, defined as an accu-
mulation of lipid-laden foamy macrophage with
or without necrotic core formation and/or calcifi-
cation within the neointima, is an important
mechanism of late DES failure [41, 42]. A patho-
logical study showed that the incidence of neo-
atherosclerosis was higher in DES than BMS
lesions (31% vs. 16%, P < 0.001) and the
median stent duration with neoatherosclerosis
was shorter in DES than BMS (420 days [IQR,
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6 months

QCA analysis

Diameter stenosis = 29.4%

Fig. 17.6 A representative case of heterogeneous neo-
intima who should be required repeat revascularization at
2-year follow-up. (a) 59-year-old female was performed
follow-up coronary angiography without clinical symp-
toms at 6 months after sirolimus-eluting stent implanta-
tion at distal right coronary artery, and it revealed mild
neointimal hyperplasia. (b) After 2 years, she was re-

361-683 days] vs. 2160 days [IQR, 1800-2880],
P < 0.001) [41]. Representative OCT images of
in-stent neoatherosclerosis are shown in Fig. 17.7.
OCT study about neointimal characteristics
investigated BMS segments according to stent
follow duration: early phase (<6 months) and late
phase (=5 years) [43]. Lipid-laden neointima,
intimal disruption, and thrombus were more fre-
quently observed in late phase in comparison

NIH = 58.6%

hospitalized for ongoing chest pain, and follow-up angi-
ography showed in-stent restenosis of previous
drug-eluting stent. (¢) OCT images of neointimal charac-
teristics showed typical heterogeneous pattern at 6 months
after sirolimus-eluting stent implantation. (d) At 2 years
after stent implantation, OCT revealed more progressed
neointimal hyperplasia and lipid laden neointima

with the early phase [43]. Another OCT study
compared neointimal characteristics within BMS
between early ISR (<1 year) and very late ISR
(>5 years) and found that heterogeneous intima,
similar to atherosclerotic plaque, was more fre-
quently observed in very late ISR [44]. Several
OCT surveillance studies have investigated the
prevalence and characteristics of neoatheroscle-
rosis in patients with in-stent restenosis. The



172

J-H. Leeetal.

Fig. 17.7 Representative OCT images of in-stent neoatherosclerosis (a) Lipid laden neointima, (b) Calcified neo-
intima, (c¢) Thin-cap fibroatheroma

Table 17.3 Frequency of in-stent neoatherosclerosis by optical coherence tomography

Definition of

Authors neoatherosclerosis DES type Stent duration Frequency
Kim et al. [36] Lipid-laden neointima Ist and 2nd 9 months 14.5%
generation
Kim et al. [36] Lipid-laden neointima Ist and 2nd 24 months 27.6%
generation
Lee et al. [45] Lipid-laden neointima, DES and BMS 70.7 months 35.5%
calcification, or TCFA
Yonetsu et al. [46] Lipid-laden neointima 1st and 2nd <9 months 37%
generation
Lee et al. [47] Lipid-laden neointima, 1st and 2nd 12.4 vs. 55.4 months 27.4%
calcification, or TCFA generation (2nd vs. Ist
generation)
Nakamura et al. [48] | Lipid-laden noeintima or | DES and BMS 57.9 months 49.2%

calcified neointima

DES drug-eluting stent

reported prevalence of neoatherosclerosis in the
OCT studies is summarized in Table 17.3 [36,
45-48]. An OCT study about in-stent neoathero-
sclerosis after DES found that 90% of lesion had
lipid-containing neointima, 52% had TCFA-
containing neointima, and 58% had at least one
in-stent neointimal rupture during 32.2 months’
follow-up time [49]. A retrospective OCT study
about predictors for neoatherosclerosis which
assessed 179 stents demonstrated that longer
duration of implant (>48 months), DES usage,
current smoking, chronic kidney disease, and an
absence of angiotensin-converting enzyme inhib-
itors or angiotensin II receptor blockade usage

were independent determinants of OCT-detected
in-stent neoatherosclerosis [50].

17.4 Summary

Stent evaluations using OCT have been well
addressed in previous investigations and provide
important information for clinical decisions at
late stent evaluation. OCT-derived assessments
of stent strut coverage, malapposition, or neointi-
mal characteristics may also be very useful for
predicting and preventing future adverse cardiac
events. Moreover, advances in OCT technology
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and developments in its applications will likely
provide further information on coronary stents
and improve their practical usefulness in future
clinical practice.
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Bioresorbable Vascular Scaffold
Evaluation by Optical Coherence

Tomography

Soo-Joong Kim

18.1 Introduction

Bioresorbable vascular scaffold (BVS) has been
introduced as the latest revolution in the field of
percutaneous coronary intervention (PCI), which
could overcome the long-term limitations of the
permanent stent implantation [1]. This device is
designed to provide the temporary scaffolding of
the vessel before being resorbed completely
within the vessel, leaving nothing behind. It
makes BVS offer a potential solution to the weak-
ness of drug-eluting stents, which include endo-
thelial dysfunction and hypersensitivity reactions,
leading to late stent failure, and disturbance of
future surgical revascularization at the same
lesion [2—4].

Optical coherence tomography (OCT) has
been introduced for in vivo vascular study as a
high-resolution imaging modality [5-7]. It
allows good visualization of the surface of ves-
sel lumen and fine structures including stent
struts, with a tenfold higher axial resolution
(10-15 pm) compared to IVUS. Therefore, it is
widely accepted that OCT be an in vivo “gold
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standard” imaging modality for the detection
of stent malapposition, dissections, tissue pro-
trusion, and thrombus, which could be very
useful in guiding BVS implantation. In this
chapter, feasibility and advantages of OCT
application for BVS evaluation will be
discussed.

18.2 OCT as Intravascular
Imaging Tool in BVS

Although OCT has an excellent resolution, it is
of intrinsic limitations to metal stent which is
powerful light reflectors and induces posterior
shadowing and blooming artifacts on the surface
and edges (Fig. 18.1). However, in case of BVS,
polymeric struts are transparent to the light so
that BVS permits the assessment of the vessel
wall behind the scaffold without any shadowing
of metallic struts (Fig. 18.2) [8]. Scaffold integ-
rity, apposition to the underlying vessel wall,
luminal dimensions, and presence of thrombus
or tissue prolapse on the scaffold surface can be
evaluated by OCT immediately after BVS
implantation (Fig. 18.3). Also it is possible to
assess the tissue coverage of scaffold, the
changes in the scaffold properties with resorp-
tion, and the response of the vessel wall over
time [9, 10]. Thanks to the high resolution of
OCT and optically transparent characteristics
of BVS, OCT has been used for BVS implanta-
tion in most of the available studies, which
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Fig. 18.1 Representative optical coherence tomography
(OCT) image of metal stent. OCT has a limitation to be
unable to show the vessel behind the metal stent which is
powerful light reflector and induces posterior shadowing
and blooming artifact on the surface and edges

Fig. 18.2 Representative optical coherence tomography
(OCT) image of bioresorbable vascular scaffold. With the
property of polymeric struts transparent to the light, OCT
can evaluate the vessel wall behind the scaffold without
any shadowing of metallic struts

contributed to figure out the findings of BVS and
interaction of vessel wall [8, 11]. OCT is now
considered the gold standard for the evaluation
of immediate and follow-up results of BVS
implantation.

S.-J.Kim

Fig. 18.3 Tissue prolapse on the scaffold surface after
bioresorbable vascular scaffold (BVS) implantation.
Optical coherence tomography can demonstrate tissue
prolapse (white arrow) on the scaffold surface immedi-
ately after BVS implantation

18.2.1 OCT for Evaluation of Healing
Process with Resorption

Stent deployment in coronary artery produces a
series of physiological responses, which sequen-
tially lead to platelet and fibrin deposition,
inflammatory cell recruitment, smooth muscle
cell hyperplasia, deposition of cellular matrix,
and re-endothelialization in the segment treated
by stent [12]. Unfortunately, the persistence of
metal and/or durable polymers in the vessel
induces chronic inflammation and hypersensitiv-
ity reaction, which can cause complications
including neoatherosclerosis and late or very late
stent thrombosis [13—17]. BVS can offer poten-
tial benefits over metallic stents for these prob-
lems with the process of ‘“bioresorption” of
scaffold. Intracoronary imaging techniques such
as intravascular ultrasound (IVUS) and virtual
histology intravascular ultrasound (VH-IVUS)
have been used to analyze the process of biore-
sorption of BVS [10]. Polymeric strut is recog-
nized as hyperechogenic tissue in IVUS and as
areas of apparent dense calcium surrounded by
necrotic core due to the strong backscattering
properties of the polymer in VH-IVUS, and
resorption process can be assessed by the reduc-
tion in the percentage hyperechogenicity and by
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Preserved box Open box

Fig.18.4 Classification of scaffold appearances assessed
with optical coherence tomography in porcine coronary
arteries. Preserved box is defined as a box appearance
with sharply defined borders with bright reflection; strut
body shows low reflection. Open box is characterized by
luminal and abluminal “long-axis” borders thickened with

Dissolved black box

Dissolved bright box

bright reflection and short-axis borders that are no longer
visible. Black and bright dissolved boxes are defined as
black spot with poorly defined contours, often confluent
but with no box-shaped appearance and partially visible
bright spot with poorly defined contours and no box-
shaped appearance, respectively

Table 18.1 Proportion and sequential changes of optical coherence tomography findings

Immediately after
Strut appearance % | implantation At 28 days At 2 years At 3 years At 4 years
Preserved box 100 82 80.4 5.4 0
Open box 0 18 24 16.1 0
Dissolved bright 0 0 0 34.8 512
box
Dissolved black 0 0 17.2 43.7 48.8
box

change in quantitative analyses of these areas,
respectively.

OCT also provided crucial information for
the BVS resorption process. Thorax center inves-
tigators have proposed the terminology to
describe OCT findings associated with various
stages of BVS strut resorption in the vessel wall
(Fig. 18.4) [18]. An intact scaffold strut footprint
is denominated as a “preserved box,” which is
defined as a box appearance with sharply defined
borders with bright reflection, and the strut body
shows low reflection. The first OCT changes in
the strut footprint are named as “open box”
which is characterized by luminal and abluminal
“long-axis” borders thickened with bright reflec-
tion and short-axis borders that are no longer
visible at follow-up. The last change on OCT in
the process of resorption is “black” and “bright”
“dissolved boxes,” which are defined as black
spot with poorly defined contours, often conflu-
ent but with no box-shaped appearance and

partially visible bright spot with poorly defined
contours and no box-shaped appearance, respec-
tively [18]. This serial change of OCT findings
reflecting resorption process of BVS was firstly
evaluated with histology in porcine coronary
artery model [19]. In this study, BVS was seri-
ally assessed immediately, at 1 month and 2, 3,
and 4 years after implantation. The proportion
and sequential changes of OCT findings over
time are summarized in Table 18.1. Immediately
after implantation, all struts had a preserved box
appearance. However, the proportion of box
appearance decreased over time and only dis-
solved boxes were seen at 4 years. The preserved
box in OCT corresponded well (86.4%) with
2-year histology in which the struts were first
covered by a thin, fibromuscular neointima and
then replaced by proteoglycan-rich matrix grad-
ually over time, whereas the dissolved bright and
black boxes corresponded well (88.0 and 90.7%,
respectively) to 3-year histology showing
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inspissations of the provisional matrix and con-
nective tissue infiltration in the region of the pre-
existing struts. Struts indiscernible by OCT
corresponded to the integrated strut footprints
seen at 4 years (100%) [19].

OCT also demonstrated that BVS implantation
led to the formation of a symmetrical neointima
with a mean thickness of 220 pm during
6—12 months [18], which nearly completed the
healing process without further increase of neo-
intima over time [20, 21]. This formation of a cir-
cumferential neointimal layer, with resorption of
polymeric struts, creates a “de novo” cap, which
may help to seal a thin-cap fibroatheroma [20].

18.2.2 OCT for Evaluation of Strut
Coverage and Malapposition

OCT is the gold standard for the evaluation of
metallic stent strut tissue coverage with its high
resolution [22, 23]. It is important to assess the
tissue coverage of strut after stent implantation
because this coverage is generally considered a
marker of endothelialization [24]. BVS has trans-
lucent polymeric struts which enable OCT to
image the abluminal surface of scaffold.
Gutiérrez-Chico et al. demonstrated that most of
the malapposed and side-branch struts were cov-
ered by neointimal tissues on both the abluminal
and adluminal side 6 months after BVS implanta-
tion, with thicker neointimal coverage on the
abluminal side (101 vs. 71 pm; 95% confidence
interval [CI] of the difference: 20-40 pm)
(Fig. 18.5) [8]. This OCT finding for BVS strut
coverage may provide the understanding of the
mechanism by which acute stent malapposition
could be spontaneously corrected over time.
Long-term follow-up data of BVS showed that
all incomplete appositions (incomplete, persis-
tent, and late-acquired incomplete stent apposi-
tion) were resolved over 2 years [10]. ABSORB
JAPAN trial using OCT also demonstrated that
the incidence of malapposed struts decreased
from 4.9% immediately after BVS implantation
t0 0.12% at 2-year follow-up with 0.6% of uncov-
ered struts [25].

OCT was able to reveal the advantage of BVS
for early vascular healing with optimal strut cov-
erage [26]. In this study, overall 99% of BVS
struts were covered at mean 47.6 = 6.3 days, in
the setting of acute coronary syndrome and stable
angina. ABSORB-STEMI TROFI II, which
enrolled the ST-segment elevation myocardial
infarction patients undergoing primary PCI with
BVS or everolimus-eluting metal stent (EES),
evaluated the 6-month OCT healing score (HS)
based on the presence of uncovered and/or
malapposed stent struts and intraluminal filling
defects. BVS showed a nearly complete arterial
healing with lower HS when compared with EES
arm [1.74 (2.39) vs. 2.80 (4.44); difference (90%
CI) —1.06 (=1.96, —=0.16); Poninferioriy < 0.001]
[27]. Accordingly, OCT is considered the gold
standard for strut coverage evaluation of BVS at
follow-up. Indeed, OCT made it possible to
clearly identify the fibrotic de novo cap (a neo-
intimal layer covering the scaffold struts) mani-
fested by signal-rich low-attenuating tissue layer,
even when struts are no more identifiable
(Fig. 18.6) [11].

18.2.3 OCT for Evaluation of BVS
Optimization and Late Lumen
Gain

BVS has the potential for greater scaffold
underexpansion and malapposition due to its
intrinsic differences in recoil characteristics
and its less distensibility as compared with
metallic stents [28]. Therefore, it is very impor-
tant during BVS implantation to get the accu-
rate measurement of vascular lumen, to select
the appropriate size and length of BVS, and to
achieve optimal apposition after deployment.
OCT can allow more accurate detection of
luminal border at both lesion and reference seg-
ments, which enables to select the optimal size
of BVS, and quantification of scaffold malap-
position and underexpansion with its high reso-
lution, as compared with conventional
intravascular imaging modalities (Fig. 18.7)
[29]. However, the limitation of clinical data
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Fig. 18.5 Neointimal coverage of strut. Malapposed and
side-branch struts were covered by neointimal tissues on
both the abluminal and adluminal side 6 months after bio-

and the lack of standardized criteria for OCT
measurements are still problematic in its clini-
cal use, although a comprehensive consensus
document has been issued from international
working group for OCT standardization and
validation [24]. Also several studies demon-
strated that lumen dimensions measured by
OCT were smaller than those measured by
IVUS [30, 31]. Despite these limitations, OCT
is now considered a useful intravascular

resorbable vascular scaffold implantation. ISA incomplete
strut apposition, NASB non-apposed side branch

imaging modality for the evaluation of BVS,
thanks to the characteristics of BVS to allow
the assessment of the vessel wall behind the
struts without any metal shadowing [8].
Recently, one study revealed that further opti-
mization after BVS implantation was required
in over a quarter of lesions on the basis of OCT
findings, despite angiographic success [32].
Another important advantage of OCT in the
evaluation of BVS treatment is that it can prove
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Fig. 18.6 Quantification of fibrotic de novo cap by opti-
cal coherence tomography (OCT) after bioresorbable vas-
cular scaffold resorption. OCT can detect a signal-rich
layer, which consisted of the neointimal layer, resorbed
struts, and preexisting fibrous tissue, even when struts are
no more identifiable. In the absence of attenuating intimal

Fig. 18.7 Apposition of bioresorbable vascular scaffold
(BVS) detected by optical coherence tomography (OCT).
After BVS implantation, OCT can evaluate the status of
apposition. (a) represents the well-apposed strut. (b) rep-

the potential benefit of BVS to get late lumen
gain [11], which is a common phenomenon
between 6 months and up to 5 years after suc-
cessful balloon angioplasty with myointimal
regression at the lesion site. Two-year follow-up
data of ABSORB with OCT demonstrated that

regions, the contour is traced at the internal elastic lamina
(a). In plaques with necrotic core, the abluminal contour
is traced at the attenuating region boundary (b). In plaques
with calcifications, the signal-rich layer is segmented at
the calcification edge (¢). Ca calcium, GW guidewire, NC
necrotic core

resents malapposition, which is defined as a discontinuity
between the backscattering frame of the translucent strut
and the vessel wall, appearing as a contrast-filled gap
between these two structures

there was an increase in minimal and mean
luminal area with a significant decrease in
plaque volume without change in vessel size
between 6 months and 2 years [10]. On the other
hand, there was a decrease in lumen area
between the immediate post-procedural and
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Fig.18.8 Serial luminal a 9
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6-month follow-up measurements. There was
no significant vascular remodeling over 2 years.
Long-term follow-up study using OCT showed
that both minimum and mean luminal area
increased from 2 to 5 years (Figs. 18.8 and 18.9)

[11]. Therefore, OCT can provide the informa-
tion for the late lumen enlargement and vascular
remodeling during follow-up after BVS implan-
tation, although late lumen enlargement is a
phenomenon that needs to be confirmed.
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Baseline 6 months

Fig. 18.9 Representative case of luminal enlargement
over 5 years. Optical coherence tomography can evaluate
the serial changes in luminal dimension, which initially

18.3 OCT for Guidance of BVS
Implantation

Adequate lesion preparation and  post-
implantation optimization should be done in
BVS implantation to improve the efficacy and to
reduce the risk of post-procedural complications
including scaffold thrombosis. For this reason,
intravascular imaging modalities, especially
OCT, have been recommended to guide the BVS
implantation. OCT can provide the informations
about plaque characteristics which are very
important for lesion preparation, lumen dimen-
sions, the size and length of BVS, and scaffold
expansion after deployment. It also allows reli-
able qualitative and quantitative scaffold analysis
and follow-up evaluations. Brown et al. recently
reported excellent acute results after OCT-guided
BVS implantation, in which 1:1 balloon/vessel
predilation improves scaffold expansion (82.81%
of predicted scaffold cross-sectional area in 1:1
predilation vs. 78.65% in no 1:1 predilation,
P <0.0001) [33]. OCT could help the selection of
optimal BVS with accurate measurement of
lumen dimensions [34]. Due to higher strut thick-
ness and conformability of BVS, the need for
postdilation to achieve better scaffold expansion
is increasing, especially in complex lesions. In
fact, the final minimal scaffold area (MLA) is a
strong predictor of restenosis and stent thrombo-
sis [35, 36]. OCT can accurately detect the lumi-
nal and scaffold border and easily measure the
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5 years

decreased during 6 months after bioresorbable vascular
scaffold implantation and then increased over 5 years con-
tinuously. GW guidewire, SB side branch

minimal diameter or area, which make postdila-
tion with the detection of underexpansion of scaf-
fold done. Consistently, the studies reporting
high postdilation rates (over 90%) with OCT
have shown similar post-procedural results of
area stenosis and minimal lumen area and target
lesion revascularization (3.3% vs. 5.4%,
P =0.41) and major adverse cardiac events (3.3%
vs. 7.6%, P = 0.19) with lower rates of stent
thrombosis at 6-month follow-up, as compared
with second-generation drug-eluting stent [37,
38]. This suggests that improvements in the
implantation technique with OCT could favor-
ably affect the BVS performance, especially in
special conditions such as complex lesions, bifur-
cations, and CTOs [39-41].

Another advantage of OCT in BVS guidance
is the ability to detect incomplete stent apposi-
tion, tissue or plaque protrusions, dissections,
thrombus, and number of struts. On the basis of
OCT evaluation in BVS implantation, further
optimization was done in over a quarter of lesions
in spite of successful angiographic findings [32].

In summary, OCT can guide BVS deployment
in three steps: (1) preintervention step, when
OCT provides the informations for lesion charac-
teristics and lumen dimensions at both lesion and
reference segments and guides the treatment
options for lesion preparation including cutting
balloon, noncompliant balloon, or rotational
atherectomy with plaque characterization; (2)
prestenting step, when OCT can check the lesion



18 Bioresorbable Vascular Scaffold Evaluation by Optical Coherence Tomography

185

preparation and guide to select the most appro-
priate length and size of BVS; and (3) poststent-
ing step, when OCT checks the need of
postdilation with usually noncompliant balloon,
assesses lesion coverage and scaffold apposition,
and finally guides additional postdilation in case
of underexpansion or malapposition of BVS.

18.4 Summary

With the advent of BVS, intravascular imaging
modality should be used for the optimization of
procedure and the best outcomes. OCT is both
safe and feasible for guidance of BVS coronary
intervention. It provides many informations
about luminal dimensions, plaque characteristics,
treatment choice for lesion preparation, and the
size and length of BVS before implantation. Also
it is of incomparable value for evaluating optimal
BVS deployment with scaffold analysis and
guiding further optimization with postdilation.
Clear visualization of border between vascular
lumen and wall with high resolution and optically
transparent scaffold enables OCT to measure
lumen dimensions accurately and to identify
malapposed struts. Taking it into account that
both stent underexpansion and strut malapposi-
tion may contribute to the development of scaf-
fold thrombosis and restenosis, especially in
ACS, the remedy of these conditions with OCT is
essential for BVS intervention in coronary artery
disease. In addition, operators might be encour-
aged to use OCT guidance in challenging and
complex lesions treated with BVS to get both
high procedural success rates and favorable clini-
cal outcomes.

References

1. Lu C, Filion KB, Eisenberg MJ. The safety and effi-
cacy of absorb bioresorbable vascular scaffold: a sys-
tematic review. Clin Cardiol. 2016;39:48-55.

2. Hofma SH, van der Giessen WJ, van Dalen BM, Lemos
PA, McFadden EP, Sianos G, et al. Indication of long-
term endothelial dysfunction after sirolimus-eluting
stent implantation. Eur Heart J. 2006;27:166-70.

3. Kay IP, Wardeh AJ, Kozuma K, Foley DP, Knook AH,
Thury A, et al. Radioactive stents delay but do not

10.

12.

13.

14.

15.

prevent in-stent neointimal hyperplasia. Circulation.
2001;103:14-7.

. McFadden EP, Stabile E, Regar E, Cheneau E, Ong

AT, Kinnaird T, et al. Late thrombosis in drug-eluting
coronary stents after discontinuation of antiplatelet
therapy. Lancet. 2004;364:1519-21.

. Fujimoto JG, Boppart SA, Tearney GJ, Bouma BE,

Pitris C, Brezinski ME. High resolution in vivo intra-
arterial imaging with optical coherence tomography.
Heart. 1999;82:128-33.

. Jang IK, Bouma BE, Kang DH, Park SJ, Park SW,

Seung KB, et al. Visualization of coronary athero-
sclerotic plaques in patients using optical coherence
tomography: comparison with intravascular ultra-
sound. J Am Coll Cardiol. 2002;39:604-9.

. Yabushita H, Bouma BE, Houser SL, Aretz HT, Jang

IK, Schlendorf KH, et al. Characterization of human
atherosclerosis by optical coherence tomography.
Circulation. 2002;106:1640-5.

. Gutiérrez-Chico JL, Gijsen F, Regar E, Wentzel J, de

Bruyne B, Thuesen L, et al. Differences in neointimal
thickness between the adluminal and the abluminal
sides of malapposed and side-branch struts in a poly-
lactide bioresorbable scaffold: evidence in vivo about
the abluminal healing process. JACC Cardiovasc
Interv. 2012;5:428-35.

. Farooq V, Serruys PW, Heo JH, Gogas BD, Onuma

Y, Perkins LE, et al. Intracoronary optical coherence
tomography and histology of overlapping everoli-
mus eluting bioresorbable vascular scaffolds in a
porcine coronary artery model: the potential implica-
tions for clinical practice. JACC Cardiovasc Interv.
2013;6:523-32.

Serruys PW, Ormiston JA, Onuma Y, Regar E,
Gonzalo N, Garcia-Garcia HM, et al. A bioabsorbable
everolimus-eluting coronary stent system (ABSORB):
2-year outcomes and results from multiple imaging
methods. Lancet. 2009;373:897-910.

. Karanasos A, Simsek C, Gnanadesigan M, van

Ditzhuijzen NS, Freire R, Dijkstra J, et al. OCT
assessment of the long-term vascular healing response
5 years after everolimus-eluting bioresorbable vascu-
lar scaffold. J] Am Coll Cardiol. 2014;64:2343-56.
Oberhauser JP, Hossainy S, Rapoza RJ. Design prin-
ciples and performance of bioresorbable polymeric
vascular scaffolds. Eurolntervention. 2009;5:F15-22.
Otsuka F, Byrne RA, Yahagi K, Mori H, Ladich
E, Fowler DR, et al. Neoatherosclerosis: over-
view of histopathologic findings and implications
for intravascular imaging assessment. Eur Heart J.
2015;36:2147-59.

Palmerini T, Biondi-Zoccai G, Della Riva D, Mariani
A, Sabaté M, Smits PC, et al. Clinical outcomes with
bioabsorbable polymer- versus durable polymer-
based drug-eluting and bare-metal stents: evidence
from a comprehensive network meta-analysis. J] Am
Coll Cardiol. 2014;63:299-307.

Serruys PW, Farooq V, Kalesan B, de Vries T,
Buszman P, Linke A, et al. Improved safety and reduc-
tion in stent thrombosis associated with biodegradable



186

S.-J.Kim

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

polymer-based biolimus-eluting stents versus durable
polymer-based sirolimus eluting stents in patients
with coronary artery disease: final 5-year report of
the LEADERS (Limus Eluted from a Durable versus
Erodable Stent coating) randomized, noninferiority
trial. JACC Cardiovasc Interv. 2013;6:777-89.
Stefanini GG, Byrne RA, Serruys PW, de Waha A,
Meier B, Massberg S, et al. Biodegradable polymer
drug-eluting stents reduce the risk of stent thrombo-
sis at 4 years in patients undergoing percutaneous
coronary intervention: a pooled analysis of individual
patient data from the ISAR-TEST 3, ISAR-TEST
4, and LEADERS randomized trials. Eur Heart J.
2012;33:1214-22.

Yoneda S, Abe S, Kanaya T, Oda K, Nishino S,
Kageyama M, et al. Late-phase inflammatory
response as a feature of in-stent restenosis after
drug-eluting stent implantation. Coron Artery Dis.
2013;24:368-73.

Ormiston JA, Serruys PW, Regar E, Dudek D, Thuesen
L, Webster MW, et al. A bioabsorbable everolimus-
eluting coronary stent system for patients with single
de-novo coronary artery lesions (ABSORB): a pro-
spective open-label trial. Lancet. 2008;371:899-907.
Onuma Y, Serruys PW, Perkins LE, Okamura T,
Gonzalo N, Garcia-Garcia HM, et al. Intracoronary
optical coherence tomography and histology at 1
month and 2, 3, and 4 years after implantation of
everolimus-eluting  bioresorbable vascular scaf-
folds in a porcine coronary artery model: an attempt
to decipher the human optical coherence tomog-
raphy images in the ABSORB trial. Circulation.
2010;122:2288-300.

Brugaletta S, Radu MD, Garcia-Garcia HM, Heo
JH, Farooq V, Girasis C, et al. Circumferential
evaluation of the neointima by optical coherence
tomography after ABSORB bioresorbable vascu-
lar scaffold implantation: can the scaffold cap the
plaque? Atherosclerosis. 2012;221:106—-12.

Otsuka F, Pacheco E, Perkins LE, Lane JP, Wang Q,
Kamberi M, et al. Long-term safety of an everolimus-
eluting bioresorbable vascular scaffold and the cobalt—
chromium XIENCE V stent in a porcine coronary
artery model. Circ Cardiovasc Interv. 2014;7:330-42.
Finn AV, Joner M, Nakazawa G, Kolodgie F, Newell
J, John MC, et al. Pathological correlates of late drug
eluting stent thrombosis: strut coverage as a marker of
endothelialization. Circulation. 2007;115:2435-41.
Maehara A, Mintz GS, Weissman NJ. Advances
in intravascular imaging. Circ Cardiovasc Interv.
2009;2:482-90.

Tearney GJ, Regar E, Akasaka T, Adriaenssens T,
Barlis P, Bezerra HG, et al. Consensus standards for
acquisition, measurement, and reporting of intravas-
cular optical coherence tomography studies: a report
from the international working Group for Intravascular
Optical Coherence Tomography Standardization and
Validation. J Am Coll Cardiol. 2012;59:1058-72.
Onuma Y, Sotomi Y, Shiomi H, Ozaki Y, Namiki A,
Yasuda S, et al. Two-year clinical, angiographic, and

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

serial optical coherence tomographic follow-up after
implantation of an everolimus-eluting bioresorbable
scaffold and an everolimus-eluting metallic stent:
insights from the randomised ABSORB Japan trial.
Eurolntervention. 2016;12:1090-101.

Baquet M, Brenner C, Wenzler M, Eickhoff M, David
J, Brunner S, et al. Impact of clinical presentation
on early vascular healing after bioresorbable vas-
cular scaffold implantation. J Interv Cardiol. 2016;
doi:10.1111/joic.12359.

Sabaté M, Windecker S, Ifniguez A, Okkels-Jensen
L, Cequier A, Brugaletta S, et al. Everolimus-
eluting bioresorbable stent vs. durable polymer
everolimus-eluting metallic stent in patients with
ST-segment elevation myocardial infarction: results
of the randomized ABSORB ST-segment elevation
myocardial infarction-TROFI II trial. Eur Heart J.
2016;37:229-40.

Tanimoto S, Serruys PW, Thuesen L, Dudek D,
de Bruyne B, Chevalier B, et al. Comparison of
in vivo acute stent recoil between the bioabsorbable
everolimus-eluting coronary stent and the everolimus-
eluting cobalt chromium coronary stent: insights from
the ABSORB and SPIRIT trials. Catheter Cardiovasc
Interv. 2007;70:515-23.

Takarada S, Imanishi T, Liu Y, Ikejima H, Tsujioka
H, Kuroi A, et al. Advantage of next-generation
frequency-domain optical coherence tomography
compared with conventional time-domain system in
the assessment of coronary lesion. Cardiovasc Interv.
2010;75:202-6.

Gonzalo N, Serruys PW, Garcia-Garcia HM, van
Soest G, Okamura T, Ligthart J, et al. Quantitative
ex vivo and in vivo comparison of lumen dimensions
measured by optical coherence tomography and intra-
vascular ultrasound in human coronary arteries. Rev
Esp Cardiol. 2009;62:615-24.

Yamaguchi T, Terashima M, Akasaka T, Hayashi T,
Mizuno K, Muramatsu T, et al. Safety and feasibil-
ity of an intravascular optical coherence tomogra-
phy image wire system in the clinical setting. Am J
Cardiol. 2008;101:562-7.

Allahwala UK, Cockburn JA, Shaw E, Figtree GA,
Hansen PS, Bhindi R. Clinical utility of optical
coherence tomography (OCT) in the optimisation
of absorb bioresorbable vascular scaffold deploy-
ment during percutaneous coronary intervention.
Eurolntervention. 2015;10:1154-9.

Brown AJ, LM MC, Braganza DM, Bennett MR, Hoole
SP, West NE. Expansion and malapposition character-
istics after bioresorbable vascular scaffold implanta-
tion. Catheter Cardiovasc Interv. 2014;84:37—45.

Foin N, Alegria E, Sen S, Petraco R, Nijjer S, Di Mario
C, et al. Importance of knowing stent design threshold
diameters and post-dilatation capacities to optimize stent
selection and prevent stent overexpansion/incomplete
apposition during PCL. Int J Cardiol. 2013;166:755-8.
Doi H, Maehara A, Mintz GS, Yu A, Wang H,
Mandinov L, et al. Impact of post-intervention mini-
mal stent area on 9-month follow-up patency of


https://doi.org/10.1111/joic.12359

18 Bioresorbable Vascular Scaffold Evaluation by Optical Coherence Tomography

187

36.

37.

38.

paclitaxel-eluting stents: an integrated intravascular
ultrasound analysis from the TAXUS IV, V, and VI and
TAXUS ATLAS workhorse, long lesion, and direct
stent trials. JACC Cardiovasc Interv. 2009;2:1269-75.
Fujii K, Carlier SG, Mintz GS, Yang YM, Moussa
I, Weisz G, et al. Stent underexpansion and residual
reference segment stenosis are related to stent throm-
bosis after sirolimus-eluting stent implantation: an
intravascular ultrasound study. J Am Coll Cardiol.
2005;45:995-8.

Costopoulos C, Latib A, Naganuma T, Miyazaki T, Sato
K, Figini F, et al. Comparison of early clinical outcomes
between absorb bioresorbable vascular scaffold and
everolimus-eluting stent implantation in a real-world
population. Catheter Cardiovasc Interv. 2015;85:E10-5.
Mattesini A, Secco GG, Dall'Ara G, Ghione M, Rama-
Merchan JC, Lupi A, et al. ABSORB biodegradable

39.

40.

41.

stents versus second-generation metal stents: a compari-
son study of 100 complex lesions treated under OCT
guidance. JACC Cardiovasc Interv. 2014;7:741-50.
Alegria-Barrero E, Foin N, Chan PH, Syrseloudis D,
Lindsay AC, Dimopolous K, et al. Optical coherence
tomography for guidance of distal cell recrossing in
bifurcation stenting: choosing the right cell matters.
Eurolntervention. 2012;8:205-13.

Foin N, Ghione M, Mattesini A, Davies JE, Di Mario
C. Bioabsorbable scaffold optimization in provisional
stenting: insight from optical coherence tomography.
Eur Heart J Cardiovasc Imaging. 2013;14:1149.
Vaquerizo B, Barros A, Pujadas S, Bajo E, Estrada
D, Miranda-Guardiola F, et al. Bioresorbable
everolimus-eluting vascular scaffold for the treatment
of chronic total occlusions: CTO-ABSORB pilot
study. Eurolntervention. 2015;11:555-63.



Novel Application of OCT
in Clinical Practice

19

Sunwon Kim and Jin Won Kim

Usefulness of Three-
Dimensional Optical
Coherence Tomography
in Current Interventional
Cardiology

19.1

Optical coherence tomography (OCT) offers
cross-sectional images of coronary structure at
microscopic level. Advanced three-dimensional
OCT (3D OCT), first described by Tearney et al.,
offers more intuitive and comprehensive appre-
ciation of the complex three-dimensional (3D)
structure of coronary arteries by providing a large
volume of tomographic data in a single stacked
composite image [1]. Here, we will discuss how
3D OCT can be applied for clinical practice in
interventional cardiology and aid the manage-
ment of coronary artery disease.
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19.1.1 Assessment of Ambiguous
Angiographic Lesions

Coronary angiography has been widely per-
formed as a diagnostic tool, providing a unique
overview of the coronary tree. This conventional
luminography is, however, a relatively poor
representation of coronary structure, as it is
highly dependent on the projection angle, and
thus the accurate estimation of angiographic
“hazy” lesions is limited [2]. The use of 3D OCT
is known to be useful in many forms of ambigu-
ous lesions such as intraluminal thrombus [3],
spontaneous coronary artery dissection [4, 5],
recanalized thrombus [6], and coronary evagina-
tion [7]. 3D OCT provides not only an accurate
luminal visualization but also a more comprehen-
sive understanding of whole lesion structure,
which guides correct diagnosis and helps to opti-
mize percutaneous coronary intervention (PCI)
(Fig. 19.1) [5].

19.1.2 Coronary Bifurcation
and Jailed Side Branch
Evaluation

Despite remarkable advances in procedural
techniques during the past decades, coronary
bifurcation lesions, which account for approxi-
mately 10-20% of all PClIs, remain a challenge
[8]. The application of 3D OCT rendering has
allowed visualization of bifurcation lesions in
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Fig. 19.1 (a) Coronary angiography of a patient present-
ing with unstable angina shows a significant left main
ostial stenosis (arrow) with concomitant ambiguous angi-
ographic lesion in proximal left anterior descending coro-
nary artery (dotted line). (b) 3D-rendering OCT image
clearly identifies the presence of dual lumen with thick

detail not achieved by any imaging diagnostic
modalities including 2D OCT. Recently, through
3D OCT image analysis of human bifurcation
lesions, Farooq et al. reported that there is a
variability of carina structure according to take-
off angle of side branch (SB): perpendicular
(e.g., septal, mid-distal diagonal, and obtuse
marginal branch) vs. parallel takeoff (e.g., prox-
imal diagonal, right ventricular branch). They
suggested that stenting across SBs with parallel
takeoff is more susceptible to the carina shift
rather than SBs with perpendicular takeoff [9].
This study highlights the potential role of 3D
OCT in enhancing our understanding of the
complex coronary anatomy and the effect of
PCI on adjacent structure.

Accurate sizing of SB is crucial to circumvent
SB injury during PCI with final kissing balloon-
ing. It is well known that angiographic appear-
ance of SB ostium after stent crossover is
inconclusive [10]. According to a recent report
using 3D cut-plane analysis, it is feasible to
determine an accurate SB ostial diameter in a
single OCT imaging of the main branch, by cor-
recting the misalignment errors between pullback
direction (main branch) and SB centerline [11].

Pre-stent

Post-stent

intimal membrane, confirmative of spontaneous coronary
artery dissection. (¢) 3D OCT provides an accurate imag-
ing guidance to ensure appropriate wire positioning and
complete lesion coverage. FL false lumen. Reprinted from
JACC Cardiovasc Interv. 2014;7(6):e57-9, by Lee S et al.,
with permission from Elsevier

This method could be utilizable in catheterization
laboratory because it reduces the need for
burdensome SB rewiring and additional pull-
back. Meanwhile, during the provisional stenting
with kissing balloon inflation, it is recommended
to rewire SB via a distal cell (Fig. 19.2a, a*, b,
b*) because, otherwise, there remain large unop-
posed struts at the carina (Fig. 19.2c, c*, d, d*),
which potentially cause disturbance in shear
flow, delay in re-endothelialization, and throm-
bosis [8, 12]. 3D OCT is expected to provide an
intuitive and accurate imaging guidance to ensure
distal cell recrossing (Fig. 19.2).

As clinical trials failed to demonstrate the
benefits of routine kissing ballooning in bifurca-
tion lesions [13, 14], jailed SB is usually left
untreated unless indicated (e.g., SB flow compro-
mise, SB dissection, etc.). However, significant
alterations of SB ostium morphology during strut
coverage still warrant further investigation
regarding the natural course of jailed SB [15, 16].
3D OCT could offer unique opportunity for visu-
alization of anatomical modifications occurring
at the SB ostium (Fig. 19.3, left panel). Indeed,
serial 3D demonstration of jailed SB has shown
that overhanging struts may serve as a focus for
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Proximal

Fig. 19.2 3D OCT as an imaging guidance to optimize
bifurcation PCI. Representative 3D OCT images and cor-
responding illustrations of bifurcation bench model (*)
highlight the significance of distal cell rewiring (a, a*)
resulting in optimal reopening of a jailed SB (b, b¥),

6 months

Revision 1.0

Fig.19.3 Left panel, serial 3D OCT imaging of jailed SB
after bioresorbable vascular scaffold implantation. At
2 years, neointimal tissue at the distal border of the side
branch orifice extended to form a thick membranous
structure at the carina (neocarina*) whereas overhanging
strut at the proximal border was fully degraded. Right

excessive neointima formation and thrombosis,
suggesting the potential mechanism regarding
delayed SB compromise [15]. Theoretically, the
use of a bioresorbable vascular scaffold could be

2 years

while kissing ballooning after proximal cell recrossing (c,
c*) ends up with large residual unopposed struts at carina
(d, d*). Reprinted from Eurolntervention. 2012;8(2):205-
13, by Alegria-Barrero E et al., with permission from
Europa Digital & Publishing

Non-jailed.

panel, jailed SB classification based on 3D morphology of
the overhanging struts (Types V, T, and H) and the number
of compartment outlined by the struts. Reprinted from
JACC Cardiovasc Interv. 2010;3(8):836—44, by Okamura
T et al., with permission from Elsevier

a solution to this issue because restoration of nor-
mal bifurcation anatomy can be expected after
full biodegradation [17]. In this regard, there is
an attempt to categorize jailed SB according to
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3D morphology to elucidate the fate of scaffold
during bioresorption (Fig. 19.3, right panel) [18].
Application of 3D OCT will help to clarify the
roles of stent design, strut-tissue interaction, and
optimized PCI on long-term patency of jailed SB.

19.1.3 Assessment of Coronary Stent
Configuration

Coronary stent fracture is an important cause of
late stent failure associated with major adverse
cardiovascular outcome [19]. However, even
with the use of current Fourier domain OCT, it is
challenging to accurately identify fracture sites in
a small mesh-like structure. In particular, newer-
generation open-cell design stent exhibits non-
uniform strut allocation on cross-sectional

images (Fig. 19.4, left lower panel), and conven-
tional 2D OCT criteria for stent fracture (e.g.,
lack of circumferential stent strut) appear to be
inconclusive [20, 21]. Volumetric 3D OCT offers
advantages

significant over other imaging

Top 2<€l><;

Bottom-aae b S S

o+

a

Fig. 19.4 A case of stent fracture (SF) diagnosed by 3D
OCT. Conventional 2D OCT imaging (left upper panel)
reveals several pathological findings: thrombus (a), malap-
position (b), peristrut ulcer (b, e), aneurysmal deformations
(c—g), and also a cross section with a lack of circumferential
stent struts (h, only three struts, arrowheads) suggestive of
SFE. However, 2D OCT findings are inconclusive for SF

S.Kim and J.W. Kim

modalities in terms of accurate delineation of 3D
configuration (Fig. 19.4).

The quality and spatial accuracy of 3D-rendered
images are hampered by cardiac motion and
under-sampling (still only 12% of the lumen is
sampled with current Fourier domain OCT,
Fig. 19.5b, d) [22, 23]. Recent progress of ultra-
high-speed OCT, a novel method that achieves a
5-10 times faster imaging speed, enables more
accurate assessment of stent configuration by
sampling larger data during a short period of dias-
tole, an optimal phase for coronary imaging [24].
As ultrahigh-speed 3D OCT enables high-fidelity,
motion-free imaging, it seems to be promising for
more precise evaluation of stent integrity
(Fig. 19.5a, ¢).

With the introduction of the first commercial
3D-rendering technology, 3D OCT is now find-
ing its way into interventional practice. Further
studies are warranted to determine whether the
beneficial advantages outlined above will trans-
late into improved clinical outcomes.

proximal

because newer-generation open-cell stents exhibit various
strut patterns on cross-sectional images (left lower panel).
The volume-rendered 3D OCT strut mapping clearly iden-
tifies the breakage of interconnecting links (right panels,
yellow arrow, and red arrowheads). Reprinted from
Circulation. 2014;129:24-7, by Kim S et al., with permis-
sion from Wolters Kluwer Health, Inc
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a 500 fps (100 mm/s, 0.7 s, 70 mm, 350 frames)

a2 a3 a4
€ 500 fps, 100 mm/s

Fig. 19.5 In conjunction with electrocardiography-
triggering module, ultrahigh-speed OCT (UHS OCT)
enables rapid imaging acquisition during a brief period of
diastole where the cardiac motion could be minimized (a).
Unlike conventional OCT influenced by ventricular con-
traction (b, b1, dI) and under-sampling (d, d2, d3, d4,

19.2 Near-Future Technologies:
Multimodal Intravascular
Biological Imaging
Integrated with OCT

Coronary plaque rupture is a dynamic biological
process driven by chronic maladaptive immune
response against subendothelial lipoproteins,
which involves growth of lipid-enriched necrotic
core, increases of inflammation and protease activ-
ities, and thinning of fibrous cap by gradual loss of
collagen and smooth muscle cell [25, 26]. Despite
the clinical need to predict future coronary events,
current structural imaging alone does not estimate
rupture risk enough to guide clinical decisions
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b 100 fps (20 mm/s, 3.5 s, 70 mm, 350 frames)
B e T

| Lt

b2 b3 b4
d 100 fps, 20 mm/s

d4

note the “grainy” appearance of strut), UHS OCT pro-
vides images with smooth, uninterrupted vascular contour
(a, al). 3D reconstruction could provide high-fidelity
images (¢, cl, ¢2, c¢3, c4). Reprinted from JACC
Cardiovasc Imaging. 2016;9(5):623-5, by Jang SJ et al.,
with permission from Elsevier

[27]. This concise overview will address recent
advances in biological cardiovascular imaging for
the assessment of plaque vulnerability, focusing
specifically on multimodal integrative imaging
approaches combined with OCT (Table 19.1).

19.2.1 Integrated Optical Coherence
Tomography and Near-
Infrared Fluorescence
Molecular Imaging

With the favorable optical properties of near-
infrared bandwidth to detect fluorescence sig-
nals through blood, near-infrared fluorescence
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Table 19.1 Comparison of the multimodal biological imaging combined with intravascular optical coherence

tomography
Standalone | Spectroscopic
OCT OCT PS-OCT OCT + NIRF OCT + NIRAF
Detection N/A Attenuation Polarization Target-specific | Autofluorescence
coefficient status NIRF

Additional N/A None Polarization NIRF console, | NIRF console, DCF

equipment modulator DCEF hybrid hybrid rotary junction,
rotary junction, | DCF catheter
DCEF catheter,
exogenous
NIRF imaging
agent

Identifiable plaque

characteristics

Cap thickness +++ +++ +++ +++ +++

Collagen and - + +++ - -

SMC

Inflammation + + + ot +

Protease - - - +++ -

Lipid ++ +++ ++ ++ ++

Necrotic core - - - - T+

Calcium ++ ++ ++ ++ ++

Thrombus ++ ++ +++ ++ ++

OCT optical coherence tomography, PS-OCT polarization-sensitive OCT, NIRF near-infrared fluorescence, NIRAF
near-infrared autofluorescence, DCF double-clad fiber, SMC smooth muscle cell

(NIRF) imaging, in combination with target-
specific imaging agents, provides in vivo read-
out regarding key markers of vulnerable plaque
such as protease and macrophage activity [28—
30]. After the first feasibility report in 2008
[31], intravascular NIRF imaging has shown a
remarkable progress. One of the major break-
throughs is the fabrication of a fully integrated
dual-modal OCT-NIRF system based on dou-
ble-cladding fiber probe, which simultaneously
provides distance-calibrated quantitative NIRF
imaging with co-registered OCT structural
information [30, 32]. Furthermore, the use of
indocyanine green, a FDA-approved NIRF
agent, has made it the most promising strategy
for translational molecular cardiovascular imag-
ing [32]. Its capability to quantitate molecular
activities contributing to plaque vulnerability
(Fig. 19.6), in synergy with high-resolution
structural imaging by OCT, could provide an
incremental value in risk stratification of coro-
nary plaque.

19.2.2 Spectroscopic Optical
Coherence Tomography

One major drawback of current OCT is the lack
of biochemical specificity, which may signifi-
cantly impede the qualitative differentiation
between pathologic component and normal tissue
with similar optical properties. Lipid is an impor-
tant imaging target of vulnerable plaque because
an atheroma enriched in lipid is prone to rupture.
However, characterization of lipid-rich plaques
using OCT is often challenging because signal
attenuation could be influenced by a variety of
sources such as macrophages, foam cells, throm-
bus, mixed lesion with calcification, and even
intrinsic artifacts (e.g., shadowing, tangential sig-
nal dropout, and negative contrast) [33, 34]. By
applying a predetermined attenuation coefficient,
spectroscopic OCT facilitated robust and accu-
rate detection of plaque lipids (Fig. 19.7) [35].
Also, this quantitative spectroscopic analysis can
be applied to differentiate collagen-rich regions
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In vivo OCT-NIRF
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Fig. 19.6 Intracoronary dual-modal OCT-NIRF imaging
using indocyanine green as NIRF signal enhancer. This
imaging strategy enabling quantitative estimation of
inflammatory activity has the potential to stratify the risk
of individual plaque. Each row shows representative
in vivo OCT-NIRF image and the corresponding histo-
logical sections validated by confocal laser scanning
microscopy (CLSM) (ICG, red; autofluorescence, green)
and immunohistochemistry: macrophage (PM-2K), lipids
(ORO), and smooth muscle cells (SMA). (a) Advanced,

from lipid content [36]. As for a major strength of
spectroscopic OCT, it requires no additional
devices to acquire the compositional information
and therefore can readily be implemented in car-
diac catheterization laboratory.

19.2.3 Combined Optical Coherence
Tomography and Near-
Infrared Autofluorescence
Imaging

Current OCT lacks the capability to discern necrotic
cores from lipid pools because both lesions mani-
fest as signal-poor regions with diffuse border [37].
Recent experimental research using human autop-
sied arteries has demonstrated that natural emission
of light, autofluorescence in the NIR wavelength
(NIRAF, excitation at 633 nm, emission at 675—
950 nm), significantly increased in the plaques with

PM-2K (MAC)
aE %
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ORO (Lipid)

o
.

high-risk plaque showing robust NIRF activity. Strong
NIRF area (red) of CLSM colocalizes with macrophage-
and lipid-positive areas. (b) Fibrotic, stable plaque on
OCT-NIRF has abundant smooth muscle cells without
overt inflammation. (¢) Small plaque with focal inflamma-
tion shows less robust NIRF activity as compared to

advanced plaque. Reprinted from Eur Heart J.
2016;37(37):2833—44, by Kim S et al., with permission
from Oxford University Press

necrotic cores, suggesting that high plaque NIRAF
can be used as an indicator of vulnerability [38]. In
the subsequent clinical study, the investigators also
found a significant association between elevated
NIRAF and OCT-defined high-risk plaque features
(Fig. 19.8) [39]. Although considerable further
work is required to elucidate the biological mecha-
nism and potential sources of NIRAF production in
atherosclerotic lesions, this first human study dem-
onstrating feasibility and safety of the dual-modal
imaging is an important step toward clinical NIRF
molecular imaging in vivo.

19.2.4 Polarization-Sensitive Optical
Coherence Tomography

Tissue birefringence can be utilized to assess
plaque vulnerability because plaque-stabilizing
components such as organized collagen and
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Fig. 19.7 Spectroscopic OCT. Each row consists of rep-
resentative OCT image, spectroscopic mapping data over-
laid on OCT image as a color contrast (red, high in lipid;
green, low in lipid), and corresponding histology, respec-
tively. First row, high spectroscopic contrast colocalizes

smooth muscle cell are highly birefringent.
Polarization-sensitive OCT (PS-OCT), by ana-
lyzing polarization states of backscattered light
from a sample, provides measurements of tissue
birefringence as an additional image contrast

S.Kim and J.W. Kim

well with lipid abundant areas. Second row, fibrous plaque
yields low spectroscopic contrast. Third row, spectro-
scopic OCT is able to detect tiny lipid portion precisely.
Reprinted from J Biomed Opt. 2016;21(7):75004, by Nam
HS et al., with permission from SPIE

(Fig. 19.9). With the development of catheter-
based intracoronary PS-OCT system in 2008
[40], first human pilot study investigating its
clinical feasibility and usefulness is now
underway [41].
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Fig. 19.8 An example of OCT-NIRAF imaging from a
66-year-old male who had an intermediate lesion in left
anterior descending coronary artery (a, asterisk). Strong
NIRAF signals are localized in OCT-defined thin cap
fibroatheroma (b), which contains high-risk features such
as cholesterol crystal (c, f, arrow), cap surface thrombus

(d, g, arrow), and rupture of cap (e, h, arrow).
3D-rendering image shows focal NIRAF hot spot (arrow)
within a large lipid pool (i). Reprinted from JACC
Cardiovasc Imaging. 2016;9(11):1304—1314, by Ughi GJ
et al., with permission from Elsevier
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Fig. 19.9 PS-OCT imaging of a ruptured thin cap fibro-
atheroma. Low birefringence (yellow color) is noted near
the rupture site, suggesting the loss of collagen within
fibrous cap (b1, b2, cl, c2, white arrow). Intraluminal

Conclusion

Cardiovascular imaging in recent years has
focused on the biological aspects of coronary
atherosclerosis, aiming to evaluate its natural
course of the plaque and to predict future
coronary events. Multimodal biological imaging

Intensity
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a

thrombus mostly displays low birefringence as it has
unorganized architecture (d/, d2). Reprinted from Eur
Heart J. 2016;37(24):1932, by van der Sijde JN et al., with
permission from Oxford University Press

combined with OCT, albeit still in its early stage,
is extensively studied by leading research groups
and rapidly evolving. This novel approach, as
did intravascular ultrasound and OCT in the past
decades, is expected to shed a new light in the
study of coronary atherosclerosis.
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oles, which are characterized by a considerable

of Coronary Arterial
Circulation

The coronary artery system has three compo-
nents with different functions: conductive epicar-
dial coronary arteries, arterioles, and capillaries
although the borders of each compartment cannot
be clearly defined anatomically (Fig. 20.1) [1].
The proximal compartment, conductive epicar-
dial coronary arteries, has a capacitance function
and possesses little resistance to coronary blood
flow, and its diameter ranges from approximately
500 pg to 4 mm. The intermediate compartment
is represented by prearterioles with measurable
pressure drop along its length with diameter
ranging from 100 to 500 pg. The most distal
compartment is represented by intramural arteri-
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pressure drop along its length. The arteriolar seg-
ment possesses diameter less than 100 pg.
Prearterioles and arterioles cannot be clearly
delineated by coronary angiography. These
microvessels take most of the coronary vascular
resistance and are called as resistance vessels.
They can modulate the vascular tone and resis-
tance under various physiologic and pharmaco-
logical conditions to control the myocardial
blood flow. Prearteriolar vessels are responsive to
flow and pressure changes, and their function is
to maintain the pressure in a narrow range at the
origin of arterioles when coronary perfusion flow
or pressure changes. Intramural arterioles are the
main part of the metabolic regulation of coronary
blood flow. When oxygen consumption increases,
arterioles are dilated and vascular resistance is
reduced in response to myocardial metabolites.
This induces the dilatation of other vessels by the
increase in flow and shear stress (Fig. 20.2) [1, 2].

20.2 Physiologic Characteristics
of Coronary Arterial
Circulation

At resting status, coronary arterial blood flow is
about 5% of total cardiac output, and flow across
coronary arterial system largely depends on the
pressure gradient between aortic root (the coro-
nary driving pressure) and end-diastolic pressure
of left and right ventricles. Therefore, coronary
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Conductive Epicardial
Arteries (> 500 pm)

Arterioles
(<100 pm)

Prearterioles
(500-100 pm)

Visible by invasive coronary angiography
Microvascular compartment
Fig. 20.1 Functional anatomy of coronary arterial sys-

tem. The coronary artery system has three components
with different functions: conductive epicardial coronary
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Drop in pressure \
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Fig.20.2 Regulation of coronary flow and resistance. (a,
b) Although prearterioles and arterioles cannot be clear