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Editors’ note

This book provides a systematic introduction to coronary imaging with intravascular ultrasound. It consists of two integrated parts, the Aflas and the
Mamunal Extensive cross-references between the two parts allow the reader either to review the Atlas and refer to the corresponding text paragraphs for
additional information or to read the Manual and use the Atlas as traditional ilustrations. The reference list and the subject index are connected to both, the
Atlas and the Manual, allowing easy, rapid access to the information.

The style of the illustrations is uniform. showing a non-illustrated IVUS image together with an illustrated copy. The non-illustrated and illustrated images
are either found in the same figure or, if several images are shown, in the subsequent figure.
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Foreword

Historically, coronary angiography has represented the principal method used to characterize the extent and severity of coronary artery disease. Despite
the nearly universal acceptance of angiography, this imaging modality is inherently limited in its ability to accurately describe the atherosclerotic disease
process. An angiogram is merely a two-dimensional silhouette of the coronary lumen and cannot accurately portray the complex three-dimensional
anatomy of the vessel wall Accordingly, imaging techniques that directly visualize the arterial wall are achieving increasing importance in both research and
the clinical assessment of atherosclerosis.

Newer imaging modalities such as intravascular ultrasound (IVUS) demonstrate that angiographic narrowings are only the focal manifestation of a
diffuse, systemic disease process, which typically begins many vears before symptoms occur. Importantly, sudden rupture or erosion of such mildly
stenotic, but “high-risk or vulnerable” lesions, canses most acute coronary syndromes. Rather than assessing luminal stenosis severity alone, modern
atherosclerosis imaging is focused on plaque vulnerability and plaque burden. The rapidly accumulating data from these imaging modalities will undoubtedly
open the way for more aggressive systemic treatments of atherosclerosis.

Bv combining the experience of an internationally recognized I[VUS program with the innovative force of a leading imaging research center at the
Cleveland Clinic, the Atlas provides a superb guide to IVUS and a visual description of current and fiture directions of atherosclerosis imaging. Although
IVUS is an invasive approach to imaging the vessel wall, emerging non-invasive methods are developing rapidly. These include magnetic resonance
tmaging and computed tomography for the detection, quantification and serial observation of subclinical atherosclerosis. The mnsights provided by invasive
methods such as IVUS and non-ivasive emerging techniques are changing the way we think about atherosclerosis. These changes will revolutionize the
assessment and management of patients with coronary artery disease.

The authors, Doctors Paul Schoenhagen and Steven Nissen, as well as the outstanding group of collaborators from the Cleveland Clinic_ have to be
congratulated for this Atlas and Manual of Coronary Intravascular Ultrasound Imaging. This is a unique compendium for “prime time™

Valentin Fuster, MD. PhD

Director, Wiener Cardiovascular Institute

and Kravis Center for Cardiovascular Health
Professor of Cardiology

Mount Sinai School of Medicine, Wew Yorle, NY
Former President of the AHA

President Elect of the World Heart Federation
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Section 1
The Manual of Coronary Intravascular Ultrasound Imaging



Introduction

Intravascular ultrasound (IVUS) is a tomographic imaging modality performed during coronary angiography. IVUS imaging allows the simultaneous
assessment of himen_ vessel wall, and atherosclerotic plaquel_ﬁ. Therefore IVUS is complementary to selective coronary angiography, which is limited to
a longitudinal sithouette of the lnmen. When performed by an operator familiar with interventional, percutanecus techniques, the rate of complications
during IVUS imaging is exceedingly low 2.

The experience with IVUS imaging has provided mmportant insights into the anatomyv of atherosclerotic lesion development. This information can guide
patient management in different scenarios. Clinical, interventional indications to perform IVUS are ambignous angiographic findings and the gnidance of
percutaneous coronary intervention (PCI). In addition, IVUS has been established as the method of choice for the detection and serial observation of
transplant vasculopathy and, more recently, for the serial observation of atherosclerotic plaque burden in atherosclerosis progression-regression trials.

This Manual describes the rationale, technique, and interpretation of IVUS imaging for diagnostic and therapeutic applications. The impact of ultrasound
in understanding atherosclerotic coronary disease and its management is emphasized.



1
Principles of IVUS imaging

1.1 PRINCIPLES OF IVUS EXAMINATION (FIGURE 1)

IVUS is an invasive tomographic imaging modality==-—_During cardiac catheterization, an [VUS coronary catheter is advanced over a guide-wire beyond
the target lesion (EIGURE 1). Subsequently, a pullback of the transducer tip through the lesion or segment of interest is performed. IVUS provides a
series of tomographic_ cross-sectional images of the vessel. Using a tvpical pullback speed of 0.5 mm/s and a frame-rate of 30 images/s_ 60 images will be
available from a pullback through a 1-mm segment. Typically, a subsample of these images is analyzed, depending on the clinical indication

For the guidance of interventional procedures, the worst lesion site (where the luminal diameter is minimal, MLD) and a relatively normal, adjacent
reference site is selected. In contrast, for volumetric analysis in research studies, multiple sequential IVUS images are obtained in a segment at constant

intervals (FIGURE 1).

1.2 EQUIPMENT (FIGURES 2-4)

The equipment required to perform intracoronary ultrasound consists of three major components: a catheter incorporating a miniaturized ultrasound

» ® - ® ® ] '}
transducer, a pullback device, and a console containing the electronics necessary to reconstruct the image’=-"

1.2.1 Catheter (FIGURES 2—4)

Current catheter sizes range from 2.6 to 3.5 French (0.87-1.17 mm)_ These catheters can be placed through a 6-French guiding catheter. The ultrasound
transducer is mounted at the tip of the catheter. The ultrasound signal is produced in the transducer by passing an electrical current through the
piezoelectric, crystalline material (usually a ceramic) that expands and contracts when electrically excited After reflection from tissue, part of the
ultrasound energy refurns to the transducer and is converted into the image. High ultrasound frequencies are used, typically centered at 2050 MHz
(FIGUEE 4). At 30 MHz, the wavelength is 50 um, vielding a practical axial resolution of 150 pm. Lateral resolution, which depends on imaging depth,
averages 250 pum for typical coronary diameters.

Two different transducer designs are commonly used: mechamcally rotated devices and electronically switched multi-element array 5}'5tem55=] :

[}

Mechanical systems

Mechanical probes use a drive cable to rotate a single transducer at the tip of the catheter at 1800 rpm (30 revolutions per second), sweeping an
ultrasound beam perpendicular to the catheter. At approximately 1° increments, the transducer sends and recetves ultrasound signals. The time delay and
amplitude of these pulses provides 236 individual radial scan lines for each image. In mechanical catheter systems, the imaging transducer is located inside
a protective sheath, which is advanced through the lesion or into the segment of mterest. During the examination, the transducer is moved proximally and
distally within the sheath_ facilitating a smooth and uniform pullback. Mechanical catheters require flushing with saline to provide a fluid pathway for the

ulirasound beam, because
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small air bubbles between the transducer and the protective sheath can degrade mmage quality.

Electronic systems

In electronic systems, multiple transducer elements (currently up to 64) arranged in an annular array are activated sequentially to generate the image. The
array can be programmed so that one set of elements transmits while a second set receves simultaneously. The coordinated beam generated by groups of
elements is known as a synthetic aperture arrav. The image can be manipulated to focus optimally at a broad range of depths. Currently available
electronic systems can also provide simultaneous coloration of blood flow using the Doppler effect (FIGUEE 20).

1.2.2 Pullback device (FIGURES 2 AND 3)

The transducer pullback can be petrformed either manually or using a motorized pullback device, which withdraws the catheter at a constant speed
(between 025 and 1 mm/'s, most frequently 0.5 mm/s) (see Chapter 1.3.3}E=1—E.

1.2.3 Imaging console (FIGURE 2)

The imaging console inchudes the hard- and software necessary to convert the I[VUS signal to the image, the monitor and recording devices. Imaging
studies are traditionally recorded on videotape, but newer systems permit digital recording and permanent archiving on a recordable CD-EONL

1.3 EXAMINATION TECHNIQUE (FIGUERE 1)
Standard interventional technique for intracoronary catheter delivery is used for intravascular ultrasound imagjngiﬁ. Heparin and intracoronary
nitroglvcerin are routinely administered before the guidewire is inserted into the coronary artery. The operator then advances and retracts the imaging
catheter over the wire, recording the images for subsequent analysis (FIGUEE 1).

1.3.1 Safety of coronary ultrasound

The safety of intracoronary ultrasound is well documented! ™13, Major complications, including dissection or vessel closure, are uncommon (less than <
0.5%) and typically occur in patients undergoing coronary intervention rather than diagnostic imaging (FIGUEES 9295 Transient coronary spasm,
which responds rapidly to intracoronary nitroglycerin, occurs in 1-3% of examinations. Transient ischemia, cansed by introduction of the catheterin a
small vessel or tight stenosis, is frequent in interventional procedures. Examination of vessels previously imaged by IVUS compared with non-instrumented

vessels shows no accelerated progression of atheroma at 1 year of fnﬂmv—upﬁ. Despite this favorable safety profile, selective coronary instiimentation
always carries a potential risk of significant vessel injurv and should only be performed by operators experienced in diagnostic and interventional
therapeutic intracoronary catheter manipulation

1.3.2 System setting (FIGURE 5)

2.10

System settings are very important in order to avoid misinterpretation of IVUS findings===_ Gain refers to amplification of the retirned signal Increasing
the overall gain can compensate for low catheter sensitivity, but at the expense of creating an image with increased noise and decreased gray-scale
information (FIGURE 5. Time gain compensation (TGC) is a graduated adjustment of the signal gain, which is applied to balance the intensity of the
tmage at different distances from the transducer.

1.3.3 Manual and motorized pullback (FIGURES 1 AND 3)
As described above, the I[VUS catheter is pulled through a vessel segment during continnous or intermittent imaging. The pullback is performed either

manually or using a motorized pullback device®! The advantages of a mamal transducer pullback are the ability to concentrate on specific regions of
interest by pausing or slowing the transducer motion. Disadvantages include the possibility of skipping over significant pathology by pulling the transducer
too quickly or unevenly. Motorized pullback devices withdraw the catheter at a constant speed of 0.25-1.0 mm's (most frequently, 0.5 mm/s), allowing
precise length and volume measurements.

In nterrogating an aorto-ostial lesion of the left main coronary artery, it is important to disengage the guiding catheter from the ostium before the
pullback. Otherwise_ the true aorto-ostial imen may be masked by the guiding catheter and significant ostial lesions may be missed.
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1.3.4 Cross-sectional, longitudinal, and three-dimensional display (FIGURES 6 AND 7)

The standard displays of [VUS systems are crosssectional individual images, reviewed indiidually and as a video sequence. Scrolling through adjacent
cross-sectional images allows the experienced IVUS operator to obtain a three-dimensional impression of a vessel segment. Motorized transducer
pullback and digital storage of cross-sectional images are necessary for longitudinal imaging (L-mode) (FIGURE 6). In an L-mode display, computerized
itmage reconstruction techniques display a series of evenly spaced IVUS images along a single cut plane to approximate the longitudinal appearance of the
artex*_,’ik_ Because the position of the [IVUS catheter within the vessel varies along the pullback path, the cut plane should be selected through the center
of the artery or lumen, rather than the center of the catheter. There are major limitations to the L.-mode display, including the obligate straight
reconstruction of the artery and the display of only a single cut plane. The changes of vessel size during the cardiac cycle result in a characteristic artifact
described as the “sawtooth’ appearance (FIGUEE 6). ECG-triggered image acquisition of image frames in the same cardiac phase can eliminate these
artifacts'=.

Automated, three-dimensional reconstruction of IVUS data involves the use of advanced computer rendering techniques to display a shaded or
wireframe mmage of the vessel, giving the operator a view of the vessel in its v.=;:r11:irE‘tj;£_E (FIGUEE 7). However, true three-dimensional techniques
require registration of the catheter path during the pullback. These methods are not vet included in current clinical systems but are an exciting area of

researchiz.

1.3.5 Radiofrequency-backscatter (FIGURE &)

The raw IVUS signal is converted for conventional image presentation on the standard display. Additional analysis of the reflected ultrasound signal,
analvzing several characteristics of the digitized ultrasound signal with integrated radiofrequency analysis, backscatter analysis. and elastography, allows

advanced tissue characterization and more objective and reproducible methods of categorizing wall morphology and plaque r_"::n:l:q::rt:rﬂv::ﬂtsi_E (FIGURE
£). However; the clinical value of these advanced image analysis modalities is not completely defined®".

1.3.6 Limitations of IVUS

Physical limitations of IVUS are the characteristic signal drop-out behind calciom, prohibiting the visnalization of deep vessel structures (see Chapter 3.7).
The physical size of ultrasound catheters (currently = 1.0 mm) constitutes an important limitation in imaging severe stenoses and small vessels. In such
vessels, the introduction of the catheter may cause dilatation of the vessel (Dotter effect) and may limit exact measurements=. The spatial resolation of
IVUS (= 150 pum) allows detailed analysis of vessel wall structures. However, important structures of atherosclerotic plagues, in particular the fibrous cap
(60—100 pm), cannot be reliably anal}fzedi.

The invasive character of IVUS explains its preferential use in interventional cardiology and limits, in particular, the application in asymptomatic patients
(Chapter 7). Therefore, the finther development of non-invasive imaging modalities, inchiding computed tomography and magnetic resonance imaging, will

be important= =L (FIGURE 179).
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2
Normal arterial anatomy by IVUS

In the IVUS image, the catheter is centered in the vessel, surrounded by the lomen, vessel wall and adjacent structures (EIGURE 9).

2.1 THE LUMEN (FIGURES 9-12)

At frequencies > 20 MHz, flowing blood exhibits a characteristic pattern of echogenicity, observed as finely textured echoes moving in a swirling pattern.
This blood “speckle’ assists in image interpretation; it helps to differentiate the imen and vessel wall (FIGURES 10 AND 11) and can confirm the
commumnication between a dissection plane and the himen (FIGUEE 12). Blood speckle is more prominent at higher imaging frequencies, which may
interfere with delineation of the blood-tissue interface (FIGUERES 4 AWD 11). Flushing of the vessel with saline or contrast during IVUS imaging can help
to differentiate the lumen and vessel wall (FIGURES 10-12).

2.2 THE VESSEL WALL (FIGURE 9)

IVUS studies performed in excised, pressuredistended vessels have characterized the appearance of normal coronary arteries> 2220 Ultrasound is
reflected at tissue interfaces with an abrupt change in acoustic impedance. In the normal artery, two such interfaces are usually observed, one at the border
between blood and the leading edge of the intima and the second at the external elastic membrane (EEN), which is located at the media-adventitia
interface. The trailing edge of the intima is poorly defined and cannot be used reliably for measurements. The outer border of the adventitia is also
indistinct, merging into the surrounding tissues. In good-quality images, the tunica media can sometimes be visualized as a distinct, relatively sonolicent
layer (FIGURE 9 FE In young subjects, the normal valie for intimal thickness is typically reported as 0.15 £ 0.07 mm_ Most investigators use 0.25-0.50

mm as the upper limit of normal =2,

2.3 THE ADJACENT STRUCTURES (FIGURES 13-16)

Depending on the size of the artery, adjacent structures including arterial side-branches, cardiac veins, and the pericardiom can be differentiated (FIGUEE
E}— During the pullback through the vessel, arterial side-branches characteristically appear at the periphery of the image and then join the imaged vessel
(FIGUEE 14). Cardiac veins run parallel to the artery or cross the artery, but characteristically do not join the imaged vessel In addition, they can be
differentiated by their systolic compression (FIGURES 15 AND 16). The adjacent structures are frequently used as landmarks to match images from
serial examinations (see Chapter 7.3.1). However,_ the recognition may also be important in other situations. For example, in the recently described
percutaneous i# situ coronary artery bypass (PICAB) procedure, a conduit is created between a proximal coronary artery and a coronary vein, providing
a new source of oxygenated blood to ischemic myoc ardim- -
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2.4 VESSEL BIFURCATION (FIGURE 17)

Because of unique hemodynamic properties, vessel bifurcations are predisposed to early and eccentric plaque dﬂfelapmmt‘:‘—g_i. In IVUS images, the
proximal segment of the side-branch can often be visualized during the pullback of the catheter through the main vessel. However, because of the eccentric
position of the catheter relative to the side-branch, these images are difficult to evaluate. An example is the aorto-ostial bifurcation shown in Figure 17 The
vessel wall of the aorta appears thickened and has different echogenicity, which may be an artifact secondary to oblique catheter position.
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3
Image artifacts

Artifacts can adversely affect ultrasound i:l:l:lages"—j. Some artifacts are related to the catheter design (mechanical vs. electronic systems), while others are
unrelated to the system used.

3.1 GUIDE-WIRE ARTIFACT (FIGURE 18)

Using monorail catheter technology, the gunide-wire lies outside the transducer and caunses a tvpical artifact, which is characterized by a narrow-angled
shadow (FIGUEE 18). It is not recommended to retract the guide-wire during imaging in order to maintain secire access to the vessel

3.2 RING-DOWN AND DIGITAL SUBTRACTION (FIGURES 19-21)

Ring-down artifacts are usually observed as bright halos of variable thickness surrounding the catheter (FIGUEE 19 g They are caused by acoustic
oscillations in the transducer, which result in high-amplitude ultrasound signals that obscure the area immediately adjacent to the catheter. Ring-down
artifacts create a zone of uncertainty adjacent to the transducer surface. Although time gain compensation (1GC) (Chapter 1.3.2) can be used to decrease
this artifact, excessive ring-down suppression can reduce signals from true targets close to the catheter. In electronic svstems, the transducers are surface-
mounted, and ring-down is partially reduced by digital subtraction of a reference mask._ If it is incorrectly petrformed, digital subtraction has the potential to
remove real information or introduce false borders close to the transducer (FIGURES 20 AND 21).

3.3 NON-UNIFORM ROTATIONAL DISTORTION (FIGURE 22

An important artifact, “non-uniform rotational distortion” (NURD)), arises from uneven drag on the drive cable of mechanical catheters, resulting in cyvclical

oscillations of rotational transducer speed, observed as visible distortion of the hﬂage;—'{. NUED can occur for a munber of reasons, including the presence
of acute bends in the artery, tortuous guiding catheter shapes, kinking of the imaging sheath, or small lumen of the guiding catheter. A frequent and

reversible cause is excessive tightening of the hemostatic vatve.

3.4 SLOW FLOW (FIGURES 4, 1012, 23)

The intensity of the blood speckle increases exponentially as blood flow velocity decreases. Therefore, flow stagnation, often most evident when the
catheter is advanced across a tight stenosis, can limit the abilitv to differentiate lnmen from echolucent tissue, including soft plaque, neointima_ and
thrombus._ In these sitmations_ flushing of the vessel with saline or contrast is particularly helpful for the differentiation of imen and vessel wall (FIGUEES
10-12).

3.5 CORONARY PULSATION AND MOTION ARTIFACT (FIGURES 24-26)

During the cardiac cvcle, the IVUS transducer undergoes longitudinal displacement of as much as 5 mm in the axial direction and changes of angular
orientation of the catheter relative to the vessel In
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addition, the diameter of the coronary arteries undergoes characteristic changes during the cardiac cvcle (FIGUEE 24). In normal arteries, maximal vessel

size is reached in systole but maximal flow is found in diastole, when the resistance to flow in the intramyocardial capillaries is minimal*®*._In contrast. at
the site of nmscle bridges, the artery size reaches a minimum diameter during systole, cansed by the contraction of the muscle surrounding the vessel
(FIGURE 23).

Because the image is reconstructed at 30 frames per second, occasionally part of an individual image is reconstructed from two subsequent frames,
introducing false borders in such images (FIGUEE 16). In general, careful analvsis of IVUS images alwavs inchudes a review of adjacent images in order
to recognize this and other artifacts.

3.6 CATHETER OBLIQUITY, ECCENTRICITY (FIGURE 17)

Geometric distortion can result from imaging in an oblique plane (not perpendicular to the long axis of the vessel). Current image reconstruction techniques
assume that the vessel is circular, and that the catheter is located in the center of the artery and parallel to the long axis of the vessel However, in clinical
practice, this is often not the case and both transducer obliquity and vessel curvature can introduce an elliptical image distortion. Transducer obliquity is
especially important in large vessels and can result in an overestimation of dimensions and a reduction in image qua]itj_."l—s. The latter phenomenon occurs
because the amplitnde of the echo reflected from an intetface depends on the angle at which the beam strikes the interface. The strongest signals are
obtained when the catheter is coaxial within the vessel and when the beam strikes the target at a 90° angle. If the IVUS beam strikes the wall of the vessel
in a shallow angle_ image quality deteriorates. An example is shown in Figure 17. Becaunse of the eccentric catheter position at the ostium, the wall of the
aorto-ostial segment appears thickened with low echogenicity.

3.7 CALCIUM SHADOW (FIGURES 27 AND 46)

Calcium is an important part of atherosclerotic plaques and IVUS has a high sensitivity in its detection™>22. However, almost all [VUS energy is reflected
by calcium, cansing a characteristic signal drop-out or multiple reflections of concentric arcs behind the calcified tissue (FIGURES 217 AND 46) (see
Chapter 5.2.3).
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4
[VUS measurements

Borders between tissue with different composition and acoustic properties canse strong ultrasound reflection. Two such borders in the coronary artery
wall are the lnmen/intimal border and the external elastic membrane (EED 363536 The strong signal originating at these tissue interfaces allows
recognition and manual or automated planimetry. Distance and area measurements are subsequently derived from planimetry. Details of recommended
measurements have been reported in current clinical AHA/ACC and ESC gtﬁdeﬁne&il—c.

4.1 LUMEN MEASUREMENTS (FIGURES 28 AND 29)

Once the nmen border has been delineated, the following lumen measurements are derived. All measurements are performed relative to the center of the
hmmen_ rather than relative to the center of the IVUS catheter.

Lumen cross-sectional area (CSA): the area bound by the luminal border.

Minimum and meccimum homen diamerers: the shortest and longest diameters through the center point of the himen, respectively.

Lumen eccentricity: calculated as 100 x [(maximum lumen diameter—minimum humen diameter) divided by maxinmm lumen diameter].

Lumen area stenosis: calculated as [(reference imen CSA—minimum lomen CSA)reference nmen CSA]. The reference segment used should be
specified (proximal, distal, largest, or average). This measurement is similar to the angiographic percentage stenosis.

Caveats
Comparison of hnminal measurements between IVUS and angiography usually shows a close correlation for vessels without atherosclerosis. However, for

diseased arteries, investigators report only a moderate correlation (» = 0.7—0_8) and a standard error = 0.5 mm®>L. Comparative studies show the
greatest disparities between angiography and ultrasound after mechanical interventions™=. In this setting, the shape of the lumen may be extremely complex,

with plaque fissures or deep wall dissections>. These extraluminal channels contribute little to blood flow. and are therefore typically not inclhuded when
tracing the luminal contour. A commonly applied approach distinguishes the true lumen area from the “dissection area’

4.2 EEM MEASUREMENTS (FIGURES 28 AND 29)

After delineation of the EEM border, the following measurements are derived:
EEM cross-sectional avea (CSA): the area bounded by the EEM border
Minimum and maximum EEM diameters: the shortest and longest diameters through the center point of the EEM area, respectively.

Caveats
A discrete interface at the outer border between the media and the adventitia is almost imvariably present within I[VUS images and corresponds closely to
the location of the EEM>%22-3% The recommended term
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for this measurement is EEM area. rather than the alternative term “vessel area’. External elastic membrane circumference and area cannot be measured
reliably at sites where large side-branches originate or in the setting of extensive calcification. because of acoustic shadowing (FIGUEE 27). If acoustic
shadowing involves a relatively small arc (< 90), planimetry of the circumference can be performed by extrapolation from the closest identifiable EEM
border, although measurement accuracy and reproducibility will be reduced. If the circumferential extent of a calcification is more than 90°, EEM
measurements should not be reported. Similarly, some stent designs mayv obscure the EEM border and render measurements unreliable.

4.3 PLAQUE (ATHEROMA) MEASUREMENTS (FIGURES 28-30)

Plaque area measurements are derived by subtracting himen area from EEM area (FIGUEE 28}

Plague cross-sectional area (CSA): the EEM CSA minus the limen CSA

Maximum and minimum plague thicknesses: the largest and shortest distances from the intimal leading edge to the EEM border along any line
passing through the center of the nmen.

Circumferential extent of disease is commonly classified by determining whether abnormal intimal thickening is present thronghout the 360° arterial
circumference. Based on these observations, plaque eccentricity is defined as:

Plague eccentriciry: 100 x [(maximum plaque thickness—minimum plaque thickness)/'maximum plaque thickness].

Plague burden: atheroma CSA divided by EEM CSA. The atheroma burden represents the area within the EEM occupied by atheroma, regardless of
the lnmen compromise.

The longitudinal extent of disease is defined as “diffuse’ if the intimal thickness is abnormal at every site within the segment, or as focal if sites adjacent
to the lesion site have minimal disease.

Caveats
Because the leading edge of the media (the internal elastic membrane) is not well delineated. IVUS measurements cannot determine the true histological
atheroma area (the area bounded by the internal elastic membrane)- Accordingly, IVUS studies use the EEM and lumen CSA measurements to calculate

-2.10

a surrogate for true atheroma area, the “plaque plis media area’==_ In histological studies, early atherosclerotic lesions are associated with structural

changes in media thickness™* However, in clinical practice, the inclision of the media into the atheroma area does not constitute a major imitation of
IVUS becanse the media represents only a very small fraction of the atheroma CSA_ Plaque area measurements performed in this fashion correlate closely
with histolcrg}'ﬁ_iﬁ.

It is important to differentiate plaque burden, which is the percentage of the EEM area occupied by atheroma at the lesion site; and angiographic
percentage stenosis, which represents an expression of luminal narrowing at the lesion relative to a reference segment.

4.4 CALCIUM MEASUREMENTS (FIGURES 27 AND 46)

IVUS is a very sensitive i1 vivo method for the detection of coronary calcium_ which is a indicator of atherosclerotic plaque'l—g'-ﬂ. Calcified deposits
appear as bright echoes that obstruct the penetration of ultrasound, a phenomenon known as “acoustic shadowing = Therefore, IVUS can detect only the
leading edge of calcified plaque but cannot determine its thickness.

Calcium deposits are described qualitatively according to their location and distribution:

Superficial or deep: the leading edge of the acoustic shadowing appears within the supetficial or deep 50% of the atheroma thickness, respectively.

The arc af calcium can be measured (in degrees) by using an electronic protractor centered on the humen.

The length of the calcified deposit in a coronary segment can be measured using motorized transducer pullback.

4.5 REMODELING MEASUREMENTS (FIGURE 31, SEE CHAPTER 5.1.2)

Arterial remodeling refers to the changes in EEM area that occur during the development of atherosclerotic lesions2. IVUS imaging allows i vive

assessment of vascular remnde]jngf—ﬁ_ﬂ_
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An index or ratio that describes the magnitude and direction of remodeling is expressed as lesion EEM CSA/reference EEM CSA. Expansive (positive)
and constrictive (negative) remodeling are defined as a lesion EEM area greater or smaller than the reference EEM area, respectivelyv. A number of

dichotomous definitions of remodeling have been proposed based on a comparison with either the proximal reference, distal reference, or both 83 A
common definition compares lesion site and proximal reference and defines expansive (positive) and constrictive (negative) remodeling as a ratio of = 1.05
and < 0.9559,64.

4.6 STENT MEASUREMENTS (FIGURES 32-34)

The stent adds another border to the IVUS mmage. The following measurements are commonly reported:

Stent CSA: the area bounded by the stent struts.

Minimum and meximum stent diameters: the shortest and longest diameters through the center of the stent, respectively.

Stent symmetry: 100 x [(maxinmm stent diameter minimum stent diameter)/maximum stent diameter].

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

Strut apposition refers to the proximity of stent struts to the arterial w 9657 Good apposition is defined as sufficiently close contact to preclude blood
flow between any strut and the undetlving wall Documentation of apposition can be enhanced by flushing saline or contrast from the guiding catheter to

confirm the presence or absence of flow behind the struts.

Caveats

Metallic stent struts are strong reflectors of ultrasound and therefore appear as echogenic points or arcs along the circomference of the vessel. Depending
on the design and material, each stent has a slightly different appearance. Slotted-tube or multi-cellular stents appear as focal metallic points, whereas
coiled stents appear as arcs of metal that subtend small sections of the vessel wall. Similar to the calcium shadow (Chapter 3.7). there is an area of signal
drop-out behind the stent struts (FIGURES 290 AND 99). Recently introduced covered stents (plastic membrane) cause signal attennation and have a
particular appearance on IVUS (FIGUEE 33).

4.7 LENGTH MEASUREMENTS (FIGUEE 6)

Length measurements using IVUS can be derived from images obtained using motorized transducer pullbacks (mumber of seconds x pullback speed). This
approach can be used to determine the length of a lesion, but also specific longitudinal features inchiding the length of calcifications. A more practical
approach is to obtain length measurements using the L-mode display. However, the missing information about vessel curvature in the straight L -mode

display is a significant limitation (Chapter 1.3 4).

4.8 VOLUMETRIC MEASUREMENTS (FIGURES 35, 128, 129)

For quantitative volmmetric IVUS analvsis, a segment of interest is selected between two characteristic fiduciary points (start- and end-point, e g.
sidebranches). Starting at the distal fiduciary location, single frames are selected from the digitized pullback sequence at 0.5—1-mm mtervals®® For each
of the selected frames, the hmmen and EEM cross-sectional areas are measured. The Simpson mile is applied to calculate plaque volume by nltiplying
plaque area and distance between adjacent images. An alternative approach is the ECG-gated selection of frames in pre-defined relation to the cardiac
C}fcle]—5=ll_ Sidebranches and calcium are limitations of these volumetric approaches becanse the EEM area cannot be measured reliably at these sites.
The following guidelines have been proposed:

When side-branches are encountered at one of the selected frames_ the EEM border measurements are extrapolated. but the intimal leading edge
measurements are not. If calcification leads to acoustic shadowing involving a relatively small arc (< 90°), planimetry of the circumference can be
performed by extrapolation from the closest identifiable EEM border, although measurement accuracy and reproducibility will be reduced. If the
circumferential extent of a calcification is more than 90°, EEM measurements should not be reported. In studies examining in-stent restenosis_ the
volumetric analysis of the neointimal tissue is the primary end-point. Becanse most stent designs obscure the EEM border, total plaque volume is typically

not reported in these smdie i
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S
Plaque (atheroma) morphology

5.1 GEOMETRY (FIGURES 36—44)

Plague geometry describes the form and distribution of atherosclerotic lesions. Important and interrelated characteristics are plaque size, stenosis severity
longitudinal extent of the lesion (diffuse versus focal), circumferential extent of the stenosis (eccentric versus concentric), and extent and direction of arterial
remodeling. Concomitant changes of these characteristics explain the frequent dissociation between angiography and IVUS findings and may also have a

relationship to plaque stabi]it}'l_

3.1.1 Plaque size and relationship to luminal stenosis (FIGURE 36)

A direct comparison between IVUS and angiography demonstrates that the extent and severity of disease as visualized by angiography and ultrasound are
frequently discrepant—. IVUS studies demonstrate that there is no close relationship between the size of the atheroma and the size of the lumen. This
phenomenon is a consequence of two major factors, the diffuse nature of atherosclerosis affecting the angiographically “normal reference sites’= and

adaptive enlargement of the EEM (remodeling). which maintains hunen size despite plaque progres sion>~.

5.1.2 Arterial remodeling (FIGURES 37-42)

Arterial remodeling in human coronary arteries was initially described in a postmortem study by Glagov and colleagues. They found a positive correlation

between EEM and atheroma area’>. At lesions with a percentage stenosis < 40%, plaque accumulation was accommodated by an increase in arterial size,
resulting in a stable lumen area (FIGUEE 38). In more advanced lesions, remodeling was less evident and plaque progression was associated with luminal
stenosis. The authors hypothesized that this phenomenon represented a compensatory mechanism to preserve lumen size. Subsequent IVUS studies
allowed the in vivo investigation of remodeling and confirmed the correlation between EEM and plaque area (FIGUEES 3739, —11}:i Subsequent
IVUS studies demonstrated that_ at certain diseased sites, the EEM may actually shrink, contributing to lnminal stenosis. This process is called constrictive

(negative) remodeling or arterial shrinkage (FIGURES 37, 40, @Lﬂ Constrictive remodeling has a particularly prominent role in restenosis after
mechanical intervention® %2,

Eecently, several IVUS studies have examined the relationship between remodeling and clinical presentation in patients with coronary artery

disease®t83 Expansive (positive) remodeling is significantly more prevalent in patients with unstable coronary presentation, and constrictive (negative)

remodeling more prevalent in patients with stable coronary syndromes. Based on these results; it has been hypothesized that arterial remodeling is related
to plaque vulnerability (see Chapter 7.1).

In order to avoid misunderstandings, it has therefore been suggested that the terms “positive’ and “negative” remodeling should be replaced with
‘expansive’ and “constrictive’ remodeling.

5.1.3 Eccentricity (FIGURE 43)
The circumferential distribution of the atheroma is described by its eccentricity (see Chapter 4.3). Early
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lesions and lesions at vessel bifurcations are characterized by eccentric distribution and suggest a relationship between local flow hemodynamics and lesion

dewv F;ll::q::rrﬂva-ﬂtJg -]

5.1.4 Diffuse disease (FIGURE 44)

The strength of coronary angiography is the precise description of focal, severe lnminal stenoses. However, it is well kknown that the atherosclerotic
disease process is more diffuse, and this is frequently reflected in angiographic “mild iminal irregularities”. The comparison with IVUS has confirmed the
diffuse character of coronary artery disease. It is difficult to describe the longitudinal extent of disease burden and there are currently no clear guidelines.
An emerging approach is the description of plaque volumes in entire vessel segments (see Chapters 4 8 and 7.2).

5.2 PLAQUE ECHOGENICITY (FIGURES 45-49)

Ultrasound provides information about the morphology of atherosclerotic plaques in vive. However, IVUS is limited in the characterization of specific

histological contents. Studies have compared the ultrascund appearance of plaques to histology in freshly explanted human arteriess= 22 0.1 Lipid-rich
lesions generate low-intensity hypoechoic echoes (FIGURE 45). Frequently, these lesions exhibit a prominent echogenic border structure at the imen-
intima interface. This mav correspond to the anatomic structure of the fibrous cap. However, it should be empharised that the fibrous cap of most unstable
lesions is too thin to be resolved by IVUS (< 50 pum). Fibrous or calcified tissues are relatively echogenic (FIGUEE 45). Calcium obstructs ultrasound
penetration and therefore creates a characteristic signal void (acoustic shadowing), which obscures the underlying vessel wall (FIGURES 45 AND 46).
Although contemporary INUS systems produce detailed views of the vessel wall, standard interpretation relies on simple visual mspection of acoustic
reflections to determine plaque composition. The textures of different tissue components may exhibit comparable acoustic properties and therefore appear
quite similar by IVUS. For example, an echolucent luminal mass of tissue mav represent intracoronary thrombus or an atheroma with a high lipid content
(FIGUEES 4952 Thus, IVUS is not consistently able to predict plaque components in comparison to hiStDng}’-—E_E. More objective and automated
classification of atheromatous lesions is possible with advanced ultrasound data analvsis. Radiofrequency analysis and elastography have been validated in

ex vive studies against histology and are emerging for clinical application (see Chapter 1.3.5) (FIGURE & 2L

5.2.1 Echolucent plagues (FIGURE 45)

The low echogenicity of these plaques is generally the result of high lipid content in a mostly cellular lesion">%. However. a zone of reduced echogenicity
may also be attributable to a necrotic zone within the plaque, an intramural hemorrhage, or a thrombus. The term “soft” plaque should be avoided because
the echodensity does not refer to the plaque’s structural, mechanical characteristics.

5.2.2 Echodense plaques (FIGURE 45)

These plaques have an intermediate echogenicity between echolucent atheromas and highly echogenic calcific plaques and, together with mixed lesions,
represent the majority of atherosclerotic lesions. In histological studies, a correlation between echodensity and plague fibrosis has been descrnibed.
However, very dense fibrous plaques may produce sufficient attenuation and acoustic shadowing to be misclassified as calcified by IVUS.

5.2.3 Calcified plaque (FIGURES 45 AND 46)

Ultrasound imaging has shown significantly hicher sensitivity than fluoroscopy in the detection of coronary calcification>~_. The significance of coronary
calcifications is complex and, in particular, their relation to plague stabilitv is unclear. Large calcification may in fact be associated with lesion stabilitv. In

contrast, microcalcifications are frequently found in lipid-rich necrotic core areas of unstable plaques and may not be well reflected in IVUS imagesﬂﬁ—].

5.2.4 Mixed plaque (FIGURES 47 AND 48)

Coronary plaques frequently contain tissue components with different acoustic characteristics. In these ‘mixed’ plaques, areas with various
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morphology are seen within indrvidual crosssectional images or in adjacent cross-sections (FIGURES 4447 48 102). In these mixed lesions, further

17 24

classification of plaque components may be possible with advance image analysis, including radiofrequency analysis (FIGUEE 8yF==

5.2.5 Thrombus (FIGURES 49-52)

By IVUS, a thrombus is usually recognized as an intraluminal mass, often with a lavered. lobulated, or pedunculated appearance. Thrombi may appear
relatively echolucent or have a more variable echogenicity, with speckling or scintillation. Blood flow in “microchannels” may also be apparent within some
thrombi (FIGURES 67-70). Stagnant blood flow can simulate a thrombus, with a gravish-white accummulation of specular echoes within the vascular lumen
IGUEE 23). Injection of contrast or saline may disperse the stagnant flow and allow differentiation of stasis from thrombosis (FIGUEE 11). None of
these morphological features is pathognomonic for thrombus, and IVUS is unreliable in differentiating acute thrombi from echolucent plagues because of
the similar echogenicities of lipid-rich tissue, loose connective tissue, stagnant blood and thrombi®=. This has important clinical consequences for patients

presenting with acute coronary syndromes, because, in the presence of a ruptured plagque with superimposed acute thrombosis and additional lesions, the
accurate identification of the “culprit” lesion mayv not alwavs be possible.

5.2.6 Intimal hyperplasia (FIGURES 34 AND 101)

The histological composition of the neointimal tissue after PCI is complex. Recent studies suggest that both cell proliferation and enhanced extracelilar

matrix (ECM) accumulation contribute to in-stent restenosis, and that their relative importance changes over time® This may be reflected in the ultrasound
appearance. The intimal hvperplastic tissue characteristic of eatly in-stent restenosis often has a very low echogenicity, at times less echogenic than the
blood speckle in the lumen Appropriate system settings are critical to avoid suppressing this relative non-echogenic material The intimal hyperplasia of
late in-stent restenosis often appears more echogenic.

3.2.7 Coronary venous bypass grafts (FIGURE 53)

In vein grafts, wall morphology and plaque characteristics are different from those in native coronary arteries. The wall of the bypass graft is free from the
surrounding tissue and has no sidebranches. i situ vein grafts do not have an EEM. However; vein grafts tvpically undergo “arterialization”, with
morphological changes that include intimal fibrous thickening, medial hypertrophy, and lipid deposition. The "EEM area’ is measured by tracing the outer
border of the sonolucent zone, which typically follows the intima  All other measurements, including atheroma area and plaque burden, are calculated in a
sitnilar fashion to those for native coronary disease.

5.2.8 Unstable (*vulnerable®) high-risk lesion, plaque ulceration and rupture (FIGURES 54-65)

Most acute coronary syndromes are caused by sudden mpture or erosion of vulnerable plaque_E,E. Plaque vulnerability is defined prospectively as the
tendency of a lesion to rupture or erode, causing subsequent thrombosis. [IVUS can identify plague rupture but is bmited in the identification of vulnerable
lesions before mpmre.-"emsicrnﬂ. Plaque rupture or ulceration is defined by IVUS as a cavity in the vessel wall with disruption of the intima and flow
observed within the plaque cavity (FIGUEES 54-65). Features supporting intimal disruption are an trregular intimal surface of ulcerated plaques and
visible torn edges in video sequences. Blood flow in the vessel wall cavity is an important criterion, and contrast injections may be used to prove and
define the communication poi 2:10.38.57 However. ruptured plaques may have a highly variable appearance by IVUS, in particular in the presence of a
superimposed thrombus (see Chapter 5.1 5).

Ultrasound studies have found an association between echolicent, presumably lipid-laden, plaques and acute coronary E}TldIDﬂlEi—S_g—]. In addition,
expansive (positive) remodeling is consistentlv observed in culprit lesions causing unstable clinical presentaﬁungﬂﬂ_ﬁ. Fecently, the term high-risk
plaque (HRP) has been suggested for a lesion with imaging features as described above. This term acknowledges the limitations of in vive
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imaging for the prospective identification of plaques at risk to ruopture and cause acute coronary syndromes (vulnerable plaques 25

5.2.9 Other lesion morphology (FIGURES 66-71)

A true anemryvsm is defined as an expansion of the vessel at a lesion site that includes all lavers of the vessel wall (FIGUEE 66). Frequently, clinical
definitions require that the EEM and limen diameter are at least 30% larger than the proximal reference segment  Positive arterial remodeling and focal
aneurysms may be extremes on a spectrum of a common pathophysiological pru:n:e55£. A psendoaneurvsm is defined as a disruption of the EEM, usually
observed after intervention (FIGURES 299 AND 100},

It is sometimes difficult to differentiate true versus false lumen (FIGUEES 67-70). Possible hints are that a true himen is surrounded by intima_ media,
and adventitia.

The IWUS literature about non-atherosclerotic wall thickening is limited®®. Figure 71 shows images of a young patient with documented Takavasu
arteritis involving the aorta, documented by histology. Thickening of the coronary artery wall was previously documented with IVUS but histological
diagnosis of the coronary mvolvement was not available.
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6
Established clinical applications

6.1 ASSESSMENT OF ANGIOGRAPHICALLY INDETERMINATE LESIONS (FIGURES 72-82)

Angiographically normal coronary arteries are encountered in 10—15% of patients nndergoing catheterization for suspected coronary disease. IVUS
commonly detects occult disease in these paﬁmt&ﬁﬂ. Certain lesion subsets elude accurate angiographic characterization, despite thorough examination
using multiple radiographic projections. These angiographically ambiguous lesions inchide intermediate lesions of uncertain stenotic severity (FIGUEES
72-81), aneurysmal lesions (FIGUEE 66), ostial stenosis (FIGUEE £2), disease at branching sites, tortuous vessels, left main stem lesions (see Chapter
6.1.1) (FIGURE £2), sites with focal spasm, sites with plaque rupture, morphology after coronary angioplasty (FIGURES 77-79), intraluminal filling
defects/thrombus, and angiographically hazy lesions'2L.

IVUS is frequently emploved to examine lesions with the above characteristics, in some cases providing additional evidence useful in determining
whether the stenosis is clinically sign.'tlicantﬁ=ﬂ. Depending on the clinical scenario, it may be preferable to obtain intracoronary hemodynamic
information, for example, an assessment of fractional flow reserve rather than anatomic information.

6.1.1 Left main coronary artery (FIGURES 80-82)

Assessment of left main (LM) disease by angiography represents a particularly difficult clinical problem (FIGUEES 8082 104-106 A ortic cusp
opacification or “streaming’ of contrast may obscure the ostium, the short length of the vessel may leave no normal segment for comparison, and the distal
left main artery mayv be concealed by the left anterior descending coronary artery/left circumflex coronary artery (LAD/L.CX) bifircation (FIGUEES E0
AND £1). In these situations, ultrasound often can provide additional information. The pullback is performed with the guiding catheter disengaged from the
LM ostimm. There is currently no consensus regarding the cross-sectional area at which the left main obstruction is considered critical However, an
absolute area < 9 mm? has been proposed as a criterion for left main stenosis severity requiring revascularization. Importantly, IVUS has demonstrated

physiological, non-atherosclerotic ostial LM narrowing (FIGURE 82)248 L

6.2 ASSESSMENT OF TRANSPLANT VASCULOPATHY (FIGURE 83

Coronary transplant vasculopathy represents the major cause of death after the first year following cardiac transplantation. Its development is often
sEctcole st oo o e s oot oA oo - A-cc=—p-d oo ok ossis e oot Aot A oS Em sk ool toce oo e Ao o o= ]:E__IEE
develops. Using > (0.5 mm as a threshold for intimal thickening, the prevalence of arteriopathy detected
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by ultrasound is 50% by 1 ‘.earl 15-118 Therefore, IVUS has emerged as the preferred method for early detection’ 22 Ultrasound studies have
demonstrated an association between the severity of transplant vasculopathy and clinical outcome, with an increased incidence of death, myocardial
infarction or re-transplantation in those with more severe disease 15120

The intimal thickening of the coronary arteries that develops after cardiac transplantation must be differentiated from donor transmitted atherosclerotic
coronary disease. Surprisingly, despite the voung age and non-cardiac cause of death of heart donors, conventional atherosclerosis is frequently present in

dDﬂDr hEﬂI‘tS at the time of transplantation. In a sudy from our group, atherosclerotic lesions were detected in 56% of patients at a mean donor age of 32

xaarﬁ— However, the natural history of these “donor lesions” after transplantation is largely unknownl==.

Important nformation has been gained from serial IVUS studies after cardiac transplantation. [VUS protocols use a variety of sampling approaches for
the detection and surveillance of transplant vasculopathy. Serial intravascular imaging has been used to evaluate therapies for transplant vasculopathy,
including immunosuppressive medications, statin dmgs, and angiotensin-converting enzyme (ACE) inhibitors. In these studies, IVUS images are compared
at baseline and follow-up. Individual images are often compared side by side, with angiographic and IVUS landmarks (side-branches, pericardm, and
cardiac veins) used to match sites. These focal approaches include the examination of three or four sites at least 1 cm apart, or the selection using

predefined criteria typically inchading the site with most severe intimal thickening. Rapidly progressive intimal thickening (0.3 mm increase) in the first vear

after transplantation has been shown to have negative prognostic SlgIltﬁl:Enl:El—

Vohlmmetric approaches use an automated pullback between two fiduciary points to determine the entire volume of the EEM, lnmen, and intima (see
Chapter 4.8). Volumetric analysis of entire segments has developed into the preferred method because of its minimal variability. Using serial, volumetric
analysis, a recent study has demcrnstrated attenuated intimal hyvperplasia during treatment with a rapamycin-contamning immunosuppressive regimen in

comparison to the standard regimen’=". This was associated with a reduction in clinical events; suggesting the possible use of plaque burden as a surrogate
end-point in pharmacological studies (Chapter 7.2).
It remains to be seen whether non-invasive imaging techniques, in particular computer tomography (CT) and magnetic resonance imaging (MRI) can

1'l-. 'I

provide sufficient detailed information to allow the serial assessment of transplant vasculopathy-=====_

6.3 INTERVENTIONAL APPLICATIONS (FIGURES 84-101)

Although IVUS has played a pivotal role in understanding the effects of interventional devices, the precise clinical role for intravascular ultrasound during
intervention has not been well defined in large-scale clinical trials. It would be beyond the scope of this Manual to discuss specific interventional
indications. However, the principles and pertinent literature will be summarized.

6.3.1 Pre-interventional target lesion assessment (FIGURES §4-89)

Pre-interventional IVUS is used to analyze the target lesion and select the interventional approach most suitable for a specific lesion. Several plaque
characteristics, inchiding measurements of atheroma severity, plaque distribution, depth and extent of calcification, arterial remodeling, and the presence of

thrombi or dissections can affect the decision to use a particular device. Single-center studies have reported that ultrasound imaging often influences the

102105 More recent studies describe that pre-interventional plaque

[Su—bﬂ 127129

operators’ appreciation of target lesions and the optimal approach to therapy—=
characteristics, inchuding echogenicity and remodeling, determine target lesion revascularization rate (1 VE) during follow-up after PC

6.3.2 Guidance for angioplasty and atherectomy

Based on angiographic observations, plaque compression was origimally suggested as an important mechanism for lomen gain after balloon angioplasty.
However, direct examination of the plaque before and after interventions with IVUS demonstrated that “axial redistribution” and vessel wall stretching,
rather than compression of the plaque_ are the major mechanisms of nmen gain post-procedure=—= 0138 The frequency of plaque fracture and arterial wall



Page 21

dissection after PCI was much higher than suggested by angiographv, with evidence of disruption seen in about 50% and 75% of cases, re&pecﬁvd}'ﬂ_
Several studies examined whether post-interventional morphological features_ such as the presence or extent of dissection, lnmen size, or plaque

burden, are related to restenosis rate. Some studies identified residual plaque burden as an independent predictor of outcome; but the results are

caﬂﬂict'mgi_i. IVUS criteria have been used to guide balloon angioplasty, typically allowing larger balloon sizel25 120 However, the long-term clinical

tmpact has not been established.

IWVUS can facilitate lesion selection for directional coronary atherectomy, because the presence of significant calcification is an important predictor of
procedural failwre’=!. A consistent finding from IVUS studies of directional atherectomy is the substantial residual plaque burden after atherectomy despite
excellent angiographic result’=!. Several studies have addressed the issue of more aggressive plaque removal on the basis of ultrasound imaging, but the
results are caﬂﬂicﬁngl;lz_l;"{.

IVUS imaging in the context of high-speed rotational atherectomy has confirmed the principle of differential cutting with selective removal of less

-
o

compliant plaque material; most notably calcium™>2. Measurement of the true vessel size by ultrasound may allow safe use of larger burrs, with a greater
umen gain and less residual plaque burden’™". As in the case of directional atherectomy, IVUS demonstrates a large residual plaque burden after

rotablation.

6.3.3 Guidance for stenting (FIGURE 90)

IVUS maging has played a pivotal role in understanding and optimizing the benefits of coronary stent therapy. Columbo and colleagues— demonstrated
that deployment with conventional balloon pressures resulted in a high incidence of incomplete stent expansion and apposition (FIGURE 90). Ultrasound
imaging to guide high-pressure dilatation achieved full expansion and complete stent apposition in a large percentage of patients, allowing the use of a
simplified anti-thrombotic regimen of aspirin and ticlopidine without warfarin. These results established high-pressure stent implantation, and larger trials
confirmed the safety of stent implantation without [VUS guidance using high pressures and antiplatelet therapy alonelf2-131

Several studies have directly addressed the question of whether the increased lumen areas resulting from ultrasound guidance lead to a significant
reduction in restenosisi== 2% These studies demonstrate a reduction in revascularization but not in the incidence of myocardial infarction or mortality.

There is currently no consensus regarding optimal ultrasound procedural end-points for stent implantation. While most operators advocate complete
apposition of the stent struts to the wall, the extent of stent expansion in comparison to the reference required for optimal results remains controversial
Suggested relative stent expansion criteria, which compare the minimal stent area to that of reference segments, include 90% or 100% of the distal and
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80% or 90% of the average reference humen areas—.
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6.3.4 Dissection, intramural hematoma and other complications after intervention (FIGURES 91-100)

IVUS is commonly employed to detect and direct the treatment of dissection and other complications after intervention (FIGUEES 9 l—lﬂﬂ}i—l_ﬁfilij_
A classification of dissections according to their depth has been proposed with intimal, medial. and adventitial extension. Separation of neointimal tissue
inside the stent struts is occasionally seen after treatment of in-stent restenosis.

An intramural hematoma (FIGUEE 98} is defined as an accummlation of blood within the medial space, displacing the internal elastic membrane mward
and EEM outward”.

0.3.5 The restenotic lesion and in-stent restenosis (FIGURES 34 AND 101)

Ultrasound studies in peripheral vessels by Pasterkamp and |:|:+]leaguu35E provided the first evidence that constrictive (negative) remodeling, or localized

shrinkage of the vessel, was a major mechanism of late himen loss after PCI in addition to intimal proliferation. In a serial study by Mintz and colleagues
> 70% of nmen loss after PTCA was attributable to the decrease in EEM area, whereas growth of the neointimal area accounted for only 23% of the
loss.

Unlike this restenotic response after angioplasty or atherectomy which is a mixture of constrictive (negative) arterial remodeling and neointimal growth,
in-stent restenosis is primarily due to neointimal proliferation (FIGUEE 101). In seral IVUS
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studies of stented u:crmnan segments, no significant change occurred in the area bound by stent struts, indicating that stents can resist the arterial
remodeling pmces._r. 3y . Subsequent studies demonstrated that late lnmen loss correlated strongly with the degree of in-stent necintimal growth (» =
0. 98)—-u-$ Because the degree of in-stent neointimal hyperplasia is independent of the achieved stent lumen size, restenosis decreases as a function of

increasing absolite post-procedure minimal stent area 161 This explains the higher restenosis rates in smaller vessels and inadequately expanded stents,
in which the acute lumen gain does not accommodate tissue proliferation during followup.

In most of the above-cited serial imaging studies, the restenotic process was assessed by first identifyving the image slice with the smallest lumen area at
follow-up and subsequently matching of the same image slice on the pre-intervention or postintervention studyv. Such serial stent studies are limited by the
fact that the axial position of the restenotic lesion is usually different from the smallest pre-intervention or post-intervention target site. More recently,
volumetric analysis of an entire arterial segment rather than the worst lesion site alone has been used. This approach can determine whether the site of

maximmum tissue growth has occurred within the stent or in the adjacent reference segment near the stent border =151 Vohmetric IVUS analysis of the

stented segment is a particularly attractive approach in understanding the effects of radiation therapy [fl::rran:1'11.'t‘I:1E1'apn.r)i and dmg-elting stents163:164

6.3.6 Brachytherapy and drug-eluting stents

Ultrasound has been useful in refining the technique of brach}'therap}'lﬂﬁ_ IVUS studies have demonstrated that radiation has the potential to profoundly
inhibit neointimal proliferation within a stent, but also to accelerate restenosis at the edges of the treatment region; where the dosing falls off ("candy

wrapper E:f:'ﬁin:t}Q Dose distribution is dependent on the thickness and composition of the atheroma and the position of the catheter in the humen,
information which is not obtainable from the angiogram alone. Therefore, current research is examining whether an ultrasound image-based dosing

algorithm can optimize therapeutic benefitl6-168
In follow-up stmdies after brachyvtherapv and drg-elting stents it is extremely important to analvze the worst lesion site as well as adjacent segments,

because the bulk of the restenotic tissue may not localize at the worst pre-interventional lesion site and/or the treatment may have effects at the non-treated
1681569

lw

L8 Important examples are arterial remodeling’®*%® and the “candy wrapper™ effect after brachytherapy’®®
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7
Evolving clinical and research applications

Ower the past few years, several new applications of [VUS have emerged. which have already enhanced our understanding of atherosclerotic plaque
development. Two important areas are the focal assessment of plagque composition and stability and the assessment of overall plaque burden.

7.1 ASSESSMENT OF PLAQUE VULNERABILITY (FIGURES 102-116, 138-161)

Rupture or supetficial erosion of vulnerable coronary plaques with subsequent thrombosis represents the principal pathophysiology underlving most acute

170173

~—=_ Plaque vulnerability describes a temporary activated state of atherosclerotic plaques, leading to a higher risk of plague

coronary syndromes
rupture and thrombosis- L2 Most vulnerable plaques stabilize either without mapture or after episodes of clinically inapparent rupture and subsequent

fibrosis, and onlv in a few cases do rupture and thrombosis lead to vessel occlusion and acute coronary 53.'ndmmesﬁ'_ 121 The pathophysiologic
processes responsible for plaque destabilization are incompletely understood, but systemic, and in particular inflammatory, triggers play an important

role1-Z122 The role of systemic triggers is supported by the recent observation that plaque destabilization in patients presenting with acute coronary

syndromes is characterized by the diffuse development of multiple vulnerable lesions simultaneously (FIGURES 109 110 115, 1 [nestiig g

The in vivo identification of vulnerable plaques before rupture would allow the development of systemic and local interventions directed at plaque
stabilization. However, because vulnerable lesions are a temporary stage in plaque development, their temporal and spatial distribution in the entire
coronary tree is highly dvnamic and dependent on the clinical situation. The assessment of plaque vulnerability using INUS therefore faces two challenges:
the morphological characterization of focal vulnerable lesions but also the assessment of the sysremic disease process29.186.

7.1.1 Morphology of focal, severely stenotic culprit lesions in patients with stable and unstable presentation
(FIGURES 102-107)

Initial IVUS studies have compared plague characteristics of focal, highly stenotic culprit lesions of patients presenting with stable and unstable coronary
svndromes. Plaque echolicency, which correlates with increased lipid content of plaques, has been associated with unstable clinical presentation (unstable
angina and acute myocardial infarction) (FIGUEE 102 12521 Recent studies describe a consistent association between unstable clinical presentation and
expansive (positive) arterial remodeling (FIGURES 103 AND 104)5=03.22-36

Our group compared pre-interventional IVUS images of patients with stable and unstable clinical presentation. The unstable group included 61 patients
with unstable angina and 24 patients with recent or acute mvocardial infarction. The stable group included 46 patients with stable angina. The direction of
remodeling was consistently related to clinical presentation. Expansive (positive) remodeling was significantly more common in the unstable group (51.8%
vs. 19.6%, p=0.001), and constrictive
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(negative) remodeling was more common in the stable group (56.5% vs. 31 8%, p = 0.001). The remodeling ratio was significantly greater in the unstable
group than in the stable group (1.06 £ 0.2 versus 0.94 £ 0.2, p = 0.008). Echolicent plagques were more frequent in the unstable than in the stable group
(19% vs. 4 %, p = 0.02)%.

Other studies reveal a consistent pattern. A comparative angicrﬁcupic and intracoronary ultrasound study found an association of angioscopic complex

lesions with expansive enlargement and unstable pres entation’=. In histological studies, evidence of plaque inflammation is associated with larger plaque

and EEM areas in femoral and coronary arterie g03.188.190.101 Tpece resplts suggest that expansive (positive) arterial remodeling is associated with lesions

characterized by an increased risk of plaque rupture.
102 103

A group of enzymes, the matrix metalloproteinases (MMP), appears to play an important role in both positive remodeling and plaque instability

This group of enzymes is central in the continuous production and degradation of matrix cumpunmtslg' 128 Our group investigated the relation between

MMP staining and direction of remodeling in human coronary lesions. We performed in vive IVUS and subsequently used directional coronary
atherectomy (DCA) to obtain histological specimens of the imaged lesion site in 35 patientsi_ MMP presence was associated with macrophages and
smooth muscle cells. Intense cellassociated staining for MMP 3 was significantly more common in lesions with expansive arterial remodeling than in lesions
with constrictive/intermediate remodeling (58% vs. 17%. p = 0.04). MMP 1. 2 and 9 were not different between lesions with expansive and
constrictive/intermediate remodeling.

Histological studies have been performed in femoral and coronary arteries confirming the relation between inflammation, MMP and remudelmg]
These results suggest that the degradation of extracellular matrix by MMP and other proteolytic enzvines may contribute to the expansion of the coronary
vessel wall, which is characteristic of expansive (positive) remodeling. Conversely, the fibrotic changes associated with constrictive (negative)

0w N0
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remodeling== may increase mternal plaque resistance to rupture. Thus, a paradox may exist in which expansive (positive) remodeling protects against
himinal narrowing, but increases the likelihood of a cascade of events leading to plaque ﬂ_tptlreﬁ_ The balance between inflammation and fibrosis may be

an important determinant of plaque progression‘regression Eﬂd‘if"l_]hlEfﬂbiﬁt‘_‘_-’E.

7.1.2 The rationale for prospective studies of mildly stenotic lesions (FIGURES 108-110)

Most current knowledge about the morphology of vulnerable plaques has been derived from plaques that had already ruptured. In these studies,
vulnerable plaques are characterized by a necrotic core, separated from the lumen by a thin fibrous cap. It is conceivable that these paradigms about
morphological changes of individual vulnerable plaques, based on autopsy studies of fatal coronary events_ are not applicable to in vive imaging of non-

fatal cases®>. The overwhelming evidence that most vulnerable lesions are not highly stenotic demonstrates that it is necessary to identify characteristics of
vulnerahbility in mildly stenotic lesions before rupture. Onlv such prospective studies can determine if morphological characteristics inchiding echolucency
and the extent and direction of arterial remodeling can predict the risk of developing acute coronary syndromes.

Most of the above-mentioned imaging results have been derived from severely stenotic “culprit lesions” examined at the time of coronary intervention
(FIGURES 106 AND 107). However, it is well known that pre-existing severe stenosis does not predict the site of future events< o =Ll In fact. most
acute coronary events are initiated from previously mildly stenotic lesion sites.

RE5u1t5 ﬁum I\’US studies Exarnjiﬁng mﬂdlv stenotic lesion are limited Mildly stenotic lesions are commonly found in the coronary tree of asymptomatic

v become destabilized and progress to rupture and thrombosis (FIGURES 108—110)8-12-182
A recent prospective IVUS 5tud§_.f of eatly, angngraphlca]l}f mildly stenotic lesions described characteristic remodeling patterns of vulnerable plaques

before mpmreg— A total of 114 coronary sites without significant stenosis by angiography (< 50% diameter stenosis) were identified and examined with
IVUS at baseline. During 2 years followup, 12 patients had an acute coronary event caused by a previously examined site. These “vulnerable” sites were
compared with lesions that did not cause acute events. At baseline, the vulnerable sites more frequently exhibited echolucent morphology and
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larger plaque areas with similar lumen areas, suggesting expansive (positive) remodeling.

Our group analyzed remodeling response in 251 mildly stenotic focal lesions (30% or less diameter stenosis by angiography) using IVUSZE. At the
lesion and proximal reference site, EEM area, lumen area; and plaque area were determined. The remodeling ratio (RE) was calculated by dividing the
EEM area at the lesion by that at the proximal reference site. Expansive (positive) and constrictive (negative) remodeling were defined as RE of 1.05, and
.95, respectively. We found expansive (positive) remodeling in 116 lesions (46%) and constrictive (negative) remodeling in 66 (26%). Plaque and lomen
area were significantly larger in lesions with expansive (positive) than constrictive (negative) remodeling (p = 0.04 and 0.0019). These results demonstrate
that expansive (positive) and constrictive (negative) remodeling does frequently occur in mildly stenotic lesions of native coronary artery disease. The
clinical significance is incompletely understood.

7.1.3 IVUS and other imaging modalities

While IVUS and other invasive imaging modalities, including optical coherence tomography and thermography, are important tools in clinical research™—.
non-invasive techniques will eventally be necessary to apply atherosclerosis imaging in a preventive setting CT and MREI are currently areas of intense
research, but it is important to emphasize that their resolution is significantly lower than IVUS="2"=-"="- and it would therefore be unrealistic to expect
clinical applications for the assessment of coronary plaque vulnerability in the near future.

7.2 ASSESSMENT OF DISEASE BURDEN/VOLUMETRIC ANALYSIS (FIGURES 117-125)

While the characterization of focal atherosclerotic lesions is important for the assessment of plaque composition and stability, pathological studies show
that coronary artery disease is a systemic process, with a multifocal distribution in the coronary tree=12 IVUS studies confirm in vivo that plaque

£

distribution is more diffuse than anticipated based on the angiographic appearance of focal stenosis (FIGURES 115, 116, 119, 120Y%23:112 The reason
for the discrepancy between angiographic and tomographic imaging methods is the process of outward expansion of the EEM area (expansive

remodeling) in early stages of coronary artery disease. allowing plaque development without lominal CDmprDmiSEE=E (Chapter 5.1.2).

There are several approaches to examine the diffuse disease process. The comparison of sequential lesions in the same artery could improve the
understanding of local and systemic factors influencing disease progression/'regression. The overall assessment of plaque burden will allow the guantitative
assessment of plaque progression and regression.

7.2.1 Sequential lesions (FIGURES 115, 116, 177, 178)

It is unknown whether sequential lesions in the same coronary artery have similar characteristics in regard to morphology, remodeling and vulnerability.
Similar characteristics would suggest the predominant effect of systemic triggers; different characteristics would attest to the prominent role of focal
factors. We examined 1002 angiographically mildly diseased coronary arteries and could identify 44 arteries with pairs of clearly delineated sequential

lesions=2. For each lesion. we measured the lumen and external elastic membrane (EEM) areas, at both target lesion and normal proximal reference sites.
Plaque area and percentage CSA area stenosis were calculated. The remodeling ratio (RE) and expansive (positive) and constrictive (negative)
remodeling were defined as described above. We found that the frequencies of expansive (positive) and constrictive (negative) remodeling were similar at
the proximal and distal lesions in the overall group. However; the correlation of the ER between proximal and distal lesions was weak (R = 0.334) and
there was no relation of the remodeling categories between proximal and distal lesions (/2 p=0.3). These preliminary results demonstrate that the
remodeling response of sequential lesions in adjacent vessel segments is independent. The biological relevance of this finding is unclear, but suggests that
local factors play an important role in modulating arterial remodeling.

7.2.2 Volumetric analysis (FIGURES 35, 128, 129)

In order to assess the overall disease process, it is necessary to analvze the spatial distribution of plaque burden and remodeling response along entire

68.60.217,

vessel segments 218 For quantitative, volumetric assessment of plaque burden, consecutive
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plaque area measurements performed at known distances are integrated along a vessel segment (Chapter 4.8). The ability of IVUS to precisely quantify
the extent of atherosclerotic plague burden is currently examined in serial regression-progression trials, in which plaque burden is the primary end- point
(FIGURES 35.128.129}5%82 (Chapter 7.3).

The prognostic role of plague burden is not completely understood. However, it is an attractive hypothesis that the effect of svstemic triggers canses
more instability when acting upon a larger plaque mass, therefore increasing the statistical chance of a clinical event. The assessment of plaque burden may,
therefore, be an important component in the assessment of plaque vulnerability

7.3 SERIAL EXAMINATION OF PROGRESSION-REGRESSION (FIGURES 126-178)

7.3.1 Matching (FIGURES 126-161)

Serial IVUS examination of the same lesion site or vessel segment can provide important insights into the progression and regression of coronary artery
disease. Serial studies require matching of the examined vessel site or segment to compared followup and baseline studies. Traditionally, individual images
have been compared side by side, using angiographic and IVUS landmarks (side-branches; pericardivm,_ and cardiac veins) to match sites (FIGURES
126 AND 127). The comparison of individual sites allows observation of temporal development of plaque morphology and size. Figures 130-161 show
examples of individual matched lesion sites at baseline and follow-up demonstrating many of the morphologic criteria described in earlier chapters. The
potential value but also the limitations of this approach are outlined in the accompanving fizure text.

A more precise quantitative approach of matching is used in volumetric IVUS progressionregression tnials. In these studies, motorized pullback
sequences of entire coronary segments, selected between two fiduciary points, are matched and compared (FIGURES 128 AND 129) (Chapter 4.8). A
target segment of a vessel is identified, the ultrasound catheter is placed distal to a fiduciary point such as a coronary branch, and a motorized pullback is
performed. Using the fiduciary side-branch as the starting point evenly spaced images (tvpically at 1 mm distance) are analyzed. Studies show that plagque

phis medial volume calculated in this manner is highly reproducible and that serial studies can detect very small changes in atheroma vohmme 502212 These
studies allow assessment of disease progression and regression.

7.3.2 Progression and regression (FIGURES 162-178)

Ty
kr=1

The detection and quantification of subclinical coronary atherosclerosis could allow serial monitoring during various therapeutic interventions®>%_ In
transplant vasculopathy, regression has occasionlly been observed2), and volumetric studies showed decreased disease progression with novel
immunosuppressive medications'= Other studies have demonstrated complex serial changes of plaque and EEM area after U’EﬂiplﬁntaﬁDﬂQTEH. In

native coronary artery disease using matched indridual images, the progression of plague area has been examined in a small study investigating the effect

of 3-vear treatment with pravastatin or diet in mildly diseased coronary arteries===_ Follow-up plaque area increased by 41 % in the control group but
decreased by 7% in the treatment group. In a similar study, the effect of low density bpoprotemn (LDL) apharesis on plaque regression was examined.

Plaque area decreased in the LDL apharesis groups (from 8 45 + 4 22 mm” to 7.76 = 4.34 mmz} over a 1-year follow-up period, but increased in the
control group (from 7.19 + 2 88 mm? to 8.08 = 3.14 rEIJII.Z)L In a serial, volmmetric IVUS analysis, Schartl and colleagues described plaque volume and
plaque morphology in a serial IVUS study during lipidlowering treatment=>. A total of 131 patients were randomized to treatment with atorvastatin or
“usual care’. which could include statin therapy. After 12 months. mean LDL-cholesterol was reduced from 155 to 86 mg/dl in the atorvastatin group and
from 166 to 140 mg/dl in the “nsual care” group. Mean absolite i:}laque volome showed a statistically insignificant smaller increase in the atorvastatin group
compared with the “usual care” group (1.2 = 30 versus 49.6 = 28.1 mm®. p=10.19). Echogenicity increased to a larger extent in the atorvastatin group

than in the “usual care’ group. Several other large IVUS regression-progression studies are currently undmva;-—ﬂﬁ_
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These include the Reversal of Atherosclerosis with Lipitor (REVERSAL) trial (657 patients), which is comparing two lipid-lowering regimens (expected
completion, 2003), and the Norvasc for Regression of Manifest Atherosclerotic Lesions (NOEMALISE) trial (430 patients), which is comparing
amlodipine_ enalapril. and placebo (expected completion, 2003). In both studies, INUS measurements of plaque burden represent the primary end-point.
Such studies avoid the inherent limitations of angiographic regression trials and have the potential to define a new standard for the evaliation of drug
therapy to limit the progression of atherosclerosis. Figures 162178 show examples of progression and regression in individually matched lesions. Figures
180-190 show case studies of progression and regression.

Prospective evidence that coronary plaque burden correlates with future clinical events is not available. However, studies using carotid ultrasound

demonstrate that intimal media thickness is correlated with clinical events2=.



Page 28

8
Conclusion

Our understanding of the pathophysiology of coronary artery disease and. in particular; acute coronary syndromes has significantly evolved over the last
decadel =12 In addition to understanding the mechanical and hemodynamic significance of severe stenosis, supported by angiography and other i vivo
diagnostic tools, we now understand the cellular, molecular and genetic biology of atherosclerotic plagques before ruptre. This expanding information has
also influenced the approach to imaging of coronary atherosclerosis with invasive and non-invasive modalities?= 2 1-83.226-128 (FIGURE 179). The precise

evaluation of individual severely stenotic lesions remains important in order to define the need and approach of revascularization. On the other hand.

identification of lesion vulnerability and quantification of plaque burden are emerging as tools of risk assessment o2

[VUS is an established clnical tool used in a wide variety of settings, ranging from more traditional indications related to percutaneous coronary
interventions to emerging applications in atherosclerosis imaging. In this Manual, we have described this spectrom of [VUS applications and their

importance in clinical applications.
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Section 2
The Atlas of Coronary Intravascular Ultrasound Imaging
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Basics of IVUS: introduction

Arterial anatomy

Intravascular ultrasound (TVUS) is a tomographic imaging modality performed during coronary angiography. IVUS imaging allows the simultaneous
assessment of lnmen,_ vessel wall, and atherosclerotic plaque. Therefore, IVUS is complementary to selective coronary angiography, which is limited to a
longitudinal sithouette of the imen.

The experience with IVUS imaging has provided important insights into the anatomy of atherosclerotic lesion development and can guide patient
management in different clinical situations. Clinical, interventional indications to pedform IVUS are ambiguous angiographic findings and the guidance of
percutansous coronary intervention (PCI). In addition, IVUS has been established as the method of choice for the detection and serial observation of
transplant vasculopathy and, more recently, serial observation of plaque burden in atherosclerosis regression-progression trials.

This Atlas illustrates the rationale, technique, and mnterpretation of IVUS imaging in diagnostic and therapeutic applications.

CHAPTER 1, REFERENCES 1-10

Figure 1 Principle of IVUS examination

Intravascular ultrasound (IWV1IS) is an invasive tomographic imaging modality. During cardiac catheterization, a coronary
IVUS catheter is advanced over a guidewire bevond the target lesion. The pullback through the lesion or segment of
interest results in a series of cross-sectional images.

Using a typical pullback speed of 0.5 mm's and a frame-rate of 30 images/s, 60 images will be available from a pullback
through a 1-mm segment. Typically, a subsample of these images is analyzed depending on the clinical indication.

The six IVUS cross-sections on the right demonstrate the identification of the worst lesion site and adjacent proximal and
distal reference sites. This approach is often used for the guidance of interventional procedures.

The multiple IVUS images on the left demonstrate the approach taken for volumetric IVUS examinations. Several images are
obtamed at constant mtervals, allowing three-dimensional reconstruction and volumetric analysis.

CHAPTER 1.1, REFERENCES 1. 9. 1
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Figure 2 IVUS equipment

The equipment required to perform intracoronary ultrasound consists of three major components: a catheter (A ) incorporating
a minfaturized ultrasound transducer (red arrow). a pullback device (B), and the TWUS console (C).

The #maging console inchides the hard- and software to convert the TVUS signal to the image, the monitor and recording
devices. Imaging studies are usually recorded on videotape, but newer systems permit digital recording and
permanent archiving on CD-ROM.

CHAPTER 1.2, REFERENCES 9. 1

Figure 3 IVUS equipment: catheter and motorized pullback sled

Current catheters range in size from 2.6 to 3.5 French (0.87-1.17 mm) and can be placed through a 6-French guiding
catheter. Mechanical and electronic catheter designs are used. Mechanical probes use a drive cable to rotate a
single ultrasound transducer at 1800 rpm. In contrast, electronic systems consist of multiple transducer elements (up
to 64) in an annular array which are activated sequentially to generate the image.

The pullback is performed either manually or using a motorized pullback device. Motorized pullback devices withdraw the
catheter at a constant speed of 0.5-1.0 mm/s.

CHAPTERS 1.2 AND 133, REFERENCES 9, 10
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Figure 4 IVUS equipment: catheter frequency and resolution

The ultrasound frequencies used in current catheter systems are centered at 2050 MHz. At 30 MHz, axial resohution is 150
um and lateral resohition averages 250 pm.

These three images show the difference in image quality between catheters with different imaging frequency. While the
higher resolution of 40 MHz catheters allows better detail differentiation of the vessel wall the signal speckle from
the intrahuminal blood is more prominent. This artifact can blur the border between the lumen and the intima.

CHAPTER 1.2.1, REFERENCES 9, 1

Figure 5 System settings: gain

Systems sefting are very important in order to avoid misinterpretation of IVUS findings. Gain refers to amplification of the
returned signal Increasing the overall gain can compensate for a low sensitivity catheter, but at the expense of
creating images with mncreased noise and decreased gray-scale mformation.

In this figure, the same mmage is shown while the gam is gradually increased (panels 1-5). Panel 3' fllustrates the findings from
panel 3.

CHAPTER 1.3.2, REFERENCES 9. 1



Figure 6 IVUS display

The standard display of TVUS svstems consists of individual cross-sectional images reviewed individually and as a video
sequence (right panels).

Motorized transducer pullback and digital storage of cross-sectional images are necessary for longitudinal image
reconstruction (L-mode; left panels). However, there are major limitations to the L-mode display. The changes of
vessel size during the cardiac cycle result in a characteristic artifact described as the “saw-tooth™ appearance. ECG-
triggered image acquisition of image frames in the same cardiac phase may eliminate this artifact.

Length measurements can be performed using the L-mode display. However, missing information about the threedimensional
vessel curvature i the L-mode is a limitation of these measurements.

CHAPTERS 1.3.4 AND 4.7 REFERENCES 14-1

Figure 7 Three-dimensional display

Scrolling through adjacent cross-sectional images of a pullback sequence allows the experienced operator to obtain a
threedimensional impression of the vessel segment.

Automated, three-dimensional reconstruction of IVUS mvolves the use of advanced computer rendering techniques to display
a shaded or wire-frame image of the vessel However, true three-dimensional techniques require registration of the
catheter path duning the pullback These methods are not vet included in current climical systems but are an exciting
area of research.

CHAPTER 1.3.4, REFERENCES 14-1
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Figure § Radiofrequency analysis

The raw TVUS signal is converted for conventional image presentation on the standard display. Additional analysis of the
reflected ultrasound signal analvzing several characteristics of the digitized ultrasound signal with integrated
radiofrequency analysis. backscatter analysis, and elastography, allows advanced tissue characterization and more
ohjective and reproducible methods of categorizing wall morphology and plaque components. However, the clinical
vahlie of these advanced image analysis modalities is not completely defined.

CHAPTER 1.3.5. REFERENCES 20-27
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The following figures demonstrate how the structures of the arterial wall are reflected in the IVUS image.
CHAPTER 2. REFERENCES 1-10, 32-37

[Media Vessel wall

L 1
' "*’i.-"r:fr.*f"’:tfi-:

Figure 9 Normal lumen and arterial wall

TVUS allows a detailed view of the arterial wall with a spatial resolution of about 150-250 pm. In the IVUS image, the
catheter is centered i the vessel surrounded by the hunen, vessel wall and adjacent structures.

The fine *speckle’ caused by reflections of the ultrasound at flowing ervthrocytes, differentiates humen and vessel wall In
high-quality images, the vessel wall shows three layers: the echodense mtima, the echolucent media and the more
echodense adventiia. However, the normal media often cannot be differentiated.

CHAPTER 2. REFERENCES 9, 10, 32-3
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Figure 10 Lumen

At frequencies > 20 MHz, flowing blood exhibits a characteristic pattern of echogenicity, observed as finely textured echoes
moving in a swirling pattern in video sequences. This blood “speckle” assists in differentiating between the lumen
and vessel wall.

Flushing of the vessel with saline or contrast during TVUS imaging can help to differentiate the lumen and vessel wall by
providing a umform signal during the injection, as shown in the image on the right (saline flush).

CHAPTER. 2.1, REFERENCES 9, 1

Figure 11 Lumen, saline flush

Blood speckle is more prominent at higher imaging frequencies, and may interfere with delineation of the blood-tissue
interface. The effect of flushing of the vessel with saline is more obvious in these sitnations, as shown in the images
on the right.

CHAPTER 2.1, REFERENCES 9, 1
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Figure 12 Dissection plane, saline flush

Flushing of the artery with saline or contrast during ITVTUS imaging can also help to differentiate the commumication between a
dissection plane and the lumen and demonstrate blood flow in a double lumen, as shown here.

CHAPTER 2.1, REFERENCES 9. 1

Figure 13 Adjacent structures

Depending on the size of the artery, adjacent structures mcluding arterial side-branches, cardiac veins, and the pericardnum
can be differentiated.

These structures are frequently used as landmarks for the matching m serial studies (see Chapter 7.3.1). In this figure, the
pericardial space is shown in blue and an arterial side-branch is seen at the 6 o”clock position.

CHAPTER 2.3, REFERENCES 9, 10, 37

Page 38
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Figure 14 Arterial side-branches

During the transducer pullback through the vessel arterial side-branches characteristically appear at the periphery of the
image and then join the imaged vessel.

Sequential images of a pullback sequence are shown. Two arterial side-branches (diagonal and septal branch) are seen joining
the left anterior descending artery.

CHAPTER 2.3, REFERENCES 9, 10, 37

Figure 15 Cardiac veins (1)

In contrast to arterial side-branches, cardiac veins run parallel to the artery or cross the artery but characteristically do not join
the imaged vessel.

Sequential images of a pullback sequence are shown. A vein crosses the vessel at the 7 o' clock position.

CHAPTER 2.3, REFERENCES 9. 10, 37
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Figure 16 Cardiac veins (2)

Cardiac veins can be differentiated from arterial side-branches by the systolic collapse (panel C (diastole) and B (svstole))
and by the fact that veins cross but do not join the arterv (panel A showing an arterial side-branch joining the vessel
while the vein crosses).

The identification of cardiac veins is important in the recently described percutaneous in sifu coronary arterv bypass (PICAB)
procedure. In this percutaneous coronary revascularization techmque, a conduit is created between a proximal
coronary vessel and a coronary vein.

CHAPTER 2.3, REFERENCES 9, 10, 37, 38

Figure 17 Bifurcation: left main aorta-ostium

The proximal segment of a side-branch, jomning the imaged vessel can often be evaluated during the TWUS pullback.
However, because of the eccentnic position of the catheter, these images are difficult to mterpret.

Transducer obliquity and eccentric position can result i an overestimation of measured dimensions and a reduction i image
quality, as shown here for the wall of the aorta at the aorto-ostial bifurcation. The ultrasound beam strikes the vessel
wall in a shallow angle, producing the thickened wall with different echogenicity.

CHAPTERS 2.4 AND 3.6, REFERENCES 9, 10, 48
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Image artifacts

Imaging artifacts are common and are important to understand for the proper interpretation of images. The most common artifacts are explained in the
following images.
CHAPTER 3, REFERENCES 45-50

Figure 18 Guide-wire artifact

Using monorail catheter technology, the gmde-wire lies outside of the transducer and causes a typical artifact, which is
characterized by a narrow-angled shadow. Depending on the settings and operating frequency, these artifacts can
be echolucent (left panels) or echodense (right panels).

CHAPTER 3.1, REFERENCES 9, 10, 45
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Figure 192 Ring-down artifact
Ring-down artifacts are usually observed as bright halos of variable thickness surrounding the catheter.

They are caused by acoustic oscillations in the transducer, which result in high-amphitude ultrasound signals that obscure the
area immediately adjacent to the catheter.

Ring-down artifacts create a zone of diagnostic uncertainty adjacent to the transducer surface.

CHAPTER 3.2, REFERENCES 9. 10, 45

Figure 20 Imaging artifacts: digital subtraction (1)

Electronic transducer systems allow image optimization performed at the beginning of the pullback. Ring-down is partially
reduced by digital subtraction of a reference mask. If it is incorrectly performed. digital subtraction has the potential
to remove relevant tissue reflections or introduce false borders.

The ahove images were obtained with an electronic IVUS/Doppler catheter combination. Blood flow is shown in red on the
left-hand images and allows the visualization of the digital subtraction effect. The signal-free space surrounding the
catheter is an artifact introduced by sub-optimal digital subtraction.

CHAPTER 3.2, REFERENCES 9. 10, 45
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Figure 21 Imaging artifacts: digital subtraction (2)
This fizure demonstrates the effect of incorrect digital subtraction.

In these images. different levels of digital subtraction cause an apparent change in luminal size. ITmages of the proximal
reference are shown in panel A and images of the lesion in panels B and C. The lesion appears tighter in panel B
than i panel C_ which are taken at exactly the same site during the process of digital subtractions. The apparently
larger lumen in panel C is caused by artificial signal drop-out around the catheter.

CHAPTER 3.2, REFERENCES 9, 10, 45

Figure 22 Imaging artifacts: non-uniform rotational distortion

An important artifact, ‘non-uniform rotational distortion’ (NURD), arises from uneven drag on the drive cable of mechanical
catheters, resulting in cyclical oscillations in rotational transducer speed. observed as visible distortion of the image.

NURD can occur for a number of reasons, including the presence of acute bends i the artery, tortuous guiding catheter

shapes, kinking of the imaging sheath, or small umen of the guiding catheter. A frequent, reversible cause is
excessive tightening of the hemostatic valve.

CHAPTER 3.3, REFERENCES 9, 10, 45



Figure 23 Image artifact: slow flow versus thrombus

The intensity of the blood speckle increases exponentially as blood flow velocity decreases. Therefore, flow stagnation can
limit the ability to differentiate lumen from echolucent tissue, including soft plaque, neomtima, and thrombus. This
artifact is often encountered when the catheter is advanced across a tight stenosis.

In this figure, the brown-shaded areas were interpreted as an infracoronary thrombus.

CHAPTER 3 4, REFERENCES 9, 10, 82

Figure 24 Image artifacts: coronary pulsation

The changes of pressure and flow in the coronary circulation lead to characteristic changes of arterial size and shape during
the cardiac cycle. Svstolic and diastolic frames are shown in the upper part of this fizure. The difference in size and
shape of the vessel is flustrated i the graphics below. In normal arteries, the diameter is maximal in svstole,
although flow is maximal in diastole, when resistance to flow in the small intramyocardial vessels is minimal.

CHAPTER 3.5, REFERENCES 46, 47
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Figure 25 Image artifacts: muscle bridge

The cvclic pattern of artery size is reversed at the site of muscle bridges. Here, the artery size reaches a minimum during
systole, caused by the contraction of the muscle surrounding the vessel.

Figure 26 Imaging artifacts: partial image reconstruction

The IVUS image is reconstructed at 30 frames per second. Occasionally, part of an image results from two subsequent
frames. This can introduce false borders, as shown in this example.

In this figure, three consecutive image frames (A, B, C) are shown. Frame B shows the effect of partial image reconstruction
with the introduction of a characteristic step in the contour of the intima at the 9 o”clock position. This is fllustrated in
the illustrations (D, E. F).

The figure demonstrates that careful analysis of IVUS images always mcludes a review of adjacent images in order to
recognize such artifacts.

CHAPTER 3.5, REFERENCES 9, 1



Page 46

Figure 27 Imaging artifacts: calcium shadow
Calcium is an important part of atherosclerotic plagues and TVUS has a high sensitivity in its detection. However, almost all
IVUS energy is reflected by calcium, causing a characteristic signal drop-out or multiple reflections of concentric
arcs behind the calcified tissue. Therefore, the vessel wall behind calcified plagues cannot reliably be seen

Calcium deposits are described gqualitatively according to their location and distribution as superficial or deep. In addition. the

arc of calcium can be measured in degrees.
0,49, 50

CHAPTERS 3.7 AND 4.4, REFERENCES 9. 1
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IVUS measurements

The following fisures demonstrate standard measurements performed in individnal TVUS images.
For IVUS measurement, manual or automated planimetry of the limen-intima border and external elastic membrane border (EEM) is performed and

distance and area measurements are derived.
In recent position papers from the AHA/ACC and ESC, these measurements have been reviewed and standardized.

CHAPTER 4 REFERENCES 9, 10

Figure 285 Area measurements, planimetry

The strong signal originating at the lumen-intima and external elastic membrane (EEM) border allow manual or automated
planimetry of the lumen and EEM. Area measurements are calculated as follows:

Lumen CS4: the area bounded by the luminal border
EEM CS54: the area hounded by the adventitial border

Atheroma C85A4: the EEM CSA nunus the lumen CSA

CHAPTER 4. REFERENCES 9, 1
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Figure 292 Circumference and diameter measurements
Once the lumen border and external elastic membrane (EEM) border have been delineated by planimetrv, the following

measurements are obtamned.
Minimum and maximum lumen diameters: the shortest and longest diameters through the center point of the lumen
Minimum and maximum EEM diamerers: the shortest and longest diameters through the center point of the EEM

Minimal and maximal plague thiclmesses are directly measured as the minimal and maximal distances between the lumen
and EEM tracings.

CHAPTER 4 REFERENCES 9, 1

Figure 30 Plaque (atheroma) measurements
Atheroma measurements are derived by subtracting the lumen area from the EEM area.
Atheroma CSA: the EEM CSA minus the lumen CSA (FIGURE 28)

Maximum and minimum atheroma thicknesses: the largest or shortest distance from the intimal leading edge to the EEM
along anyv line passing through the center of the lumen (FIGURE 29).

Atherama burden: atheroma CSA divided by EEM CSA as a percentage. The atheroma burden represents the area within
the EEM occupied by atheroma regardless of the himinal stenosis.

It should be realized that the atheroma burden. which is the percentage of the EEM area occupied by atheroma. is not
equivalent to angiographic percentage stenosis, which represents an expression of luminal narrowing at the lesion
relative to a reference segment.

In this fioure, two highlv stenotic lesion sites are shown. Importantly, the size of the plaque and the atheroma burden of the
lesion in the right panels is significantly larger, despite the similar hunen dimensions (compare Ficure 36).

CHAPTER 4.3, REFERENCES 9, 10
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Figure 31 Remodeling measurements
Arterial remodeling refers to the changes in EEM area that ocour during the development of atherosclerotic lesions.

The comparison of the EEM area at the lesion site with the EEM area at the proximal or distal reference site defines the
remodeling response. A number of dichotomous definitions of remodeling have been proposed.

In this figure, the commonly used definition based on the comparison between the proximal reference and lesion site is shown.
The remodeling ratio (RR) is calculated as:

RR = EEM lesion’'EEM proximal reference

Expansive (posttive), intermediate and constrictive (negative) remodeling are defined as RR > 1.05, 0.95-1.05, and < 0.95,
respectively.

CHAPTER 4.5, REFERENCES 9, 10, 55
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Figure 32 Coronary stent measurements

The stent adds an additional border to the IVUS image. The following measurements are commonly reported:

Stenr C5.4: the area bounded by the stent struts.

Maximum and minimum stent diameters: the longest and shortest diameters through the center of mass of the stent.
Stenr symmetry: 100 x [(maximum stent diameter—mininmum stent diameter) divided by maximum stent diameter].

Stent expansion: the mininmm stent CSA compared with a reference area, which can be the proximal distal largest, or
average reference area

Strut apposition refers to the proximity of stent struts to the arterial wall Good apposttion is defined as sufficiently close
contact to preclude blood flow between anv strut and the underlying wall.

CHAPTER 4.6, REFERENCES 9, 10, 66, 67



Figure 33 Covered stent

In this fiure a stent covered with a plastic foil is shown. These stents have recently been introduced and are occasionally
used for the treatment of vessel dissections. The foil causes a hazy shadow behind the stent.

CHAPTER 4.6, REFERENCES 9, 1

Figure 34 In-stent restenosis measurements

The neointimal tissue proliferation of m-stent restenosis 1s demonstrated in this fizure by the orange color in the right image
and is located mside the stent struts. Measurements of maximal and mimmal thicknesses and areas of this tissue can
be performed.

CHAPTER 4.6, FEFERENCES 9. 1
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Atheroma volume (mm3) =
sum of areas (mm?) x slice thickness

Figure 35 Quantitative volumetric IVUS analysis

For volumetric analysis of plaque burden. a segment of interest is selected between two characteristic fiduciary points
(startand end-point). Starting at the distal fiduciary location, evenly spaced single frames are selected from the
digitized pullback sequence at 0.5—1.0-mm intervals. For each of the selected frames, the lumen and EEM cross-
sectional areas are measured. The Simpson equation is apphed to calculate plague volume by multiplying plaque area
and distance between adjacent tnages. An alternative approach is the ECG-gated/triggered selection of framesin a
pre-defined relation to the cardiac cvcle.
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Plaque (atheroma) morphology

Atheroma morphology describes characteristics of focal lesion sites.

Geometric characteristics are the relation between plaque size and severity of stenosis (mildly stenotic versus highly stenotic lesion), the longitudinal
extent of the lesion (diffuse versus focal), the circumferential extent of the stenosis (eccentric versus concentric), and the extent and direction of
remodeling.

Lesion echogenecity reflects undetlying tissue composition. Typically, echolucent (“soft”™). and echodense (“fibrous’ and “calcified’) plaques are
differentiated.

CHAPTER 5, REFERENCES 9, 10, 333

Figure 36 Geometry: lesion severity

A direct comparison between IVUS and angiography demonstrates that the extent and severity of disease by angiography and
ultrasound are frequently discrepant. IVUS studies demonstrate that the size of the atheroma is not closely related
to the size of the lumen. This phenomenon is a consequence of two major factors. the diffuse nature of
atherosclerosis affecting the angiographically ‘normal reference site’ and adaptive enlargement of the EEM area
(expansive or positive remodeling). which maintains himen size despite plaque progression.

The complex relationship between plaque and himen size is exemplified in this fisure, which shows two lesions with similar
plague area. In the lefi-hand panels, the plaque is accommodated by expansion of the vessel size and has not led to

humninal stenosis. In contrast, plaque accumulation has caused significant stenosis at the site of the lesion shown in
the righthand panels (compare to Figure 30).

CHAPTER 5.1.1, REFERENCES 35, 74 75
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Figure 37 Geometry: arterial remodeling

The relation between plagque and imen size is complex because of changes in vessel size (arterial remodeling) during lesion
development. Arterial remodeling was mitially described in necropsy specimens by Glagov and colleagues. who
reported an expansion of the EEM area at atherosclerotic lesion sites (expansive or positive remodeling].

IVUS studies have subsequently confirmed these findings but also demonstrated the opposite process: constrictive or negative
remodeling describes the shrinkage of the EEM area at diseased sites, contributing to himinal stenosis.

CHAPTER 5.1.2. REFERENCES 55-65

Figure 38 Expansive remodeling and early plaque accumulation

In a studv examining postmortem human coronary arteries, Glagov and colleagues described a positive correlation between
EEM and atheroma area for lesions with a stenosis < 40%. The authors hypothesized that this phenomenon
represented a compensatory mechanism to preserve lumen size in early atherosclerotic lesions.

This image shows a mildly stenotic lesion with expansive remodeling, maintaining himen size at the lesion site.

CHAPTER 5.1.2. REFERENCES 35, 56
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Figure 39 Expansive arterial remodeling
IVUS allows in vivo assessment of remodeling. Initial IVUS studies demonstrated expansive (positive) remodeling in severely

stenotic culprit lesions. An example is shown in this fisure. At the lesion site (middle panels), plaque accumulation is
associated with an expansion of vessel size. The EEM area is larger at the lesion site than at the adjacent proximal

reference site.

CHAPTER 5.1.2, REFERENCES 5558

Figure 40 Constrictive arterial remodeling
Subsequent TVUS studies demonstrated shrinkage of the EEM area at the lesion site. This process is called constrictive or

negative remodeling.
Constrictive remodeling was first described after percutaneous coronary intervention, but can also be observed in de nove

lesions, contributing to hminal stenosis.
In this fizure, a severely stenotic lesion with constrictive remodeling is shown. In contrast to the previous figure, the EEM area

is smaller at the lesion site than at the adjacent reference site.

CHAPTER 5.1.2, REFERENCES 36, 59-63



Figure 41 Remodeling and lesion stahility

Several IVUS studies have examined the relationship between remodeling and clinical presentation in patients with coronary
artery disease. In hemodynamically significant lesions, expansive remodeling is significantly more frequent in
patients with unstable clinical presentation.

In a prospective study, expansive remodeling of mildly stenotic lesions at baseline was associated with an increased risk of

acute coronary events during follow-up. Based on these results, it has been hypothesized that expansive arterial
remodeling is related to vulnerability of mildly stenotic lesions (see Chapter 7.1).

This figure shows a mildly stenotic lesion with positive remodeling at the lesion site.

Figure 42 Constrictive remodeling: lesion stability

In contrast to Figure 41, this image shows a mildly stenotic lesion with negative remodeling. It has been suggested that the
fibrotic changes associated with plague healing/stabilization may cause negative remodeling.
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Figure 43 Geometry: eccentricity

The circumferential distribution of the atheroma is described by its eccentricity (see Chapter 4 3). Panel A shows an eccentric
plaque and panel C a concentric plaque. Most lesions fall in between these two (panel B).

Early lesions and lesions at vessel bifurcations are characterized by eccentric distribution, suggesting a relation between local
flow hemodynamics and lesion development.

CHAPTER 5.1.3, REFERENCES 3944

Figure 44 Geometry: diffuse disease

The strength of coronary angiography is the precise description of focal severe luminal stenoses. However, it is well known
that the atherosclerotic disease process is more diffuse. frequently reflected in angiographic “mild huminal
irregularities”. TVUS imaging has confirmed the diffuse character of coronary artery disease. It is difficult to
describe the longitudinal extent of disease burden and there are currently no clear guidelines. An emerging approach
is the description of plagque volumes in entire vessel segments (see Chapters 4.8 and 7.2).

These images show adjacent slices in a coronary segment with moderate diffuse plague burden. INote that plaque is found in
each of the four adjacent image slices but that morphology varies from echolucent (panel 3) to “calcified” (panel 2).

CHAPTER 5.1.4, REFERENCES 9, 10, 74 75
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Figure 45 Plagque echogenicity

Ultrasound provides information about the morphology of atherosclerotic plaques in vivo. Lipid-rich lesions generate
lowintensity, hypoechoic echoes (panel A). Fibrous tissues are relatively echogenic (panel B). Calcified plaques
cause a characteristic acoustic shadowing (panel C).

Standard image mterpretation relies on simple visual nspection of acoustic reflections to determine plaque composition.
However, the texture of different tissue components may exhibit comparable acoustic properties and therefore
appear quite similar by TVTUS.

More objective and automated classification of atheromatous lesions is possible with advanced ultrasound data analvsis.
Radiofrequency analvsis and elastography have been validated in ex vivo studies against histology and are emerging
for clinical application (see Chapter 1.3.5).

Figure 46 Calcified plaques

ITWVUS imaging has high sensitivity for the detection of coronary caleification. The sigmficance of coronary calcifications is
complex and the relation to plaque stability are unclear. Large calcifications may be associated with lesion stability.
In contrast, microcalcifications, which are not well reflected in IVUS mmages, are frequently found i hpid-rich
necrotic core areas of unstable plagues.

In this figure, several adjacent image shices of a calcified but mildly stenotic plaque are shown.



Figure 47 Mixed plagues, necrotic core

Coronary plaques frequently contain tissue components with different acoustical characteristics. The TVUS image of mixed
plaques can vary between echolucent and echodense, with and without shadowing.

The finding of a hypodense area separated from the hunen by a hyperdense “cap’, as shown in this figure, is often assumed to

be evidence of a necrotic core with a fibrous cap. However, most fibrous caps are too thin to be resolved by IVUS
and a zone of reduced echogenicity may also be attributable to an intramural hemorrhage, or thrombus.

CHAPTER 5.2 4 REFERENCES 22, 7678

Figure 48 Echogenicity of the necrotic core

The histological correlate of a hypodense region of a plaque, as shown by IVUS (see Figure 47), is often unclear. Similarly,
the TVUS appearance of a plague with a documented necrotic core can also vary.

In this figure, matched histology and TVUS #nages of a coronary artery examined ex vivo are shown. The plaque shows a
necrotic core by histology, but appears “echodense’ by IVUS. Histological studies have demonstrated that necrotic
lesions often contain microcalcifications mixed with lipid. This mayv explam the spectrum of echogenicity seen in
comparative studies.

CHAPTER 5.2 4. REFERENCES 22, 7681
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Figure 49 Thrombus

By IVUS, intraluminal thrombus is usually recognized as an intrahuminal mass, often with a layered, lobulated, or pedunculated
appearance. Thrombi may appear relatively echolucent or have a more vaniable gray scale. Blood flow in
‘microchannels” may also be apparent within some thrombi (Figures 67-70). Stagnant blood flow can simulate a
thrombus with a gravish-white accumulation of specular echoes within the vascular lumen. Injection of contrast or
saline may disperse stagnant blood and allow differentiation of stasis from thrombosis. However, IVUS is unreliable

in differentiating acute thrombi from echolucent plaques.

In this fioure, an intrahuminal filling defect is shown, which was interpreted as a thrombus.

CHAPTER 5.2.5, REFERENCE 82

Figure 50 Thrombus/layered plague

Thrombus often has a layered appearance on IVUS, as shown in this fizure. However, the precise pathophysiological
correlate of this finding is unclear. It is interesting that recent histological studies describe layered plaques with
buried fibrous caps as evidence of previous recurrent events of plague rupture, thrombosis and healing.

CHAPTER 5.2.5. REFERENCES 82, 179, 180
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Figure 51 Intracoronary thrombus (1)

A clinical example of angiographically confirmed intracoronary thrombus is shown in this fimwre. By IVUS, the thrombus has a
layered appearance with varving echogemicity making the assessment of the exact size and the differentiation of the
lumen difficult. The angiogram clearly shows the mtraluminal filling defect in the mid left anterior descending artery.

CHAPTER. 5.2.5, REFERENCES 9, 10, 82

Figure 52 Intracoronary thrombus (2)

The patient was initially treated with an intensive antithrombotic regimen. However, because of repeated ischemic episodes
PCI was eventually performed. At the same site as shown in Figure 51, the pre- and post-stenting images are
shown.

CHAPTER 5.2.5. REFERENCE §2



Figure 53 Venous bypass grafts

In vein grafts. wall morphology and plaque characteristics are different from those in native coronary arteries. The wall of the
bypass graft is free from the surrounding tissue and has no side-branches. I situ vein grafts do not have an EEM.
However, vein grafts typically undergo ‘arterialization” with morphological changes that include mtimal fibrous
thickening, medial hypertrophy, and lipid deposition. IVUS measurements; inchuding plaque plus media area and
plaque burden, are performed in a similar fashion to those in native coronary disease.

CHAPTER 5.2.7. REFERENCES 3, 10

Figure 54 Unstable (*vulnerable®) lesions (1)

Most acute coronary syndromes (ACS) are caused by the rupture or erosion of vulnerable plagues. Plaque vulnerahility is
defined as the tendency of a lesion to rupture or erode, causing subsequent thrombosis, and is therefore a
praspective definition. The identification of vulnerable lesions before mpture is complex and the current role of in
vivo maging modalities is still imited.

This figure shows adjacent images from a mildly stenotic lesion with evidence of rupture (panels 3 and 4). This lesion did not
caunse clinical symptoms. Current prospective IVUS studies describing morphological characteristics of such mildly
stenotic lesion may provide insights into the development of unstable (vulnerable) lesions.

CHAPTER 5.2 8, REFERENCES 2. 10, 8

87
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Figure 55 Unstable (*vulnerable’) lesions (2)

TVUS cannot prospectively identify a plaque as vulnerable. However, there is consistent evidence that echolucent,
presumably lipid-laden. and expansive (positive) remodeled plagues more frequently lead to acute coronary
svndromes. For these lesions, the terms “high-risk plaque’” and ‘thin-cap-necrotic-core atheroma’ have heen
suggested.

This figure fllustrates the findings from Figure 54. In the image slices adjacent to the ruptured site (panel 3), the plaque
demonstrates echolucency and expansive remodeling.

CHAPTER 52.8, REFERENCES 85-96

Figure 56 Unstable (*vulnerable®) lesions, plagque ulceration and plaque rupture
TWVUS criteria for the identification of plaque rupture at culprit lesions have been described. An example of plague rupture is

shown in this figure. Adjacent images demonstrate a plaque cavity in the middle panel and a tissue flap in the left
panel.
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Figure 57 Plague rupture

Plaque rupture or ulceration is defined by TVUS as a recess in the plaque beginning at the luminal-intimal border. Features
supporting mtimal disruption are #rregular mtimal surfaces of ulcerated plagues and visible torn edges i video
sequences. Blood flow in the vessel wall cavity is an important criterion and contrast injections may be used to
prove and define the communication pomnt. However; ruptured plaques may have a highly variable appearance by
IVUS, i particular in the presence of a superimposed thrombus, which 1s a hallmark of ruptured lesions in
histological studies.

This fizure shows a ruptured plaque with a rematning cavity at the 6 o”clock position.

Figure 58 Plague rupture: comparison IVUS and angiography

This illustration demonstrates a cavity in the vessel wall of the ostial left anterior descending artery identified with TVUS and
angiographv. The angiographic appearance of these cawvities is a focal area of bulging of the lamen. The size of the
plague is not directly seen with angiography. The patient presented with an acute myocardial infarction secondary to
the occhisive lesion of the mid left anterior descending artery.



Figure 59 Plagque rupture with large cavity (1)

An example of plaque rupture with large cavity is shown in this fisure. Sequential images from a pullback demonstrate an
eccentric plaque with a large cavity. In the video sequences, blood flow could clearly be seen in the cavity,
confirming the communication between lumen and cavity. An echodense narrow structure separates the cavity from
the lumen in panel 4 and could represent remnants of the fibrous cap.

CHAPTER. 5.2 8, REFERENCES 9. 10, 86, 87

Figure 60 Plague rupture with large cavity (2)

The illustration of Ficure 5% demonstrates the large cavity in the vessel wall It is unclear why the cavity is not filled by
thrombus, which is one of the characteristics of ruptured plaques in histological studies. It is also not known if such a
lesion represents an active lesion with high risk of subsequent thrombosis or if such lesions could be stable remnants
of past rupture.

Page 64



Figure 61 Healed plagque rupture? (1)

Recent histological studies demonstrate that plaque rupture is a frequent event and often chnically asymptomatic. The TVUS
examination of vessel segments not related to acute coronary events occasionally shows cavities in the vessel wall,
as shown in this figure.

Tt is an attractive hypothesis that they could be remnants of healed plaque rupture, but this is not proven by histological studies

or serial in vivo imaging.

CHAPTER 528 REFERENCES 9, 10, 86, 87, 179-181_ 184188

Figure 62 Healed plague rupture? (2)

The fisure demonstrates angiographic and IVUS images of an asymptomatic patient with a cavity in the vessel wall at the
proximal left anterior descending artery. The cavities seen on the IVUS #mage at the 11 o”clock position correspond
to the focal bulge at the proximal left anterior descending artery (arrow) (compare with Fizure 58).

CHAPTER 5.2 8. REFERENCES 9. 10, 85-87. 179-181, 184, 185
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Figure 63 Healed plague rupture? (3)

A more subtle example of such a cavity is shown m this fisure. Sequential images from a pullback show evidence of a cavity
at the 7 o"clock position.

CHAPTER 5.2 8, REFERENCES 9, 10, 86, 87, 179181, 184188

Figure 64 Healed plague rupture? (4)

The color illustration of the previous figure demonstrates the asvmmetric shape of the imen with the cavity at the 7 o'clock
position.

CHAPTER 5.2.8, REFERENCES 9, 10, 86, 87, 179181, 184188
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Figure 65 Differential diagnosis of plaque rupture: vessel branch

Importantly, a side-branch entering the main vessel can appear as a plaque cavity on individual still images. The evalation of
adjacent images can differentiate these findings and should always be performed carefully.

Figure 66 Coronary aneurvsm

A true coronary aneurysm describes a vessel expansion mvolving all layers of the vessel wall. A frequently used definition
requires that the EEM and lumen are > 50% larger than those of the proximal reference segment. Of note,
expansive (positive) arterial remodeling and focal aneurvsms may be related processes on a spectrum of disease
manifestations. A psendoaneurysm is defined as a disruption of the EEM. usually observed after intervention (see
Figures 99 and 100).

CHAPTER 5.2.9, REFERENCES 9. 10, 87
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Figure 67 True versus false lumen? (1)

It is sometimes difficult to differentiate true versus false vessel imen. Possible hints are that a true lumen is surrounded by
the vessel mtima. media. and adventitia.

This figure shows images from a patient who presented with stable angina_ In the left panel a severe stenosis is

demonstrated. Tt is unclear if the hvpodense areas in the plaque (middle and right images) represent a false himen
secondary to recanalization of a thrombosed true lumen.

CHAPTERS 5.2.5 AND 5.2.9, REFERENCES 9, 10
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Figure 68 True versus false lumen? (2)

In this fizure, several images of the corresponding angiogram obtained during several phases of contrast injection, are shown.
The severe lesion of the night coronary artery is obvious, confirming the IVUS findings. An explanation of the
additional IVUS findings was not found.

CHAPTERS 5.2.5 AND 529 REFERENCES 9, 1
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Figure 69: True versus false lumen? (3)

PCI of the right coronary artery lesion was performed. In this figure, the pre- and post-interventional angiogram and TVTUS
are shown together.

CHAPTERS 5.2.5 AND 5.2.9, REFERENCES 9, 10

Figure 70 True versus false lumen? (4)

The color-illustrated pre- and post-interventional TVTIS images are shown here. Despite careful analysis, the pre-interventional
anatomy remained unclear but was thought to represent false channels in a thrombosed true lumen.

CHAPTERS 525 AND 5.2.9 REFERENCES 9, 1



Figure 71 Coronary arteritis

This figure shows the post-procedural angiogram and TVUS (panels A and B) from a voung patient, who presented with an
acute myocardial infarction in 2001. A stent was placed in the left anterior descending artery. The smooth
narrowing on the angiogram proximal to a stent corresponds to a large concentric plaque burden, as demonstrated
by IVUS.

Two vears later, the patient underwent coronary artery bypass graft for progression of coronary disease. The ascending aorta
showed signs of significant thickening and mflammation and was replaced during the surgery (panel C). The
pathology was consistent with Takavasu arteritis.

The postoperative magnetic resonance imaging scan shows evidence of mild wall thickening in the aortic arch distal to the
grafted ascending aorta (panel D).

It remained unclear if the TVUS finding in 2001 represented mflammatory wall thickening of the coronary arteries.

CHAPTER 5.2.9, REFERENCES 9. 10, 98
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Established clinical applications

Established clinical indications to perform IVUS are the evalation of unclear angiographic finding. the guidance of percutaneous coronary intervention
(PCI), and the assessment of transplant vasculopathy. More recently, INVUS is performed in serial studies examining the progression‘regression of

coronary arterial disease (Chapter 7).
CHAPTER 6

ASSESSMENT OF ANGIOGRAPHICALLY INDETERMINATE LESIONS

Angiographically normal coronary arteries are encountered in 10—15% of patients undergoing catheterization for suspected coronary disease. [IVUS
commonly detects occult disease in these patients.

Certain lesion subsets elude accurate angiographic characterization, despite thorongh examination using multiple radiographic projections. These
angiographically ambiguous lesions include lesions with intermediate stenotic severity, ostial stenosis, left main stem lesions, and dissections after coronary
angioplasty.

IVUS is frequently emploved to examine lesions with the above characteristics, in some cases providing additional evidence useful in determining
whether the stenosis is clinically significant. In other clinical situations, it may be preferable to obtain hemodynamic information.

CHAPTER 6.1, REFERENCES 95-103

Figure 72 Angiographically indeterminate lesion (1. 1)

Figures 7276 show angiographic and IVUS images of a hazy proximal left anterior descending artery (LAD) lesion. The
patient had classic exertional angina and a stress test was consistent with anterior wall ischemia Despite evaliation
in several angiographic planes. the angiographic assessment was incomplete and the stenosis severity of the
proximal LAD lesion remained unclear. A physiological assessment (fractional-flow reserve (FFR) = 0.85) was not
consistent with a hemodvnamically significant lesion. The operator decided to perform TVUS.

CHAPTER 6.1. REFERENCES 99-103
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Figure 73 Angiographically indeterminate lesion (1.2)

Intravascular ultrasound of the proximal LAD demonstrated a relatively tight stenosis (panels 2 and 4). The minimal luminal

area at site 2 was less than 4 mm®. which is a frequently used TVTUS criteria of significant stenosis. The proximal
LAD demonstrates heavy calcification (panels 4 and 3).

CHAPTER 6.1, REFEREMNCES 99-103
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Figure 74 Angiographically indeterminate lesion (1.3)

The mtravascular ultrasound findings are illustrated in this figure. The tight stenosis at sites 2 and 4 is obvious. The large
plague burden at site 4 is also noteworthy.

CHAPTER 6.1, REFERENCES 99-103



Figure 75 Angiographically indeterminate lesion (1.4)

The findings at the worst lesion site and the distal reference site are compared in this fisure. Based on this IVUS information,
PCI was performed.

CHAPTER 6.1, REFERENCES: 29-103

Figure 76 Angiographically indeterminate lesion (1.5)

The PCI included initial rotablation (panels A and B) and subsequent stenting (panel C) of the proximal LAD. Plaque shift at
the LATY/L.CX hifurcation during the inflation of the LAD stent caused a new obstruction of the LCX ostinm (panel
D). Therefore, a simultaneous balloon inflation in the LAD and LCX (kissing balloon technique}(panel E) was
performed. It is remarkable but not surprising that the plaque shift occurred at a site with large plaque burden
(Figures 73 and 74, panel 4).

CHAPTER 6.1, REFERENCES, 99-103
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Figure 77 Angiographically indeterminate lesion (2.1)

Figures 7779 are an example of the disparities that exist between angiography and ultrasound after percutaneous coronary
interventions. The post-interventional shape of the lumen may be extremely complex, with plaque fissures or deep
wall dissections.

The figure shows the angiogram and IVUS images after PTCA and stenting of a mid LAD lesion in the setting of an acute
myvocardial mfarction. The coronary segment proximal to the stent, where balloon mflations have been performed, is
angiographically not clearly defined and appears ‘hazy’. TVUS was performed to further evaluate the anatomy
(panels 5 and 6).

CHAPTER 6.1. FEFERENCES 99-103
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Figure 78 Angiographically indeterminate lesion (2.2)

The illustrations of the IVUS images (panels 3—6 from Figure 77) demonstrate the expanded and well-opposed stent struts in
panel 3. However, a tight, complex stenosis is documented proximal to the stent in panel 5. The luminal area at site 5

was less than 4 mm?”. which is a frequently used TVUS critenion of significant stenosis.

CHAPTER 6.1, REFERENCES 99-103
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post 1st stent

Figure 79 Angiographically indeterminate lesion (2.3)

Based on these findings. an additional stent was deploved proximal to the first stent with minimal overlap. The excellent
angiographic results are shown in this fioure.

CHAPTER 6.1, REFERENCES 99-103
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Figure 80 Angiographically indeterminate lesion: left main disease (1)

Assessment of left mamn (LM) disease by angiography represents a particularly difficult clinical problem. Aortic cusp
opacification or “streaming” of contrast may obscure the ostium, the short length of the vessel may leave no normal
segment for comparison. and the distal left main artery may be concealed by the LAD/LCX bifurcation. In most
cases, careful angiographic assessment can establish the diagnosis.

In selected cases, IVUS can provide additional information. For a complete interrogation of the LM it is important that a slow
pullback of the ultrasound transducer is performed with the suiding catheter disengaged from the LM ostium.

In this fizure, the angiogram shows a contrast-filled structure in the distal LM (site A). with an additional hazy lesion in the
ostivm of the LAD (site B

IVUS demonstrates a severe ostial lesion of the LAD (panel B). In the distal LM, an eccentric plaque with a large cavity,
which is connected to the lomen_ is demonstrated (panel A).

CHAPTER 6.1.1, REFERENCES 104-106



Figure 81 Angiographically indeterminate lesion: left main disease (2)

This illustration of the findings in Figure 50 demonstrates the severe ostial lesion of the LAD (right panels) and the cavity in
the distal LM (left panels). This plaque cavity has probably developed after lesion rupture.

CHAPTER 6.1.1, REFERENCES 104-106

Figure 82 Left main coronary artery: ostial narrowing

The assessment of the LM ostinm is often particularly challenging. Importantly, recent IVUS studies have demonstrated
physiological non-atherosclerotic ostial LM narrowing. This phenomenon has also been called “reverse tapering’
and cannot be differentiated from an ostial atherosclerotic stenosis by angiography alone.

CHAPTER 6.1.1, REFERENCE 106
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Assessment of transplant vasculopathy

An important application of IVUS is the diagnosis and serial observation of transplant vasculopathv. Coronary transplant vasculopathy represents the
major cause of death after the first vear following transplantation. Its development is often clinically silent because the transplanted heart is denervated.
Ischemia by functional testing does not usually occur until the disease is advanced.

Surveillance angiography identifies focal stenotic disease in 10—20% of patients at 1 vear and 50% by 5 vears after transplantation. However, it
underestimates the diffuse nature of transplant vasculopathy.

IVUS allows the assessment of eatly plaque accomulation before himinal stenosis develops and has emerged as the optimal method for early detection.

CHAPTER 6.2, REFERENCES 107-126

Figure 83 Transplant vasculopathy

Using IVUS, evidence of vasculopathy (defined as abnormal intimal thickening > 0.5 mm) is detected in 50% of patients by 1
year. Transplant vasculopathy, which develops after transplantation, must be differentiated from donor disease that
is transplanted mto the recipient.

Despite the voung donor age. conventional atherosclerosis is frequently present in donor hearts. In a study from our group;
atherosclerotic lesions were detected in 56% of patients at a mean donor age of 32 }rearsﬁ_

In this figure, serial images at the same site in a vessel segment are shown at baseline (upper panels) and at 1 -year followup
(lower panels). The mterval development of sigmficant intimal thickening is clearly shown. More recent [IVUS
studies of transplant vasculopathy utilize a volumetric analysis of intimal changes (see Chapter 7.2).

CHAPTER 6.2, REFERENCES 118-124



Interventional applications

Although TVUS has plaved a pivotal role in understanding the effects of interventional devices, the precise chinical role for ultrasound during intervention
has; for the most part, not been well defined in large-scale clinical trials. It would be beyvond the scope of this Atlas to discuss specific details of
interventional indications. However, the pertinent literature is summarized in the Manual. The following slides demonstrate the interaction between

percutaneous coronary intervention and plaque characteristics.
CHAPTER 6.3, REFERENCES 88, 90-93, 102, 103, 127-129

Figure 84 Vessel wall characteristics and coronary stent expansion (1)

Recent clinical IVUS studies describe how pre-interventional plaque characteristics, including plaque echogenicity and
remodeling. determine the revascularization rate of the target lesion.

This and the next figure show the stent expansion at the site of a tight lesion and the mildly diseased reference site. The
tnages demonstrate how plaque size, composition, and eccentricity mfluence the extent of stent expansion.
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Figure 85 Vessel wall characteristics and coronary stent expansion (2)

The illustration of the previous ficure shows the more eccentric residual plaque distribution at the lesion site (left panels). In
contrast, the stented reference lumen is more circular and symmetric (right panels).

Figure 86 Plaque burden and coronary stenting (1)

This and the next figure illustrate the complex mteraction of plaque burden. remodeling and humen size during mtervention.

In the upper row, the reference site (panel 1.3). pre-interventional lesion site (panel 1.2). and post-interventional lesion site
(panel 1.1) of a lesion with a large plaque burden and expansive remodeling are shown.

In the lower row, the reference site (panel 2.3). pre-interventional lesion site (panel 2 2). and post-interventional lesion site
(panel 2.1) of a lesion with a small plaque burden and constrictive remodeling are shown.

CHAPTER 6.3.1, REFERENCES 90-93, 127-12
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Figure §7 Plagque burden and coronary stenting (2)

The illustrated images demonstrate the large plaque burden with expansive remodeling at the lesion site in the upper row

(panel 1.2), and a smaller plaque burden with constrictive remodeling at the lesion site in the lower row (panel 2.2).
Despite the large differences in plaque size at the lesion site, the huminal dimensions [and hence the angiographic
appearance) of these lesions are similar. However, it is conceivable that the responses to PCI are different.

CHAPTER 6.3.1. REFERENCES 50-53, 127-12

Figure 88 Expansive remodeling and coronary stenting
This figure shows a lesion with expansive (positive) remodeling at the lesion site before and after stenting

Recent studies describe that PTCA is associated with a higher target lesion revascularization rate in expansive (positive)
remodeled lesions. However; in other studies, this relationship was not found after stenting.

CHAPTER 6.3.1. REFERENCES 127-12
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Figure 8§92 Constrictive remodeling and coronary stenting

In contrast to Figure 88, this figure shows a lesion with constrictive (negative) remodeling at the lesion site before and after
stenting. According to the afore-mentioned studies, constrictive (negative) remodeling is associated with decrease
target lesion revascularization rate after PTCA.

CHAPTER 6.3.1, REFERENCES 127-125

Figure 90 Coronary stenting: unopposed stent struts
IWVUS #maging has played an important role in understanding the benefits of stent therapy.

Columbo and colleagues demonstrated that stent deplovment with conventional balloon pressures resulted in a high incidence
of incomplete stent expansion. Subsequent studies demonstrated that intravascular ultrasound-guided hishpressure
dilatation achieved full expansion and complete stent apposition in a large percentage of patients, using only aspirin
and ticlopidine after the procedure.

Larger trials demonstrated the safety of stent implantation using high pressures and antiplatelet therapy alone (without IVUS
guidance]. Consistent with these later trials, IVUS is not routinely used for stent optimization today although there is
great variability i its application from center to center.

CHAPTER 6.3.3, REFERENCES 148-154




Figure 91 Complications of PCI: dissection
TVUS is commeonly emploved to identify dissections and other complications after mtervention.

In this figure, a relatively large dissection flap is seen after PCI at the site of balloon inflation (6 o clock position in the right
panel).

CHAPTER 6.3.4, REFERENCES 51-53, 134, 155

pre-PCI post-guide-wire

Figure 92 Complications of IVUS/PCI: dissection (1)

The safety of intracoronary ultrasound is well documented. Major complications, including dissection or vessel closure, are
uncommon (less than < 0.5%) and tvpically occur in patients undergoing mtervention rather than diagnostic imaging.

Despite this favorable safety profile, subselective coronary mstrumentation always carries a potential risk of significant vessel
infury and should only be performed by operators experienced in diagnostic and interventional therapeutic
intracoronary catheter manipulation.

In the following figures (Figures 92—95) a case of dissection after diagnostic TVUS is demonstrated. The angiogram after
insertion of the guide-wire shows an intravascular filling defect in the mid-RCA.

CHAPTERS 1.3.1 AND 6.3.4, REFERENCES 11, 1
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Figure 923 Complications of IVUS/PCI: dissection (2)
Adjacent IVUS images at the lesion site are shown. The images confirm a intralwminal filling defect consistent with a

dissection and supenimposed thrombus. The flap/ thrombus appears as a free-floating structure in panels 1-3 and
opposed to the wall in panels 4-7.

CHAPTERS 1.3.1 AND 6.3 .4, REFERENCES 9-12

Figure 94 Complications of IVUS/PCI: dissection (3)

The TVUS findings are illustrated in this figure. The distal end of the dissection flap/thrombus is surrounded by blood flow,
giving the appearance of a free-floating structure.

CHAPTERS 1.3.1 AND 6.3 .4, REFERENCES 9-11
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Figure 95 Complications of IVUS/PCI: dissection (4)

Percutaneous coronary intervention was performed. The pre- and post-interventional angiograms are shown. The dissection
flap was opposed to the wall by a coronary stent.

CHAPTERS 1.5.1 AND 6.3 4, REFERENCES 11, 12
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Figure 96 Dissection after stenting (1)

In this figure, post-interventional IVUS mmages of a small dissection at the proximal edge of a stent are seen immediately after
stent deplovment.

CHAPTER 6.3 4, REFERENCES 51-33, 134 155
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Figure 97 Dissection after stenting (2)

The enlarged ilustration of panel 3 from the previous figure clearly shows a small dissection flap at the 3 o'clock position. The
struts at 7 o’clock are the proximal end of the deployed stent.

CHAPTER 6.3.4 REFERENCES 51-53, 134, 155

Figure 98 Intramural hematoma post-PCI

An mtramural hematoma 1s defined as an accumulation of blood within the medial space, displacing the internal elastic
membrane inward and EEM outward. The entry and/or exit points may be observed.

In this example. an intramural hematoma (arrow) has developed after PTCA of a tight RCA lesion.



Figure 99 Chronic coronary arterial wall dissection behind stent (1)

These images were obtamned during repeat angiography several weeks after stent placement in the mid LAD. The
angiography 15 consistent with a spiral dissection, which is confirmed by IVUS. The subacute dissection 1s located
behind the stent struts.

CHAPTER 6.3.4, REFERENCES 51-53, 134, 155

Figure 100 Chronic coronary arterial wall dissection behind stent (2)

These images show the angiogram and the IVUS images of another patient, who developed a chromic dissection at the
proximal edge of a previously placed stent.

The angiographv shows a contrast pool outside the lumen, consistent with a dissection. The IVUS images demonstrate that
the dissection is located behind the stent struts.

CHAPTER 6.3 4, REFERENCES 51-53, 134, 155
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Figure 101 Complications of PCI: in-stent restenosis (ISR)

Unlike the restenotic response after angioplasty or atherectomy, which is a mixture of constrictive (negative) arterial
remodeling and neointimal growth, in-stent restenosis is primarily due to neointimal proliferation.

The intimal hyperplasia characteristic of early in-stent restenosis often exhibits very low echogenicity. Appropriate system
settings are critical to aveid suppressing this relative non-echogenic material The intimal hyperplasia of late in-stent
restenosis often appears more echogenic.

CHAPTER 6.3.5, REFERENCES 73, 83, 156-161
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Evolving clinical and research applications

Exciting new applications for [VUS are the assessment and serial observation of plaque burden and mechanisms of atherosclerosis development, inclading
plaque stability ~ulnerability.

These evolving clinical and research applications, summarized as “atherosclerosis imaging”, have already enhanced our understanding of atherosclerotic
plaque development and will likely have an important impact on coronary artery disease prevention.

ASSESSMENT OF PLAQUE VULNERABILITY

Rupture or supetficial erosion of vulnerable coronary plaques with subsequent thrombosis represents the principal pathophysiology underlving most acute
coronary syndromes. Plague vulnerability describes a temporary activated state of atherosclerotic plaques, leading to a higher risk of plaque rupture and
thrombosis. Most vulnerable plaques stabilize either without rupture or after episodes of rupture and fibrosis, and only in a few cases do rupture and
thrombosis lead to vessel occlusion and acute coronary svndromes.

The i1 vive identification of vulnerable plaques before rupture would allow the development of interventions directed at plaque stabilization. However,
because valnerable lesions are a temporary stage in plaque development, thetr temporal and spatial distribution in the entire coronary tree is highly dynamic
and dependent on the clinical situation

The assessment of plaque vulnerability using [VUS therefore faces two challenges: the morphologic charactenization of focal lesions but also the
assessment of the sysremic disease process.

Currently, a reliable identification of vulnerable plaque before rupture is not possible with IVUS.

CHAPTER 7.1, REFERENCES 29, 170189
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Figure 102 Plague vulnerability: necrotic core

IVUS studies have compared plaque characteristics in severely stenotic culprit lesions of patients with stable and unstable
coronary syndromes. Plaque echolucency, which correlates with the lipid content of plaques, has been associated
with the clinical presentation of unstable angina.

This figure illustrates a plaque with heterogeneous composition showing a prominent echolucent core and an echogenic border
structure at the lumen- intima nterface. It is not completely clear if this morphology reflects a necrotic core and
fibrous cap, which are the histological charactenistic of vulnerable lesions. It is important to consider that most
fibrous caps are too thin to be resolved by IVUS and a zone of reduced echogenicity may also be attributable to an
intramural hemorrhage, or thrombus. Therefore reliable identification of “vulnerable’ lesions is currently not possible.

CHAPTER 7.1, REFERENCES 7678, 85, §8-92_186

Figure 103 Plague vulnerahility and expansive remodeling

Recent histological and TVUS studies describe an association between clinical presentation and remnde]ing of the culprit
lesion. In patients presenting with unstable angina or acute m}'m::ardja] infarction, expansive (positive) remodeling is
significantly more prevalent than i patients presenting with stable angma The outward remodeled lesion sites
typically harbor significantly larger plaques and are characterized by an mntense mflammatory response.

In these images from a patient presenting with an acute myocardial mfarction, the lesion site demonstrates expansive
(positive) remodeling and a ruptured plaque.

CHAPTER 7.1, REFERENCES 64, 65, 91-95, 180, 191



Figure 104 Constrictive remodeling and stable clinical presentation

Conversely, lesions causing stable angina are frequently characterized by constrictive {negative) remodeling. It has been
proposed that the fibrotic changes associated with negative remodeling mav increase internal plaque resistance to

rupture.

CHAPTER 7.1, REFERENCES 64, 65, 203, 204
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Figure 105 Plaque vulnerability: rupture and thrombosis

Maost acute coronary syndromes are initiated by plague rupture or erosion of mildly stenotic lesions. The size and stahility of
the developing superimposed thrombus determine the clinical fate of the patient. A large occlusive thrombus causes
acute myocardial infarction or sudden cardiac death (SCD). A small thrombus may initiate a form of plaque healing
and may frequently be asymptomatic.

The identification of thrombus with IVUS 1s unreliable, because of varying echogenicity. It is therefore likely that the
identification of plague rupture with IVUS is limited in the presence of a superimposed thrombus.

In these images of a patient presenting with an acute coronary syndrome, a plaque with areas of low echogenicity 1s shown.
The lavered appearance evident in panel 1 is further evidence for thrombus.

CHAPTER 7.1, REFERENCES 82, 179, 180
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Figure 106 Plagque vulnerability: rupture of culprit lesion (1)

Plaque rupture at culprit lesion sites causing acute coronary svadromes has been well described in histological studies.
However, the temporal relationship between acute event and morphological findings with inaging modalities is not
well understood.

TVUS pullback through diseased segments often reveals plaque cavities. Although it is generally accepted that these cavities
reflect the remnants of ruptured plaques, the absence of thrombus is remarkable. However, histological studies have
described that finding previously.

In this and the following figure, a plague cavity in the distal left main artery in conjunction with a severely stenotic lesion in the
proximal left anterior descending artery is shown.

CHAPTER 7.1, REFERENCES 85-87_179, 180, 181, 186

Figure 107 Plague vulnerahility: rupture of culprit lesion (2)

The illustration of the previous ficure clearly shows the large plague burden of the highly stenotic lesion in the proximal left
anterior descending artery (panel 4) and the plaque cavity in the distal left main artery (panel 5).

CHAPTER 7.1, REFERENCES 9. 10, 85-87, 179, 180, 181, 186
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Figure 108 Plaque vulnerability: rupture of mildly stenotic lesions

Most acute coronary syndromes are initiated after sudden changes of mildly stenotic plaques, which did not cause prior
symptoms. Therefore prospective examination of mildly stenotic lesions would be the most promising approach in
identifying morphological characteristics associated with future plaque rupture and clinical events.

In this fizure, a moderate stenotic lesion with plaque rupture is shown. This lesion did not cause clinical symptoms.

CHAPTER 7.1.2, REFERENCES 84, 96, 176, 179, 180, 186

Figure 109 Plague vulnerahility: ropture distant of culprit lesion (1)

Recent studies describe that most episodes of plaque rupture are clinically silent and only occasionally result in an acute
coronary syndrome.

In this fizure, an example of a mildly stenotic lesion with evidence of plague rupture is shown. The lesion did not cause clinical
Symptoms.

CHAPTER 7.1.2, REFERENCES 85, 179188
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Figure 110 Plague vulnerahility: rupture distant of culprit lesion (2)

Angioscopic, angiographic and TVUS studies have demonstrated lesions with characteristics of plaque vulnerability or rupture
at sites other than the culprit lesion in patients presenting with acute coronary syndromes.

The illustration of these images from the previous figure clearly show the site of rupture.

CHAPTER 7.1.2, REFERENCES 85, 179-188

Figure 111 Plaque vulnerability: rupture and calcification (1)

The relation between plagque vulnerability rupture and calcification is complex and only partially understood. Large
calcifications may be associated with stable lesions. In contrast. microcalcifications are frequently found in lipid-rich
necrotic core areas of unstable plagues and mav not be well reflected in TVUS images.

An example of a calcified lesion with an adjacent prominent plaque cavity is shown in this figure.

CHAPTERS 5.2.3 AND 7.1, REFERENCES £0. §1
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Figure 112 Plaque vulnerability: rupture and calcification (2)

The illustration of the previous fizure shows the close relation between the plaque cavity and lesion calcification. However,
the pathophysiological relation between rupture, vulnerability and calcification is not well known.

CHAPTERS 5.2.3 AND 7.1, REFERENCES &0, §1

Figure 113 Plague vulnerahbility: rupture and intramural hematoma? (1)

In this fizure, a plaque ulceration (panels 6 and 7) 1s continuous with an mtramural hematoma (panel 4). While well known in
the aorta, the pathophysiology of these entities is less well described in the coronary arteries. and comparative
histological studies are not available.

CHAPTER 7.1, REFERENCES 9, 1
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Figure 114 Plaque vulnerability: rupture and intramural hematoma? (2)

This illustration demonstrates the intramural hematoma (no blood flow on video sequence) and the plaque ulceration (blood
flow in the cavity).

CHAPTER 7.1, REFERENCES 9, 10

Figure 115 Plague vulnerahility: a multifocal disease process, sequential lesions (1)

Histological studies show that most vulnerable plaques stabilize either without rupture or after episodes of rupture and fibrosis,
and onlv i a few cases do rupture and subsequent thrombosis lead to vessel occlusion and acute coronary
svndromes. These studies suggest recurrent episodes of plaque rupture and healing along coronary arteries.

Systemic, e.g. mflammatory triggers may mitiate the multifocal development of vulnerable lesions, mereasing the hikelhood of
an acute chnical event. Therefore the temporal and spatial distributions of vulnerable lesions in the entire coronary
tree are highly dvnamic and dependent on the clinical situation.

In this fizure, six adjacent image shces from a right coronary artery are shown. The patient presented with an acute coronary
syndrome with the culprit lesion in the left coronary artery. However, the right coronarv artery has ample evidence
of vulnerahbility at several sites including a lavered plaque appearance in panel 2 and plaque ulceration in panels 5
and 6.

CHAPTER 7.1, REFERENCES 85, 17918
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Figure 116 Plague vulnerahility: a diffuse disease process. sequential lesions (2)

The illustration of panels 1, 2, and 5 from the previous figure demonstrates these findings. Panel 1 shows a relatively large
eccentric plaque. At site 2, the plaque is layered, suggesting thrombus. Panel 5 shows a plaque rupture.

The examination of sequential lesions in relation to systemic markers of disease activity may help in understanding the
influence between local and systemic influences on plaque stability.

CHAPTER 7.1, REFERENCES 85, 175-189
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Assessment of plaque burden/volumetric analysis

While the characterization of focal atherosclerotic lesions is important, pathological studies show that coronary artery disease is a systemic process, with a
diffuse distribution in the coronary tree. IVUS studies confirm in vivo that plaque distribution is more diffuse than anticipated based on the angiographic
appearance of focal stenosis.

Wohmmetric analysis of atherosclerotic plaque burden is therefore better suited to the assessment of the extent of coronary artery disease.

Figure 117 Mild diffuse disease at vessel bifurcation (1)

The assessment of adjacent images slices along coronary segments allows the assessment of the spatial distribution of focal
lesions but also the volumetric assessment of the overall plaque burden.

In these consecutive images from a coronary segment, atherosclerotic disease is only found at vessel branches (panels 2, 4
and 6), a site of early atherosclerosis. The overall disease burden is small.

CHAPTER 7.2, REFERENCES 3944 68, 69



Figure 118 Mild diffuse disease at vessel bifurcation (2)

The mild lesions at sites 2_ 5 and 6 of the previous ficure are illustrated in this fisure. Characteristically, these bifurcation
lesions are eccentric with maximal plaque thickness located opposite to the flow divider.

CHAPTER 7.2, REFERENCES 394

Figure 119 Moderate diffuse disease, morphology (1)

More advanced disease with larger plaque burden is shown in this fisure. Adjacent images from a vessel segment
demonstrate mild to moderate plaque accumulation in every image, but different morphology. Taken together, these
individual plaque areas reflect a moderate plaque burden.

CHAPTER 7.2. REFERENCES 68, 69
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Figure 120 Moderate diffuse disease, morphology (2)

Four images of the previous fisure are illustrated here. An eccentric fibrous plague is found at site 1, and a calcified
concentric plaque is found at site 4. The different morphologies in adjacent images demonstrate the heterogeneity of
atherosclerotic lesions in the same segment. These observations suggest that local factors may modify the systemic
plaque accumulation typical of atherosclerosis.

CHAPTER 7.2, REFERENCES 68, 69
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Fiogure 121 Moderate diffuse disease, plaque burden (1)

Another example of a diffuselv diseased vessel segment is shown in these images. Significant plaque accumulation is
obhserved in each image; however, secondary to changes of vessel size, the severity of stenosis is not homogeneous.
The plaque area can be measured in each image and added to an overall plaque burden (see Figures 15, 128 129).

CHAPTER 7.2, REFERENCES 68, 69, 219
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Figure 122 Moderate diffuse disease, plague burden (2)

Panels 1, 2. 5 and 6 of the previous fizure are illustrated. For quantitative volametric assessment of plaque burden, consecutive
plaque area measurements are integrated along a vessel segment (see Figures 15, 128 129).

The ability of ultrasound to precisely quantify the extent of atherosclerotic plaque is used i regression-progression trials
examining serial changes of plaque burden during pharmacological therapy.

CHAPTER 7.2, REFERENCES 68, 69. 219

Figure 123 Diffuse disease: lack of reference site

In segments with diffuse disease, it is often difficult to find normal reference sites. In these cases, the lumen. as reflected in
the angiogram, may appear almost normal (angiographic mild irregularities) despite large plague burden

In this fizure, three adjacent tmages are shown. The size of the lumen tapers from proximal to distal An angiographic
comparison of lnmen size would not reveal the relative large plaque burden at all three #mage slices.

CHAPTER 7.2, REFERENCES 74, 75
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Figure 124 Diffuse disease: sequential lesions (1)

TWVUS pullbacks i diffusely diseased vessels often allow the identification of more than one focal lesion. The examination of
sequential lesions in relation to systemic markers of disease activity may help to understand the influence between
local and svstemic influences on plague morphology.

In this figure, the remodeling responses of two sequential lesions in the same vessel are compared. Both have constrictive

remodeling. suggesting the strong influence of systemic factors on remodeling. The remodeling ratios of the proximal
and distal lesion are 18.9/19.9 =0.95 and 14 2/15.5 =092

CHAPTER 7.2, REFERENCE 116

Figure 125 Diffuse disease: sequential lesions (2)

In contrast to figure 124, the remodeling responses of these two sequential lesions in the same coronary segment are
discordant. Discordant remodeling response suggests that local factors modify the response of mdvidual lesions, or
that lesions in different stages of development are affected in different ways by the systemic environment.

CHAPTER 7.2, REFERENCE 116
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Serial examination of progression-regression of coronary artery disease

Serial IVUS examinations of the same lesion or vessel segment can provide important insights into the progression and regression of coronary artery

disease and plaque stability.
For the gualitative understanding of morphological changes between baseline and follow-up examination, comparison of single matched image slices is

very usefil
However, perfect matching is often not possible and the differences between baseline and follow-up images may in part be related to a slightly different

itnage position.
Therefore, volmmetric analysis of vessel segments is a preferred alternative for guantitative comparisons.

(distal |
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Figure 126 Matched lesions: individual images (1)

Serial studies require matching of the lesion site and comparison of baseline and follow-up images. Individual images are
compared side by side, using angiographic and TVTIS landmarks (side-branches, pericardinm, and cardiac veins) to

match sites.

This figure shows images of a mildly stenotic lesion at baseline and follow-up imaging 18 months later. The arterial
sidebranches (arrows) can serve as landmarks for matching.
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Figure 127 Matched lesions: matching individual images (2)

In this fllustration of the previous figure, these landmarks (veins and calcifications) are identified. Matching of individual
images at the worst lesion site is bmited by changes in plaque size and morphology between baseline and follow-up.

Figure 128 Matched lesions: matching segments (1)

For serial volumetric analvsis, a vessel segment is selected between two fiduciary points (Chapter 4 8). The ultrasound
catheter is placed bevond the distal fiduciary point and a motorized pullback is performed through the selected
segment. Multiple, evenly spaced image slices (selected at 0.5—1 mm intervals or based on ECG gating) are

obtained and analvzed. In this and the next fisure, the volumetric approach is illustrated. Images of the fiduciary
points and several image slices in the selected segment are shown.
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Figure 129 Matched lesions: matching segments (2)

This figure is an illustration of the volumetric assessment of plaque burden. Studies show that plaque plus media vohime
calculated in this manner is highly reproducible and that serial studies can detect very small changes in atheroma
volume.

Fiogure 130 Matched lesions: location (1)

This figure shows images of a lesion site and adjacent reference sites at baseline and follow-up imaging 18 months later. The
eccentric plaque and the venous branch on the opposite site (arrow) allow a relative reliable match.



Figure 131 Matched lesions: location (2)

In this fllustration of the previous fisure, only the lesion site is shown at baseline and follow-up imaging. The plaque area is
almost unchanged in size and morphology.

Figure 132 Matched lesions: limitations—image rotation (1)

This figure shows matched images of a lesion site and adjacent reference sites at baseline and follow-up imaging 18 months
later. The venous branch serves as landmark.

In companson to the baseline image, the image at follow-up is rotated clockwise by about 20°. Rotation can make the visual
process of matching more difficult.

CHAPTER 7.3.1, REFERENCES 9. 10. 68. 69
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Figure 133 Matched lesions: limitations—image rotation (2)
This illustration of the previous fisure shows the lesion site at baseline and follow-up.

The differences in rotation can be observed by the different positions of the venous structure (arrow). The lesion is almost
unchanged in size but appears more echogenic in the images at follow-up. However, a comparison of the
surrounding connective tissue demonstrates that the entire image is brighter and that plaque and adventitia have
sitmilar echodensities. The apparent difference in plaque echogenicity is caused by different image settings.

CHAPTER 7.3.1, REFERENCES 9, 10, 68, 69
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Figure 134 Aatched lesions: limitation—system settings (1)

This figsure shows adjacent images of a lesion at baseline and follow-up imaging 18 months later. The arterial side-branches
(arrows) can serve as landmarks for matching.

Differences in system settings at baseline and follow-up are obvious. The overall gain was lower in the follow-up images,
giving the plaque a more echolucent appearance. It is important to observe these differences in order to aveid
mismterpretation of morphology in senial studies.

CHAPTER 7.3.1, REFERENCES 9, 10, 68. 6
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Figure 135 Matched lesions: limitation—system settings (2)
The illustration of the previous fisure demonstrates the differences in image setting.

The more echolucent appearance of the lesion at follow-up is secondary to a lower image gain at follow-up. This becomes
obvious by comparing the echogenicities of the adventitia (small squares i left panels).

CHAPTER 7.3.1, REFERENCES 9. 10, 68, 69
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Figure 136 Matched lesions: morphology (1)

This figure shows matched images of several adjacent sites of a coronary segment at baseline and follow-up imaging 18
months later.

Plague morphologies are different in adjacent images, with notable calcifications m panels A and C. Senal imaging allows the
ohservation of morphological changes over time.

In a recent serial IVUS study, examining 131 patients at baseline and after 12 months™ treatment with bpid-lowenng
medications, echogenicity increased to a larger extent in the treatment group than in the control group, suggesting a
possible relationship between lesion stability and morphology.

CHAPTER 7.3.1, REFERENCES 68. 69, 219
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Figure 137 Matched lesions: morphology (2)

The illustration of the baseline and follow-up images at site C of the previous figure show the similarity in the arterial wall
calcification i this artery.

The serial examination of lesions will further clarify the role of coronary calcifications m plaque stability/ vulnerability (see
Chapter 5.2 3).

Figure 138 Matched lesions: morphology—echolucent core (1)

The serial observation of lesions with characteristics of vulnerability will be of particular interest. In this figure, an example of
a plagque with heterogeneous morphology is shown at baseline and follow-up. A small echolucent core is
demonstrated at baseline (7 o clock position). The echolucent core appears smaller with more calcification at
follow-up. It is an attractive hypothesis that this finding reflects changes of a necrotic core. However, the
significance of these findings is currently unclear.

CHAPTER 7.5.1, REFERENCES 68, 69, 80, 81, 203, 204, 219, 223
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Figure 139 Matched lesions: morphology—echolucent core (2)

In this fioure, another example of a heterogensous plague with an echolucent core is shown at baseline and follow-up. Such
lesions are thought to represent unstable lesion (see Chapter 5.2 8).

Surprisingly, in this example, plaque morphology, including the central echolucent area, is very similar at follow-up 18 months
later.

CHAPTER 7.3.1, REFERENCES 68, 69, 204, 219
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Figure 140 Matched lesions: thrombus? (1)

In this example, matched baseline and 1 -month follow-up images are shown of a coronary segment containing a lesion with
characteristics suggestive of thrombus. Panels D and D (the most proximal site] show a echodense lesion. In
panels C and C”, the plaque has both echodense and echolucent components, a finding consistent with layers of
thrombus. In panels A and B, a focal area of echolucency is seen at baseline (arrow).

CHAPTER 7.5.1. REFERENCES 68, 69, 82



Figure 141 Matched lesions: thrombus (2)

The illustration of panel A from Figure 140, shows that this focal echolucent filling defect is still present at 1-month followup,
suggesting either thrombus or a very echolucent plaque.

CHAPTER 7.3.1, REFERENCES 68, 69, §2

Fiogure 142 Matched lesions: rupture at follow-up (1)

Recent TVUS studies have demonstrated plaque ulceration and rupture at non-culprit lesion sites. An exciting aspect of serial
inaging will be the longitudinal observation of such lesions with characteristics of instability and rupture.

In this example, matched lesion sites are shown at baseline and follow-up after 18 months. The lesion site at follow-up shows

evidence of rupture at the 5 o’clock position. The description of plaque morphology at baseline may eventually allow
the finding of characteristics of plagues at risk to rupture.
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| Baseline |

Follow-up

Figure 143 Matched lesions: ruptore at follow-up (2)

Another example of plagque rupture at the follow-up examination is shown in this and the next two figures. Matched lesion
sites are shown at baseline and follow-up. Sites B and C show evidence of rupture at follow-up.

Fioure 144 Matched lesions: rupture at follow-up (2)

This figure shows enlarged images of sites B and C of the previous fisure. The plaque cavitv at follow-up is obvious at the 3
o’ clock position.

CHAPTER 7.3.1, REFERENCES 8587, 17918
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| Follow-up ._ T

Figure 145 Matched lesions: rupture at follow-up (3)

This figure ilustrates the findings of site B from the previous figure. The shallow plague cavity (6 o"clock position) is
demonstrated.

CHAPTER 7.3.1. REFERENCES 85-87, 179189

Fiogure 146 Matched lesions: rupture at follow-up (4)

This figure ilustrates the findings of site C from Ficure 144. The cavity is deeper than at site B (Figure 143) and is partially
separated from the lumen by an echodense structure, which likely reflects the fibrous cap.

CHAPTER 7.3.1, REFERENCES 85-87, 179-189
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Figure 147 Matched lesions: rupture and intramural hematoma (1)
An example of plaque rupture at the follow-up examination associated with a suspected intramural hematoma is shown in this

and the next two fizures. Matched lesion sites are shown at baseline and follow-up. Sites C and D show evidence of
intramural hematoma and rupture at follow-up, respectively. (see Figure 38)

CHAPTER 7.5.1, REFERENCES 179189

I_Fnllnw-up_;

Figure 148 Matched lesions: rupture and intramural hematoma (2)
This figure shows enlarged images of sites C and D of the previous figure.

The echolucent area in image D" probably represents an intramural thrombus. Image C° demonstrates evidence of plague
rupture at the 10 o’ clock position.

CHAPTER 7.5.1, REFERENCES 179189
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Figure 149 Matched lesions: rupture and intramural hematoma (3)
This figure shows illustrations of tmages of sites C and D of the previous figure.

The echolucent area in image D' probably represents a thrombus/intramural hematoma. Image C' demonstrates evidence of
plague rnupture at the 10 o clock position.

CHAPTER 7.3.1, REFERENCES 179189
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Figure 150 Matched lesions: rupture at baseline (1)

In this fizure, a plaque with evidence of rupture at baseline is shown. The findings are explamed and illustrated in the following
figure.

CHAPTER 7.5.1, REFERENCES 8587, 179-18
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Figure 151 Matched lesions: rupture at baseline (2)
The illustrations of panels 3, 4. and 5 of the previous fimure show the structures of the plaque in detail.

The thin echodense structure in panel 3, separating lnmen and plaque, mayv represent a fibrous cap. In more proximal images
(panels 4 and 3), this structure is mterrupted with flow m the cavity, suggesting plaque rupture.

CHAPTER 7.3.1, REFERENCES 8587 179189
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Figure 152 Matched lesions: rupture at baseline (3)
In this fiure, the same vessel segment seen in the previous figures is shown at follow-up 1 month later.

The slice position of the eight images has been matched carefully to those in Figure 150, The similarity of plaque morphology
is striking and is illustrated in the next two fioures.

CHAPTER 7.5.1, REFERENCES 85-87, 179189
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Figure 153 Matched lesions: rupture at baseline (4)

The illustrations of panels 3, 4. and 5 of the previous fimwe show the structures of the plaque in detail.

Again seen is the thin echodense structure in panel 3 which may represent a fibrous cap. In more proximal images (panels 4
and 5), this structure is interrupted with flow in the cavity, suggesting plague rupture (compare to baseline, Figure
151).

CHAPTER 7.3.1, REFERENCES 8587 179189

Figure 154 Matched lesions: rupture at baseline (5)
The comparison between baseline and follow-up shows almost no morphological changes.

This example demonstrates how serial observation of lesion morphology could improve our understanding of lesion
progression-regression. A hmitation of anatomic observations is that biochemical and ultrastructural changes
associated with lesion progression. regression, and vulnerability are probably not reflected in morphology. The results
from imaging studies. therefore, need to be compared to markers of systemic disease activity (e.g. inflammatory
serum markers).

CHAPTER 7.5.1, REFERENCES 8587, 179189
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Figure 155 Matched lesions: plaque rupture and remodeling (1)

In this figure a lesion site with evidence of plaque rupture at baseline and follow-up and adjacent sites are shown. At followup,
the lesion site and reference sites show decrease in vessel size (constrictive remodeling) but also a decrease in

plaque size.

In recent investigations, plaque rupture has been described as mitiating a form of “healing” process, characterized by fibrosis,
which could be related to the constrictive remodeling response.

Figure 156 Matched lesions: plagque rupture and remodeling (2)

The illustrations demonstrate the morphologic findings at the lesion site at baseline and follow-up. At follow-up, the patient
underwent stenting of the lesion site (right panels).



Follow-up P

Figure 157 Matched lesions: rupture and vessel wall cavity (1)

The careful examination of non-culprit vessel segments occasionally shows larger cavities in the vessel wall which could be
chronic sequelae after plaque rupture. However, the sigmficance of such findings is currently unclear.

In this figure, such a cavity is shown at baseline and follow-up imaging 18 months later.

CHAPTER 7.3.1, REFERENCES 8586, 17918

Figure 158 Matched lesions: rupture and vessel wall cavity (2)
The illustrations of sites A and B from the previous figure demonstrate the findings at baseline and follow-up.

Site A shows a cavity i the vessel wall which is separated from the lumen by a echodense structure. In the video sequences,
blood flow could be seen at baseline but not at follow-up suggesting interval thrombosis.

Site B shows a larger cawvity, which is i direct contact with the lumen, and is unchanged during follow-up.
CHAPTER 7.3.1. REFERENCES 8587, 179-189
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Figure 159 Matched lesions: vessel wall cavity—remnant of rupture?

In this fimure, another example of a vessel wall cavity is shown at baseline and follow-up imaging 18 months later. There is no
significant morphological change.

Tt is important to mention that a joining side-branch can have a similar appearance and therefore a careful review of adjacent
itnages is important (Figure 63)

CHAPTER 7.3.1, REFERENCES 8587, 179-18

Figure 160 Matched lesions: healed rupture (1)

In this example matched lesion sites are shown at baseline and follow-up. The lesion site at baseline (middle panel 12 o’clock)
shows evidence of rupture. In contrast to the previous figures, there is change during follow-up. The vessel wall
cavitv appears to be filled bv echodense material at follow-up.

CHAPTER 7.3.1, REFERENCES 68, 69, 85-87, 179189, 203, 204
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Figure 161 Matched lesions: healed rupture (2)

At follow-up, the rupture is not evident and no cavity is found. The corresponding area of the lesion appears echodense. The
EEM area at follow-up 1s smaller, suggesting constrictive (negative) remodeling.

Recent histological studies suggest that plaque rupture and healing are frequent events, which are most often asymptomatic. It
is unclear if the finding in this figure corresponds to such a ‘healed lesion’.

CHAPTER 7.3.1, REFERENCES 68, 69, 85-87, 179-189, 203, 204
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Figure 162 Matched lesions: severity—no change (1)

An exciting application of serial IVUS tmaging is the observation of changes in plaque burden. The progression of plaque
burden has been examined in a small studies comparing matched lesion sites of moderate lesions at baseline and
follow-up.

This figure shows five adjacent tmages of a coronary segment at baseline and follow-up imaging 18 months later. The arterial
side-branch (arrow) can serve as landmark.

CHAPTER 7.3.2, REFERENCES 68, 69, 219, 220, 223, 224
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Figure 163 Matched lesions: severity—no change (2)
In this illustration of Fizure 162, the lesion site is shown at baseline and follow-up.

The lesion is almost unchanged and can be readily recognized by its eccentricity and location relative to the arterial
sidebranch.

The similarity of the lesions in serial examinations is often striking. Serial ohservation of lesions will eventally clarifv to what
extent changes in plaque composition are reflected in imaging studies.

CHAPTER 7.5.2, REFERENCES 68, 69, 219, 220, 223, 224
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Figure 164 Matched lesions: severity—progression (1.1)

This figure shows images of several adjacent sites of a coronary segment at baseline and follow-up imaging 13 months later.
The arterial side-branches serve as landmarks.

The lesion site (panels B and C) clearly shows a significant mncrease m plaque burden between baselne and follow-up.

CHAPTER 7.3.2, REFERENCES 68, 69, 219, 220, 223, 224
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Figure 165 Matched lesions: severity—progression (1.2)

The illustration of the lesion site (panel B from the previous image) clearly shows an increase i plaque burden with a smaller
lumen at follow-up.

The lavered appearance with different echogenicity of the new tissue reminds one of in-stent restenosis (Fizure 34).
Recent histological studies describe repeated episodes of plague rupture as a common event in plaque progression. This is

associated with a lavered plague morphology. However, it is unclear if the morphological changes observed in this
fisure correlate to specific histological changes.

CHAPTER 7.3.2, REFERENCES 68, 69, 219, 220, 223 224
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Figure 166 Matched lesions: severity—progression (2.1)

This figure shows another example of significant progression at the lesion site. Images of several adjacent sites of a coronary segment at
baseline and follow-up imaging 18 months later are shown.

The lesion site (panels B and C) clearly shows progressive plaque burden.

CHAPTER 7.3.2, REFERENCES 68, 69, 219, 220, 223, 224




Figure 167 Matched lesions: severity—progression (2.2)

The illustration of the lesion site (panel B from the previous image) clearly shows an increase m plaque burden and a smaller
lumen at follow-up.

At follow-up, the plaque has a heterogeneous appearance with an echolucent core, which could represent a necrotic core.

CHAPTER 7.3.2, REFERENCES 68, 69. 219, 220, 223, 224

Figure 168 Matched lesions: severity- progression (3.1)

Ancther example of plagque progression is shown m this fisure. The increased plaque area and decreased lumen area of the
lesion site at follow-up are obvious.

CHAPTER 7.3.2, REFERENCES 68, 69, 219, 220, 223 224
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Figure 169 Matched lesions: severity—progression (3.2)

The illustration of the lesion site clearly shows an increase in plague burden with a smaller lumen at follow-up.

CHAPTER 7.3.2, REFERENCES 68, 69, 219, 220, 223 224

Figure 170 Matched lesions: severity—regression (1.1)

It 1s hikely that plaque stabilization e.g. during pharmacological treatment, 1s associated with plaque regression. Previous small
serial studies examining plaque burden during bipid-lowering therapy demonstrated an attenuated plaque growth in
the treatment group.

This fizure shows matched images of a lesion site at baseline and follow-up imaging 18 months later. The plague area at the
lesion site appears smaller at follow-up, suggesting plaque regression.

CHAPTER 7.3.2. REFERENCES 68, 69, 203, 204, 219, 220, 223, 224
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Figure 171 Matched lesions: severity—regression (1.2)
The illustration of the lesion site demonstrates the decrease in plaque area.

Although matching has been performed very carefully and adjacent t images were inchided i the analysis, the matching of
single images has limitations, because slight differences in image location may result in false-positive findings. This
limitation is the rationale for volumetric TVUS analysis.

CHAPTER 7.3.2. REFERENCES 68, 69, 203, 204, 219, 220, 223, 224

Figure 172 Matched lesions: severity- regression (2.1)

In this figure, another example of lesion regression is shown. Plague size, but also EEM area, is decreased at follow-up.

CHAPTER 7.3.2. REFERENCES 68, 69, 203, 204, 219, 220, 223, 224
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Figure 173 Matched lesions: severity—regression (2.2)

The illustration of the lesion site from the previous figures demonstrates the decrease in plaque and EEM size. It is an
attractive hyvpothesis that plaque regression mayv be associated with negative remodeling.

CHAPTER 7.3.2. REFERENCES 68, 69. 203, 204, 219, 220, 223 224
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Figure 174 Matched lesions: severity—regression (3.1)

Ancther example of possible plague regression is shown in this fimwe. Again matched images of several adjacent sites of a
coronary segment at baseline and follow-up imaging 18 months later are shown.

The plaque areas at several sites (B and E) appears smaller at follow-up, suggesting plaque regression. However, the most
severe lesion (site D) appears relatively stable. Serial volumetric analysis of plaque burden will provide invaliable
nsight mto plaque progression and regression.

CHAPTER 7.3.2, REFERENCES 68, 69, 203, 204, 219, 220, 223, 224




Figure 175 Matched lesions: severity—regression (3.2)

This illustration of site B from the previous figure demonstrates the decrease in plaque area.

CHAPTER 7.3.2, REFERENCES 68, 69, 203, 204. 219, 220, 223, 224

Figure 176 Matched lesions: severity—regression (3.3)

These tmages compare sites E. D, and B from Figure 174 at baseline and follow-up. The plaque areas at sites B and E appear
smaller at follow-up, suggesting plaque regression. The most severe site (D) appears relatively stable. The
independent progression’ regression of adjacent lesions suggests that both focal and systemic factors influence
individual lesions.

CHAPTER 7.3.2. REFERENCES 68, 69, 203, 204, 219, 220, 223, 224
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Figure 177 Serial IVUS: sequential lesions (1.1)

In long pullbacks through coronary arteries, it is common to find more than one focal lesion in adjacent segments. The serial
observation of such sequential lesions or lesions in different arteries will allow the differentiation of whether the
factors causing progression'regression, remodeling, and vulnerability are focal or systemic.

In this fizure, two sequential lesions from the same artery are shown.

CHAPTER 7.2.1, REFERENCES 68, 69. 216

Figure 178 Serial IVUS: sequential lesions (1.2)
The illustration of the two lesions show that plague progression m the distal lesion is associated with uminal compromise.

Howewver, the small increase in plaque burden in the proximal lesion is accommodated by positive remodeling. Tt is an
attractive hvpothesis that both plaque growth and remodeling response may by affected by focal and systemic
factors.

CHAPTER 7.2.1, REFERENCES 68, 69, 21
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Figure 179 Comparison between IVUS and coronary computed tomography

The non-invasive assessment of corenary plaque morphology and plague burden is an exciting area of current research with
computed tomography and magnetic resonance imaging.

This image illustrates the comparison between IVUS and multidetector computed tomography (MDCT). A complex plaque
with calcified and non-calcified components is seen in the LAD proximal to the stented mid-LAD segment.

CHAPTERS 1.3.6 AND & REFERENCES 2931214 215, 224226
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Case study 1
Lesion progression and subsequent PCI

Figures 180-182 show images of a LAD artery segment at baseline and follow-up imaging 18 months later. Because of disease progression, PCI was
performed at follow-up.
CHAPTER 7.3.2. REFERENCES 68, 69

Figure 180 Case study: progression (1. 1)

This fizure shows matched images of the lesion and reference sites in the LAD at baseline and follow-up imaging 18 months
later.

The patient was symptomatic with unstable angina pectoris at follow-up.

CHAPTER 7.3.2. REFERENCES 68, 69
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Figure 181 Case study: progression (1.2)

The illustration of the lesion site demonstrates the significant increase in plaque area and the tight luminal stenosis at followup.
The lesion calcifications in the 6 o”clock position are similar at baseline and follow-up.

CHAPTER 7.3.2. REFERENCES 68, 69

Fioure 182 Case study: progression (1.4)
Based on the patient’s symptoms and these morphological findings, PCI was performed.

Matched images of the lesion site at baseline_ follow-up,. and after intervention are shown.

CHAPTER. 7.5.2, REFERENCES 68, 69
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Case study 2
PCI of lesion site and regression of an additional lesion

Figures 183-190 show angiographic and intravascular ultrasound images of a severe LAD stenosis at baseline and follow-up. The patient underwent PCI
of the LAD. IVUS was performed in the LCX at baseline and followup imaging 18 months later as part of a study protocol observing plaque burden
during lipid-lowering therapy. At follow-up there is angiographic restenosis inside the LAD stent. However; INUS of the LCX segment shows regression
of plaque burden.

Baseline angiogram

Mild LCX disease

Figure 183 Case study: regression (2.1)

The angiogram at baseline shows a severe LAD lesion and mild disease in a lateral branch of the LCX. However the main
LCX has only minimal himinal irregularities.
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Figure 184 Case study: regression (2.2)

PCI of the LAD was performed. In this ficure, pre- and post-interventional angiographic images are shown.

Figure 185 Case study: regression (2.3)

IVUS was performed in the angiographically normal main LCX as part of a study protocol. The panel on the left shows the

IVUS catheter m the LCX (compare to panel B, Figure 182). The IVUS tmages on the right show images of several adjacent
sites of the LCX at baseline. There is an eccentric atherosclerotic lesion at site 2.



Page 134

Follow-up angiogram

Moderaie LAD restenosis 1-.

Figure 186 Case study: regression (2.4)

The angiogram at follow-up shows moderate in-stent restenosis at the LAD lesion. The angiographic appearance of the LCX
is unchanged (compare to figure 182)

Figure 187 Case study: regression (2.5)

In this fizure the comparisons of the angiogram at baseline (pre- and post-intervention) and follow-up are shown;
demonstrating the development of in-stent restenosis.
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Figure 188 Case study: regression (2.6)

Repeat IVUS was performed in the LCX as part of a study protocol at follow-up during bipid-lowering therapy. Similar to
Figure 184 the panel on the left shows the TVTUS catheter in the LCX (compare to Figure 185, panel B). The IVTIS
images on the right show images of several adjacent sites of the LCX at baseline.

There is an eccentric lesion at site 2_ but the plaque burden is reduced in comparison to the baseline images (Figure 184).

Follow-up

Figure 189 Case study: regression (2.7)

In this fizure, matched IVUS images of the angiographic mild LCX lesion site at baseline and follow-up are shown,
demonstrating regression of the LCX lesion.



Figure 120 Case study: regression (2.8)

The illustration of the lesion site {panel 2 of previous image) at baseline and follow-up demonstrates the reduced plaque
burden at follow-up.
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acoustic shadowing
calcium 7, 11, 13, 16. 46 57
guidewire 10, 41
stent 14 81, 86
acoustic impedance 2,
adjacent structures 8§, 38—40
adventitia 3, 36
adventitial border, see EEM &, 12, 36
ambiguous angiographic lesion 19, 71-76
left main artery 10, 75 76
angiography
comparison to [VUS 19,
hary lesion 18, 71-76
indeterminate lesion 15, 71-76
left main artery 19, 75, 76
thrombus 17, 60
analysis, vohmmetric; 12 25, 26
anatomy, arterial 3 3640
aneurysi, coronary 18, 67
angioplasty (see PCI) 20, 7T8—87
annular array transducer design 3
aorto-ostial lesions 2. 18 40, 76
examination technique &, 12
area measurements 12, 47
arterial remodeling {see remodeling) 13, 13 49,
arterial side-branches 8, 38, 39
artenial wall 3. 36
arteritis 18, 70
artifacts 10. 41—46
caleium shadow 11, 46, 57
catheter, eccentricity 11, 40
coronary pulsation 10, 44 45
digital subtraction 10, 43 43
geometric distortion 11, 40
guide-wire 10, 41
motion 10, 44 45
NURD 10. 43
partial image reconstruction 10, 45
ang-down 10, 42, 43
saw-tooth artifact 7, 14, 34

slow flow 10, 37 38 44

wire artifact 10, 41
assessment of plaque burden 14 23, 26 51, 103_ 10
atheroma (see plaque) 13, 13
atherectomy {see PCL DCA) 20
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backscatter, radiofrequency 7. 16, 35
bifurcation 2, 40

eatly lesions 13, 25 97 08
left main 19, 75, 76
blood speckle &, 10, 33, 3638

brachytherapy
dose distribution 22
in-stent restenosis 22
branch, vessel and differential diagnosis of plague
mupture 1767
bridge. muscle 10 45
burden disease (see plaque burden) 14 13 25 51 97100 103 104
bypass
grafts. venous 17, 61
percutaneous in sify coronary artery (PICAB) 8

CABG (coronary artery bypass graft) 17, 61
calcification 11, 13, 16, 46, 57

measurement of EEM 12

measurements 13, 46

plaque vulnerability 16, 17, 23 58, 9394 107 108



volumetric measurements of plaque 14
caleium. acoustic shadow 7. 11, ﬁ, 146, 46 57
‘candy wrapper” effect, radiation 22
cap, fibrous 17, 23, 58, 6164 11"‘—1]"
cardiac cycle and mounn artifact 10, 44, 45
cardiac transplant, vasculopathy 12 77
cardiac veins 8, 39 40
catheter 3, 32 33

eccentric position 2, 11. 40

electromic 3

flushing 3. 5. 37 3

frequency 3, 33

mechanical 3, 32

phased array multi-element 3

size, French J
cavity, plague 17. 23, 6166, 91-95 110-120
chronic dissection, post stent 21, 86
circumference measurements 12 48
clinical mdications 15 23, 71-129

established 12, T1-87

evolving and research 23, 88139
clinical presentation and culpnt lesion 17 25 8001
compensatory remodeling: see expansive remndelmg 1315 49 53-5
complications of IVUS 8, 8284

dizssection §, 82—84

izchemia. transient 4

vasospasm 8

vessel closure 6
complications of PCI 21, 8287

dizssection 11, 8286

it1-stent restenosis 14 17 21 50, 87

intramural hematoma 21, 85
computed tomography (CT) 7, 28, 129
concentric plaque 13, 15, 56
constrictive remodeling see remodeling 15, 15, 49, 5355
core, lipid see core, necrotic
core, necrotic 16, 17, 23, 58, 80108, 100
coronary aneurysm 18 67
coronary intervention {see PCI) 20, 7887
coronary pulsation 10, 44 45
coronary stent (see stent) 14, 17, 21 49 50 7581,
coronary spasm
cross-sectional display 7, 34
CS8A (cross-sectional are a} 1247
CT {computed tomography) 7. 28 120
culprit lesion and clinical presentation 17, 25 8007
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DCA (directional coronary atherectomy) 20
diameter measurements 12 47
diastole 10, 44 45
diffuse dizease 16, 23, 56, 97101
lack of normal reference site 23, 100
morphology, heterogeneous 23, 98. 9
plagque burden 23, 97-100
plague vulnerability 23, 9504
digital recording &
digital subtraction 10, 42 43
directional coronary atherecmmv (DCA) 20
disease burden 14 25 26 51, 97-100. 103, 104
display 734 35
cross-sectional 7, 34
longitudinal 7, 34
radiofrequency analysis 7. 16, 35
three-dimensional 7, 34
dissection 8. 11 38 8286
behind stent 21, 8486
chronic, post-PCI 21, 86
complication, diagnostic [VUS §, 8284
postPCI 21, B2-86
distortion, geometric 11, 40
distnbution, plaque
circumferential 13, 13, 5
diffuze 16, 23, 56, 97—
longitudinal 16, 34, 56
donor disease, cardiac transplant 19,
Doppler, flow visualization §, 10, 42
dose distribution, radiation therapy 22
Dotter effect 7
drrve cable and NURD 10
drug-eluting stents 12
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early lesion 13, 25, 9708

eccentricity, plaqu e 15,
catheter position 9,
early lesions 13, 23
umen 12

ECG gating 7. 10, 14 44 45

ECG triggening 7, 10, 14 44 45

echogenicity, plaque -5
echodense plaque 1I5 E
echolucent 16, 57

EEM (external elastic membrane) . 11 36,
cross-sectional area (C5A) 12, 47 48
diameter 12, 48
measurement 12 47 48

elastography 7, 16

electromic catheter 3

equipment 3, 32. 33

erosion. plaque 17, 61—63

evolving clinical indications 13, 88120
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examination technique 6, 31
external elastic membrane (EEM) 5, 12, 36, 41. 48
expansive remodeling see remodeling, expansive

falze border 10, 45

false lumen 18, 68, 69

fibrous cap 16, 17, 23 58 6164, 112116

‘fibrous” plaque see plaque, echodense
fiduciary points, volumetric analysis 14, 23 26 51 103 104
flow visuahization 6, 10, 42

flow, stagnant 10, 44

flow. slow 10,37 38 44
ﬂushmg: catheter 3. 8, 37. 38
frame rate 3

French, catheter size 3

frequency, catheter 3, 33

gain settings &, 33
gating, ECG 7, 10, 14, 44,
geometry, plaque 13, 53—
geometric distortion 11, 40
eraft
percutaneous in situ coronary artery (PICAB) 8
verious bypass 17 61
guide-wire, artifact (shadow) 10, 41
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hariness, angiographic 12, 71-T76
healed plaque rupture 17, 23, 65, 66, 119, 120
hematoma, intramural 21 85 94 95 113 114
plague ulceration 17, 25, 94 95,113 114
hemorthage, intramural se¢ hematoma, intramural
heterogeneous plagque morphology (see mived plaque) 16, 58, 08 00
high pressure stent dilatation 21
high-risk lesion (seg vulnerable plaque) 17, 23 6164 8804 110-118
hyperplasia, intimal 14, 17, 11, 50, 87

mage reconstruction, partial 10, 45
mmaging artifacts (see artifacts) 10, 4146
imaging consale 6, 32
mmunosuppression and transplant vasculopathy 19
mnpedance, acoustic §
mdeterminate angiographic lesions 19, 71-76

left main artery 18, 75, 76
mdications 19, 23 71-128

established climical 12, 7T1-87

evolving clinical and research 23, 88130
mstability, plaque 17, 23, 6164 88-06 110118
in-stent restenosis 14 17 21 50, 87

brachytherapy 22

drag-eluting sterit 22

negative remodeling 21
mtervention, percutaneous coronary (see PCTy 20, 7887
mtima 3, 36
intimal border 8.12 36 47 48
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mtimal hyperplasia 14 17, 21 50, 87
intimal thickness 8. 36
mitracoronary thrombus 17, 44, 5960, 90, 109 110

and stent 17, 60
mtramural hematoma 21, 85,

plaque ulceration 1_.
mtramural hemorthage 11

plagque ulceration 17, 13,
ischemia, transient during
IVUS complications §. 82, 83
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lateral resolution 3, 33
layered plaque 17, 23, 59 60. 95, 96

left main disease 12 75, 76
left main aorta-ostium 12, 40, 76
lmgrh measurements 7, 14, 34

lesion {see plague) 13 13
limitations
vus?
matching 26, 105107
lipid core, see necrofic core
lipid lowering therapy 26
plagque burden 26
plaque progressionregression 26
longitudinal display 7. 34
saw-tooth artifact 7. 34
lumen 8. 12. 36-38. 47, 48
area stenosis 12
cross-sectional area 12 47
diameter 12 48
eccentricity 12
false 13, 68, 69
measurement 12 47,
saline flush &, 38
stenosis severity 13,
lumen-intimal border 3, 12,
lumen loss, restenosis
negative remodeling 21
neointimal proliferation 21, 50, 87
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manual pullback 6, 31

magnetic resonance imaging (WEI) 7, 28

matching of lesions 26, 102107
mndividual images 26, 102128



hmitations 24, 105107
location 246, 104, 105
morphology 26, 107-120
segments 26, 103, 104
system settings 26, 106, 107
matnx-metalloproteinases 14
plaque mpture 22
remodeling 24
maxmum plaque thickness 13, 47, 48
minimum plaque thickness 13, 47, 48
measurements 12 4751
area 12 47
atheroma 13, 47, 48
calcium 13, 46
circumference 12, 48
cross-sectional area 12,47
diameter 12 48
EEM 1247 48
i-stent restenosis 14 50
length 7, 14, 34
hamen 1247
planimetry 1 . 47
plague 13 47 48

remodeling 1 15, 4
stent 14 49 50
volumetric analysis 14, 23, 51, 103 104
mechanical catheter 3. 32
media, arterial wall 2, 13, 36
metalloproteinases, matrx 24
microcalcifications 16, 17, 57, 58
microchannels, thrombus 17, 18 68
mildly stenotic lesions 13, 24 52 53 07 908
mininum plagque thickness 13, 4
mixed plaque 16, 58
monorail technology, guide—wire 10, 31, 41
morphology, plague 13, 5370
diffuse disease 13, 98 !JS oo
motion artifact 10, 44, 45
motonized, pullback sled 6, 32
MRI {magnetic resonance imaging} 7
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multi-slice computed tomo g:raph}f (MBCT) 7. 28,129
muscle bridze 10, 45
myocardial bridge 10, 45
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necrotic core 16, 17, _3_ 58,89, 108,109
vulnerability 17, 23, 89

negative remodeling (see remodeling, constnetive) 13, 15 40, 5355

neopintima 14, 21 50, 87

normal arterial wall 3, 36

non-uniform rotational distertion (NUED) 10, 43

NUED {non-uniform rotational distortion) (see above)

obliquity, catheter position 11, 40
ostial lesion 9, 19, 40, 76
ostium, left main aorta 8, 19, 40, 76

partial image reconstmiction 10, 45
percutaneous coronary intervention {see PCI below)
PCI 20, 7887

atigioplasty 20

atherectomy 20

brachytherapy 12

comphcations of 21, 8287

dizssection 21, 8286

chronic 21, 86

hematoma, mtramural 21, 85

in-stent restenosis 14 17 21, 50 87

PTCA 20

stenting 21, T8-87

target lesion assessment 20, 7881
percutaneocus 7 sifu coronary artery bypass (FICAE) B
pericardinm 5 38
pharmacological imntervention 26
phased-array multi-element catheter (ses electronic catheter) 3
PICAB (see percutaneous i sifu coronary artery bypass) 8
piezoelectric crystal 3
planimetry 12, 47
plaque {see atheroma)

area 12 15 47 48

axial redistibution 20

burden 14. 23, 26, 51, 97-100, 103. 104

residual, PCT 20

calcified 16, 57

cavity 17, 23, 6166, 9195, 110120

circumferential distnbution 13, 56

compression 20

concentric 13, 1356

diffuse distribution 13, 16235, 56, 97-101

distribution (see distribution, plague)

eccentricity 13, 13, 56

echodense 16, 57

echogenicity 14, 5750

echolucent 16, 57

erosion 17, 6163

fibrous (see echodense) 16, 57

geometry 13, 52-56




heterogeneous morphology 16, 58
high-nsk plague (see vulnerability) 17, 23, 61-64, §8-96, 110120
wmstability {zee vulnerability)

longitudinal distribution 13, 16 34, 56

measurements 13, 47, 48

mined 14, 58

morphology 13, 5370

necrotic core 16, 1723 58, 108, 109

ostial 9. 18. 25, 40, 76, 97, 98

progression 26, 121-124

regression 26, 124-127

mupture 17,33 6167, 9106, 110120
differential diagnosis: vessel branch 17, 67
healed 17, 13, 65, 66,119,120

remodeling 23, 89,117
severity 13 13 52
shift 20
size 13,15, 532
‘soft’ (see echolucent)
thickness 13, 47, 48
thrombus 17, 59, 60
unstable 17, 23, 6167, 88-96, 110120
ulceration 17, 23, 6167, 91-96, 110-120
volume 14 23 26 51,103,104
vulnerability 17, 23, 6167, 88—96, 110130
arterial remodeling 13, 17, 25, 55, 80, 80
plagque-plus-media area (see plaque area) 13, 48
positive remodeling (see remodeling, expansive) 13, 15 13 40, 5355, 80

pre-interventional tarzet lesion assessment 20, 7881
presentation, clindeal and culprit lesion morphology 17, 23,
progression of CAD 26 121-124
progressiorn'regression trials 23, 26, 121127
pseudoaneurysm 18 86
PTCA (5e2e PCT) 20
pullback 3, 6, 31, 32
automatic §
matmal &
sled 6. 32
pulsation, coronary 10, 44, 45

guantitative veolumetric IVUS analysis (QCLT) 14, 25 26 51, 103, 104
QCU (quantitative volumetric ultrasound (IVUS) analysis) (see above)

radiation, in-stent restenosis 12
radiofrequency analysis (RFA) 7. 16 35
rapamycin and transplant vasculopathy 19
redistribution, axial (see plaque, shift) 20
reconstruction, partial image 10, 45
recording, digital 8
reference site
lack of normal reference 23, 100
remodeling analysis 13, 15, 49, 53
regression of CAD 26 124127
regression trials 23, 26 121-127
remodeling, arterial 13, 15, 49, 5355
clinical presentation 15, 17, 23, 55, 89, 90
compensatory, see remodeling, expansive
constnctive 13, 13, 49, 53355
expansive 13 13 49,53 55, 89
in-stent restenosis 21
matri-metalloproteinases 24
measurements 13, 13, 49,53
mildly stenotic lesions 13, 24, 25, 53, 55
negative (see remodeling, constrictive) 13,
paradox 23, 55, 89, 90
plaque rupture 17, 23, 61, 62, 89, 117
plaque stability 13, 17, 23 55, 89, 90
positive (see remodeling, expansive) 13, 13, 49, 53—
restenosis 13, 20, 21, 54
stenting 20, 21, 80, 81
target lesion revascularization rate (TLE} 20, 21, 80, 81
vulnerabality 13, 17, 23, 55, 61, 62, 89, 50
remodeling ratio (BR) 13 40
research applications 23, 88130
residual plaque burden after PCI 21, 79, 80
resolution 3. 33, 36
axial 3. 33
lateral 5. 33
spatial 3
temporal 3
restenosis, in-stent 14 17, 11 50, 87
brachytherapy 12
drig-eluting stents 22
negative remodeling 13,20, 21 54
reverse tapering 19, 76
EFA (radiofrequency analysis)
ring-down artifact 10, 43, 43
rotational atherectomy 20
rupture, plaque 17, 23 6167, 9106, 110120
calcification 16, 17 23 58, 93, 94,107, 108
culprit lesion 17, 23, 6264, 75, 76, 80, 91
differential diagnosis 17, 67
healed 17. 23. 65, 66,119, 120
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matched lesions 23 26, 110-120
nnn—culpﬁt lesmn 17,25, 61,62, 92-946
multifocal 23, 92, 93, 95,96

safety of IVUS §
saline flush 8, 37, 38
sapheneous vein graft (3VG) 17, 61
saw-tooth artifact 7. 34
sequential lesion 23, 95, 06, 101, 128
serial examination (progression‘regression) 26, 102128
calcifications 26, 107, 108
echolucent core 26, 108, 109
hesled rupture 26, 119, 120
heterogeneous, mixed plaque 26, 108, 109
mtramural hematoma 26, 113, 114
matching 26, 102-107
image rotation 26, 105, 10
ndividual image 26, 102, 10
location 26, 104, 105
segments 26, 103, 104
system settings 28, 106, 107
morphology 26, 107-120
necrofic core 26, 108, 109
no change of severity 26, 120, 121
progression 26, 121134
regression 26, 124127
mpture 26, 110120
sequential lesions 23, 128
thrombus 26, 109,110
vessel wall I:E.V:ltj 26.118.11%9
settings, system &, 33
gain§, 33
time gain compensation &
seventy, lesion 13, 13 52
shadow, acoustic
caleium 7, 11, 13, 16, 46, 57
gmde-m.te 1041
stent 14 81, 86
side-branches_ artenal & 38, 39
and measurement of EEM 12
and volumetric measurement 14, 23
differential diagnosis of plaque rupture 17 67
signal drop-out (se¢ shadow)
Simpson mule 14 23 26 51,103, 104
size_ atheroma 13, 52
sled, pullback &, 32
slow flow 10, 37, 38, 44, 55-60
‘soft” plaque (see plaque, echolucent)
spasm, coronary &
spatial resalution (se¢ resalution) 3, 33
speckle. blood 8. 10. 33,3638, 44
stability, plaque 17, 23, 6167, 88-96, 108-120
stagnant flow §, 44
stenosis severity 13, 52
intermediate lesion severty
mildly stenotic lesions 24 :'-_
stent 14 17 21 49, 50, 7881, 84-87
anticoagulation 21
covered stent 14, 50
cross-sectional area (CSA) 14, 49
dizssection 21, B4—8a
drag-eluting sterit 22
expansion 14, 11, 49, 78, 79, 81
high-pressure dilatation 11
incomplete expansion 21, 81
in-stent restenosis 17, 21, 50, 87
measurements 14 49, 50
plagque burden 20, 21, 7880
postprocedure minimal stent area 21
remodeling 20, 21, 80, 81
residual plaque burden 21, 7880
shadow, acoustic 14 81, 86
struts, apposition 15 1149, 81
struts, unopposed 21, 81
symmetry 14 21 78, 79
thrombus 17, 60
vessel wall characteristics, pre-interventional 21, 7881
stretching, vessel wall, PCI 20
strnuts, stent {fee stent)
subacute {chronic) dissection, post-PCIL 11, 86
subtraction, digital 10, 42, 43
SVG (sapheneous vein graft) 17, 61
synthetic aperture array 6
systemic disease process 16, 23, 13, 56, 92,93, 95101
system settings §. 33
systole 10, 44, 45
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Takavasu arteritis 15, 70

tapering. reverse 19 76

target lesion assessment, pre-interventional 20, T8-81
target lesion rew asculanzatmn rate {TLR} and remo de]mg 20

three-dimensional display 7, 34
thrombus 10, 16, 17, 44, 59, 60, 90,109,110
angiographic comparson 17, 60



culprit lesion 17, 23, 59, 60
layered plaque 1__ 2 5
microchannels 17 13 68,
stent 17, 60
unstable morphology 17, 23, 60, 20, 109,
time Zain compensation &
tissue characterization, radiofrequency 7, 16,
tissue interface 3. 36
tomography, computed 7, 28 129
transducer (see catheter) 3, 32
transplant vasculopathy 18, 77
triggering, image acquisition 7, 14, 44, 45
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ulceration, plaque 17, 23, 61-67, 91-96, 110120
unopposed stent struts 21, 81

unstable plague (5= plaque, vulnerable) 17, 23, 6167, 88—96, 108-120

unusual lesion morphology 18, 6770

vasculopathy, transplant 12, 77
vasospasm, during VS 6
veins, cardiac 3. 39, 40
venous bypass grafts 17, 61
vesseal
area see EEM area |2 47
hifurcation 2, 40
closure, IVUS &
curvature, vessel 11, 40
vessel wall &, 36
volumetric analysis 1435 26 51, 103, 104
vulnerable plaque {zee high-risk plaque)

vulnerability (ses vulnerable plaque) 17, 23 6164, 8806, 110120
caleification 16. 17. 23, 58, 93, 54, 107, 108
echolucency 16, 17, 23, 58, 89, 108, 109
diffuse disease 13, 95, 24
Hiﬁ—meta]lnpmteﬁlas es 24
necrotic core 16, 17, 23, .'S 6l,62, 809, 108, 109
remodeling arterial 15, 17 23 55, 61, 62, 89, 00
mapture 17 23 6167, ﬁ 9196, 110-120
systemic disease 23, 92, 93, 05, 06
thrombus 17, 23 80, 109, 110

wall_ arterial 3. 26

wire artifact 15‘__ﬂ

syndrome X 19
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