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Introduction

Unheralded acute coronary syndromes are a common initial manifestation of
coronary atherosclerosis, and most of these events arise from coronary lesions
which are not flow limiting. Pathological studies have retrospectively proposed
that plaque composition is a crucial determinant of the propensity of an ath-
erosclerotic lesion to rupture. A large study of victims of sudden cardiac death
showed that 60% of acute coronary thrombi had as a substrate, 2 ruprured thin-
cap fibroatheromatous (TCFA) lesion. Furthermore, 70% of those patients had
additional TCFAs in their coronary tree that had not ruprured. A large necrotic
core (avascular, hypocellular, lipid-rich area), a thin fibrous cap with inflamma-
tory infiltration and paucity of smooth muscle cells, and the presence of expansive
(positive) remodelling have been identified as the major criteria to define TCFA
lesions. In vivo early detection of these non-obstructive, lipid necroric-rich, high-
risk plaques may have an important impact on the prevention of acute myocardial
infarction and sudden death.

For many years coropary angiography has been the gold standard to assess the
morphology, and severity of atherosclerotic lesions in the coronary tree. Never-
theless, quantitative angiographic measurements can be deceprive because this
technique only allows the assessment of the luminal sithouerte. In contrast, ath-
erosclerosis is a disease of the vessel wall, and due to the compensatory expansive
remodelling effect, the lumen remains unaffected until final stage of the disease.
Incravascular ultrasound (IVUS) is a safe catherer-based diagnostic tool that pro-
vides a real-time, high resolution, tomographic view of coronary arteries. Thereby
it enables evaluation of the morphology, severity and extension of coronary
plaque. In vivo plaque characterization through visual interpretation of grey-scale
IVUS is suboptimal especially when assessing heterogeneous, lipid-rich plaques.
The accuracy of grey-scale IVUS for discriminating lipid from fibrous tssue is
limited, because in addition to the large amounts of extracellular lipid which have
low echo-reflectance, the lipid core contains cholesterol crystals, necrotic debris
and microcalcifications which are highly echo-reflective. On the contrary, spectral
analysis of IVUS radiofrequency (RF) data [IVUS-Virtual Histology (VH)] has
emerged as a tool able to provide an objective and accurate assessment of coronary
plaque composition. Four tissue components [calcified {white), fibrous {(green),
fibro-fatty (greenish-yellow) and necrotic core (red)] are identified using autore-
gressive classification systems. IVUS-RF darta analysis may follow the progression
of the disease not only with regards to its volume, bur also to its composition. In
addition, this novel IVUS application may potentially expand towards natural
history studies.

In this thesis, it has been explored the in vivo accuracy and precision of
[VUS-RF data analysis for the assessment of plaque composition. To achieve this,
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Introduction

we have investigated both the classification accuracy of the technique (chapter
2.1) and its reproducibility (chapter 2.2). In addition, we have carried out an
extensive program to define its potential clinical value. With this in mind we
have compared our results to previous histo-pathological, and clinical studies as
an indirect validation of the technique. IVUS-RF was therefore used to describe
the extent, distribution, morphology and composition of coronary atherosclerosis
in non-intervened coronary arteries. The association between flow dynamics and
plaque composition is explored in chaprter 3, whilst the correlation berween plaque
composition and demographical dara is evaluated in chapter 4.

This thesis would not be complere without exploring IVUS-VH as a tool to
detect the two major components of plaque vulnerability (i.e. necrotic core and
remodelling). In chapter 5 we discuss the global characteristics of plaque ruprure;
the relationship between coronary remodelling and plaque composition; and the
prevalence and distribution of an in vive histological surrogate of TCFA.

We also discuss the treatment of coronary atherosclerosis, in two modaliries,
applied locally (chaprer 6) or systemically (chapter 7).

Complementary to greyscale IVUS, tissue characterization by IVUS-RF
analysis has the potential to add valuable information on the pathogenesis of stent
thrombosis by providing information on plaque composition, specifically on the
amount of necrotic core and its location {superficial or deep). Chapter 8.1. We
also explore the potential usefulness of IVUS-RF to assess edge-stent restenosis
(chapter 8.2) and its capabilities to evaluate serial changes in plaque type and
composition in patients treated with bioabsorbable stents (chapter 8.3).

A very important piece of the thesis is part II, where the effects of medication
such as statins, ACE inhibitors and anti-diabetic drugs on coronary atherosclerosis
are explored.

Part I1I focuses on optical coherence tomography. This imaging technique has
helped to improve our understanding of high-risk plaque, and also the delicate
relationship between focal treatment (i.e. stenting) and vessel wall.

To conclude, the aim of this thesis was fourfold: (1) to explore in vivo the size,
morphology, distribution and composition of coronary atherosclerosis, and irs
relationship with established cardiovascular risk factors; (2) to explore potential
IVUS RF and optical coherence tomography surrogates of plaque vulnerability
as well as to help find a role for these techniques in the clinical setting; (3) to
asses in vivo the effect of conventional medical interventions on plaque size and
composition and (4) to evaluate the interaction of stents and the vessel wall.
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Novel intravascular imaging technologies.
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Chapter 1.1

ABSTRACT

Recently, several novel imaging coronary techniques have emerged aimed at
describing mainly vulnerable plaques. Thin capped fibroatheroma has been postu-
lated as the precursor of plaque rupture. Detection of these vulnerable plaques in
vivo is essential to assess their natural history and to evaluate potential treatment
modalities which may ultimately impact on the prevention of acute coronary
syndromes and death. Currently, conventional grayscale intravascular ultrasound
(IVUS), IVUS virtual histology (VH) and palpography are all acquired using the
same catheter and pullback. Combining this catheter with either thermography
or additional imaging capabilities with optical coherence tomography (OCT) or
spectroscopy would herald an exciting era of invasive diagnostic imaging. Other
modalities like intravascular magnetic resonance imaging also have tremendous
potential in the detection of atherosclerotic plaque components. To date however,
none of the techniques described above have been sufficiently validated and, more
imporrantly, they have not demonstrared a sound ability to predict future adverse
cardiac events. Very rigorous and well-designed studies are compelling to help
define the role of each diagnostic modaliry.

Key words: Atherosclerosis, plaque rupture, thin-capped fibroatheroma, acute
coronary syndromes.
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INTRODUCTION

The ability to detect vulnerable plaques in vive is essential to study their nactural
history and to evaluare potential therapeutic interventions that may ultimately
favorably impact on acute coronary syndrome (ACS) and death. Coronary angiog-
raphy offers valuable information on the long-term behavior of complex coronary
lesions but does have several limitations. Goldstein et al(1) reporred chat patients
with ST-segment elevation myocardial infarction (STEMI) and multiple complex
lesions had an increased incidence of recurrent ACS during the year following
STEMI compared to patients with a single complex lesion (19.0% vs. 2.6%, p
<0.001, respectively). Taking this into consideration however, angiography only
permits a 2-dimensional view of the arteries and is unable to give precise detail
about the vessel wall. As a result, a number of invasive imaging modalities are be-
ing tested or used, specifically geared toward the evaluation of vulnerable plaque
(2). These techniques are capable of providing unique detail on the vessel wall,
lumen, plaque tissue composition and the status of inflammation and therefore
circumvent many of the limitations of coronary angiography. This chaprer will
provide a contemporary review of these technologies with particular reference to
their use in the assessment of vulnerable plaque and coronary stents.

1. HISTOPATHOLOGICAL VULNERABLE PLAQUE DEFINITIONS

The “classical”, most described phenotype of vulnerable plaque is a thin capped
fibroatheroma (TCFA) (3), characterized by a large necrotic core with an overly-
ing thin cap infiltrated by macrophages. Smooth muscle cells within the cap are
absent or few. The thickness of the fibrous cap near the rupture site measures 23
£ 19 pm, with 95% of caps measuring <65 pm{4,5). Rupture of a TCFA with ex-
posure of the thrombogenic necrotic core to circulating plarelets is thought to be
responsible for 60% of all acute coronary syndromes (5). Macrophage infiltration
of the thin cap with release of matrix meralloproteinases and local inflammation
can.cause extracellular matrix degradation and subsequent plaque ruprure (6,7).
Excessive mechanical strain, particularly at the juncrion of the TCFA and the
normal vessel wall is another factor predisposing to rupture (8,9).

Chevuru et al. (10) reported new pathological evidence on TCFA characteriza-
tion. The prevalence of TCFA and rupture is low (0.46+0.95 and 0.38+0.70 per
heart, respectively), foca! in nature and located in the proximal segments of coro-
nary arteries. In earlier studies, up to 3 TCFA were found per heart{11). Necroric
core size was relatively small for both, TCFA (1.6x1.8mm* length 2.7+2.0mm)
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Chapter 1.1

and ruptured plaques (2.2£1.9mm? length 1.9+3.6mm). In previous studies, the
size of necrotic core in TCFAs was 1.7+1.1mm?* with a length of 8mm (range
2-17mm), and in ruptured plaques 3.8+5.5mm?, with a length of 9mm (range
2.5-22mm) (12).

The second recognized phenotype of vulnerable plaque, accounting for ap-
proximately 40% of coronary thromboses in pathology series is plaque erosion
in lesions consisting of either pathological intimal thickening or thick-capped
fibroatheroma (13). These lesions typically have a high smooth muscle cell
content and are rich in proteoglycans and are more common in young women
and smokers, bur are not associated with other conventional risk factors such as
hypercholesterolemia (14,15).

Thirdly, there are calcified nodules, which may protrude into the vessel lumen
and comprise up to 5% of lesions in pathological series. These lesions are char-
acterized by an absence of endothelial and inflammartory cells (15}, In addition,
intra-plaque hemorrhage secondary to leakage from the vasa vasorum may also a

pathological role (16).

2. IMAGING OF VULNERABLE PLAQUES

Angioscopy

Coronary angioscopy (CAS) is a well-established technique that allows direct visu-
alization of the plaque surface and intra-luminal structures. It enables assessment
of the plaque color (white, red, yellow), and can illuminate plaque complications
such as ruprure, intimal tears and thrombosis with a higher sensitivity compared
to angiography (17-20). On angioscopy, normal artery segments appear as glis-
tening white, whereas atherosclerotic plaques can be categorized based on their
angioscopic color as yellow. Platelet-rich thrombus at the site of plaque ruprure is
characterized as white granular material, and fibrin/erythrocyte-rich thrombus as
an irregular, red structure protruding into the lumen. Yellow plaques are associated
with ACS (21) and thrombosis (22). They have also been correlated with other
features of vulnerability such as positive remodeling and increased distensibility
{23). Quantitative colorimetric angioscopic analysis provides objective and highly
reproducible measurements of angioscopic color. This technique can correct for
important chromatic distortions present in modern angioscopic systems. It can
also help overcome current limitations in angioscopy research and clinical use
imposed by the reliance on visual perception of color (24).
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The major limitation of angioscopy is thart it is a rather specialized technique
that requires a blood-free field during image acquisition, which can be obrained
either by complete vessel occlusion or by continuous saline flushing distal to the
angioscope. Presently, coronary angioscopy (Vecmova®, Clinical Supply Co., Gifu,
Japan) can be performed while blood is cleared from the field of view by injection
of 5-10 ml normal saline. Nevertheless, angioscope only allows limited assessment
of the coronary tree (i.¢. vessels > 2 mm diameter) and assessment of stenotic le-
sions may prove technically difficult. Furthermore, imaging is only of the luminal
surface and, although changes in the vessel wall are reflected on the surface, this
might not be sufficiently sensitive to detect subtle alterations in plaque composi-
tion or plaque burden in the presence of positive remodeling (25).

Kubo et al (20) recenty used CAS, optical coherence tomography (OCT)
and IVUS to assess culprit lesion morphology in acute myocardial infarction
(AMTI). The incidence of plaque rupture observed by OCT was 73%, 47% by CAS
(p=0.035) and by IVUS 40%, {(p=0.009). Furthermore, OCT {23%) was superior
to CAS (3%, p=0.022) and TVUS (0%, p=0.005) in the detection of fibrous cap
erosion. The intra-coronary thrombus was observed in all cases by OCT and CAS,
but was identified in 33% by IVUS (vs. OCT, p<0.001).

Intravascular ultrascund radiofrequency analysis; Virtual histofogy

Description of the technique

Greyscale IVUS imaging is formed by the envelope (amplitude) of the radiofre-
quency signal, discarding a considerable amount of information lying beneath and
between the peaks of the signal. The frequency and power of the signal commonly
differ berween tissues, regardless of similarities in the amplitude. IVUS-Virtual
Histology (IVUS-VH, Volcano Corp., Rancho Cordoba, USA) involves spectral
analysis of the data and evaluates different spectral parameters (Y-intercept, mini-
mum power, maximum power, mid-band power, frequency at minimum power,
frequency at maximum power, slope, etc.) to construct tissue maps that classify
plague into four major components {fibrous, fibrolipidic, necrotic core and cal-
cium). Different plaque components are assigned different color codes: calcified
(white), fibrous (green), fibrolipidic (greenish-yellow) and necrotic core (red)
(26). Although this classification was inidally evaluated iz witro, more recently
IVUS-VH pre- and post-procedure have also been correlated with pathological
atherectomy specimens showing good correlation for all 4 tissue types (27). As
assessed by IVUS-VH, the sensitivity and specificity for fibrous tissue was 86%
and 90.5%, fibro-fatty 79.3% and 100%, necrotic core 67.3% and 92.9% and
dense calcium 50% and 98.9% respectively. More recently, these tissue-maps
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Chapeer 1.1

have been validated using ex-vivo by comparison with histology via 899 selected
regions (n=94 plaques) that comprised 471 fibrous tssue, 130 fibro-fatry, 132
necrotic core and 156 dense calcium regions. The overall predictive accuracies
were 93.5% for fibrous, 94.1% for fibro-fatey, 95.8% for necrotic core and 96.7%
for dense calcium with sensitivities and specificities ranging from 72 to 99%. The
kappa statistic was calculated to be 0.845 indicating very high agreement with
histology(28).

IVUS-VH data is currently acquired using a commercially available 64-ele-
ment phased-array catheter (Eagle Eye™ 20 MHz catheter, Volcano Corporation,
Rancho Cordova, USA). Using an automated pullback device, the transducer
is withdrawn at a continuous speed of 0.5 mm/s up to the ostium. IVUS-VH
acquisition is ECG-gared at the R-wave peaks using a dedicated console.

IVUS B-mode images are reconstructed by customized software and contour
detection is performed using cross-sectional views with semi-automatic contour
detection software to provide quantitative geometrical and compositional mea-
surements. Due to the limirations of manual calibration (29), the radiofrequency
data is normalized using a technique known as “Blind Deconvolution”, an iterative
algorithm that deconvolves the catheter transfer function from the backscatter,
thus accounting for catheter-to-catheter variability (30,31).

It has been cur observation that in the near field, an excessive amount of
necrotic core is present. The developers have accounted for this with a corrected
version introduced in the latest release of the classification tree.

Virtual histology and plaque characterization

Lesion classification is based on static images obtained from autopsy specimens.
In brief, some believe that atherosclerotic lesion progression starts with pathologic
intimal thickening in which lipid accumulates in areas rich in proteoglycans (lipid
pools), but no trace of necrortic core. Others believe that the earliest change of ath-
erosclerosis is the fatty streak, also called as intimal xanthoma. The earliest lesion
with 2 necrotic core is the fibroatheroma (FA), and this is the precursor lesion that
may give rise to symptomatic heart disease. Thin-capped fibroatheroma (TCFA)
is a lesion characterized by a large necrotic core containing numerous cholesterol
clefts. The overlying cap is thin and rich in inflammatory cells, macrophages and
T lymphocytes with few smooth muscle cells. Plaques prone to ruprture are those
with decrease cap thickness, large lipid-necrotic core and severe inflammatory
infiltrate A study done by Burke er al(4). identified a cut-off value for cap thick-
ness of <65 microns for vulnerable coronary plaque definition.

Virtual Histology can potentially identify detect thin-capped fibroatheromas
(TCFAs). In addition, the progression of the disease can also be followed-up.
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Table 1: VH-IVUS Proposed Lesion Types

Lesion Type Erief Description

Adaptative Intimal Thickening (AIT) <600 pm of intima thickness

Pathological Intimal Thickening (PIT) 2600 prn thickness for >20% of the circumference with FF
>15%, and no confluent NC or DC

Fibrotic Plague (FT) Dominant FT and no confluent NC or DC

Fibrocalcific Plaque (FC) Confluent DC with no confivent NC

Fibroatheroma (FA) Confluent NC not at the lumen on three consacutive frames

Thin Cap Fibroatheroma (TCFA} Confluent NC at the lumen on three consecutive frames

FT — fibrous tissue; FF — fibro-facty tissue; NC — necrotic core; and DC ~ dense calcium,

Figure 1. IVUS-Virtual histology propesed lesion types. AIT, adaptative inrimal thickening; PIT,
pathological intimal thickening: FT, fibrotic plaque; FC, fibrocalcific; FA, fibroatheroma;CaFA,
calcified fibroatheroma; TCFA, thin-capped fibroatheroma.

Table 1 outlines the virtual histology plaque and lesion types that are proposed
based on the above pathologic data. (figure 1).

Qur group recently evaluated the incidence of IVUS-derived thin-cap fi-
broatheroma (IDTCEFA) using IVUS-VH (32). Two independent IVUS analysts
defined IDTCFA as a lesion fulfilling the following criteria in at least 3 con-
secutive cross-sectional areas: 1) necrotic core 210% without evident overlying
fibrous tissue, 2) lumen obstruction 240 %. In this study, 62% of patients had
at least one IDTCFA in the interrogared vessels. ACS patients had a significanty
higher incidence of IDTCFA than stable patients [3.0 (interquartile range 0.0,
5.0) IDTCFA/coronary vs. 1.0 (interquartile range 0.0, 2.8) IDTCFA/coronary,
p= 0.018]. Finally, a clear clustering pattern was seen along the coronaries, with
66.7 % of all IDTCFAs located in the first 20 mm whereas further along the
vessels the incidence was significantly lower (33.3%, p=0.008). This distribution
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of IDTCFAs is consistent with previous ex vive and clinical studies, with a clear
clustering pattern from the ostium demonstrating a non-uniform distribution of
vulnerable plaques along the coronary tree (33). Patients presenting with ACS
had a significantly higher prevalence of IDTCFA even in non-culprit vessels, sup-
porting the concept of a multi-focal process (34). Of note, the lesion percent area
stenosis and the mean necrotic core areas of the IDTCFAs detected by IVUS-VH
were also similar to previously reported histopathological data (55.9 % vs. 59.6 %
and 19 % vs. 23 % respectively) (12).

It is worth mentioning that, although the most accepted threshold to define a
cap as “thin” has previously been set at <65 pm, this was based on post mortem
studies that studied ruptured plaques (35). Extrapolation of such criteria to in
vivo studies therefore requires caution. It is well established that tissue shrinkage
occurs during tissue fixation (36). Shrinkage (particularly of collagen, the main
component of fibrous caps) of up to 60 %, 15 % and 80% can occur during
critical-point-drying, free-drying, and air-drying respectively (37). Furthermore,
post-mortem contraction of arteries is an additional confounding factor (38,39).
Since the axial resolution of IVUS-VH is 246 pm, we assumed that the absence of
visible fibrous tissue overlying a necrotic core suggested a cap thickness of below
246 pm and used the absence of such tissue to define a thin fibrous cap (40).

We have recently developed software to quantify the amount of necrotic core
in contact with the lumen, enabling refinement of our analysis. Our current defi-
nition of an IVUS-derived TCFA (IDTCFA) is a lesion fulfilling the following
criteria in at least 3 consecutive cross-sectional areas (CSAs): 1) plaque burden
2 40%: 2) confluent necrotic core = 10% in direct contact with the lumen (i.c.
no visible overlying tissue) in the investigated CSA; all consecutive CSAs having
the same morphologic characteristics are considered as part of the same IDTCFA.
lesion (41). In a recent study, using this refined definition of TCFA as assessed by
IVUS-VH, in patients with ACS underwent IVUS of all three epicardial coronar-
ies, on average, there were 2 IVUS-derived thin cap fibroatheroma (IDTCFA) per
patient with half of them showing outward remodeling(41).

The potential value of IVUS-VH in the prediction of adverse coronary events
is currently under evaluation in two international multicentre prospective studies

(PROSPECT and IBIS 2 trials).

Virtual histology and coronary embolization

Identification of subclinical high-risk plaques is potentally important because
they may have greater likelihood of rupture and subsequent thrombosis. In 55
patients, a nonculprit vessel with < 50% diameter stenosis was studied with
IVUS-VH. Mean necrotic core percentage was significantly larger in patients with
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acure coronary syndrome when compared with stable patients (12.26% +/- 7.0%
vs 7.40% +/- 5.5%, P = .006). In addition, stable patients showed more fibrotic
vessels (70.97% +/- 9.3% vs 63.96% +/- 9.1%, P = .007)(42). However, not only
the amount of necrotic is larger in patients with ACS, but it appears that NC is
also unevenly distributed. In 51 consecutive patients, a non-culprit vessel was
investigated through IVUS-Virtual Histology. The overall length of the region of
interest, subsequently divided into 10 mm segments, was 41.5+/-13 mm long.
No significant change was observed in terms of relative plaque composition along
the vessel with respect to fibrous, fibro-fatty, and calcified tissue, whereas the
percentage of necrotic core resulted to be increased in the first (median: 8.75%;
IQR: 5.7-18) vs. the third (median: 6.1%; IQR: 3.2-12) (P=0.036) and fourth
{median: 4.5%; IQR: 2.4-7.9) (P=0.006) segment. At multivariable regression
analysis, distance from the ostium resulted to be an independent predictor of rela-
tive necrotic content [beta=-0.28 (95%CI: -0.15, -0.41)], together with older age,
unstable presentation, no use of statin, and presence of diabetes mellirus(43).
Recently, two studies evaluated the usefulness of IVUS-VH plaque composi-
tion: to predict the risk of embolization during stenting (44,45). In one of them,
71 patients with STEMI that underwent primary PCI within 12 hours of the
beginning of the symptoms were included. After crossing the lesion with a guide-
wire and performing thrombectomy with an aspiration catheter, VH-IVUS of the
infarct-related vessel was performed. The stent was then deployed without embolic
protection. ST segment re-elevarion was used as a marker of distal embolization
during stenting. Eleven patients presented with ST segment re-elevation after
stenting. Total plaque volume was similar in both groups, but the NC volume
was significantly higher in the group of patients with ST segment re-elevation
(32.9 £ 14.1 mm® vs. 20.4 £ 19.1 mm?, p < 0.05). On receiver-operating char-
acteristic curves, NC volume was the best predictor of ST re-elevation after stent
deployment as compared with fibrous, fibro-lipid, dense calcium, and total plaque
volumes. The cut-off point for NC volume that was best predictive for ST re-
elevation was 33.4 mm?, with a sensitivity of §1.7% and a specificity of 63.6%.
The second study included 44 patients who underwent elective coronary stenting,
Plaque composition was assessed with VH-IVUS, and small embolic particles
liberated during stenting were detected as high-intensity transient signals (HITS)
with a Doppler guidewire. Patients were divided into the tertiles according to the
HITS counts. Dense calcium and NC area were significantly larger in the highest
tertile. In the multivariate logistic regression analysis, only necrotic core area was

an independent predictor of high HITS counts (odds ratio 4.41, p = 0.045).
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Intravascular Ultrasound Radiofreguency analysis: Palpography

This technique allows the assessment of local mechanical tissue properties. For a
defined pressure difference, soft tissue (e.g. lipid-rich) components will deform
more than hard tissue components (e.g. fibrous, calcified) (46,47). Radiofrequency
data obtained at different pressure levels are compared to derermine the local
tissue deformartion.

Each palpogram represents the strain information for a certain cross section
over the full cardiac cycle. The longitudinal resolution of the acquisitions depend
on heart rate and pullback speed. With a heart rate of 60 bpm and a pullback speed

Figure 2. IVUS-palpography. In the upper left side the palpography strain map is opened up. The
local strain is calculated from the gared radiofrequency traces using cross-correlation analysis and
displayed, color-coded, from blue (for 0% strain) to red to yellow {for 2% strain). Plaque strain
values are assigned a Rorrerdam Classification (ROC) score ranging from I to IV (ROC I= 0-<0.6

%: ROC II= 0.6- <0.9 %; ROC IlI= 0.9-<1.2 %;: ROC [V= >1.2 %). At the bottom, in the same
cross-sectional area a high-strain spot (ROC 1T} is shown (left)s in the virtual histology (VH) image
(right) a confluent necrotic core area in contact with the lumen is seen, suggesting an [VUS-derived
thin capped fibroatheroma. The IVUS-VH color-code is fibrous tissue (green), fibro-fatty tissue (light
green), necrotic core (red) and dense calcium {(white).
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of 1.0 mm/s, the longitudinal resolution is 1.0 mm. Palpograms are acquired using
a 20-MHz phased array IVUS catheter (Eagle Eye™ 20 MHz catheter, Volcano
Therapeutics, Rancho Cordova, USA). Digiral radiofrequency data are acquired
using a custom-designed workstation.

The local strain is calculated from the gated radiofrequency traces using cross-
correlation analysis and displayed, color-coded, from blue (for 0% strain) to red to
yellow (for 2% strain) (48). Plaque strain values are assigned a Rotterdam Classifi-
cation (ROC) score ranging from I to IV (ROC I= 0-<0.6 %; ROC 1= 0.6- <0.9
%; ROC IIlI= 0.9-<1.2 %; ROC IV= >1.2 %) (49) (figure 2). Our group has
demonstrated thart palpography has a high sensitivity (88%) and specificity (39%)
to detect vulnerable plaques in vizro (46). Postmortem coronary arteries were
investigated with intravascular elastography and subsequently processed for histol-
ogy. There was a positive correlation between the presence of high strain and the
degree of macrophage infiltradon {(P<0.006) and an inverse relation between the
amount of smooth muscle cells and strain (£<0.0001). Vulnerable plaques identi-
fied by palpography had a thinner cap than non-vulnerable plaques (P<0.0001).
In a subsequent study, 55 patients with either stable or unstable angina, or
acute MI were analyzed. Among patients with stable angina, the prevalence of
deformable plaques was significantly lower per vessel (0.6+/-0.6) than in patients
presenting with unstable angina (1.6+/-0.7, p=0.0019) or with acute MI (2.0+/-
0.7, p<0.0001). In the IBIS I study, on palpography, both the absolute number
of high-strain spots (grade III/IV) in the ROI (p=0.009) and their density per cm
(p=0.012) decreased significantly between baseline and follow-up. This decrease
in the overall population was largely driven by changes in the subgroup of patients
with STEMI; this group had both the highest number of high-strain spots at
baseline and the most marked relative decrease during follow-up compared to
patients with other clinical presentations. At 6-month follow-up, the density of
high-strain spots (1.2+1.4/cm) was comparable among clinical subgroups (50).

The potential value of IVUS-palpography is currently under evaluation in two
international multicentre prospective studies, PROSPECT and IBIS 2 trials. These
two studies have also obrained IVUS-virtual histology during the same IVUS
pullback, allowing for the assessment of both morphological and biomechanical
properties of a particular plaque. Assessing several characteristics of a given plaque
could potentially enhance invasive risk stratification by identifying very high-risk
plaques, thereby lowering the number of vulnerable plaques that deserve to be
serially followed and ultimarely treated (figure 2).
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Optical coherence tomography

Oprtical coherence tomography (OCT) is an oprical analogue of ultrasound, how-
ever it uses light instead of sound to create an image (51,52). For OCT imaging,
low coherence, near infrared light with a wavelength around 1300 nm is used
since it minimizes the energy absorption in the light beam caused by protein,
water, hemoglobin, and lipid. The light waves are reflected by the internal micro-
structures within biological tissues as a result of their differing oprical indices.

This technique provides a resolution of 10-20um iz vive (53); this level of
detail is well beyond the level of resolution of IVUS (100-150pm) (54). OCT
has been demonstrated to be highly sensitive and specific for characterizing ath-
erosclerotic plaques iz vitro when compared with histological analysis (55-57)
with a sensitivity and specificity of 71-79% and 97-98% for fibrous plaques,
95-96% and 97% for fibrocalcific plaques, and 90-94% and 90%-92% for lipid-
rich plaques, respectively. In addition, the inter- and intra-observer reliabilities
of OCT assessment were high (kappa values of 0.88 and 0.91, respectively) (57).
In vitro comparison of OCT with IVUS have demonstrated superior delineation
by OCT of structural details such as thin caps, lipid pools or tissue proliferation
(58). An in vitro comparison of OCT, integrated backscatter IVUS (similar meth-
odology to IVUS-VH) and conventional IVUS found that OCT had the best
potential for tissue characterization of coronary plaques, with higher sensitivity
and specificity compared to the other imaging modalities (59). However, a recent
study comparing OCT rto histopathology reported a lower sensitivity for plaque
components. Misclassification occurred in 41% of lesions, predominantly due
to a combination of incomplete penetration depth into the vessel wall and the
inability to distinguish calcium deposits from lipid pools (60).

In a pilot clinical study, our group performed iz wive OCT analysis of the
coronary arterial wall in patients who were undergoing percutaneous coronary in-
tervention. Imaging was possible in all patients and the entire vessel circumference
was visualized at all times. A wide spectrum of different plaque morphologies was
observed. OCT allowed for differentiation of the normal artery wall and inhomeo-
geneous, mixed plaques, as well as thin cap fibroatheromas with inhomogeneous,
low-reflecting necrotic cores, covered by highly-reflecting thin fibrous caps (54).

As a result of its high axial resolution, there is no doubt that OCT is the iz
vivo gold standard for identifying and measuring the thickness of the fibrous cap
(figure 3); an in vivo study found a significant difference in minimal cap thickness
between acute MI and stable angina patients, with median {interquartile range)
values of 47.0 (25.3-184.3) pm and 102.6 (22.0-291.1} um respectively (p= 0.02)
(61). On top of its reliability as a tool to measure the thickness of the cap in
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Figure 3. The optical coherence tomography image shows thin cap fibrous atheroma (TCFA).

The cross-section demonstrates a region of low reflectivity wich diffuse borders between the 3 and 5
o'clock position consistent with a lipid-rich plaque. This is covered by a thin, highly reflective fibrous
cap (TCFA) which measured becween 10-30 microns in thickness

vive, recent post-mortem and 7z vive studies have shown that OCT is capable of
evaluating the macrophage content of infiltrated fibrous caps (62,63).

Kubo et al. (20) evaluated the ability of intracoronary OCT to assess culprit
lesions during primary PCI in patients with acute MI. The thickness of the rem-
nants of the fibrous cap after symptomatic rupture measured was 49+21pm. The
main limitation of OCT is the shallow tissue penetration depth (1.5-2mm) which
hampers imaging of the entire vessel wall in large vessels and light absorbance
by blood thae currently needs to be overcome by saline infusion and balloon
occlusion, thereby precluding interrogation of long and proximal segments of
the coronary tree. This has recently been partly overcome with the use of non-
occlusive techniques whereby contrast is flushed through the guiding catheter
during simultaneous image acquisition at 3.0mm/seconds (M3, LightlLab Imag-
ing Inc., Westford, MA, USA). Furthermore, even more encouraging is the use
of optical frequency domain imaging (OFDI) that enables even faster pullback
speeds without compromise of image quality and resolution.
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Thermography

Atherosclerosis is accompanied by inflammation, and vulnerable plaques have
been associated with increased macrophage activity, metabolism and inflammation
{64). Activated macrophages produce thermal energy, which might be detected
on the surface of these atherosclerotic lesions using specially-designed catheters
equipped with thermistor sensors at the distal tip (65). A rise in temperature
can be found in atherosclerotic plaques as compared to disease-free coronary
segments. Temperature differences between an atherosclerotic plaque and normal
vessel wall increase progressively from patients with stable angina to patients with
acute MI with a maximum temperature difference to the background temperature
of 1.520.7°C (66). In a prospective study, Stefanadis et al reported an association
berween temperature heterogeneity and the incidence of adverse events at follow-
up in patients with coronary artery disease undergoing successful PCI (67). In
addidon, treatment with statins seemed to affect the thermographic results: in
non-culprit lesions the temperature difference was lower in the group treated wich.
statins compared with the untreared group (0.06 = 0.05°C vs. 0.11 = 0.10°C; p
= 0.05) (68).

More recently, a correlation berween morphologic and functional characeeris-
tics of culprit lesions (CL) in patients with acute coronary syndromes and chronic
stable angina (CSA) has been reported(69). In 81 consecutive patients (48 with
ACS and 33 with CSA), remodeling index (Ri) by IVUS and temperature differ-
ence {DeltaT) by angioscopy berween the CL and the proximal vessel wall were
measured. Patients with ACS had greater remodeling index than patients with
CSA (1.150.18 vs. 0.90+0.12; p < 0.01), as well as increased DeleaT (0.08+0.03
degrees C vs. 0.04+0.02 degrees C; p < 0.01). Patients with positive Ri bad higher
DeltaT than patients with negative Ri (0.07+0.03 degrees C vs. 0.04+0.02 degrees
C; p < 0.001). Patients with ruprure plaque had increased DeltaT compared with
patients without rupture plaques (0.09£0.03 degrees C vs. 0.05+ 0.02 degrees C;
p < 0.01). Multivariate analysis showed that DeltaT was independently correlated
with the presence of rupture plaque, positive Ri, and ACS.

However, there are several different aspects that deserve further investigation.
The prevalence and distribution of inflammatory cells in stable and unstable ath-
erosclerotic plaque is unclear, and the predictive value of ‘warm’ lesions remains
elusive. Furthermore, the impact of different coronary flow conditions on plaque
temperature (‘cooling effect’) is still not completely understood (70,71). Simula-
tions have revealed that the correct interpretation of intravascular thermographic
measurements requires data on the flow and on the morphologic characteristics of
the atherosclerotic plaque (72).

32



Novel incravascular imaging technologies.

There are a few limitations to the routine use of thermography in the cath-
eterization laboratory: (i) most of the catheters used still comprise over-the-wire
systems; (ii) accurate temperature assessment requires direct contact of the
thermistors with the vessel wall, with the associated potential risk of endothelial
damage (73) and (iii) as the temperature within the vessel changes rapidly with
fluid application, any intracoronary injection of contrast, flush or medication has
o be avoided before and during measurements(74).

Intravascular Magnetic Resonance

Magnetic resonance (MR) is a non-ionizing diagnostic tool exploiting the spins
of the nuclear protons in a strong magnetic field. For intravascular diagnosis, two
different approaches have been introduced.

The first, conventional approach visualizes the anatomical structure by using
a coil placed in a catheter or wire in combination with an external magnet (MR
imaging). While this approach has previously been shown to be able to provide
derailed information on structure and composition of the arterial wall and plaque,
(75) the procedure has to be performed in a MR room, not in a cardiac catheteriza-
tion laboratory. The accuracy for MRI differentiation of plaque components has
been validated in vitro and feasibility demonstrated in vivo (76). The 0.030-inch
IVMRI coil had a sensitivity and specificity of 73% and 85% respectively for lipid,
83% and 81% respectively for fibrous tissue and 100% and 97% respectively for
calcification. Subsequently, the same system was applied in human iliac arteries
in vivo using a 1.5T magnet with a resolution of 312pum. Complere vessel wall
analysis was possible in all 25 patients and required 20 minutes for an arterial seg-
ment of 20mm length. Compared to IVUS, mean lumen diameters were similar,
but the outer wall area was overestimated by TVMRI (mean 116.4£4.7mm? vs.
86.6+5.8mm?, p=0.0001). However, inter-observer agreements for IVMRI were
much higher (kappa 0.68-0.79) than for IVUS (kappa 0.21).

‘The other, novel approach analyses the chemical composition by placing both,
the coils and miniaturized magnets on the tip of a catheter, without the need of
external magnets (MR spectroscopy) and can be performed in the cardiac cath-
eterization laboratory (77).

MR spectroscopy can identify fibrous and lipid-rich tissue by measuring dif-
ferential water diffusion in a field of view. Acquired data is displayed as color-code
sectors based on the lipid fraction index (LFI) for each zone of the FOV. Blue indi-
cates no lipid, gray correspond to intermediate lipid content and yellow indicates
high-lipid content (figure 4). Clinical feasibility of catheter-based, self-contained
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] soft plaque . echogenicity < the surrounding adventitia.
" fibrous plaque , intermediate echogenicity between soft and calcified
calcified plaque ., echogenicity > the adventitia with shadowing.

mixed plaques, when they contain more than one acoustical subtype,

necrotic core , remmants of foam cells and Iymphoeytes, chelesterol clefis and Ca™
fibrous tissue . densely packed bundles of collagen fibers with no lipid
fibrofatty tissue, looscly packed collagen fibers and cells with high lipid content.

dense calcium . identifies focal areas of calcification in pathology

lipid-rich plaque . low reflectivity, homogenous and diffuse margins
fibrous plaque , high reflectivity, homogenous and finely textured

calcified plague . low reflectivity, inhomogeneous and sharp marging

lipid plaque

no substantial lipid deposition

; % intermediate lipid depeosition

- artefact, usually seen in calcified plaques

Figure 4. Multi-imaging in the coronary arteries. The same coronary segment (represented by one
frame) has been imaged by 4 different imaging techniques. In the greyscale IVUS (panel A), IVUS-
virtual histology (panel B), oprtical coherence tomography (panel C) and intravascular magnetic
resonance spectroscopy {IVMRY} the results of the same frame across different techniques are shown.
Of note, in the upper left quadrant of the plaque a calcified area is seen in three imaging modalities,
but in IVMR where an artifact is observed. On the right hand side, the different plaque and tssues
types across the coronary imaging techniques is shown.

IV MR spectroscopy has been recently demonstrated in patients scheduled for
coronary catheterization(78).

Preclinical trials employing this technology demonstrated its capacity to differ-
entiate plaque components of human aortas, coronary and carotid arteries in vitro:
IVMR spectroscopy was able to accurately detect different components (fibrous
cap, smooth muscle cells, organizing thrombus, fresh thrombus, edema, lipid-and
calcium) with sensitivities and specificities ranging from 84-100%. Agreement
with histology for grading the extent of intra-plaque lipid accumulation was 74%
and 80% for grading intimal thickness. Further analysis revealed high correlation
to histological analysis of a wide spectrum of plaque types in 15 of 16 (94%)
aortic lesions and 16 of 1§ (89%) coronary lesions (sensitivity 100%, specific-
ity 89%), including one plaque rupture, three TFCAs, seven thick-cap fibrous
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atheroma, four fibrocalcific plaques, two intimal xanthomas, and one adaprive
intimal thickening (79).

Current limitations include the limited field of view, the size of the catheter,
the need for direct vessel wall contact and the time required for acquisition. In
the past, the use of an auto-perfusion balloon during data acquisition has been
proposed to limnit ischemia(80;.

Clearly IVMR diagnostics remain an exciting area still under development.
Catheter-based system will further increase the user friendliness, their sample vol-
ume and allow for scanning of longer arterial segments. Upcoming developments
include the improvement MR plaque differentiation by the use of contrast agents,
such as paramagnetic gadolinium-based contrast(81) or supraparamagnetic con-
trast agents {iron oxide nagoparticles), thar can accumulate in macrophages (82).
There are still a few unanswered questions, including the effect of the thermal
energy generated on small arteries and on coronary artery stents, although con-
ventional MRI appears safe in this setting(83).

Recently in our center, a study has been started to explore a multi-modality
imaging approach of atherosclerotic plaque in-vivo. The same coronary segment
is assessed by greyscale IVUS, IVUS-VH and OCT and [VMR {figure 4). This
has been a challenging process, since we are dealing with the different imaging
resolutions and the lack of common nomenclature and classification across these
imaging techniques.

Raman and near infrared spectroscopy

A number of spectroscopic intravascular imaging techniques have been developed
recently and are still under investigation (84). Spectroscopy can provide qualitative
and quantitative information about chemical plaque composition. The Raman ef-
fect is created when incident laser light (typically 750-850nm wavelength) excites
molecules in a tissue sample, which scatrer light at a different wavelength. This
change in wavelength, called the “Raman effect” is dependent on the chemical
components of the tissue sample (85,86) and can therefore provide quantitative
information about molecular composition (87-89). Raman spectroscopy has
shown acceptable correlation compared with histology (r = 0.68 for cholesterol
and r = 0.71 calcification) (89} and with IVUS i vitre (88).

Raman spectroscopy technology collect scattered light with optical fibers and
route the collected signal to spectrometer systems for analysis. Previously optical
fiber probes utilized a region of the Raman spectrum called the “fingerprint” (FP)
region (< ~1800 cm* shifted light) to conduct remote assays, but due to technical
problems with this approach, it has been recently replaced by using another region
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of the Raman spectrum, called high wavenumber (HW) Raman shifted light (>
~2500 cm shifted light). This allows us to collect Raman spectra via a single
optical fiber, simplifying the size and complexiey of the catheter and making it
clinically feasible (Eurointervention 2008, in press). Thus, the optical catheter
system (OCS) (vPredict™) has been introduced as a tool for measuring the chemi-
cal composition of coronary vessels in-vive using Raman spectroscopy a.nd: the
subsequent mapping and quantification of the vessel and plaque components
for evaluating plaque progression. In a xenograft model, lipid-laden plaque were
identified with the collected Raman spectra by utilizing the overall cholesterol
content, i.e. the sum of the free cholesterol and cholesterol esters contenss, and
setting a decision threshold at 12 %, as determined in previous studies. As ex-
pected, the lipid laden plaques exhibit an increased content of free cholesterol and
cholesterol esters, while the non-atherosclerotic samples are mainly protein and
triglycerides. Table 2.

The vPredict OCS delivers infrared light to the vessel wall through optical
fibers contained within a small flexible catheter and captures a portion of the
reflected light for spectral analysis. This analysis provides information about the
composition of the underlying tissue. Figure 5.

Alternatively, near infrared (NIR) molecular vibrational transitions can be
measured in the NIR region {750-2500 nm) (90) and laser spectroscopy using
wavelengths of 360-510 nm has been evaluated in vitro (91).

Near-infrared spectroscopy observes how different substances absord and scatter
NIR light to different degrees at various wavelengths. A NIR spectrometer emits
light into a sample and measures the proportion of light that is returned over a
wide range of optical wavelengths. The return signal is then plotted as a graph of
absorbance (y-axis) at different wavelengths (x-axis) called a spectrum.

Table 2. Plaque/vessel components detectable by Raman spectroscopy.

Demonstrated: Collagen,
Elastin,
Myosin,
Triglycerides,
Beta-carotene,
Foam cells,
Cholesterol/esters,
Hemogiobin,
Fibrin
Possible: Metalloproteinases,
Low density lipoprotein {LDL), Oxidized LDL,
Protecglycans, Glycosaminoglycans,
Plasmin,
Nucleic acids,
Nitrotyrosine
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Figure 5. vPredict™ optical catheter systera (OCS). This catherer has 8 optical fibers that deliver
infrared light to the vessel wall and captures a portion of the reflected light for spectral analysis,
Image courtesy of Prescient Medical, Inc

In aortic and coronary artery autopsy specimens, the ability of the technique to
identify lipid-rich TCFA through blood has been confirmed (92). A catheter-based
system has been developed to address the challenges— of access to the coronary
artery, blood, motion, and the need to scan—that must be overcome for use in
patients. Initial clinical experience in six patients with stable angina demonstrares
that high-quality NIR spectra can be safely obtained (93). Additional studies are
planned to validate the ability of the technique to identify lipid-rich coronary
artery plaques and ultimately link chemical characrerization with subsequent oc-

currence of an ACS (94,95).

3. IMAGENG OF CORONARY STENTS

Intravascular Ultrasound radiofreguency analysis: Virtual Histology

Intravascular ultrasound— virtual histology classifies stent struts as “dense cal-
cium” (DC} and “necrotic core” (NC). We applied this property to follow-up
the degradation of a bioabsorbable stent by measuring the temporal changes in
IVUS-VH characteristics. 27 consecutive patients treated with a single bioab-
sorbable everolimus-eluting stent (BVS, Abbott Laborarories, IL USA) in simple
lesions were imaged with IVUS-VH after predilation (pre-stenting cohort of 13
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Figare 6. IVUS-virmal histology in stented segments. In the left hand side, a coronary angiogram
of the left coronary system shows on the distal segment of the left circumflex arcery an eccentric
lesion. A pre-stenting virtual histology (VH) frame showed 2 fibrotic type of plaque (location of VH
frame is indicared by a black line). On the right hand side, the post-stenting VH frame is depicred.
Of note, at the lumen and surrounding areas an increase in the amount of “dense calctum” and
“necrotic core” is observed. This is due to the presence of stent struts that are misclassified by VH.
PCI, percuraneous coronary intervention.

pts), post-stenting and again following 6 months. There was an increase in abso-
lute “dense calcium” and “necrotic core” by 297% and 256% respectively from
pre- to post-stenting. Overall, patients (n=27) with post-stenting and follow-up
VH showed a significant decrease in “dense calcium” (28.3% vs. 20.9, p<0.001).
Individually, in 21 out of 27 patients, there was a regression in the “calcified”
pattern. Although not significantly, “necrotic core” content also decreased (22.4%
vs. 20.3, p=0.227). In turn, both fibro-fatty and fibrous tissue increased (5.0%
vs. 7.4, p=0.024 and 44.3% vs. 51.4%, p=0.006 respectively). In conclusion, the
quantitative assessment of the IVUS-VH changes at 6 months suggests a reduc-
tion of the DC compatible with early struts alteration of the BVS. (figure 6).

Optical coherence tomography

OCT permits the detailed assessment of stents and their relation to the vessel wall,
both immediately following implantation and, at follow-up. Furthermore, OCT
also allows the quantification of neointimal tissue surrounding each individual
stent strut. Unlike bare metal stents (BMS), which develop circumferendal cover-
age with an average thickness of 500um or more, well visualized with IVUS and
angiography, (96) drug-eluting stents (DES) delay and prevent this hyperplastic
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Figure 7. OCT and stent. Panei A: Demonstrates the optical coherence tomography (OCT)
imaging of a bare metal stent 4 months following tmplantation. The circumferential tssue struts are
visible with shadowing induced by the meral. The neointimal dssue measured berween 140 and 220
microns in thickness. Panel B: OCT imaging of a drug-eluring stent (DES) ar 4 months follow-up
showing the circumferential struts with a very thin necintimal layer (10-40 microns thick). The

arrow indicares a strur with no visible tissue coverage

response so that the average late luren loss can be as low as 0.1 or 0.2mm, (97,98}
which means the amount of intimal tissue will not be detectable with TVUS.
(96)

Several small studies have recently been published highlighting the application
of OCT in the detection of stent tissue coverage at follow-up. Matsumoro et al
(99) studied 34 patients following sirolimus-eluting stent (SES) implantation.
The mean neointima thickness was 52.5 microns, and the prevalence of struts
covered by thin neointima undetectable by IVUS was 64%. The average rate of
neointima-covered struts in an individual SES was 89%. Nine SES (16%) showed
full coverage by neointima, whereas the remaining stents had pardally uncovered
struts.(99) Similarly, Takano et al {100) studied 21 patients (4,516 struts) 3
months following SES implantation. Rates of exposed struts and exposed struts
with malapposition were 15% and 6%, respectively. These were more frequent in
patients with ACS than in those with non-ACS (18% vs 13%, p <0.0001; 8% vs
5%, p <0.005, respectively). The ability of OCT to image at high resolution is
the major advantage over IVUS and it also affords the potential 1o quantify the
amount of neointimal tissue formed over struts, an application which remains
elusive for a technique like angioscopy. OCT is now also being incorporated in
more and more clinical stent trials with the goal of assessing neointimal tissue
coverage, an important potential surrogate marker for late thrombosis. (101,102)

(figure 7)
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CONCLUSION

Several invasive imaging techniques are currently under development to detect
vulnerable coronary plaques in human coronary arteries 7z vivo. To date however,
none of the techniques described above have been sufficiently validated and, more
importantly, they have not demonstrated a sound and reproducible ability to pre-
dict future adverse cardiac events. Intravascular palpography and virtual histology,
based on conventional IVUS catheters, appear to be very promising and their
predictive role is presently under investigation in a large international trial.

Very rigorous and well-designed studies are compelling for defining the role of
each imaging modality. Non-invasive techniques and the assessment of humoral
and genetic factors comprise complementary and important tools in this direc-
tion.

At present, the main purpose of all these evolving techniques is to improve
our understanding of atherosclerotic disease and to define its natural history.
Ultimately, the aim is to identify patients at high risk for future cardiovascular
events and to evaluate the benefits from either local or systemic therapeutic inter-
ventions. :
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Chaprer 1.2

Introduction

Trere s increasing altentiors in the possibilty that racognitan and
treatment of high-risk plagues would improve the progress made
against coronary artery disease. To address the former issue,
innevations In invasive imaging techniques —i.e. intravascutar
radiofrequency data anaiysis for tissue composition (Virtuzl
Histoingy™) — may help to better understand coronary atherosclerosis,
indeed, Virtual Histoiogy (VH) can potentially detect thin-capped
filsroatheromas (TCFAs). In addiion, the progression of the disease
can aiso be followed-up. The technique has been validated in vivoand
ax wivo and its reproducibilty tested in patients with encouraging
resulis. Therefore, several studies in different cortexts have been
alreacly reported in the lierature. Furthermore, ‘arge natural history
studies and randomised controlled trials are angoing in which the
technique is being used. Thus, there is a need {o establish standards
on acquisition guidelines, analysis, definitions and reporting.

Description of the technique

VH-IVUS is a ‘technique that esllows tissue characterisation of
vascular lesions. It is besed upen the spectral analysis of the raw
backscattered ultrasound data that has been correiated with
vascular tissue types determined from histology. Once the spectral
signature of four tissue types (florous tissue, fibro-fatty tissue,
necrotic core [NC], anc dense caicium) are determined, these
slgnatures are programmed (nto scftware, either an the IVUS constle
or sind-alone software packages, for the anaiysis of patient data.
ngenendent studies have demonstrated in wivo a relatively high
leve! of accuracy and reproducibitty of IVUS-VH in human arteries.
The technigue has been validated in wivo, ulilising directional
coronary atherectomy specimenst, yielding predictive accuracies of
up to 95% in nan-ACS natients. Recent ex wivo studies® that
validated VK images directly with the histopathology sectiens gave
accuracies of up to 97%.

The reproducibility of the technoiogy using same and different
catheters has been studied using ex vivo WUS pulibacks through
excised human coronary arieries and in vive from randomly
selected patlents undergoing elective percutanecus coronary
interventlon (PCI). Mo statistical differences were found betwesn the
oullbacks from the ex vivo or in vive studies irrespective of whether
the same or a different catheter was used?. VH s an IVUS based
techriology and as stch s subject 1o the hmitations of VUS. The
axiat resolution of WS is approx 100pm and the lateral resolution s
250 pm. in addition, VM analyses data in blocks of 250 um,
Therefore, for example, detection of thin florous cans <65 pm in
thickness, is below the resofution of the technology.

Screening and image acquisition

VH-IVUS is a technigue that is specific to equipment and (as of this
writing) solid-state IVUS catheters manufactured by Veleano
{Rancho Cordova, CA, USA)L VH-IVUS image acguisition requires
ECG gating, and although the ECG is not recorded along with the
VH-WUS data, T is important o ensure that the ECG signal is
generating oniy one frame per cardiac cycie (“R tops”). If there s no
ECG recording (@t this moment only detectable when acquired
topather with nalpegraphy), then the study should not be analysed,
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Siep by step procedure

In the past, Virtual Histelogy was acquired using the in-Vision Goid
cansoie ang a 20 MHz Eagle Eye™ Gold catheter. Currently, the
Volcano s5 imaging System s used for the gualitative and
quantitative evaiuation of vascular morptiology in the corcnary
arteries and vessels of the peripheral vasculature. One of its
cormpanents, the Virual Histology System, is intended o perform
spactral aralysis of RF Wirasound signa's of vascular features
dguring routine diagnostic ulrasound imaging examinations.
Although twe types of catheters can be used with this system,
2 20 MHz electronic catheter or a 45 MHz mechanical catheter, the
VH-IVUS for the 45 MHz is uncer development.

System description
The Volcane sb system offers twa options for IVUS acguisition: the
55 tower and the sbi {integrated) syster.
The 5 tower — The hardware systern corsists of the systermn console
that includas monitor a keyocard, and the patient interface mocule
(P'M]. The cabling connector at the PIM end allows far the PIM o
be disconnecied and replaced.
The s5i system — This system can be integrated inte any of the
available angiographic systems. The CPU is the heart of the s5i
piatform. The CPU can be located in different locations, such as in
the cortrol rogm, the patient exam raom or in an equipment closet.
The sBi control parel with a slide cut keyboard can be mounted on
a support bracket from & patient fable DIN rall. 1t can also be piaced
on a table in the control reom. A separate joystick option or a touch
pantel Is availabie for the physician at the bedside if desired which
wilt provide basic systems Tunctions from the bedside.
Guidelines for acquisition
it is worth mentioning that before IVUS is performed, administration
of between 100 and 300 ug of intracoranary nitreglyeerin is highy
desirable in order to avoid spasm of the vessel and minimise
ischaemia, Consider natient’s biood pressure before nitroglycerin is
administered.
The detaited acquisition process is described in Table 1.
Becalse image acgulsition is ECG-gated, while the pullback speed
is canstant, the number of frarmes/mm will vary with the heart rate.
The higher the heart rate, the more data (number of frames per
mm} s coilected: the puliback speed shouid, ideally, be
(0.5 mm/sec. At this pullback speed and depending an the heart
rate, three o six image stices will be acquired per 1.5 mm segment.
tudies must be acguired using motorised catheter pullback.
Manual pullback is unacceptable and shouid not be done when
acquiring VH-IVUS data, Velcaro manufactures twe motorised
pullback devices: TrackBack Il and R-100. The TrackBack |} device
is not the most recommended for VH-IVUS fmage acquisition
because of the absence of steady grasp of the catheter (related, in
nart, to the kibricious nature of the catheter shaft itself) and the
weakness of roller movement causing the catheter to be withdrawn
unevenly. The R-100 device is the best pullback device currently
available for the solid-state IVUS catheter. When imaging singie
stents of knowry length, 80-85% of stents measured using the R-
100 device were within 20% of known length compared to only 65-
70% of stent measured using the TrackBack i} device®. Third party
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Table 1. Step-by-step acquisition procedure

You must perform the following before you begin using the s5 system
for imaging:

- Ensure that the Patient Interface Module (PIM) is attached

- Prepare the catheter in the same manner as for standard IVUS
acquisition

- Have & DVD-R ready

VERY IMPORYANT: The ECG cable must be connected and capturing the
R wave. The amplitude of the R wave must be at {east 2X the amplitude
of the T wave in order to ensure appropriate capture of data (the larger
the "R wave, the better).

- A red heart is visible on the upper right of the screen, It must be
flushing at the speed of the patient’s heart rate indicating the trigger
to acquire the RF data. It is impertant to confirm this function in order
to ensure the acquisition.

- The IVUS pullback can be performed viewing the grey scale TVUS modus.
After the pullback, it s useful to switch fo the virtal histology {VH)
modus to confirm the quality of the data. VH s generated in real time and
therefore it s immediately visible using preliminary automatic borders.

Step by step

1. Check the settings: Date, time, language, archive (what information
you want included with save frames and recorded foops, eg.
measurements, annotations, graticules). VH-IVUS, click Vi ON by
default. Adjust the defoult opacity levels for each VH parameter, This
allows you to customise the type of tissue colour to be displayed. For
example, you may be most interested in necrotic (red) tissue, Thrs last
option is especially useful for clinicol decision-makers whoe are colour
blinded. Gain refers to the intensity of the witrasound echoes. As Gain
is increased, the echoes become more intense and the image becomes
brighter. To change the Gain: 1. Open the Adjust Image dialog box.
For IVUS Eagle Eye Gold catheter the range is 1-68 and the default
gain is 50, Changes in the default gain settings will not affect tissye
characterisation in VH.

2. Enter patient information, press the Patient tab on the meny bar.
The patient information dialogue box displays.

3. Select the IVUS tab on the interface user.

4. Plug the catheter into the PIM at the patient’s bedside.

5, Place the catheter in the ostium of the vessel is going to be imaged,
6. Press the Ringdown button to eliminate ringdown artefact when
used with an Eagle Eye catheter. Manual ringdown from the s57
Controller can be done for peripheral catheters. Tt is often desirable to
perform Ring Down because phase array TVUS transducers produce an
area of noise around the catheter. This noise is caused by transducer
rasonance after an ultrasound pulse. The Ring Down process normalises
the transducer nojse.

5. Position the catheter distal to the lesion of interest and implement
the pullback device if desired. This last is recommended when
volumetric measurements are required,

6. Prass the Record button on user interface unit to begin receling.

The default mode for the Eagle Eye Gold catheter is “VH On” if the ECG
trigger is available, VH will be visible n real time once the VH mode is
selected. During the puilback the borders are defined on the
longitudinal view and, depending on the conFigure uration of the
settings, the VH analysis appears automatically.

The collection of VH data is interrupted/terminated once the ECG
trigger stops and 2 message is displayed indicating the recording
stopped due to a toss of the £CG trigger

7. During the pullback and at any time after, the Bookmark button can
be used to mark locations of interest if desired.

8. Press the Stop button on user interface to end Recording.
9. fhyose a pullhack speed (1.0mm/sec, 5.5mm/ser or Manuat).

16, Press Play to review the current Recording, or select from the
Playback list button.

11. Longitudinal view for the s5 system displays 2 sagittal view of the
blood vessel that offers additional information for lesion diagnesis,
longitudinal measurements, and other diagnostic and treatment
options.

motorised puiiback devices reguire validation before being used for
WVH-IVUS acquisition. Currently, the Global VH Registry includes
a combination of TrackBack Il and R-100 acguired cases; 1BIS-2
and PROSPECT studies used oniy the R-100 device. In general,
pullbacks of the solid-state IVUS catheter appear to be fess uniform
in tortunus vessels, the left circumflex coronary artery, and in
stented and calcified segments, therefore, consideration shouid be
given 10 exciuding tartuous or heavily calcified vessels.

Non-coniinuous image acguisition

During puliback, the catheter can stall or “stick” during Image
acguisition. in addition, typically wher imaging very fong lengths of
the coronary artery, VH-IVUS data must be acguired in two
overlapping segments because the length of the artery is greater
than the capacily of the pullback davice. Nen-continuous or
overlapping pullback séctions should be celeted from the file, and
the two residual ends stitched together electronically during image
analysis, However, the cut-and-paste technique shouid be used
only if there is one long segment of the nullpack that is continuous
{i.e. >10 mm) that contains clearly identifiable landmarks; no more

than two segments can be joined together, and the cut-and-paste
technigue shouid not be used to extend the lenpth of the analysis
segment if there is a good, continuously imaged, 40 mm lorg
segment that can be analysed. If the cut-and-peste technique is
used, it s very Important that the same (identical) landmarks
(fiduciary points) at both ends of the reconstructed analysis
sepgment be identified and used n the baseling and foliow-up
studies. It is equaliy important that the segment that is to be
removed have Its own identifiable proximal and distal fiduciary
noirts. it is possibie that the distribution of atherosclerosis will be
skewad by the use of the cut-and-paste technique; therefore, this
techrigue should not be used if the number of patients in the study
is small. If cutting anc pasting has taken placed during the process,
this should be described in the methodology.

= s
ECH or zoom s2itin

Because VH-IVUS requires ECG-gating with one image slice per
cardiac cycie, it s recommended that the software be modified so
that at the time of recording and analysis, the ECC signal is ciearly
visihle. It is essential that the ECG leads be connected to the patient
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Figure 1. This patient was imaged in the same region with two
different catheters during the same procedure. The graphs show alf the
frames acquired {x axis) and n the y axis the distance between thern
is given, Small varigtions in the intervals were observed,

such that 2 good ECG tracing Is cbigined and outout to the IWUS
system (Figure 2). The R wave must be at least 2X the amplitude of
the T wave in order to ensure appropriate capture of data {(the larger
the “R" wave, the better).

The zoom factor shouid NOT be charged duting pullback. To
ensure that the entire circumference of the artery is imaged
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Figure 2. This figure shows the heart beats recorded during VH-IVUS
acquisition (in this case palpography was aiso recorded simuitangousiy.
in black, the ECG signal; in purple the “R" top marker: in green and red
the acquired VH-IVUS frames. The blue line indicates the segmentation
per heart beats based on the blood pressure signal (blgod pressure curve
not shown), In panel A, a quasi-normal ECG-gating acquisition is seen,
the VH-IVUS frames (green markers] were constantly acquired
throughout the puliback. Only few extra VH-IYUS non-"R"-top related
were acquired (red markers). in panel B, due to a bad ECG signal the
ECG gating was poor. This graph has been created by Frts Mastik at
Erasmus Medical Center.
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throughaut its length, the prodmal part of the vessel should be
irraged white inserting the catheter in order fo set the zoom factor.
Gain seftings o not influence VH-IVUS data and analysis and can
be adjusted during pullback. Eventually, segments with an
inadecuate ECG, incorrect triggering, or with the media “out cf the
image” are unzeliable and should not be analysed.

Segment lzngths

There is no waper limit to the fength of artery that can be assessed
using VH-IVUS. It s limited only by the memary (or nard disk space)
of the instrument and the capacity of the pullback device.

Scramiting of image slices

Scrambiing of the Image slices occurs because of artegrade / retrograde
motion ¢f the transducer durlng systole and diastoie. In sheath-
based, mecharical WUS catheters, this averages 1.5 mm (range
0.5 ¢ 5.5 mm®. For this reascon (as wall as because of pulloack
issi:es), the following is recommended.

Up to three consecutive scramble slices should be deleted from the
file {“ignared frame”}, and the two residual ends stitched topether
electronically during image analysis. To this end, clear anatomica!
landmarks, such as side-branches, must be taken into account t©
recognise the scrambie frames.

Yessel-specific limitations

It is often difficult to image the very proximal segment of the RCA
because the puiding catheter 1s in the ostium. Even the conus
branch Is frequently covered by the guiding catheter. One option is
0 disengage the guiding catheter, taking care not to introduce too
much tersion into the coaxial system. Another option is to use a
distat side-branch as the primary, fiduciary landmark. The priority
for the fiduciary peint when imaging the RCA should be the aorto-
ostiat junction, then the conus branch or 2 praximal gtrial branch,
and firally a distal side tranch.

A sirnilar problem exists when imaging the left main (LM). However,
it is easler to disengage the guiding catheter from the LM while
maintaining catheter stability. It i recommended that the LAD or
LCX be imaged first and then the guiding catheter disengaged to
image the LM. The carina is the most recommenced fiduclary point.

Contours
There are only two reproducible borders (contours} in non-stented
arteries: the external glastic membrane (EEM) and the lumen. Once
the bardars are traced, there will be a VH-IWUS classification of all
ructures within this region of interest. Therefere, accurate cortour
detection 1s crifical. While there is a “flare” (ring down artefact)
around the catheter, the lumen contour must be drawn away from
this fiare {Figure 3).
On the current VH-IVUS display, the grey contour representing the
media can occupy Up to 40% of the plague area, although this area
can be subtracted to obtzin only the VH-BVUS plague and its four
tissue types; it was built into the display as a landmark cenoted the
outer edge of the vessel. Histologically, the “normai” meadia 15 250
microns thick, but it fs frequently destroyed during various
pathelogic processes including atheroscierosis. Media thickness
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Figure 3. Panels A and A’ show that the lutnen border was drawn halfway inte the flare (ring down artefact) of the catheter {yellow circle), in the
VH frame this was misclassified as dense caleitm. Pangls B and B' show the recommended approach to draw the lumen border, away from the
flare of the catheter, Panels C and D show the propesed method fo draw the contours at side-branches. Luminal contour {yeflow line) should be
drawn just beyend the vessel contour, so that in the VH-IVUS this appears as an emply space. S8, side-branch.

cannot be rmeasured Using either greyscale or VH-IVUS imaging.
Because 1) media thickness is variable, 2) the contours for
greyscale IVUS, VH-IVUS, and other deriveg technigues such as
paipogranhy shauld fe the same, and 3} the piaque cross-sectiona)
areg measured by greyscale WIS, VH-IVUS, anc other derived
technclogies should aiso be the same. New software medifications
will allow the display with or withoUt the grey contour for media.

Side branches

Cross-sectional image slices containing 2 side-branch should not 2e
Tgnored or deleted from the VH-IVUS analysis (uriess the side-branch
coening is > 90 degrees). Nevertheless, because side-branch
containing cross-sectons do not dispizy the artery as a “circle,” some
ruies are necessary for defining the contours of the EEM and lumen
1) The EEM contour should be Interpolated as to follow the pre- and
pest-side branch frames EEM maorphology. 2) The lumen contour
should be drawn just beyond the EEM contour to aveid computation
of tissue types and to cregte in the VH-IVUS images an empty area
indicating the position of the side-branch (Figure 3).

Currently, there is no VH-IVUS classification for thrombus. & 1s not
clear when or if such a classification will emerge because thrombi
evolve and develop over time so that a single classification for
thrombus may naver be possible, Wark Is ongoing for identification
of fresh thrombus; however, identification of iate thrombus appears
o be more difficutt. with higher frequency greyscale IVUS, the real-
time, continuously changing appearance of a clot during imaging is
a usefui criterion for the presence of a thrombus. However, even
with 40/45 MHz transducers, the sensitivity/specificity of detecting
thrombus is lowé; an< with 20 MHz and ECG gating used for VH-

VUS, terporal resoiution: is lost along with many of the subjective
criteria of thromius. Thrombus 15 misclassified as fibrous or
fibrofatty by VH-IVUS?. However, it is advisable that the luminal
border should be drawn fo include the thrombus as part of the
piague for the following reasons (Figure 4): 1) there is no consistent
border between thrombus and plaque that would clearly separate

Figure 4. Twe consecutive frames showing a ruptured plaque in
a patient with an acute coronary syndrome. The fuminal contour (not
shown to alfow visualisation of the discontinulty area of plaque surface)
should be drawn including the cavity (white arrow) in the analysis.

55



Chaprer 1.2

thrombus from plague and allow quartification of just the plague.
2) Thrombus is a moving target, changing with age. 3) Mural and
intramurat thrembus is even more difficult to detect than
intraluminal thrombus and impossible to guantify. 4} Lumen
dimensions (and, therefore, stencsis severity} are affected by the
presence of thrombus, 5) When/if a classification for thrombus is
develaped, it will only e necessary to reprocess the mages, notto
redraw the lumen contours. However, it is recommended that
lesions suspected of containing thrombus be flageed for future
study and reanalysis.

Pathological plaque characteristics

<3

Plague rupiure

Based on post-moriem studies, there are three main causes of
thrombosis in atheresclerotic coronarfes. The most frequent cause cf
thromboss s plague rupture, which in the coronary anteries accounts
for &5 1o 70% of cases dying suddenly, piague erosion accounis for
30 1o 35% of cases and calcified nodule for arother 2 to 5%.

The rupture of a thin fibrous cap over a necrotic core is the most
common underlying mechanism of atherothrombosis®, Although
nathologic features that predict plague rupture are elusive,
Increasing size of the necrotic core, decressing thickness of the
cap, intrapiague haemorrhage, and concentration of macrophages
within the cap are associated with plaque instabliity. As the plaque
ruptures, the exposure of the tissue factor to fiowing bioad resuits in
activation of the coagulation cascade with formation of a platelet-
rich thrombus (Figure 5).

H - 7 — 5
Figure 5. Coronary plaque rupture with overlying luminal thrombus.
A shows the area of the thrombus and rupture site (arow} and B shows
the site of rupture (arrow) with the overlying thrombus at higher
magnification.

In smaller calibre arteries such as the coronaries, the plague
rupture results in iumina thrembus but the necrotic core contents
tend not to embolize distally; the core contenis (free cholesterol
crystals, cellular debris) intermingle with red cells, fibrin and
platelets. The platelet thrombus is seen tc embolize cownstream i
40% of cases dying suddenly. However, post-mortern data impiies
that in farge arteries, such as the aorta and carotid, excavaticn of
the necrotic core underlying the rupfure site is frequent, with
creation of a deep filling defect or uicer crater with superficial
organization of thrombus (Figure 8). Because of high flow
condltions in the carotid, the corntents of the necrotic core along
with platelet rich thrombus embolize. Using grey scale IVUS, the
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Figure 6. Ulcerated plaque, carotid artery. A. Haematoxylin eosin stain.
B. Movat pentachrome stain showing the ulctrated plague (arrow) and
the varfous plague components. C. Macrophage staining (CDGS8)
showing macrophages (brown) close to the area of the ulceration and
the underlying core. D. There is abundant fibrin within the ulcerated
necrotic core,

site af the plague rupture with disrupted fibrotic cap may appear as
an empty cavity due to the space left from the emboiised necrotic
core and flow within the crater or the deep ulcer (Figure 81,

Tre greyscale VUS definition of 2 piague rupture is a cavily within the
nlague that communicates with the iumen with or without an overiying
fibrous cap fragmert®19, However, not all plague ruptures are detected
by greyscaie IVUS because the cavity is often filled with thrombus and
biood. Information from greyscale IWUS shoul be used fo define the
resicual plague and exclude the cavity from VH-IVUS analysis, when/if
this Is emipty. When a plaque rpiure is oresent on greyscale IVUS, this
should be noted 1o Imply previous presence of 2 thin capped
fibroatheroma (TCFA) even though the NC may no longer be in contact
with the [umen an VH-VUS because of overlying thrombus.

Catcification

Fecal calcification of atherosclerotic plagues is a nearly universai
finding n advanced plaques and in elderly patients. Because
several comporents of the plagque can caleify, there is significant
heterogeneity of the morpholegy of calcium deposits within
atherosclerotic lesions. This heterogeneity precludes general
statements associated with plague calcification and plague
stability/instability

It is welieved that calcification s an active celluiar process. intimal
smooth muscie cells calcify by the formation of membrane vesicles
(so-calied "matrix vesicles") which pinch off from the cell, calcify,
and form a nidus for surrourding coilagen calcification. This
mechanism of calcification has been studied in vitro using cultures
of vascular smooth muscie cells that have the propensity for
calefication under certain conditions of the growth medium and in
condltiens of cell death (apoptosis). Other patterns of plague
calcffication have not been studied in detail due o 2 lack of in vitro
magels. Matrix calcification, especially i lipid-rich pools (pathologic
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Figure 7. Stable plaque, corenary artery. A shows focal calci
{gark purple areas). B shows an area of sheet calcification {(double
arrow) of a collagen rich plaque where as the single arrow points to an
area of necrgtic core calcification. C illustrates as area of speckled
calcification along a necrotic core. D fs the area from C underneath the
arrow at higher magnification showing single cell calcification.

Figure 8. Ceronary arteries showing patterns of calcification. Left:
A. Pathologic intimal thickening., B. Calcium stain demonstrating
micrascopic calcifications fvon Kossa). Middle: A. Fibrocaleific plague,
non-peclusive. B. Spechied caloification within an sarly necrstic core
{Movat stain). C. Shows fibrous plaque calcification, Right: A.
“Pipestern” calcification circumferentially around the vessel, with
apparent stabilisation of the plague,

Intimal thickening) has been observed morphologically.
Protecgiycars, especially decorin, may play 2 roie In hinding of
phosaholipids \'n'ftiat\'ng extracellular calcfication. in the zbsence of
significant inflamrmation, calcification may have a “stabilising” effect
as derse collagenous calcified plates radiographically seen as
“blocks” of calclum. However, macrophages may also form 2 nigus
for caiclfication, resUiting In “speckled” caicium that is associated
with plaque instabillty and plague rupture. Calcification: of necrotic
cores is often partial and “speckled” radiographically. Necrotic
cores, along with surrounding coilagen and block of calcium, are
more often seen in stabie plagues {so-callec fibrocaicHfic plagues,
which are considered stable) (Figure 7 fo 10). In plague rupture
calcification is most often seen as speckled or fragments of
caicification which involve either necrotic core or fibrous tissue and
calgification is observed in 80% of plagues that rupture. Finally,
there is a form of calclfication. associated with caicified nodules with

. R : o l
Figure 9. Unsiable caicification. A. Macrophage marker (CD 68}
demonstrating macrophage Infiltration of an early necrotic core. B.

Higher magnification of spicule of calcification (arrow) within an area
of necrotic core.

A

Figure 10. Coronary plague showing healing plague rupture. A and B
at higher magnification show the site of previous plaque rupture where
the fibrous cap is disturbed (arrow) and overlying healing thrombus.
The rupture 15 almost fully healed towards the limen.

L

Figure 11. Nedular cafcification in a coronary plaque. Note the calcification
{A) seme of which Is nodular in nature jn the area close to lumen, B is
area underneath arrow in A at higher power showing nodular
calcification with fibrin {dull red) in between nodules (bright red).

overlying platefet thrombus which has been termed “nodular
caicification” (Figure 11), This form of calcification is most often
associated with deposition of fibein and even bone formation.
Nodular calcification is an uncommon cause of iuminai thrombosis
In the coronary arteries. However, in the carotid arteries, nodular
calgification is more commen occurring in 5-10% of cases of
thrombosis by Histology.

Thera is an ongoing controversy whether VH-IVUS can see behind
caleivm. If there is a sofid “rock” of caleium, then VH-IVUS cannot
see behind the calcium. Solid “rocks” of calcium can be superficial
tnear the lumen) ar deep (near the adventitia), Conversely, if te
calcium is non-confluent with gaps of approxmately 100 migrons
{typicai with speckled calcium that is present in 2 necrotic coral,
then some signal is present ever if it is attenuated. On VH-IVUS
imaging large confluent calcium deposits can be solid “rocks” of
calcium or represent muitiple, nearby, calcium deposits. It is also

57



Chapter 1.2

unclear how often there Is a definabie signal and how often there is
mostly nolse; the current hardware and software do not make this
distinction. Therefore, in some cases, the signai benind calcium is
mostiy noise while in other cases it contains useful data. Studies are
currently underway ¢ determine when there is enough signal to
accurately assess plague composition behind caicium and when
there 1s mostly noise and the signal ambiguous.

MNevertheiess, In the case of both solld and speckled (or multfocan
calcium, shadowing caused by the presence of calcifications
necessitates extrapolation of the EEM contours. Extragolaticn can
be assisted by longitudinal reconstruction of the cross-sectional
images. The following are suggested guidelines. Extrapolation can
be performed 1) if the arc of caleium is <90 degrees or 2) if the arc
of caicium is 90-180 degrees, <5mm in length, and the
“continuation” of the EEM evident using longitudinal views,
Extrapolation should not be performed ¥ the arc of calcium s
>180 degrees andfor >5 mm in length. However, these are just
guidelines, and the location of the transducer relative 1o the calcium
also influence the validity of extrapolation. The presence and
qualitative assessmert of calcification may be prognostically
important, even though quantification of its thickness and of the
tissue behind the caiclum are difficult.

Pathologic plaque progressicn

Pathology of lesion classification is based on autopsy observations
which are based on static images. Although the natural history of
corcnary atherosclerasis is unknown, some believe that
atherosclerotic lesion progression starts with pathologic intimal
thickening in which fipid accurnulates in areas rich in proteoglyeans
{Hnid pocls), but in absence of necrctic core. Others belleve that the
earliest change of atherosclerosis is the fatly streak, also cailed as
irtimal xanthoma.

The earliest lesion with a necrctic core is the fibroatheroma (FA),
and this is the precursor lesion that may glve fise to symptomatic
heart disease. It is belleved that rupture of an atherosclerotic placue
is the underlying cause of 70% of symptomatic disease. It has been
shown in patients dying suddenty without prior symptomatic heart
disease thar at least 60% of cases will show prior rupture site or
“neaied plagque rupiure” (Figure 10) suggesting that rupture of an
atherasclerotic plague may oceur in the absence of symptems. On
the other hand, only 11% of ruptured plagues in patients dying
sudden have a virgin rupture Le., the first time that a plague had
ruptured. In the majority of cases, plaque rupture is silert, heais
and leads to plague progression through repetition of this cycle.
Pathological intimal thickening (PIT)

The pathological intimal thickening (Figure 12 and 13) is a poorly
defined entity sometimes referred In the Herature as “intermediate
lesion”. This type of plague does not encroach the lumen and
consists of intimal thickenirg composed of fibrous plague with
extracelluiar ligid and proteoglycans. True necrosis s not evident.
The area overlying the lipid is rich in smocth muscie cells and may
contain a variable number of macrophages and T lymphocytes. It
has been demonstrated that in the coronaries the majority of
erosions occur over areas of pathologica! intimal thickening giving
rise 10 a clinically significant role for these lesion tyoes.
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Figure 12. AHA plague classification, (Stary HC. The histological
classification of atheroselerotic lesions in human coronary arteries. In:
Fuster V. Ross R, Topol E, eds. Atherosclerosis and Coronary Artery
Disease.). fc: fibrous cap; nc: necrotic core

Fibrous cap atheroma (fibroatheroma}

This type of lesion is constituted by a large lipid-necrotic core (Figure
12 and 13} comprising large amounts of extra celiular lipid,
cholesternl crystals, and necrotic debris. surrounded by a fibrous
cap consisting principally of smooth muscle cells in a collagenous-
proteoglycan matrix, with varying degrees of infiltration by
macrophages and T lymphocytes, and a varlable number of
surrounding inflammatory celis surraunded aiso the tipid-necrotic
core. This lesion, according to the AHA classification which
distinguishes between lesion types IV and V on the basis of the
development of complicating features, may progress and became
highly calcified or develop complications such as mural haemorrhage.
Thin capped fibroatheroma (TCFA)

This lesion Is characterlsed by a large necrotic core comaining
numerous chelesterol clefs (Figure 12 and 13). The overlying cap
fs thin and rich in inflammatory ce'ls, macrophages and 7
lymphocytes with few smooth muscle cells. Plagues prone to
rupture are those with decrease cap thickness, large iipid-necrotic
core and severe inflammatory infiltrate A study done by Burke et
alt* has identified a cut-off value for cap thickness of <65 micrens
for vulnerable coronary plaque definition.

Healed lesions

Healed ruptures are characterised by a disrupted fibraus cap filleg
in by smooth muscle celis, proteoglycans, and collagen (Figure 12
and 13). Healed ruptures are best idemtified by picrosirius red
staining, whereby newly synthesised type !l coilagen is seen
overlying a ruptured fibrous cap censisting primarfy of type |
collzgen. The matrix within the healed fibrous: cap defect may
consist of a proteoplycan-rich mass or a coliagen-rich scar
depending on the phase of heaiing. Lesions with healed ruptures
ey exhibit muli-layering of lipld and negratic care, suggestive of
previous episcdes of thrombosis, '
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Patholegic
Intimnal Intimal intimal Fibrous Thin-cap
thickening thickening cap atherema Fibroatheroma

xanthoma

Figure 13. Modified AHA classification, Virmani et al, ATVB 2000; 20:1262-75. EL: extracellular ipid: nc: necrotic core; fe: fibrous cap; th: thrombus

Fibrocaleific iesions
Fbrotic plagues with extensive accumuizations of calcium are called
fibrocaleific plagues (Figere 12 and 13).

VH-IVUS lesion type or classification

Tabie 2 outlines the plague and lesion types that are proposed
based on the above pathologic data.

Confiuence is important to minimise over reporting isolated islets or
individual pixels of YH-IVUS detected necrotic core which can be
artefacts, The term confluent is defined as & substantial area of
necrotic core or dense calcium that Is present in the VH-IVUS image
as an aggregate indicative of the plague type not just image ‘neise.’
This was determired based on observations fram numerous VH-

Table 2. VH-IVUS proposed lesion types.
Cesiori g S

o BHeR desrptinnL

{VUS images and corresponding histology images, such that
a'confiuent area’ s equivalent to an area of approximately 10% of
necrotic core. Two other important concepts are 1) the size of the
major confluent necrotic core {area, volume, length, and arc) and 2}
size of the major necrotic core in contact with the fumen {lergth and
arg). IVUS derived TCFAs (VH-TCFA) or fitroatheromas can also be
subclassified according to 1) the number of necrotic cores or the
presence of multipie layers of necrotic care; 2} presence or absence
of calcification and number of focal or layered calcific deposits
{presumed evidence of previous rupture); and 3) plague burden lor
lumen compromise). Glven any two-dimensional (20) VH-IVUS
Image, the following text outlines & possible algorithm for lesion
analysis.

Intimat Medial Thickening (IMT)
Pathological Intimal Thickening {PIT)

Fibrotic Plague

Fibrocalafic Plague

Fibreatheroma (FA}

Virtual Histology Thin Cap Fibroathersma (VH-TCFA)

<600 pm of intima thickness

=600 pm thickness for >20% of the circumference with 7 =15%, and 1o confluent NC or DL
Dominant FT and no confluent NC or DC

>10% Confluent DC with no confluent NC

»10% Confluent NC on three consecutive frames

»>10% Confluent NC on three consecutive frames and arc of NC in contact with the lumen for

35 degrees alony lumen Cireumference

FT: fibrous tissue; FF Fbro-fatty tissue; ND: necrotic core; DG dense caldum
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The plague thickress is first checied o determine ¥ the VH-IVUS
image represents intima-medial thickening (IMT) or a lesion. For this
criterion 1o be satisfied, the plague has to be greater than 380 m
thick for over 20% of the circumfarence covered by the plaque. Far
VH-IWVUS images, this distance is calculated beyond the grey-
coloUred media arez that is considered to be 230-350 um,
representing healthy media. Hence, the total cut-off distance is
approximately 800 um. Next, an area of confluent necrotic core or
dense calelum is searched for in the image. Confluent necrotic core
or confluent dense calciurm can alse be present together with their co-
existence resuiting In the formation of calcified fibroatheroma and
calcified thin cap fhroatheroma categores. If a corfiient necratic
core is found, its proximity 1o the lumen is determined o define
whether the lesion is 2 FA or a VH-TCFA. The term confluent at the
Iurmen s defined as a confluent necratic core that is consistently
presert for at least 36 degrees along the circumferance of the iumen.
If the confluent necrotic core is ot at the lumen, the plague is simply
a florgatheroma. The addition of attached confluent-dense-calcium
lends to the presence of either Ca floroatheroma or Ca VH-TCFA
dependent on the iumen confluency condition. if confluent necrotic
cere is absent but confiuent cense calcium is present, the plaque is
fibrocalcific. In absence of both confluent necrotic core and confluent
cense calcium, the remaining categories are eithar PIT or fibrous
plague, Presence of »15% fibro-fatty component indicates PIT and
<15% fibro-fatty component indicates fibrous plague.

A plague becomes a lesion when the plague durden (plague/EEM)
exceeds 40% over three consecutive frames. Lesions separated by
BEmm lengths of artery with a plague burden <40% should be
considered separate lesions. Lesions should be classified according
to the worst-case scenario or highest risk lesion. We hypothesise
that an “evolutionary” lesicn classification wiil be, in order, IMT, PIT,
Fibrotic plaque, Fibraatheroma, VH-TCFA, and (finally) Fibrogalcific

{Figure 14}. We aiso hypothesise that a classificatlon in ferm of
vulnerability will be different with VH-TCFA being highest risk
plague: IMT, PIT, Fibrotic, Fibroatheroma, and VH-TCFA. Thus,
there should be different approaches for pharmaccological versus
prognostic versus interventiona! studies. The interventiora!
cardiologlst may be more concerned with plague morphotogy that
influences the procedure (ie. caicification, necratic core-rich
plaguel, lesion preparation pre-intervention, acute complications
nost-intervention {piacue shifting, stent thrombesisy, and firal
results. Pharmacologic or other natural history studies may be more
interested in serial changes in plague composition, eston
classification, and lesion vulnerability.

Stenis

Currently, VH-VUS has not been validated for metal stents, for
intimal hyperplasia, for tisstie surrcunding and behingd stent struts
in general, and for the chronic effect of drug-eluting stent polymers.
Metallic stent struts appear white surrounded by a red halo; thus,
stent metal is artefactually included in the calculation of both
calcium and necrotic core. However, from a gquantitative point it
would be interesting to develop a third (stert) contour with
vaiidation of stent metai and peri-sient tissue. This shouid be
feasible because stent struts are smaii and the gaps between stent
struts are large. For example, in the TAXUS-IE study!?, there was a
chronic increase In EEM dimeénsions; it would be interesting to know
what type of tissue cortributed to this process. It is recommended
that frames containing sterts being marked as contzining a stent
and that these frames be assessed visually, but not included i the
YH-IVUS calecuiations similar to the approach recommended for
heavy caleification {above).

Howaver, a distinction should be made for bisabsorbable stents.
Recently, the feasibility and safety of a2 bicabsorbable everclimus-

Figure 14. Exarnples of VH-IYUS Images classified by a two-dirnensional Jesion analysis. (IMT} intirnal medial thickening: (PIT} pathological intimal
thickening: (FT} fibrotic plaque; (FC) fibrocalcific plaque; [FA) fibroatheroma and (caFA) calcified fibroatheroma; (VH-TCFA} Virtual Histology-thin
cap fibroatheroma and (VH-caTCFA) Virtual Histology-calcified thin cap fibroatheroma.
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eluting stent {BVS) was assessed. |0 a prospective, open-label
stucy, 30 patients with a single de novo lesion that was suitahle for
treaiment with a single BVS, were enrolied. Stent struis are
classified as “dense calcium” (DC) and “necrotic core” (NC) by
IVUS-VH. From pre- to post-stenting, in 13 patients imaged with VH
{n=13), there was an increase in mear “DC” (9.8 vs. 25.4%,
p=0.0002) and "NC* (15,5 vs. 30.5%, p=0.0002). Comparing
post-stenting with six months foliow-up {n=27), VH showed
a decrease in "DC" {29.7% wvs. 21.1%, p=0.0001). “NC" alsg
gecreased (26.9 vs, 21.5%, p=0.0027),

The quanitative assessment of the {VUS-VH changes at six months
suggests early strut alteration of the BVS stent with reduction of
radiofrequency backscattering. Thus, virtual histology helps in
assessing the bioabsorption rate of such stents™.

Core labs, analysis software, and their

validation

Based on current experience with programs developed by individual

lahorataries, the following should be incorporated into an ideal

software package.

1. Optimised automatic contour detection

2. Quantitative output of data along the longitudinal axis of the
segment ta include “Greyscale” parameters such as EEM, jumen,
and plague+media areas and remodeiing

3. Absolute and relative VH-IVUS plague companents {in which the
total of the four compeohents equals the absoiute “greyscale”
nlague area}

4, Presence of “narmal” or nan-diseased cross-sections

5. Volumetric analyses

6. Autornated targeted lesion classification software

7. Manual annotation ~ for exampie, lesion ciassifcation, evidence
of plague rupture on greyscale Imaging, presence of a stent,
aresence of multipie necrotic cores, artefacts, presence of 2 non-
diseased cross-section, ete.

8. Manua! selection of reference segments for calculation of
remedelling

Only one anaiysis software package should be used in a given

study; unfortunately, this may result in not heing able to switch to

the latest, most efficient software when it becomes available.

Either phantoms or & standard set of cases be deveioped for

validation: of new software and new core laboratorles. Inter and intra-

observer reproduciiility should include all sources of variation from

image acquisition to core lab analysis: general precision/accuracy of

the technigue, 1% vs 29 puiiback, 1% vs 2™ catheter, one type of

catheter vs another, 19 vs 279 observer, and 1% vs 2M care lab, 1% vs

2 set of contours, and lesion classification.

Study-design related recommendations

Single point-in-time studies (transversal or ohservational Studies)
Each artery sheould be divided Intc segments defined by proximal
and distal fiduciary branches, mest often side-branches. The
shortest segment that should be analysed at one point In tme Is
1.5 mm within a =10 mm continuously imaged vessel segmant and
near to one or more definable fiduciary points that can be used for
interpoiation. The rationale for this recommendation is 1Ya 1.5 mm

segment will contain at least three consecutive frames at a puitback
speed of 0.5 mm/sec (when heart rate 1s 60 bpm}; 2) this s the
average antegrade/retrograde catheter rmotion during systole/
Clastole; and 3) the Medis quantitative angiographic analysls system
reports coronary artery iengths as short as 1.5 mm. Therefore, VH-
IVUS can be referenced to the coranary angiogram. using nearby
sidebranches that can he identified or both studies. It is highiy
recommended that a picture of the anglogram be provided for
comparative purposes. PROSPECT is analysing the three major
epicardial arte ‘'es in 1.5 mm segments.

Serial studies {longitudinal or natural history studies}

The shortest segment that shouid be analysed on serial studies is
10 mm. It is also recommended that the zoom setting be the
same far each of the serial studies. Because the number of
frames/mm will vary with heart rate and because the heart rate
may differ between two VH-IVUS studies, seriat studies should
use both a proximal and distai fandmark to define the anzlysis
segment; and the VH-IVUS data should be averaged on a per
segment basis or reported as a normaiised volume. (This is
similar to what has been gone for greyscale iVUS analysis of
progressicn/regression.)

Virlnerable plague studies

Because of angiographic studies documenting the distribution of
acute coronary occlusions and because of greyscaie IVUS studies
documenting the location of ruptured plagues, it is recommended
that long-term prognostic studies include YH-IVUS analysis of the
proximai 40 mm of the LAD and LCX and the RCA down {o the
cruxte However, this may not always be possible or practical.
Therefore, at the very least, the mast proximal 30 mm of sach of the
three major epicardial arteries should be imaged. The US FDA
recommends imaging 1) at least a 30 mm long non-stented
sepment of an untreated artery or 2) a 30 mm long non-stented
segmen: of a treated artery that is at least 10mm removed from the
stert edge. The minimum length of LW that should be imaged s
5mm or 30% of M length. However, natural history studies in
which the origin and morphology of vuinerable plagues were
prospectively Identified have not been completed, in the
PROSPECT study the left main coronary artery anc the proximai 6-
8cm of the three major epicardial coronary arteries have been
imaged in >800 patients, with follow-up ongoing.

Reporting

VH-VUS data can be reporied per lesion, per segment, per vessel,
and per patient (Table 3. On cne hand, a study geared to providing
prognostic information should aim at the most complete
assessmant of the coronary tree possibie. The minimal segmert to
be analyse¢ should be 1.5 mm. It is unclear whether such short
segments of coronary tree are independent of each other in terms of
VH classification, However, we assume that there is some degree of
interdegendence. Thus, thare maybe a value in analysing the entire
length of the coronary tree for statistical power. On the other hand,
a study geared 1o assessing coronary intervention should focus in
the lesior, itself,

Whenever possible, all VH-IVUS continuous data shouid be
reported as continuous variables.
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Table 3. VH-IVUS variables for reporting.

HAVUS 57

Lesion ievel

. Lesion length

Lesian location

. CASS segment (because a fesion can cover more than one CASS segment, the
lesion should always he assigned o the mare proximal CASS segment where the
lesion is inftiated)

. Comventional greyscale IVUS parameters [external elastic membrane (EEM),

lmen, plaguedmediz, plague burden, eccentricity, and remodelling] 2t specified

locations (i.e. the site of the minimum tumen area) as well as averaged gver the

entire lesion

Absaliste and relative Virtual Histolagy {YH)-IVUS parameters {ibro-fatty (FF),

fbrotic, necrotic care (NC), and dense caldium) at specified locations, averaged

gvir the entize {esion, and reporied a5 mean areas and/or as valumes

. Lesion type and full description of necrotic cove and caidification

Presence of bifurcation

§. Presence of stent

Segment level

Proximal ang distal fiduciary branches

Segment tength

. Segment location

Aisolute and relztive YH-IVUS parameters {FF, fidrotic, NC, and dense calcium)

averaged over the ertire segment and reporied as mean areas and/or as

velumes

. The 10 mm leng worst section within this segment can also be reported
separately

. Lesions and their classification

Plague free length

Vessel level

1. Proximal and distat fiduciary branch

2. Vessel length

3, Vasse! tocation

4. Absolirte and retative VH-IVUS parameters (FF, fiorotic, N, and calcium)

averaged over the entire vessel and reported as mean areas and/or as volumes

5. Lesions and ther classification

£. Plague Tree length

Patient tevel

1. Absolute ard relative VR-IVUS parameters {FF, fibrotic, NC, and calcium)

averaged over the entire vessel ard reparted as mean areas and/or as volumes
2. Lesions and their classification
3, Plague free tength

W e

~

L

= N

~ow o

w

oo

Greyscale IWUS

Greyscale and VH-IVUS data should be integrated. In addition to
VH-IVUS, 2 complete report should also include full greyscale
quantification: EEM, lumen, and plaque&media ares; plague
burgen (placuedmedia divided by EEM); remodelling {lesion EEM
compared Y a pre-determined reference EEMY); eccentricly (based
on maxirmum and minimum plague&mecia thickness): and calcium
tarc, iength, andg locatian).

When assessing reradelling, the EEM CSA of a single, pre-specified
‘esion site cross-section should be compared to a pre-defined
reference. For non-bifurcation lesions, it is recormmended that the
reference segment be the single frame {or three consecutive frames)
with least plaque burden within the same segrment as the lesion. If
thie tesion extends over rmore than one segrment, then the single, pre-
specified lesion site cross-section should be compared o the pre-
defined reference within the same segment.
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in the case of a bifurcation iesian, ¥ the image slice with the
minimum lumen area s proximal to the carina, then a proximal
reference should be used to calcwlate remodelling, f the Image
slice with the minimum lumen area s distal to the carina, then
a distat reference shouid be used to calculate remadelling.
Remodelling should be reported as a continuous plet over the
length of the coronary segment based on the reference segments
that are selected.
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CHAPTER 2.1

Combined optical coherence tomography and intravascular
ultrasound radio frequency data analysis for plague
characterization: (lassification accuracy of human corenary
plagues in vitro related to image artifacts.

Goderie TPM, van Soest G, Garcia-Garcia HM, Gonzalo-Lopez N, Koljenovic S,
van Leenders A, Regar E, Serruys PW, van der Steen AFW.
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ABSTRACT

Aims: The purpose of this study was to characrerize coronary plaque types, with
special interest in misclassification in both optical coherence tomography (OCT)
and in intravascular ultrasound (IVUS) radiofrequency (RF) darta analysis, and to
investigate the possibility of error reduction by combining both techniques.
Methods and results: Regions of interest were selected and imaged with OCT in
50 cross-sections and IVUS in 36 cross-sectons, from 14 human coronary arter-
ies, sectioned from 14 hearts at autopsy. Plaques were classified based on TVUS
RF data analysis (VH-IVUS™), OCT and the combination of those. Histology
was the benchmark. OCT was able to correctly classified 32 out of 50 cross-
sections; VH-IVUS correctly classified 26 out of 36 cross-sections. VH-IVUS
and OCT combined were able 1o correctly classify 28 out of 36 cross-sections.
Systemaric misclassifications in OCT were intimal thickening (IT) classified as
fibro-atheroma (FA) in 7 cross-sections and IT classified as thin-cap ibro-atheroma
(TCFA) in 3 cross-sections. Misclassifications in VH-IVUS were IT as FA in 3
cross-sections and I7T as calcified fibro-atheroma in 3 cross-sections.

Conclusions: Typical image artifacts, both new ones and previously identified,
were found to affect the interpretation of QCT data. Adding VH-IVUS to OCT

reduced the error rate.
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BACKGROUND

Pathology studies have demonstrated that most of acute coronary syndromes
originate from vulnerable plaques.’” These plaques have a mechanically weak cap,
consisting of a thin fibrotic layer thart is infiltrated by macrophages, overlying
a lipid-rich necrotic core.**? The current challenge is to specifically identify iz
vivo plaques that exhibit these characteristics and thus are likely to cause acute
coronary syndrome'’. Clinical diagnosis may benefit from complementary infor-
mation gathered by different imaging technologies, as they may be sensidve to
specific aspects of the anatomy.5!1-1

Grayscale Intravascular Ultrasound (IVUS) has since long been a standard
diagnostic tool in cath labs worldwide, and intravascular Optical Coherence To-
mography (OCT) looks set to rapidly become one as well.'*'7* Radio frequency
(RF) data analysis adds plaque composition information to grayscale IVUS, which
may help to distinguish high-risk lipid-rich necrotic plaques from other types of
plaques.®® IVUS RF dara analysis {(commercially available as VH-IVUS™; Vol-
cano, Rancho Cordova, CA) aims to provide quantitative information on plaque
composition dassifying plaque as fibrotic, fibro-farty, necrotic core or dense
calcium, based on spectral analysis of the RF signal.’? Although criteria have been
formulated for VH-IVUS to detect TCFA, as a standalone technique it is not able
to recognize this type of lesion because of its limited resolution (> 250 pm).1624-26
In this article, we will refer to TVUS RF data analysis as VH-IVUS, since we used
that technology specifically.

Optical coherence tomography (OCT) generates real time tomographic im-
ages from backscattered infrared light with a high resolution (10-15 pm axijal}.'
Its resolution allows direct imaging of a thin fibrotic cap, in principle. Main
disadvantages are the limited depth of penetration (approximately 1.5 mm) and
the need to flush blood from the imaged artery.' This latter issue is relieved by the
advent of high-speed intracoronary imaging systems that allow full imaging of a
coronary artery with only short flush.

The relatively small penetration depth of OCT limits the reliability of dif-
ferentiation of heterogencous plaques.”® Misinterpretations of calcified tissue as
lipid in OCT have been reported, leading to misclassified OCT-derived TCFA. ¢

The cause of misclassification of a lesion may be an interpretation error by the
image reader, or image artifacts inherent to the technique. As confounders are
likely to be specific to a cerrain technique, studies using the combined strengths
of multiple modalities, for instance OCT and VH-IVUS, could lead to a betrer

classification of plaques than interpretation of the techniques’ imagery separately.
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The aim of this study was to compare the ability of OCT and VH-IVUS to
classify plaque and to assess the performance of a combination of the two mo-
dalities to identify different plaque types. While a few in-vivo studies have been
published,'*® in this work we present the first comparison between VH-IVUS
and OCT, using histology as a benchmark.

METHODS

Study population

Between June 2007 and January 2008, 14 coronary arteries have been collected
from 14 human hearts acquired during autopsy (57% men, 12 left anterior de-
scending arteries, 2 right coronary arteries, mean age 64) at the Department of
Pathology of the Erasmus MC. All patients died of non-coronary causes. Permis-
sion to use autopsy material for scientific study was obtained from the relatives.
This study was approved by the local institutional review board.

Tissue preparation and data acquisition

Atherosclerotic human coronary artery segments were excised from the heart and
imaged within 36 hours postmortem. During the excision all side branches were
closed with sutures. The arteries were mounted between 2 sheaths in 2 water tank
filled with physiological saline. A water column system, also containing physi-
ological saline solution, was connected to the proximal sheath, to pressure-load
the vessel. The vessels were pressurized to 100 mmHg to close up remaining leak-
ages.

The vessels were imaged with OCT (M2-CV and ImageWire 2 catheters;
Lightlab Imaging, Westford, MA) and IVUS (In-vision Gold; Eagle-Eye™ 20
MHz catherters; Volcano, Rancho Cordova, CA). Regions of interest (ROIs) were
selected based on the presence of plaque and plaque size. ROIs were marked with
a needle.'* After imaging the needle was replaced by a suture.

ROTJs were first imaged with the IVUS-system, followed by OCT. The vessels
were pressurized to 100 mmHg for imaging. For IVUS, the vessels were kept at
room temperature 20 + 2°C; OCT was performed at 37°C.20

After imaging, the artery sections were pressure fixed at 100 mmHg in form-
aldehyde for 24h at room temperature, and subsequently stored in formaldehyde
at 4°C for further processing. Vessels were partially decalcified for 24 hours in

formic acid.? After fixation and decalcification, sutures marking the imaged
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cross-sections were replaced by ink dots. The tissue was embedded in parafhn and
serially sectioned for histological staining. Each imaged cross-section was stained
with Hemaroxylin-Eosin (H&E), Picrosirius red, Elastic van Gieson (EvG) and
immunohistochemical stain CD68.

DATA CLASSIFICATION

Plaques were characterized in the images acquired with the two modalities, as
well as in histology. As histological tissue slices are much thinner (5 pm) than the
thickness sampled by OCT (25 pm) or IVUS (-200 pm) **2% there is an unavoid-
able sampling error. Imaged cross-sections that were obviously mismatched with
histology, based on anatomical features, were removed from the dara set before
analysis.

VH-IVUS

VH-IVUS constructs tissue maps that dlassify plaque into four major components
(fibrous ~ green, fibrofatty — light green, NC — red, and dense calcium — white).*
Data were acquired, and B-mode images were reconstructed from the RF data by
customized software (pcVH 2.2, Volcano Corporation), which allows a semiau-
tomatic detection of the [umen and the media-adventitia borders and provides
the compositional parameters. VH cross-sections were quantitatively measured
and were classified as one of the categories described in table 1 by an experienced
analyst that was blind for pathological and OCT findings.**®

ocr

Classification of QCT was based on characteristics as mentioned in table 1 by an
experienced OCT reader.’***% Because of the limited depth of imaging and the
limited penetration in OCT, dssue types could not be expressed as percentages of
the intima like in VH-IVUS, bur had o be based on the visible part of the OCT
image. In cross-sections with no visible cap, defined by a transition of signal from
homogeneous signal rich to otherwise, the cross-section was classified as intimal
thickening. In presence of a cap the dominant tissue type behind the cap was used
to assess lesion type.
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Combined OCT and VH

After independent analysis of each technique, side-by-side visual assessment of
VH-IVUS and OCT cross-sections allowed us to evaluate the plaque types in a
combined fashion. The criteria in Table 1 were applied for both techniques. If
the classifications diverged between VH-IVUS and OCT, signal rich regions in
OCT overruled VH-IVUS tissue characterization. In signal poor regions in OCT,
VH-IVUS overruled OCT. This choice was made because a loss of OCT signal
can occur due to artifacts, whereas artifacts are unlikely to cause a gain in image
intensity.

Table 1. Criteria for plaque characrerization; NC = necrotic core, DC = dense calcium, FA = fibro-
atheroma, CaFA = calcified fibro-atheroma, TCFA = thin-cap fibro-atheroma, CaTCFA = calcified
TCEFA.

Lesion type Brief description in VH % Brief description in QCT 573

Intimal Plaque with <10% of NC and <10% of calcified tissue  Homegeneous signak-rich region

thickening

Fibrocalcific >10% of confiuent DC with <10% of confluant NC Homogeneous sharply delineated signal poor regions

plaque

Fibro-atheroma  plaque with >10% of confiuent NC Hetercgeneous signal poer regions poorly defineated

Calcified FA FA containing >10% of confluent DC Areas of heterogeneous signal poor regions mixed
with sharply defined signal poor regions

TCFA >10% Confiuent NC in contact with the lumen FA with a cap <65 um measured at the thinnest point

CaTCFA TCFA containing >10% of confivent DC Sarne as CaFA but the NCis covered by a cap <65 pm

Histology

Histological cross-sections were characterized by two observers blinded for the
VH-IVUS and OCT results. Characterization was done by making a map of
all the cross-sections, with color coding for different types of tissue, separating
fibrotic tissue, lipid pool, necrotic core and dense calcium. In case of disagreement
between the two pathologists, pathologist 1 and pathologist 2 re-¢valuated the
slides and reached a consensus diagnosis. Classification of cross-sections was done
using the modified American Heart Association (AHA) classification.””
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RESULTS

Comparison of histology and optical coherence tomography

OCT imaging, with positively matched histology, succeeded in 50 cross-sections
of 14 vessels. By histology, 33 cross-sections were classified as intimal thickening of
which OCT correctly classified 21. There were two cross-sections misclassified as
IT by OCT. There were four fibrocalcific plaques in histology, two were correctly
cdassified by OCT. Further, OCT misclassified three cross-sections as fibrocalcific
plaque. Ourt of the six fibroatheromas by histology, OCT correctly classified three.
Of note, OCT misclassified another seven. In histology, there were seven calcified
fibroatheromas, six correctly classified by OCT. In addition, OCT misclassified six
more plaques, two as calcified fibroatheroma, three as thin capped fibroatheroma

and one as calcified thin capped fibroatheroma. These results are summarized in
Table 2.

Table 2. Classification and misdlassification by OCT in 50 cross-sections. IT = intimal
thickening, FC = fibrocalcific, FA = fibro-atheroma, CaFA = calcified fibroatheroma, TCFA =
thin-cap fibro=atheroma, CaTCFA = calcified thin-cap ibro-atheroma, OCT = oprical coherence

tomography.

OCT+ CCT- Histology
T+ A 12 33
T 2 15 17
FC+ 2 2z 4
FC- 3 43 46
FA+ 3 3 6
FA- 7 37 44
CaFA+ [ 1 7
CaFA- 2 4 43
TCFA+ 0 0 0
TCFA- 3 47 50
CaTCFA+ 0 0 0
CalCFA- 1 49 50

Virtual histology findings

Qut of 50 cross-sections, 36 cross-sections in 9 vessels also had VH-IVUS data.
By histology, 29 cross-sections were classified as intimal thickening of which
VH-IVUS correctly dassified 25. There were six cross-sections misclassified as
IT by VH-IVUS. There was only one fibrocalcific plaque in histology, which
was not correctly classified by VH-IVUS. Further, VH-IVUS misclassified one

cross-section as fibrocalcific plaque. Qur of the six necrotic core-rich plaques
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Table 3. Classification and misclassification by OCT, VH-IVUS and OCT/VH-IVUS combined,
using histology as a benchmarlk, in 36 cross-sections. IT = intimal thickening, FC = fibrocalcific, FA
= fibro-atheroma, CaFA = calcified fibroatheroma, TCFA = thin-cap fibro=atheroma, CaTCFA =
calcified thin-cap fibro-atheroma, OCT = optical coherence tomography, VH = VH-IVUS.

O+ OCT- VH+ VH- OCTAVH+ OCTNH- Histology
T+ 19 10 25 4 26 3 23
T 2 5 6§ 1 5 2 7
FC+ 1 0 0 1 0 1 1
FC- 1 34 1 34 1 34 35
FA+ 1 1 0 2 0 2 2z
FA- 5 29 3 31 1 33 34
CaFA+ 3 1 1 3 p3 2 4
CaFA- 1 31 0 32 0 32 32
TCRAT 0 0 0 0 0 0 0
TCFA- 3 33 0 36 1 3% 36
CaTCFA+ 0 0 0 0 g 0 0
CaTCFA- 0 36 {0 36 0 36 36

Figare 1. Chart of misclassifications. Only misclassifications occurring 22 are included in the
figure. Misclassifications are derived from 36 cross-sections in VH-IVUS and OCT and VH-IVUS
combined, misclassifications in QCT are derived from 50 cross-secrions. Yellow = histology, green =
VH-IVUS, arange = OCT. OCT/VH-IVUS = red. IT = intimal thickening, FC = fibrocalcific, FA
= fibro-atheroma, Ca¥A = calcified fibroatheroma, TCFA = thin-cap fibro-atheroma. For example:
of the lesions that were identified as IT ir histology. 7 were classified as FA in OCT, 5 as FA in VH-
IVUS, and 2 as FA in OCT and VH-IVUS combined.

classifed by histology, VH-IVUS dlassified only one correctly, that was a calcified
fibroatheroma. Unlike OCT, VH-IVUS did not misclassify any plaque as thin
capped fibroatheroma.

Table 3 lists the results of the comparison between histology and OCT for 50
cross-sections. Figure 1 shows misclassifications and directions of misclassifica-
tions. Only repetitive misclassifications are included.
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DISCUSSION

The results in Tables 2 and 3 demonstrate that the classifications by both OCT
and VH-IVUS agree with histology in most cases. Figure 2 illustrates a representa-
tive example, where both OCT and VH detect a calcified fibro-atheroma, which
is in accordance with the histological classification.

Manfrini et al. were the first to apply the American Heart Association criteria
to lesion classification with OCT.*® Classification was done in four groups using
the AHA criteria of 1995.% In this study we used a modified version of the AHA
criteria, including the extra categories, calcified fibro-atheroma, TCFA and calai-
fied TCFA.¥ The study of Manfrini showed a sensitivity of 45% for FA, 68% for
calcified lesions and 86% for fibroticlesions. Similar results in our study were seen
in the detection of FA (3/6 correctly classified). Our study used three categories for
calcified plaque FC, CaFA, and CaTCFA, having the following results; 2/4, 6/7
and 0/0 classified correctly, respectively. Subclassification of calcified plaque did
not affect the results, compared to the Manfrini study. Fibrotic plaque, categorised
in our study as intimal thickening, showed slightly different results compared to
the Manfrini study (21/33 correctly classified).

The sample size in our study was sufficient to detect repetitive misclassifica-
tions and provide an explanation of those misclassifications based on the image
dara. These systematic misinterpretations of the data also suggest furure possibili-
ties how combining intravascular imaging techniques could help reduce errors in
classification. The limited size of our study did not permit reliable calculation of
sensitivites and specificities, however.

Recent studies in OCT showed difficulties detecting TCFA in OCT and in
characterizing plaques with OCT.!5* Misclassifications were reported as a result
of limited penetration depth, problems in distinguishing lipid pool from calcifica-

Figure 2. (A} Histology of a calcified fibroatheroma (hematoxylin-cosin stain). (B} Corresponding
VH-TVUS clessified as calcified Gbroatheroma. (C) Corresponding OCT classified as calcified
fibroatheroma. The needle used to mark the site can be seen in the bright fearure at 6 o’clock in
OCT, 25 well as in the appearance of dense calcium in that location in VH-IVUS.
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Figure 3 (A) CD88 stained cross-section. The intima consisting of a collagen/glycoprotein martrix
is densely infiltrated by macrophages. (B) Magnification of selected region in A, (C) Corresponding
OCT image. The region infiltrated by macrophages appears 2s a thin-cap fibro-atheroma. The bar
indicares 1 mro.

tions and vice versa, or heterogeneity of necrotic cores, consisting of necrotic
debris and calcifications.'*1628:2

In our data we have encountered the same confounders. In addition, we ob-
served the following features, compromising the classification of lesions based
on OCT. Dense infiltration of macrophages in the intima or the outer layers of
a fibrotic plaque led to high scattering of OCT signal, causing the underlying
collagen/glycoprotein matrix to appear as a (thin-cap) FA. Figure 3 shows an
example. In such sections, signal-poor regions were seen, with poorly delineated
borders, which is the exact definition of lipid pool.'*** The possibility of detecting
macrophages with OCT has been reported earlier, but their potential to confound
lesion classification was not noted at that time.** In four cross-sections, scat-
tering caused by dense macrophage infiltration led to misclassification in which
two times an IT in pathology was called a FA in OCT and in two times an IT in
pathology was called a TCFA in OCT.

Catheter position may also interfere with image features and definirion. The
published image classification schemes are based on features that are routinely ob-
served with a catheter that is well centered in the lumen. Light from an eccentric
catheter, or one that is even touching the vessel wall, may be incident on the tissue
under a glancing angle. The light path through tissue to a certain radial depth
in the vessel wall is Jonger in such an imaging geometry than in one where the
imaging beam strikes the interface perpendicularly. The limited penetration depth
or large attenuation occurring over a limited radial distance, leads to fibrotic areas
misinterpreted as FA or TCFA. 'This situation is illustrated in Figure 4.

Finally, we observed that the efhiciency of the oprical catheter to emit or receive
the imaging light beam may vary with rotation scan angle in some catheter speci-
mens. This leads to darker sectors in the image, and these regions can appear as
signal poor regions like FAs, see Figure 5. A possible cause for this observation is
optical impurities sticking to the outside of the catheter. These can be picked up
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Figure 4. (A) H&E stained cross-section. (B) Intimal thickening is misincerpreted as thin-cap
fibro-atheroma (T'CFA) in optical coherence tomtography (OCT). The large arrow poinzs ar the
spot interpreted as a thin-cap. The four small arrows indicate the QCT bearns and are all of the same
length. The loss of signal due o tissue penerrarion is similar for each arrow. Because of eccenrric
catheter position this cross-section, classified as intimal thickening in histology, appears as a thin-cap
fibro-artheroma (TCFA) in OCT. The bar indicates 1 mm.

Figure 5. (A) H&E stained cross-section with {(B) the corresponding oprical coherence tomography
(OCT). The arrow indicates a collagenous region in histology mistaken for a lipid region in OCT.
Reduced optica! efficiency of the catherer in this image section creates a dark sector, making mild
intimal thickening appear as a fibro-atheroma. The bar indicates 1 mm.

on insertion of the catheter, for example. While the in vitro setting, in absence of
flow, may aggravare this problem compared to clinical use, it is difficult to ascertain
intra-procedurally that the image quality is constant across the rotation.

In VH-IVUS incorrect drawing of lumen and media borders may have led
to misclassification in 3 cross-sections. Incorrect drawing of borders was seen in
two typical situations: lurnen borders at sites where the catheter was against the
lumen wall, and media borders at sites where the adventitia was invisible due to
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acoustic shadowing. Drawing borders with knowledge of histology retrospectively
corrected the misclassifications in 2 out of 3 cross-sections.

Cross-sections were imaged in a static situation, not performing a pullback.
In this situation a plaque can not be seen in the context of its surrounding which
complicates identification of correct borders. Also, excised specimens do not
always have sufficient adventitia to help differentiate the media border from its
surroundings.

Qualification of plaques in VH-IVUS is straight-forward and the lesion type
could often easily be assessed by the bare eye. Plaques with confluent NC or Ca
around 10% might fall in one or the other classification group, and hence may be
sensitive to misclassification.

In VH-IVUS, dlassification is an automatic process, giving less inter-observer
variability, but also giving no explanation of errors in VH-IVUS compared to
histology. Misclassification that could not be explained was seen in five cross-
sections. In three cross-sections it involved classificarion as FA while there was
in histology little NC (2x) or no NC (1x) ar all. In two cross-sections it involved
histological FA classified as IT in VH-IVUS.

Overall, VH-IVUS classified plaque correctly 26 out of 36 cross-sections.
Detection of IT {25/29 correcty identified) corresponds to the sensitiviry as
reported by Dietrich et al (899).> However, detection of FA (sensitivity = 54,1%
by Diethrich et al) did not correspond to our data (0/2 correctly identified}.?® Our
sample size is to small to draw definitive conclusions out of these numbers how-
ever our results are in line with previous findings of Granada who reported lower
sensitivities and specificities.'>**24% Misclassification in VH-IVUS alone typically
also led to misclassification in OCT and VH-IVUS combined. VH-IVUS could
positively influence OCT in cases where OCT misclassified plaques as FA, that
were ]T according to histology. The artifacts mentioned above Jed to a high false-
positive number of FAs in OCT. FA or TCFA in OCT, which was classified as IT
in VH-IVUS, meant in 6 out of 7 times it was indeed an IT in histology. In three
out of six it involved plaques classified as TCFAs by OCT.

A recent study describes the low incidence of histology-derived TCFA and FA
(1.5% and 10.5% of advanced lesions, respectively).* Our data show a relatively
high false-positive rate for TCFA or FA: IT in histology was classified in OCT
as TCFA or FA in 10 cross-sections.”” Given the incidence of FA and especially
of TCFA, the positive predjctive value of OCT, an important parameter in rare
incidence, could be small for these clinically significant plague types. Since the
group of non-TCFAs appears to be 98.5% in advanced lesions, the finding of
a TCFA in OCT must be regarded with caution, and corroborated with other
evidence if possible. An in vivo study by Sawada et al. combined VH-IVUS and
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OCT for detection of TCFA. Only lesions classifted as TCFA both in OCT and
in VH-IVUS were considered real TCFAs.'s This definition is indeed a sensible
one, as the resolution of VH-IVUS is insufhicient per se to identify thin caps, and
OCT is seen to suffer from many false positives.

In conclusion, adding VH-IVUS to OCT could help reduce misclassification
by OCT of FAs and TCFAs. In vitro studies with larger sample sizes are needed
to assess the full potential of the added value of OCT and VH-IVUS combined.
Criteria for classifying VH-IVUS combined with OCT have not been optimally
validated and could possibly be improved using larger darasets.
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Abstract

Objectives: The purpose of this study was to assess in vivo the reproducibility of tissue characterization
using spectral analysis of intravascular ultrasound (IVUS) radiofrequency data (IVUS-VH). Back-
ground: Despite the need for reproducibility data to design longitudinal studies, such information remains
unexplored. Methods and resulrs: TVUS-VH (Volcano Corp., Rancho Cordova, USA) was performed in
patients referred for elective percutaneous intervention and in whom a non-intervened vessel was judged
suitable for a safe IVUS interrogation. The IVUS catheters used were commercially available catheters
{20 MHz, Volcano Corp., Rancho Cordova, USA). Following IVUS-VH acquisition. and after the dis-
engagement and re-engagement of the guiding catheter, an additional acquisitionn was performed using a
new IVUS catheter. Fifteen patients with 16 non-significant lesions were assessed by 2 independent
observers. The relative inter-catheter differences regarding geometrical measurements were negligible for
both observers. The inter-catheter relative difference in plaque cross-sectional area (CSA) was 3.2% for
observer 1 and 0.5% for observer 2. The limits of agreement for (observer 1 measurements) lumen., vessel,
plaque and plague burden measurements were 0.82. —1.10 mm>: 0.80. —0.66 mm> 1.08, —0.66 mm>; and
5.83, —-3.89%:; respectively. Limits of agreement for calcium, fibrous, fibrolipidic and necrotic core CSA
measurements were 0.22, —0.23 mm>; 1.02. =0.71 mm?; 0.61, —0.65 mm>: and 0.43. —0.38 mm" respectively.
Regarding the inter-observer agreement, the limits of agreement for lumen. vessel, plaque and plaque
burden measurements were 2,61, —2.09 mm®; 2.20-3.03 mm? 1.70, ~3.04 mm® and 9.16. —16.41%:
respectively, and for calcium, fibrous, fibrolipidic and necrotic core measurements of 0.03, ~.09 mm? 0.89,
—1.28 mm™; 0.74, —=1.06 mm™; and 0.16. —0.20 mm?; respectively. Conclusions: The present study demon-
strates that the geometrical and compositional output of IVUS-VH is acceptably reproducible.

Introduction {1-4]. Over the past decade, IVUS has been used to

describe the extent, severity, distribution. and
Intravascular ultrasound (IVUS) imaging has been morphology of coronary atherosclerosis [3-7].
shown to provide safe, accurate, real-time, tomo- Furthermore, several studies have evaluated the
graphic measurements of coronary vessels in vivo temporal effect of conventional and novel medical
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therapies on plaque progression by means of IVUS
[8-101.

Since the fate of coronary atherosclerotic plagues
has been related to their histological composition
[11], precise in-vivo tissue characterization could
provide important additional information and be-
cormne a target for future drug therapy studies.

In-vitro studies have shown that visual inter-
pretation of IVUS gray-scale images for plague
characterization is imprecise, in particular when
assessing heterogeneous. lipid-rich plaques [12].
This has lead investigators to explore the radio-
frequency data analysis, a potential source for
in-vivo tissue characterization. Indeed, a recent
ex-vivo study on explanted coronary segments
showed that plaque characterization using spectral
analysis of IVUS radiofrequency data (IVUS-VH)
was feasible and provided a high predictive accu-
racy to estimate the composition of atherosclerotic
plagues [13]. Several in-vivo studies have been
conducted thereafter using this approach [14-17].
Nevertheless, although prior knowledge about the
reproducibility of measurements are essential for
the internal validity of any study using this tech-
nique, to date, only indirect evidence on the
reproducibility of the technique is available [18].
Accordingly, we sought to study the inter-observer
and inter-catheter agreement of IVUS-VH mea-
surements at a single time-point.

Methods
Patient population

This was a single-center prospective, investigators-
driven study that sought to explore in vivo the
reproducibility of spectral analysis of IVUS ra-
diofrequency data (IVUS-VH, Volcano Corp..
Rancho Cordova, USA). The study population
consisted of consecutive patients that were referred
for elective percutaneous intervention and in
whom a non-intervened vessel was judged suitable
for a safe IVUS interrogation of a vessel segment
of at least 30 mm.

Exclusion criteria included the presence of severe
calcification, vessel tortuosity, and haemodynamic
instability. The study protocol was approved by the
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institutional ethics committee and a written in-
formed consent was obtained from all patients.

vUsS-vHe

IVUS-VH evaluates different spectral parameters
of the radiofrequency data (Y-intercept, minimum
power, maximum power, mid-band power, fre-
quency at minimum power, frequency at maxi-
mum power, slope, etc.) to construct tissue maps
that classify plaque into four major components.
In preliminary in vitro studies, four histological
plague components {fibrous, fibrolipidic, necrotic
core and calcium) were correlated with a specific
spectrum of the radiofrequency signal [13]. These
different plaque components were assigned color
codes. Calcified, fibrous, fibrolipidic and necrotic
core regions were labeled white, green, greenish-
yellow and red respectively.

IVUS-VH acquisition

The IVUS catheters used were commercially
available phased array catheters (Eagle Eye
Gold™ 2.9 F 20 MHz, Volcano Corp., Rancho
Cordova, USA). The catheter probe was advanced
at least 10 mm distal to a clearly visible side-branch
and angiographic cine runs. before and during
conirast injection, were performed to define the
position of the IVUS catheter before the pullback
was started. Using an automated pullback device,
the transducer was withdrawn at a continuous
speed of 0.3 mm/s., IVUS-VH acquisition was
ECG-gated and acquired using a dedicated console
(Volcano Coerperation, Rancho Cordova, USA).
IVUS-VH data was acquired after intra-coronary
administration of isosorbide dinitrate and data was
stored on DVD. Subsequently, and after the dis-
engagement and re-engagement of the guiding
catheter, the same procedure was performed using
a new catheter (Eagle Eye Gold™ 2.9 F 20 MHz,
Volcano Corp., Rancho Cordova, USA) and with
the same side-branches as landmarks.

IVUS-VH analysis

IVUS-VH analysis was performed by an indepen-
dent core laboratory (Cardialysis BV, Rotterdam.
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The Netherlands) using a semi-automatic contour
detection software (IVUSLab 4.4, Volcano Corp.,
Rancho Cordova, USA). A region of interest
(ROT) was identified using the inner side of two
clear side-branches as reference and avoiding the
presence of large side-branches within the ROL
Subsequently, the same ROI was identified in the
other catheter's acquisition using side-by-side
longitudinal and cross-sectional, contour-free
VIEWS.

Contour detection of the lumen and the media-
adventitia interface was performed by 2 indepen-
dent experienced IVUS analysts, The same 2IVUS
analysts re-analyzed the same cases, leading to the
possibility of multiple comparisons: 2 sets (observ-
ers | and 2) of intra-catheter agreement, and 1 set of
inter-observer agreement [observer 1 (catheters 1
and 2} vs. observer 2 (catheters 1 and 2)].

The contours of the external elastic membrane
(EEM) and the lumen—intima interface enclosed
an area that was defined as the coronary plague
plus media area. Geornetrical and compositional
data were obtained for each cross-sectional area
(CSA) and an average was calculated for each
ROLI Plague burden was calculated as [(EEM_ ..
-~ Lumengees /EEM 1ep) % 100]. The lumen and
vessel eccentricity indexes were calculated dividing
the minimum (lumen and vessel, respectively)
diameter by the maximum diameter, whereas the
plaque eccentricity index was calculated dividing
the minimum plaque thickness by the maximum
plaque thickness.

Statistical analysis

Discrete variables are presented as counts and
percentages. Continuous variables are presented as
means = SD. The inter-observer and inter-cathe-
ter agreement were assessed using Bland-Altman
plots [19]. This method plots the mean against the
difference i measurements. Limits of agreement
were determuned by adding two standard devia-
tions to the mean difference for the upper limit and
by substracting two standard deviations from the
mean difference for the lower limit. A two-sided
p value of less than 0.05 indicated statistical
significance.

Results

Fifteen consecutive patients with 16 non-~signifi-
cant lesions were included in the study. Baseline
characteristics of the patients included are depicted
in Table 1. The study vessel was the left anterior
descending in 9 patients (60.0%). the left circum-
flex in 5 (33.3%), and the right coronary artery in 1
patient (6.7%). There were no peri-procedural
complications.

Inter-catherer agreentent

The studied length determined by landmarks was
19.71+10.5 mm for catheter 1 and 21.014+11.1
mm for catheter 2 (p=0.32). Geometrical and
compositional data of matched ROIs interrogated
with IVUS-VH using 2 subsequent 20 MHz cath-
eters are extensively depicted in Tables 2 and 3.
The relative inter-catheter differences regarding
geometrical measurements were negligible for both
observers. Of note. the inter-catheter relative dif-
ference in plaque CSA was 3.2% for observer 1
and 0.3% for observer 2. Only other less common
indirect measurements such as plaque eccentricity
and plaque minimal thickness showed relative
differences > 5%. Compositional measurements
showed higher relative differences, although not

Table /. Study population (#=13}.

n{%)

Age (years +8D) 63.1£8.6
Male sex 8 (53.3)
Diabetes 2(13.3)
Hypertension 11 (73.3)
Current smoking i (6.7}
Previous smoking 3{33.3)
Hypercholesterolema 8 (33.3)
Family history of corenary disease 9 {60.0)
Lipid lowering agents 11 {73.3}
Chnical presentation

Stable angina 14 (93.3)

Unstable angina 1 (6.7}
Study vessel

Left anterior descending 9 (60.0)

Left circumfiex 5(33.3)

Right coronary artery 16N
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Tuble 2. Mean CSA geometrical measurements of matched ROI with two subsequent 20 MHz IVUS imaging catheters (#:16).

Catheter 1 Catheter 2 Absolute A Relative A (%)
Observer 1
Lumen CSA (mm®) 11.08£3.5 1094435 0.14+0.3 13
Lumen max, dlameter {mm) 4.03=0.7 4.01=0.6 0.02+0.1 0.4
Lumen min. diameter {mm) 337+0.6 3.34£0.6 0.03£0.1 0.9
Lumen mean diameter {mm) 3.69:£0.6 3.67x0.6 0.02+0.1 0.6
Lumen eccentricity 0.84£0.0 0.83+0.0 0.002£0.0 0.3
Vessel CSA (mm) 17.40+4.0 17,46 4.0 00704 0.4
Vessel max. diameter {mm) 4.92x0.6 4.93x20.0 0.01£0.1 0.3
Vessel min. diameter (mm) 4.36+0.6 437+0.6 0.010.1 0.2
Vessel mean diameter (mm) 4.63£0.6 4.64+0.6 0.01£0.0 0.2
Vessel eccentricity 0.89x0.0 0.890.0 0.00+£0.0 0.1
Plaque CSA (mm®) 6.32+£2.0 6.53x2.1 02104 3.2
Plague max. thickness {mm) 1.01=0.2 1.02=0.2 0.01=0.1 0.7
Plaque min. thickness {mm) 0.09+0.1 0.09£0.1 0.01+£0.0 8.2
Plague eccentricity {rnm) 0.09%0.1 0.10=0.1 0.01+0.0 10.0
Plague burden (%) 36.80=99 37.77+£9.9 0.97+2.4 2.6
Observer 2
Lumen CSA (m.mz) 10.66+3.8 10.67£3.8 0.01+04 0.1
Lumen max. diameter {mm) 39007 391 £0.7 0.01x0.1 0.2
Lumen min, diameter (mm) 3.34+0.6 3.33:0.6 0.01£0.1 0.3
Lumen mean diameter (mm) 3.61x06 3.61£0.7 0.00+0.1 0.0
Lumen eccentricity 0.86:£0.0 0.85+0.0 0.01=0.0 0.6
Vessel CSA (mm™) 1776 4.0 17.80=4.0 005204 0.3
Vessel max, diameter (mm} 49506 4.96+0.6 001201 0.3
Vessel min. diameter (mm) 441+06 442406 0.01 0.1 0.1
Vessel mean diameter (mm) 46806 46906 0.01+0.0 0.1
Vessel eccentricity 08600 0.89%£0.0 0.00=0.0 0.1
Plaque CSA (mm®) 710£2.1 71322 0.03=04 0.5
Plagque max. thickness (mm) 1.0540.2 1.04=03 0.00£0.1 (14
Plaque min. thickness (mm) 0.16=0.1 0.16%0.1 0.01+0.0 4.7
Plaque eccentricity (mm) 0.16+0.1 0.17£0.1 0.01=00 6.7
Plaque burden {%) 40,751 10.7 40.9311.2 0.19+1.8 0.5

LCSA. VCSA and PCSA refer to humen, vessel and plaque CSAs. Plaque burden was calculated as [(EEM,., — Lumenyre/

EEM,q0) % 100].

exceeding 10%. except from calcivm (11%) for
observer 1 and fibrolipidic tissue (13%) for
observer 2 (Table 3). Indeed. Bland—Altman plots
showed a good inter-catheter agreement for
geometrical (Figure 1) and compositional (Fig-
ure 2) measurements. The limits of agreement for
(observer 1 measurements) lumen, vessel, plaque
and plaque burden measurements were 0.82,
~1.10 mm?; 0.80, —0.66 mm™ 1.08. —0.66 mm?;
and 5.83, —3.89%: respectively. Limits of agree-
ment for calcium. fibrous. fibrolipidic and necrotic
core CSA measurements were 0.22, —0.25 mm?;
1.02, -0.71 mm® 0.61. —0.65 mm* and 0.43,
—0.38 mm” respectively.
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Inter-observer agreemen:

For the assessment of the inter-observer agree-
ment, 4 comparison between the same matched
cross-sections (633 frames for catheter 1 and 663
frames for catheter 2) were analyzed by 2 inde-
pendent observers. These 2 datasets were merged
resulting in & paired inter-observer agreement
evaiuation of 1316 frames.

Inter-observer differences were larger than the
inter-catheter measurements (performed by the
same observer). This was particularly noticed in
indirect measurements such as plaque CSA (10%),
plaque minimal thickness (53%) and plaque
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Table 3. Mean CSA compositional measurements of matched ROI with two subsequent 20 MHz [VUS imaging catheters (m:16).

Catheter 1 Catheter 2 Absolute A Relative A (%)
Observer 1
Calcium CSA (mm”) 0.17x0.3 0.16%02 0.01=0.1 85
Calcium (%) 427252 3.82+38 0.45+2.6 111
Fibrous C$A (mm®) 196 1.0 2.11=1.1 0.16=0.4 7.7
Fibrous (%) 66.37£92 62.13+8.7 1.78410.0 24
Fibrolipidic CSA (mum®) 0.66=04 0.63+6.3 0.02+£0.3 33
Fibrolipidic (%) 2110498 19.58+7.0 1.33+8.3 7.5
Necrotic core CSA (mm°) 04004 04304 0.02£0.2 5.7
Necrotic core (%) 1L.27£6.8 10.87£6.6 040£35.4 3.6
Observer 2
Calcium CSA (mm”) 0.17=03 0.16:20.2 0.01£0.1 8.7
Calcium (%) 4.08+5.0 3.74+34 0.3442.4 8.7
Fibrous CSA {mm®) 221=1.1 22812 0.07+0.4 31
Fibrous (%) 58.12=+10.5 60.634+79 2314101 42
Fibrolipidic CSA (mm®) 0.88+0.6 07704 01104 13.1
Fibrolipidic (%) 2297x11.7 20.95+10.8 2.01=9.6 92
Neerotic core CSA (mm?) 0.42+04 045405 0.03£0.2 6.1
Necrotic core (%%} 10.75=6.9 11.02£6.3 0.26:£5.5 24

LCSA., VCSA and PCSA refer to lumen, vessel and plagque CSAs. Plaque burden was calculated as {EEM, ., — Lumenye,/
EEMire) x 1000
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Figure 2. Bland—Altman plots depicting the {observer 1) agreement between catheters for compositional measurements {n= 16).

eecentricity {34%). The largest relative difference
was found in fibrolipidic measurements (Table 4).

Narrow limits of agreement and few outliers
(Figures 3 and 4) were found between observers
both for geometrical (limits of agreement for lu-
men, vessel, plague and plaque burden measure-
ments of 2.61, —2.09 mm™; 2.20-3.03 mm* 1.70,
—3.04 mm*; and 9.16, —16.41%; respectively) and
compositional (Jimits of agreement for calcium,
fibrous, fibrolipidic and necrotic core measure-
ments of 0.08, —0.09 mm>; 0.89, —1.28 mng 0.74,
-1.06 mm?; and 0.16. —0.20 mm>; respectively)
measurements. It 18 noteworthy that the fibrous
and fibrolipidic CSA measurements were highly
accurate when assessing cross-sections with small
fibrouws or fibrolipidic content (Figure 4).

Discussion

Over the past few years, IVUS has been employed as
a tool 1o assess the temporal effect of conventional

20

and novel drug therapies on coronary plaque size in
longitudinal studies [8, 20]. More recently, the dis-
cordance between the beneficial clinical effects of
secondary prevention strategies and their effect on
plaque volume had lead investigators to explore a
potential significant effect on plague composition
1.

Tissue characterization by means of IVUS ra-
diofrequency (RF) data analysis is a potential tool
to enable an accurate evaluation of the composition
of coronary plaques [13}. Several investigators have
explored the potential of RF data analysis in vivo
and reported promising findings [15-17, 22, 23L
This technique has the potential to detect temporal
changes in plague composition and therefore stud-
ies have been conducted to assess the effect of con-
ventional drug therapies on the phenotype of
coronary atherosclerosis [18, 22, 23]. In addition,
there are currently several large trals being con-
ducted with the aim 10 assess the natural history of
high-risk plaques by means of this technique.
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Table 4. Geometrical and compositional measurements of matched CSAs between different observers (:1316).

Observer | Observer 2 Absolute A Relative A (%)
Geometrical data
Lumen CSA (mm?) 10.83:£3.8 10.51 £4.0 02612 23
Lumen max, digmeter (mm) 3.96x0.7 386408 0.08+0.4 21
Lumen min. diameter (mum) 3.344+0.6 331x07 001403 0.2
Lumen mean diameter (mm) 3.65=06.7 33807 0.040.3 i1
Lumen eccentricity 0.54+90.1 0.864+0.1 0.02+0.1 23
Vessel CSA (mm’) 16.90=4.2 172243 04113 24
Vessel max, diameter {mum) 4.54+£0.6 4.87+0.6 0.06£0.4 1.1
Vessel min. diameter {mm} 430£0.6 435+06 0.08=03 .7
Vessel mean diameter (mm) 435606 4.614+0.6 007403 1.3
Vessel eccontricity 0.89£0.1 0.89::0.1 0.01£0.1 1.1
Plaque CSA (mm:) 607=23 67223 0.67£1.2 10.3
Plaque max. thickness (mm) 0.96£0.3 1.01£03 0.03:£0.2 34
Plague min. thickness {mm) 0.09=0.1 0.16=0.1 0.07%0.1 53.3
Plagque eccentricity (mum) 0.09£0.1 G.16£0.1 0.07£0.1 53.6
Plaque burden (%) 3662+122 40.07+£12.5 3.63=x64 9.5
Compositional data

Calcium CSA (mm°) 0.12:£0.2 0.12+0.2 0.00 £0.0

Calcium (%) 3.66=6.4 3.51=6.0 013424 .
Fibrous CSA (mm?) 1.86=1.3 205413 0.20%0.5 10.2
Fibrous {%} 6148 +182 6005182 1.10 143 18
Fibrolipidic CSA (mm?) 0.60£0.5 0.75£0.7 0.16=0.5 233
Fibrolipidic (%) 22344140 2209£153 1.86=11.8 8.8
Necrotic core CSA (mm~} 03504 0.37+0.4 002401 6.3
Necrotic core (%) 10.45+£10.1 10.22+9.8 0.17£5.7 1.6

LCSA, VCSA and PCSA refer to lumen. vessel and plague CSAs. Plagque burden was calculated as [EEM,, — Lumen, . /EEM, 1) X
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As the impact of drug therapies on the athero-
sclerotic plague burden and composition over time
is relatively small, highly reproducible IVUS-VH
measurements are essential. Despite such pivotal
need for reproducibility data to address the sta-
bility of the techmique, such studies are lacking.
Only indirect evidence of reproducibility has been
reported such as a study conducted by our group
to assess the 6-month change in plaque composi-
tion with no controlled therapeutic intervention
[18], and the study conducted by Kawasaki et al.
who reported the intra and inter-observer vari-
ability of measurements performed using the same
pullback {22].

The present study has a unique characteristic
since we used two catheters of the same kind at the
same time-poilnt, thus simulating the scenario of a
longitudinal study.

The main finding of the present study was that
IVUS-VH measurements had an acceptable

reproducibility. As expected, compositional mea-
surements were more variable than geometrical
measurements. Nevertheless, it is noteworthy that
inter-catheter differences were predominantly
lower than 10%, highly correlated and showed a
good agreement. Of note, necrotic core measure-
ments, probably the most relevant component of
coronary plaques and currently subject of intense
research, showed an excellent inter-catheter and
inter-observer agreement. This has a major
importance since the temporal change of such
component could potentially become an imaging
endpoint of longitudinal studies. Similarly, cal-
cium measurements, another important compo-
nent of atherosclerotic plagues, showed good
inter-catheter and inter-observer agreement, The
relatively high inter-observer variability of some
IVUS-VH variables raises some caution and
should be taken Into consideration when
performing longitudinal studies analyzed by
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core laboratories. Overall. the inter-catheter and
inter-observer differences shown might provide
boundaries over which changes are statistically
significant.

It is evident yet worth mentioning that precise
contour detection probably has an essential role in
the reproducibility of IVUS-VH measurements.
The inter-observer relative difference in plaque
CSA measurements was 10%. the commonly ac-
cepted threshold. This gives an additive value to
our study, since it provides a “real-world™ scenario

that can aid investigators to perform precise power
calculations for longitudinal studies.

Finally, although we aimed at studying nen-
tortuous and non-severely calcified vessels,
phased-array IVUS imaging catheters are devoid
from a covering sheath and pullbacks are therefore
occasionally prone to be non-uniform. This clearly
has an impact on determination of the size and
composit.on of atherosclerotic plaques and needs
to be taken into consideration for the design of
longitudinal studies (Figure 3).

Uniform pultback
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Figure 5. Sequential plotting of a matched RO interrogated with two catheters. The mean CSA (i axis) of each plaque component is
colour-coded {calcium: white, fibrous: green, fibrolipidic: greenish-yellow and necrotic core: red). This figure shows an example of the
¢ impact of non-uniform pullbacks on geometrical and compesitional measurements.
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Limitations

The studied population was relatively small. Nev-
ertheless, the conductance of large in vivo studies
of this nature is complicated due to obvious ethical
issues. The selection of a population of patients
with non-tortuous and non-severely calcified ves-
sels was driven by the aim to study the reproduc-
ibility of the technique itself, not of the pullback
device. Nevertheless, as shown in Figure 5, the
impact of non-uniform puliback speed was not
negligible potentially influencing the results.

Conclusions

The present study demonstrates that the geomet-
rical and compositional output of IVUS-VH is
acceptably reproducible. In addition, by providing
a “real-world™ scenario, this study can aid inves-
tigators to perform precise power calculations for
longitudinal studies.
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CHAPTER 3.1

Relation of plaque size to necrotic core in the three major
coronary arteries in patients with acute coronary syndrome
as determined by intravascular ultrasonic imaging
radiofrequency.

Garcia-Garcia HM, Goedhart D, Serruys PW.
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Relation of Plaque Size to Necrotic Core in the Three Major Coronary
Arteries in Patients With Acute Coronary Syndrome as Determined by
Intravascular Ultrasonic Imaging Radiofrequency

Héctor M. Garcia-Garcia, MD?, Dick Goedhart, PhD®, and Patrick W. Serruys. MD, PRD™*

According to pathologic studies, the content of a necrotic core increases in a “linear fashion™ as
Plaque enlarges. In addition, these 2 plaque characteristics have been associated with plaque
vulnerability. This study assessed the relation between plague cross-sectional area (CSA) and
content of necrotic core (NC). Twenty-five patients (75 arteries) with acute coronary syndrome
were studied. In total, 7.834 CS As were analyzed. An analysis of plague CSA in percentiles was
performed {median 5.5 mm", interquartile range 3.7 to 7.8); subsequently, plaque CSA values
were categorized as small (3.7 mm?), medium (>3.7 to =7.8 mm®), and large (>7.8 mm®).
There was a difference in content of the NC between arteries within each plaque CSA category.
This observation was confirmed in a multivariate analysis in which only 2 variables remained
statistically significant, plaque CSA (estimate 1.34, SE 0.05, p <0.0001) and studied artery (left
anterior descending coronary artery, estimate (.29, SE 0.08, p = 0.0003; left circumflex
coronary artery, estimate 0.23, SE 0.07, p = 0.0014; and these vs the right coronary artery). In
conclusion, the NC and plaque increase in patients with acute coronary syndromes. © 2007

Elsevier Inc. All rights reserved. (Am J Cardiol 2007:99:790-792)

The mechanisms of how atherosclerotic plagues grow are not
fully understood. Two main mechanisms of plaque progression
have been postulated: the first describes a continzous and
progressive lipid accumulation and collagen synthesis.
whereas current evidence favors a stepwise process resulting
from progressive accumulation of a necrotic core (INC). thin-
aing of the fibrous cap and its rupture with consequent healing
leading to an increase in luminal narrowing,’* or intraplaque
hemorrhage that abruptly increases the plaque? In any case.
according to pathologic studies, it seems that the content of a
NC increases in g “linear fashion™ as plague enlarges.s In
addigon, these 2 plaque characteristics have been associated
with plague vulnerability.® Pathology offers detailed and ac-
curate information on these atherosclerotic plaques. How-
ever., pathologists can only analyze retrospectively and
somewhat incompletely because they study the coronary
vessel every 3 to 3 mm.37 Conversely, the sampling rate of
in vivo imaging techniques such as intravascular ultrasound
(IVUS) can be set up every 0.25, 0.5, or | mm.® although
the resolution is lower, IVUS allows tomographic assess-
ment of the vessel wall that has been recently compie-
mented with backscatter radiofrequency data analysis, also
called TVUS virtual histology (IVUS-VH: Yolcane Thera-
peutics, Rancho Cordova, California). To date. no in vivo
study has assessed the relation berween plague cross-sec-
tional area (CSA) and content of the NC.

Methods and Results

This prospective investigator-driven study included partients
with an acute coronary syndrome (ACS). namely. unstable

“Thoraxeenter, Erusmus MC; and ®Cardialysis BV, Rotterdam, The
Netherlands. Manuscript recetved August 11, 2006: revised manuscript
received and accepted October 9. 2006.

*Corresponding author: Tel: 31-10-463-5260; fax: 31-10-436-9154.

E-mail address: paw.j.cserruys @erasmusmac.nl (P.W, Serruys).

0002-9149/67/% — see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/.amjeard.2006.10.037

angina pectons according to the Braunwald classification.
non-ST-segment elevation myocardial infaretion, and ST-
segment ¢levagon myocardial infarction, in which afl 3 coro-
nary arteries were interrogated using IVUS radiofrequency
dara analysis, IVUS-VH was performed with 20-MHz cathe-
ters (Bagle Eve. Volcano Therapentics), and contour detection
was determined using a previously reported methodology ®
This radiofrequency data analysis allows tissue characteriza-
ton.!®!! Specifically, it can identify 4 different tssues (NC,
red: dense calcinm, white: fibrofatty dssue. greenish: and fi-
brotic tissie, green). Informed consent was obtained from alt
patients. Data acquisition was electrocardiographically gated
and recorded during automated withdrawal of the catheter
using a mechanical puli-back device (Volcano Therapeutics) at
a pull-back speed of 0.5 mmy/s. Cine runs before and during
contrast injection were performed to define the position of the
IVUS catheter before pullback was started.

The IVUS-VH sampling rate during puliback is gated to
the peak R wave and is therefore dependent on heart rate.
For instance. during a constant heart rate of 60 beats/min.
data will be collected every 0.5 mm.

Discrete variables are presented as counts and percent-
ages. Continuous variables are presented as means = SDs.
A 2-sided p value <<0.03 indicated statistical significance.
Assumptions for normality were checked after transforma-
tion based on a p value >0.20 when using the Kolmogorov-
Smimov test and on visual assessment of Q-Q plots of
residuals. Accordingly, log transformation was performed
on variables with skewed distribution.

All CSAs were assessed as a function of the distance
from the ostinm of the artery. Coronary artery length was
divided into 3 segments: the proximal segment comprised
the first 3 cm. the midsegment the second 3 cm. and the
distal segment the following 3 cm. Using a general mixed
model and allowing an autoregressive correlation structure
with content of the NC (square millimeters) as a dependent
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Table 1

Compositional and geometric analysis (n = 25 patients, 73 arteries)
Calcified (mm) 0.17 £ 0.36
Calcified (%5 36=57
Fibrous (mm=) 21*18
Fibrous (S6) 64.6 = 132
Fibrolipid {mm™) 0.65 = 076
Fibrolipid (%) 19.6 = 134
NC (mm*) 0.48 = 0.69
NC (%) 122+ 108
Vessel CSA {mm7) 172+75
Lumen CSA (mm®) 105 5.3
Plague CSA {mm™) 6736
Plaque eccentricity {min/max) 0.14 = 0.15
Plagque burden (%)* 39.0+126

Values are means = SDs.
* Defined as EEM, ., — lamen /EEM,. X 100, where BEEM is
external elastic membrane, max = maximum; min = minimum.

ANOVA

ol —p=0.000— — p<0.001—  — p<0.001—

&
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Figurc 1. Bar graph shows plaque CSA (PCSA) categorized into 3 groups
according to plaque size (X axis) and relative amount of the NC (y axis) in
the left antedor descending coronary artery (blue bars), left circumflex
coronary artery {green bars). and right coronary artery {yeflow bars).
ANCVA = analysis of variance.

variable and the artery, the culprit vessel. location of CSAs
(i.e.. proximal, mid. and distal), plaque CSA. lumen CSA,
and interaction between plaque CSA and location and be-
tween artery and location as independent covariates, the
hypothesis was tested.

Twenty-five patients {75 arteries) were studied. Patients’
mean age was 53 = 11 years. Most were men (84%). and
12% were diabetic. Forty-eight percent presented with ST-
segment elevation myocardial infarction. In total. 7.834
CSAs were studied, The overall compositional and geomet-
ric analysis is presented in Table 1. Analysis of plaque CSA

100

in percentiles was performed (median 5.5 mm?, interquartile
range 3.7 to 7.8). subsequently plaque CSA values were
categorized as small (=3.7 mm?), medium (>3.7 to =7.8
mm”). and large (>7.8 mm®). Figure | shows percent dif-
ferences in content of NC between vessels within each
plaque CSA categery. This observation was confirmed in
multivariate analysis. where only 2 variables remained sta-
tistically significant, namely., plaque CSA (estimate 1.34.
SE 0.05. p <0.0001) and studied vessel (left anterior de-
scending coronary artery, estimate 0.29. SE 003. p =
0.0003: left circumflex coronary artery. estimate 0.23, SE
0.07. p = 0.0014; these vs night corenary artery).

Overall. the Pearson correlation coefficient was 0.62
{p <0.001) between plaque CSA. and NC. In particular. the
Pearson correlatdon coefficient was 0.68 (p <0.001) in the
left anterior descending coronary artery compared with 0.30
(p <0.001) and 0.64 (p <0.001) 1n the left circurmnflex and
right coronary arteries (Figure 2).

Plague CSA in patients with unstable angina/non-ST-
segment elevation myocardial infarction was 5.4 = 2.8
versus 7.1 £ 4.2 mm” in patients with $T-segment elevation
myocardial infarction (p <0.001): content of the NC in pa-
tients with unstable angina/mon-ST-segment elevation myo-
cardial infarction/ST-segment elevation myocardial infarction
was 0.30 = 0.43 mm®; in patients with $T-segment elevation
myocardial infarction, the content of NC was 0.58 = (.82
mm® (p <0.001). Pearson’s correlation coefficients between
plaque CSA and NC were .54 {p <0.001) and 0.65
(p <0.001) in patients with unstable angina/non—ST-seg-
ment elevation myocardial infarction and in patients with
ST-segment elevation myocardial infarction, respectively.

Discussion

Regarding instability of plaque. the size of the NC is of
¢ritical importance, In thin cap fibroatheromas, there are
different degrees of disease. Not all of these plagues will
actually rupture. Those that do rupture are significantly more
obstructive and contain a larger NC, macrophage infilration,
calcium. fewer smooth muscies cells, and more positive re-
modeling than nonyuptured thin cap fibroatheromas.®
Although the increment in plague size is followed by an
increase in the NC. it seems that this occurs o a slightly
different degree in each vessel. In this study. the CSAs with
the same plaque size in the left anterjor descending artery
compared with the left circumflex and right coronary arter-
ies had a significantly larger NC. This finding is in line with
what has been reported in many clinical studies in which the
left anterior descending coronary artery is the most common
culprit vessel. Further, although in this CSA-based analysis.
simple correlations do not properly assess the relation of
plague CSA and the NC mainly due t¢ a lack of indepen-
dency, the slope of the regression line is steeper in the left
anterior descending than in the left circumflex coronary
artery and similar to the right coronary artery. Subsequently.
multivariate analysis was performed to take intc account the
serial correlation {consecutiveness of CSAs along the ves-
sel) and dependency of the variables, and plaque CSA and
vessel were found to be the only predictors of NC.
Interestingly, in patents with ST-segment elevation
myocardial infarction. plaque CSA was larger than in pa-
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Figare 2. Scaterplots show simple correlation berween plague CSA and the NC in the (4) left anterior descending coronary artery (LAD), (8) left circumflex
coronary artery (LCX), and (C) right coronury artery (RCA). Abbreviation as in Figure 1.

tients with unstable angina/non—-ST-segment elevation myo-
cardia} infarction, as was the content of the NC. This finding
is in line with previous studies in which different markers of
vulnerability were found 1o be different between these 2
populations.i*

Thus, plaque size could be a surrogate of NC size in the
coronary tree of patients presenting with ACS. This obser-
vation extends the concept of “act local. act global™ by
Libby.!* which incorporates the need to further assess the
coronary tree beyond the culprit lesion; apart from the
culprit lesion, in the same vessel or in the other 2 main
coronary vessels, other NC-rich atherosclerotic plaques
might be encountered., more likely those with a large plague
burden. This concept, from a clinical point of view. seems
logical and simple but has a tremendous effect on midterm
follow-up in this specific pepulation. Goldstein et al’* re-
ported that patients with ST-segment elevation myocardial
infarction and multiple complex lesions during the year after
ST-segment elevation myocardial infarction had an increased
incidence of recurrent ACS compared with patients with single
complex lestons (19.0% vs 2.6%. p <0.001, respectively) and
repeated angioplasty. particularly of noninfarct-related lesions
(32.0% vs 12.4%, p <0.001).

Caufion should be used with these results, because this is
a highly selective population in terms of clinical presenta-
tion, i.e., all patients had an ACS. A previous report by our
group!s found that patients with ACS had a significantly
larger percent mean NC compared with stable patients
(12.26 = 7.0% vs 740 = 5.50%, p = 0.006). Therefore. the
relation between plague CSA and the NC might differ in
patients with stable angina.
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CHAPTER 3.2

Plague composition in the left main stem mimics the
distal but not the proximal tract of the left coronary
artery: influence of clinical presentation, length of the left
main trunk, lipid profile, and systemic levels of (-reactive
protein.
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Plaque composition in the left main stem mimics the distal but not the proximal trace

Plaque Composition in the Left
Main Stem Mimics the Distal But Not the
Proximal Tract of the Left Coronary Artery

Influence of Clinical Presentation, Length of the Left
Main Trunk, Lipid Profile, and Systemic Levels of C-Reactive Protein

Marco Valgimigl, MD, PED, Gastén A. Rodriguez~Granillo, MD, PxD,

Héetor M. Garcia-Garcia, MD, Sophia Vaina, MD, PHD, Peter De Jaegere, MD, PuD,
Pim De Feyrer, MD, PD, Patrick W. Serrays, MD, PuD

Rotterdam, the Netherlands

Ohjectives We sought to investigate whether plaques located in the left main stem (LMS) differ In terms of necrotic core

content from those sited in the proximal fract of the left coronary artory.

Background Plaque compesiltion, favoring propensity to vulnerabllity, might be nonuniformly distributed along the vessel,
which might explain the greater likelihood for plague erosion or rupture to eccur in the proximal but not in the

distal tracts of the corenary artery or In LMS.

Methods A total of 72 patlents were Included prospectively; 48 (32 men; mean age 57 = 11 years; 25 with stable angina
and 23 affected by acute coronary syndromes) underwent a satisfactory nonculprit vessel investigation through
spectral analysis of intravascular ultrasound radiofrequency data (IVUS-Virtual Histology, Volcano Corp., Rancho
Cordova, California). The region of interest was subsequently divided into LMS and LMS carlna, followed by 6
consecutive nonoverlapping 6-mm segrments in feft anterlor descendlag artery in 34 patients or in cireumflex
artery in 14 patients.

Resulls Necrotic core content (%): 1) was minimal in LMS {median [linterquartile range]: 4.6 [2 to 7]}, peaked in the first

&-mm coronary segment (11.8 [8 to 16); p < 0.04), and then progressively decreased distally; 2) was overalf
greater [n patients with acute coronary syndromes (11.4 [5.5 to 19.8]) than stable anglna (7.3 [3.2 to 12.9]; p <<
0.001); 3) was largely Independent from plaque size; and 4) did not correlate to systemic levels of C-reactive
proteln or lipid profile.

Conclusions Plagues located in the LMS carry minimal necrotic content. Thus, they mimic the dista but not the proximal
tract of the left coronary artery, where plague rupture or vessel occlusion oceurs more frequently.

{J Am Coll Cardiol 2007;49:23-.31} ® 2007 by the Amerlcan College of Cardlology Foundatlon

The distribution of ruptured or prone-to-rupture plagues is
known to be nonuniform throughout the coronary tree
(1-3). Pathological studies have sugpested the so called
“thin-cap atheromas™mnecrotic-rich core plaques ar high
tisk for rupture—ire mfrequent in the left main stem
(LMS) and in the distal tracrs of the coronary vessels,
whereas they group together with ruptured and healed
plaques in the proximal segments of the 3 main coronary
arteries (1).

Similarly, 1) angiegraphic studies in patients with ST-
segment elevation myocardial infarction recently have
shown that sites of occlusion are clustered within the
proximal third of each of the vessels {2,3), and 2) intravas-
cular ultrasound (IVUS) analyses have observed thar plaque
rupture rarely occurs in the LMS or the distal part of the
coronary arteries, whereas it is far more commen in the
proximal part of the coronary vesscls (4), especially in the
left anterior descending (LAD) artery (5).

The reasons why valnerable or ruptured plaques tend o
spare the LMS and distal segments of the left coronary

From the Erssmus Medical Center, Thermcenter, Rotterdarm, die Netherlands.
Dr. Rodrigucz-Grunillo has receved 1 rescarch grant from Velcano Corp.

Manuscript received December 1, 2005; revised manuscript received February 28,
2006, accepred March 7, 2006,

vessels remain poorly understood. Plaque composition, fa-
voring propensity to vulnerabilicy (6-8), might also be
nonunifermly distributed along the coronary arreries.
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Clapter 3.2

We sought to investigate
whether the plaques located in
the LMS, which are known to be
at low probability of rupture, dif-
fer in terms of composition from
those sited in the proxdmal tract
of LAD or circumflex artery
(CFX), where rupture or occlu-
sion occurs more frequently. This
may contribute establshing in
vivo the role of plaque composi-
tion as key determinant of vul-
nerability in humans. In this
contexy, the role of clinical pre-
sentation, length of LMS, lipid
profile, and systemic level of
C-reactive protein (CRP) also
were Investigated.

ACS = acute coronary
syndrome

CFX = circumflex artery
CRP = C-reactlve protaln
CS5A = cross-sectional area
EEM = external olastlc
membrare

HDL = high<density
Tipoproteln

IQR = Interquartlic range
IVUS = Intravascular
uitrasound

LAD = left anterlor
descending artery

L = low-density
lipoproteln

LMS = left maln stem Methods
VH = virtual histology
Study protocol and patient
enrollment. This was a single-
center, investigator-driven, cbservational study aimed at
evaluating the distribution of plaque composition aleng the
left coronary artery in consecutive patients referred to our
institution for elective or urgent percutanecus coronary
intervention in whom the nonculprit, nontreated vessel was
judged suitable for a safe IVUS 35-mm pullback or more,
based on angiographic {absence of the following: >50%
stenotic disease, extensive calcification, severe vessel tortu-
osity) and clinical (hemodynamic stability) findings.

According to the protocol, not more than one vesse] per
patient could be evaluated, and the region of interest was
subsequently divided into the following coronary segments:
LMS and EMS carina, based on anatomical landmarks,
followed by 6 consecutive nonoverlapping 6-mm segments,
with the first one to be started at the coronary ostium of
either the LAD or CFX arteries. The length chosen for
those coronary segments located distally to the LMS carina
was based on the median length of LMS in the smudy
population.

To ensure that the ostizl-proxdmal part of the LMS was
included in the TVUS pullback and to rule cut the occur-
rence of deep intubation by the guiding catheter, the last
part of the pullback was filmed and each angiogram carefully
inspected before patient inclusion. An analyzable interro-
gated vessel length of at least 35 mum beyond LMS carina,
starting from coronary ostium, was the main selection
criterion, once the patient was included in the study. This
protocol was approved by the hospital ethics committee and
is in accordance with the Declaration of Helsinki. Written
informed consent was obtained from every patient.
Intravascular ultrasound-virtual histology (VH) acquisi-
tion and analysis. Details regarding the validation of the
technique, on explanted human coronary segments, have
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previously been reported (9). Briefly, IVUS radiofrequency
data (IVUS-Virtual Histology, Veleano Corp., Rancho
Cordova, California) uses spectral analysis of IVUS radio-
frequency data to construct tissue maps that classify plaque
into 4 major components. In preliminary in vitro studies, 4
histological plaque components {(fbrous, fibro-lipid, ne-
crotic core, and calcium) were correlated with a specific
spectrum of the radiofrequency signal {9). These different
plaque components were assigned color codes, Calcified,
fibrous, fibrolipidic, and necrotic core regions were labeled
white, green, greenish-yellow, and red, respectively (10).

IVUS-VH data were acquired after intracoronary admin-
istration of nitrates using a continuous pullback (0.5 mm/s)
with commercially available mechanical sector scanners
(Ultracross 30-MTIlz catheter, Boston Scientific, Santa
Clara, California or Eagle Eye 20-MHz catheter, Voleano
Corp.}, by a dedicated IVUS-VH console (Veleane Corp.).
The IVUS-VH data were stored on a CD-ROM/DVD) and
sent to the imaging core lab for offfine znalysis (Cardialysis).
IVUS B-mode images were reconstructed from the RF data
by customized softwarc and comtour detcction was per-
formed using cross-sectional views with a semi-automatic
contour detection software to provide geometrical and
compositional cutput (IvusLab 3.0 for 30 MHz acquisitions
and TvusLab 4.4 for 20-MHz acquisitions, respectively;
Veleano Corp.) (10).

The contours of the external elastic membrane (EEM)
and the lamen-intima interface enclosed an area that was
defined 25 the coronary plaque plus media area. Plaque burden
was calcalated as ([EEM,_., — Lumen_/EEM, .1 % 100).
Plaque eccentricity was defined as minimum plaque thick-
ness divided by maximum plaque thickness, Geomettical
and compositional data were obtained for each cross-
sectional area (CSA), and an average was calculated for each
coronary and for the total coronary tree. RF data were
normalized using 2 technique known as “blind deconvolu-
Ten,” an irerative algorithm that deconvolves the catheter
transfer function from the backscatter, thus accounting for
catheter-to-catheter variability (11,12).

Biochemical measures. Antecubiral venous blood was col-
lected from all patients at entry, left in ice for 45 min,
centrifuged at 1,700 gat 4°C for 15 min and serum obtained
finally stored at —80°C. High-sensitivity CRP was mea-
sured In serum using & commercially available kit (N High
Scnsitivity CRP, Dade Behring, Marburg, Germany).
Plasma concentratons of total cholesterol, high-density
lipoprotemn (F{DL) cholesterol, and triglycerides were mea-
sured in the local laboratory. The Friedewald formula was
used to derive low-density lipoprotein (LDL) cholesterol
levels.

Statistical analysis. The sample size was calculated on the
assumption that plaques located in the most proximal 6-mm
segment of the LAD or CFX would display 2 mean necrotic
core content of approxdmately 10% and a standard deviation
of 10%, based on previous findings {13), with 2 relative
necrotic core content of around 5% in plaques located in the
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LMS. To deteet this effect size with 80% power and a type
1 error (alpha) of 0.03, at least 46 patents were required
{(medel 1), Model 2 also was created to explore whether in
patients with LMS length beyond median value (long LMS
cohort) plaque composition differs in the proximal com-
pared to the distal tract of the LMS. No formal sample size
was calculated for model 2 as it was meant to be a hypothesis
generating analysis,

Values are expressed as mean = 5D and median and
interquartie range (IQR) whenever appropriate. Because all
cross-sectional areas, provided by IVUS analysis, were
shown to have a non-normal distrbution at Kolmoegorov-
Smirnov goodness~of-fit test, they were log-transformed
before analysis. Similady, to all percentages relative to
stenosis rate and plaque composition an arcsin transforma-
ton was applied (14). Assumptions for normality were
checked afrer transformation based on a p value >0.20 at
Kolmogorov-Smirnov test and on visual assessment of Q-Q_
plots of residuals.

Comparisens berween the 2 groups were performed with
the Student ¢ test. The Fisher exact test was used for
categorical variables. Comparisons among coronary seg-
ments were accomplished through a general Inear mived
model and post-hoc comparisons by Tukey honest signifi-
cance difference test (15). Spearman’s correlzdion coeffi-
clents were used ro derect any association between variables.

Study Population

Probability was significant at a level of <0.05, Statistical
analysis was performed using Statistica 6.1 Software (Star-
soft Inc., Tulsa, Oldahoma) and R-language (R Founda-
tion, Free Seftware Foundation, Boston, Massachusetts).

Results

From December 11, 2003, to July 27, 2003, 72 patients were
prospectively included in the protocol. Twenty-four patients
were subsequently excluded from the final analysis because
of short (<36 mm) IVUS pullback in 16, uncerwainty
regarding the true interface lumen-vessel wall based on
IVUS grey-scale in 4 and occurrence of angiographically
confirmed deep intubation of the guiding catheter during
the pullback in 4 patients. Thus, 48 patients (32 men}, ages
30 to 75 years (mean age, 57 * 11 years) constituted the
final patient population. Their baseline characteristics are
provided in Table L.

The study vessel was the LMS and the LAD artery in 34
(71%) patents and LMS and CFXin 14 (29%). The overall
LMS length was 7.4% % 4 mm (median [IQR], 6 [4.8 to
9.3]; range, 3.4 ro 20) in the SA group versus 7.8 % 5 mum
in the acute coronary syndromes (ACS) oroup (p = 0.64).
Lumen and vessel CSAs decreased significantly, starting
from the first 6~mm segment of the coropary atery as
compared with LMS (Table 2). Plaque CSA in the LMS

Patlents
All SA Group ACS Group
Varlable (n = 48) {n = 25) (n = 23) D Value
Age {yrs} 57zl 5811 57z 12 [s3:58
Males, n (%5) 32(67) 16 (64) 18 (65) =>0.99
Woight (iKg) 82+ 12 8112 84 =12 0.36
Height {cm) 174a*9 173 =8 176 = 10 028
BM! (g/m?) 27=3 27Tx4 27+2 0.81
Diobetes, n (%) 11(23) 5{20} 6(286) 0.75
Hypertension. n {%) 370 20 (80) 17 (74 >0.99
Current smokers, n (%) 19 {40) 8{32) 11 (48} 0.32
Previous smokar, n (%) 15 123) 9(36) 7 (30) 6.50
C-renctlve proteln (mg/1} 29 = 48 127 *15 38 =58 0419
Low-c ensity lipoproteln {mmal/i) 309 x 122 32613 2913 0.44
HOL {mmuol/) 1222905 130208 114 =04 0.39
Cholesterol/HDL ratle 426 = 1.49 4,268 15 425 =12 .99
Medical history, n {3}
CABG 24 2(8) G0 029
PCi 23 8(32) 3 (13) 0.32
Acute coronary syndrome 18{37) 10 (40) B(35) >0.99
Medical treatment, n (%)
Asplrtin 48 {100} 25 (1003 23 (100} ={0.99
Clopldogrel 48 {100) 25 {100) 23 (100) >0.99
Statin 42 (88) 23(92) 19 (83) 0.84
ACE Inhlbiter 40 {83) 25 (100) 15{65) 0.39
Betarblocker 42 (88) 23(92) 19 (83} 0.84

Plus-minus voluos are mean = SD.

ACE = onglotensin-canverting enzyme; ACS = souto corenary syndroma; BMI = body mass Index; CABG = coronnry ortery bypass rafting; HDL =

nigh-density ; PCL = pon is coronary )

. SA = stable angina.
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Chaprer 3.2

Quantitative Vessel Analysis at IVUS Stratified tnto Coronary Segments

Cross Scctlonat Areas (mm®) Plaquo Plague
Eccentrlclty Burden
Lumen Vessel Plaque Indax {%)
Model 1 (n = 48)
Coronary sefments
EMS 152 {(32-17) 24.5 (19-26} 8{6-9 0.14 (0.05-0.18) 34.3(29-39}
LMS carlna 12.2 (11-15) 20.4 (16-24) 6.7 (6-8} 0.03 (0.01-0.08)* 33.8(31-39)
1" (Q-6 mm) 9.9 (7-11)* 16.2 (1418 6.4(5-7) 0.09 (0.07-0.14) 38.6 (36-46}
2° (6-12 rmm) 9.1 (7-10r+ 16 (14-33)* 6.8 (5-8) 0.11 (0.06-0.16} 40 {39-45)
37 (12-18 mm} 8.6 (7-10)* 15 (13-17) 6.9 (5-8) 0.10 (0.08-0,15) 41 {40-46}
4° (18-24 mim) 8.2 (T~107+ 14 (13-18) 6.3 (5-T) 0.13(0.06-0.47) 43.{37-51)
5° (24-30 mm} 7.5 69y 13.2 {1215y 5.6 (5-6) 0.16 (0.10-0.20} 40 {38-54)
6° (30-36 mmn) 7.2 (6-8)* 123 (11-14)* 4.9 (4-6)~ 0.120.08-0.21) 42 (36-47)
p value <<0.0001 <0.0001 0.0006 0.0001 c.16
Mode} 2 (n = 24)
Coronary segments
Proximal LMS. 16.1 (13-19) 23,4 (21-2T) 7.5(5-9) 0.11.¢0.07-0.45) 32 (29-39)
Distal LMS 14.6 (12-17) 25.8 (20273 8.9 (7-10) 0.1 (0.07-0.25) 38 (3343}
LMS carlna 13.1 (11-155* 21.2 (18-25)* 7.7(7-8) 0.05 {0.02-0.08) 37(31-43)
1* (0-6 mm) 9.9 (8-11p* 16.3 (15-19)* 7.1(6-8) 0.13 (0,09-0.14} 43 {3748}
2° (6-12 mm) 9.1 (7-11y+ 16.6 (14-29)* 7.7(6-9) 0.15 {0.08-0.17) 47 (45-50)1
3° (12-18 mm} 8.6 (7-101 15.7 {1418+ 7.4 (6-8) 011 (0.09-0.21) 50 {45-53)1
4° {18~24 mm) B2 {7-10)* 145 (23160 7.0 (5-8) 0.14 (0.09-0.17) 48 (38-51)1
5° (24-30 mm} 8.2 (6-10)* 14.0 {12-17)* 5.7 (5-T) 049 (13-24) 45 {34-54)
&° (30-36 mm) 7.0 {6-8)" 22,0 (11-14) 5.4 (4-77 0.19 (0.11-0.30) 45 (39-51)
p value ~<0.001 <0.0001 0.002 0.019 C.0093

p values rofer to results for the whole madal at genaral inear onalysis. *p << Q.04 Tp < Q.05 at adjustod post-hoc comparson os compared with laft maln stem (LMS) in medel 1 and to proximal LMS In

model 2, Resulis aro glven as medlan (Intorquartile range).
WUS = Introvascular uRrasound

was significandy increased only compared with the most
distal 6-mm segment, The degree of plague eccentricity was
relatively constant throughout the vessel except in the LMS
carina, where it resulted to be higher compared with both
the LMS and the coronary segments distal to the first one.
Plaque burden did not change along the vessel in model 1,
despite a trend being progressively imcreased from proximal
to distal.

Model 2 (Table 2), in which LMS has been stratified

into the proximal and distal segment after selection of
those patients {n = 24) with long LMS (length >>6 mm),
mainky confirmed the trends observed along the vessels in
model 1.
Change in plagae composigon along the study vessel
Fibrous tissue was the most prevalent component of plaque
composition in each analyzed segment throughout the 2
models, followed by fibrolipidic tissue, necrotic core and
caleium (Table 3). No significant change was observed in
terms of relative plaque composition throughout the study
vesse] with respect to fibrous and calcified tissue content.
The percentage of fibrolipidic tissue decreased in the sccond
and third 6~-mm segment when contrasted to the LMS,
When compared to the sixth coronary segment, however, no
difference emerged among the vessel traces in terms of
fbrolipidic content at post-hoc analysis.

The necrotic core increased significandy in the first,
second, and third 6-mm segment compazed with the LMS.
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When the most distal segment of the study vessel was taken
as reference, the necrotic core remained greater in both the
first and second 6-mm segment at post-hoc analysis. As
shown in Figure 1, the necrotic core was the plague
component with the highest relative change along the
vessel. Changes in terms of plaque composition in model 2
are shown in Table 3.

Change in plaque composition according to clinical
presentation. No significant change in calcium, fibrous,
and fibrolipidic content with respect to clinical presenta-
tion (stable vs. unstable) was observed when ail 384
coronary segments were pooled together (Fig. 2). Ne-
crotic core (%) was significantly increased in patients
with (median [YQRE 11.4 [5.5 to 19.8]) as compared
with those (median [IQR]: 7.3 [3.2 to 12.9]) without
ACS (p < 0.001) (Fig. 2). After intreducing anatomical
location stratified into 8 coronary segments in the model,
the increase in necrotic core in patients with ACS was
mainly confined to the LMS (6.9 [2.6 to 9.4] vs. 3.5 [1.4
10 6.2] in stable patients; p = 0.02), in the first (149 {7.7
to 19.6] vs. 11.5 [4.9 to 17.3] in stable patients; p =
0.03), second (12.2 [5.5 to 16.1] vs. 9.4 {5.1 to 20.6] in
stable patients; p = 0.03), and third 6-mm coronary
segment (11.4 [5.4 to 15] vs. 8 [3.6 o 14.4] in stable
patients; p = 0.04). However, the statistical interaction
between necrotic core and the anatomical location of the
segments did not reach the significance (p = 0.12).
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Plaque Composition Along the Left

Coronary Artery Stratified into Coronary Segments

Plaque Composition (%)

Calelum Coro Fibrous Core Fibrolipidic Core Necrotle Core
Model 1 (n = 48)
Coronary segmaents
LMS 0.65 (02~1.7) 62,5 (57-68) 245 (20-29) 46(2-7)
LMS caring 11(03-186) 63.6 (62-71) 23.0 (15-28) 72(4-9
17 (0-6 mm) 2.1{0.8-3.8} 816 (59-70) 19,8 (8-24) 11.8(7.8-16)1
2° B6-12 mm) 2.2(11-3.3) 62.4 (59-68) 15 {10-2a4)* 10.8 {7-16)*
3° {12-18 mm) 19 1.0-3) 64.4(60-70) 174 (10-21)* 9.5 (6.5~13.31
4° {18-24 mmj} L16(1-3) 617 (57-70) 17.6 (11-23) 8.7 (6-10)
5° (24-30 mm) 1.2 (1-3) 63,4 (58-66) 18.7 {13-26) 7 (4-11)
6° {30-36 mm) 14 {06-24) BLG (57-67) 18.4 (11-25) 5.1(3-9)
P value 0.3z 0.88 .01 0.000%L
Modei 2 {n = 24)
Corehary segments
Proximal LMS 0.85 (0.08-1.5) $2.8 (55-69) 24,6 (20-20) 3.8(2.3-6.8)
Distal LMS 1.0 (0.3-2.1) 64.1 {59-69) 25 {22-28) 6.5(4.5-8.8)
LMS corina 13(03-16) 64 (61-71) 28.8(20-29) 1.3(4.2-8)
1" {6-6 mm) 2.3 {1-3.4) 62.9 (60-71) 20.9 (13.1-25} 11.3(8-16)yT
27 (6-12 mm) 23 (L2-50) 62,6 {55-69} 18.8 (13-27) §1(7-13
3° (12-18 mm) 2.2 (0.98-4.3) 64.2 (680-70) 20 (16-23) 8.7 {B.7-133)*
4° {18-24 mm} 1.2 (0.9-4.5) 64,4 (57-71) 195 (11-26) 8.9 (B-101*
5" (24-30 mm) 1.3 (03-4.8) £3.4 (58-68) 225{13-27) 4.9 (4-8}
6° (30-36 mm) 1.2 (0.6-4) 59.9 (52-66) 22.2(13-29) 3.5 (L8-6)
p value 036 089 049 <0.0001

p valuas refar to results for the whole mode) at general lnoar analysls. *p < 0.05; Tp < 0.0 ot adjustod past-hac comparison an compared with
left main stom (ILMS) In modei 1 and to proximal LMS in modol 2. Results ara glven as modiar {intorquartlie ranga).

Length of LMS as a predictor of plaque composition
along the study vessel. Patients were stratified into 2
groups based on median LMS length (short LMS =6
mm and long LMS >6 mm). These 2 groups did not
differ in texms of baseline and procedural characteristics.
‘When each coronary segment was separately analyzed, no
diffcrence emecrged between the 2 groups for TVUS-
derived quantitative vessel analysis. The same held true
if all 384 coronary segments were cumulatively consid-
ered independently from their anatomical location, Cal-
¢ium, fibrous, and fibrolipid content did not differ be-
tween the 2 groups {data not shown). The pattern of
necrotic distribution in relation to LMS length is shown
in Figure 3.

Correlations. In a segment-based analysis, necrotic core
was largely independent from plaque area {r = 0.17;, p =
0.06; R® = 0.09} (Fig. 4). Similarly, we failed to find an
association between necrotic core content and CRP levels
{r=10.09,p=0.8), level of LDL cholesterol (p = 0.11,p =
0.23), or HIDL cholesterol (r = —0.2, p = 0.4) at entry.
However, there was a significant, although weak, direct
corrclation between necrotic core and cholesterol/HDL
ratio {r = 0.18, p = 0.01; R* = 0.1).

Discussion

There is increasing evidence that the disuibution of rup-
tured or prone-to-rupture plaques s not uniform along the

coronary vessel: they cluster in the proximal tract of the 3
major coronary vessels whereas they tend to spare both the
LMS and distal segments of coronary arteries (4,16).

These findings have been recently confirmed by mapping
the distribution of angiographic sites of occlusive or non-
occlusive culprit lesions along the coromary arteries in
patients with ST-segment elevation ACS (2,3).

The reason why vulnerable plaques show a tendency to
cluster in partially predictable hot spots located within
the proximal tracts of coronary vessel is largely unknown.
Atherosclerotic plaques also cluster within the proximal
portions of the 3 major coronaries (17-20). Thus, the risk
to undergo rupture may be identical for cach coromary
plague independently from its anatomical location, being
rupture simply more likely to occur where atherosclerstic
plaques are more frequently clustered (21). This may
easily explain the nonuniferm distribution of ruptured or
prone-to-rupture plaques without caliing into question
the idea that plaque rupture is partially a site-specific
phenomenon.

Alternatively, plaques located within the proximal
third of each coronary may harbor some specific hallmark
of vulperability which makes them individually more
iikely to undergo rupture. To gain some insights into this
topic of debate, we hypothesized thar plaque necrotic
core content, which is a well-known determinant of
vulnerability (7,8,22), may differ along the coronary
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vessel, being greater ar the spots where plague rupture is
known to be more frequent.
Our main findings can be summarized as follows:

necroti¢ content in plaques and plague CSA at the
segment-based analysis and by the observation that
plaque CSA showed o progressive increase in the
distal-proximal dizection along the vessel whereas
plaque necrotic content did not.

3. The necrotic core was greater in patients with clinical
instability presenting with ACS compared to those

1. The plaque necrotic content was minimal in the LMS,
particularly in the most proximal tract, whereas it
peaked in the first 6-mm segments after the ostium of
the 2 major left coromaries, progressively decreasing

toward the more distal segments.

The plaque CSA was largely unrelated to necrotic core
content throughout the left coronary vessel. This state-
ment is supported by the absence of correlation between
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affected by stable atherosclerotic disease.

The necrotic core content was not related to systemic
inflammatory status, as measured by 2 well-recognized
prognostic marker of inflammation such as CRP nor
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LDL or HDL zlone, whereas it showed a significant
although weak correladion to cholesterol/HDL ratio.

5. The length of left main tunk was shown to affect the
distribution of necrotic core along the vessel In padents
with long TMS, necrotic core content peaked immedi-
ately in the first coronary segment after LMS and
rapidly decreased distally. Conversely, the necrotic core
content peaked in the second 6-mm segment in patients
with short LMS and it resulted to be increased in the 2
most distally analyzed segments compared to the long
LMS group.

It is tempting to speculate that the observed clustering of
ruptured or prone-to rupture plaques in the proximal
segment of each coronary artery is not just a simple
reflection of the nonuniform distribution of atherosclerosis
along the coronary vessel. The necrotic content of those
plaques located in these proximal segments, independent of
their size, was greater, both compared with the LMS and
with those segments that are more distally Jocated. The
plaques located within the proximal segments of the left
coronary artery, being relatively richer in necrotic content,
may undergo rupture more easily than those located in the
1.MS or in the distal tracts of the vessel.

Some preliminary unpublished findings by our group
suggest that plaque necrotic core content, as assessed
through IVUS-VH, may be the only independent predicror
for mechanically deformable regions (high-strain spots} (23)
throughout the coronary arteries in humans. Thus, when
our findings are put in perspective of current evidence, they
support the idea that vulnerability may cluster in necrolipid-
tich regions throughout the vessel.

Necrotic core content in the present stady was greater in
patients with ACS, suggesting again that plagque composi-
tion in itself may play a pivoral role in determining vulner-
ability. Interestingly, it was recendy reported thar when
rupture of coronary plaques occurs in the LMS, the distal
half of LMS 1s more likely o be involved (24). Our findings
that the distal LMS tends to harbor a greater necrotic core
content compared with proximal half, together with the
well-established role of shear stress in bifurcated lesions
(25), may contribute to explain the nonuniform distribution
of plaque rupture even within the LMS.

The reasons why the plaque necrotic core seems to exceed
in the proximal as compared with the distal tracts of the
coronary vessel or the LMS remain speculative at the
present tme. Low-oscillatory shear stess 1s known to
induce a loss of the physiclogical flow-oriented alignment of
the endothelial cells, an enhancement of the expression of
adhesion molecules, and a weakening of cell juacdons,
ultimately leading to an increase in permeability to lipids
and macrophages (25). The segments located in the first few
centimeters of the coronary arteries, because of flow nurbu-
lence generated by high-velocity bloed impacting against
anatomical fow dividers (26), may be more exposed o
low-oscillatory shear stress compared with the most proxi-
mal {(i.c., LMS) or more distal coronary segments, thus
possibly explaining our present findings (27). Concomitant
quantitative measurement of shear stress and plaque com-
position along coronary vessels in vivo would be pivotal in
corroborating this working hypothesis.

Study limitations. On the basis of previous findings and
the well-known role of necrotic core content in determining
vulnerability (6—8,22), our investigation was primarily fo-
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cused on the distribution of necrotic core content along the
left coronary artery. T'o assess relatively minor changes in
plagque compesition along the longitudinal artery axds, such
as that observed for fibrous tissue, a laxger, propexly powered
sample size is clearly needed. In keeping with previous
considerations, all other analyses and comparisons per-
formed in the current report should be regarded as explor-
atory and hypothesis-generating because we cannot rule our
the possibility that inflation of type I error due to multiple
comparisons may have confounded our results.

In our study, the operators were left free 1o wire the most
swtable vessel for the IVUS pullback, provided it was
supplying a major left ventricle territory, which resulted in
the predominance of LADD as a region of interest, whereas
the CFX artery was mainly investigated in those patients
presenting with small or tortucus LAD. The distribution of
necrotic core along the vessel did not differ in LAD as
compared with CFX. The same held true for other studied
plague components. However, the applied selection process
may have biased this comparison. Thus, whether the distri-
bution of plaque composition may differ in relation to the
studied vessel remains to be tested. Similarly, to maximize
patients’ safety and avoid potential IVUS-related complica-
tions, individuals with severe angiographic calcification were
excluded. Despite the fact this decision may have clearly
contributed 1o generare some selection bias, the distribution
of calcium along the coronary vessel intriguingly mirrored
the one observed for the necrotic core. Further studies are
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needed to investigate the specific role of calelum content in
determining plaque vulnerability.

Padents with proximal occlusions have bigger myoccardial
ischemia and, thus, they are more likely to present to
hospital and be referred for angioplasty. Similarly, myocar-
dial infarction with LMS as culprit artery often may result
in immediate death. Thus, it may be argued that 2 seleetion
bias might have artificially increased the prevalence of
patients with culprit Jesions located in the proximal com-
pared to distal tracts of coronaries or LMS. This is obvicusly
theoretical possible. However, for the following reasons, we
believe that this possibility is relatively uniikely:

1. The necrotic core in our series clustered in the same
coronary spots in which previous studies, based on
postmortern examination, found a greater prevalence of
ruptured or healed plaques.

2. Our results are based on the investigation of the
nonculprit vessel, Thus, they are potentizlly less prone
to suffer from clinical selection due to the location of the
culprit lesion in the culprit vessel.

3. Although it seems to be exacerbated in patients present-
ing with clinical mstability, the nonuniferm distibution
of plaque composition along the vessel also has been
observed in patients with stzble coronary disease, in
whom the selection bias due to the importance of the
culprit lesion is less obvious, at least for the comparison
LMS versus proximal tracts of LAD or CFX.
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Thus, based on these conmsiderations, we think that our
findings, especially when put in the context of previous
evidence (1~5), may help reinforcing the noton thar there
may be some hot spots along the coronary vessel which are
per se more prone to develop vulnerable plaque and as such
underge plaque rupture.

Summary and conclusions, Plaque composition was found
o be not uniformly distributed along the left coronary artery
with a progressive increase in necrotic core starting from the
proximal half of the LMS to the most proximal segments of
the LAD or CFX, followed by a steady decline toward those
scgments which are more distally located along the vessel.
The necrotic core appeared to be increased in patients with
ACS, especially in the LMS and in the 3 proximal coronary
segments of LAD or CFX, whereas it did not correlate with
the CRP or Lipid profile. The relatively site-specificity of
necrotic core content toward the proximal segment of the
left coronary artery is in keeping with the increasing
evidence that a clear clustering of ruptured or prone to
rupture plaques occurs in humans within this region (2.3,5).
Our findings 1} reinforce the netion the plaque composition
may be 2 roajor determinant for and subsequently a potential
target of plaque vulnerability in humans and 2) call for
prospective gvaluation of the independent role of plaque
composition on long-term outcome In patients with estab-
lished coronary artery disease.

Reprint requests and corxespondence: Prof. Pamick W, Serruys,
Thoraxcenter, Bd-406, Dr Molewaterplein 40, 3015-GD Rotterdam,
the Netherlands. E-mail: p.w].cserrays@erasmusmeni.
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Distance from the ostium as an independent determinant
of coronary plague composition in vivo: an intravascular
ultrasound study based radiofrequency data analysis in
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Aims Relative plague composition, more than its morphology alone, is thought to play a pivotal rote
in determining propensity to vulnerability, Thus, we investigated in vive whether the distance from
coronary ostium to plaque location independently affects plague composition in hurnans., This may
hetp explaining the recently reported non-uniform distribution of culprit lesions along the vessel in
acute coronary syndromes,

Methods and resuits in 51 consecutive patients (45 men}, aged 38-76 years {(mean age: 58 + 10}, a non-
culprit vessel was investigated through spectral analysis of 'VUS radiofrequency data {IVUS-Virtual His-
tology™). The study vessel was the left anterior descending artery in 23 (45%) patients; the circumflex
artery in nine {18%), and right coronary artery in 19 {37%). The overall length of the region of interest,
subsegquently divided into 10 mm segments, was 41.5 + 13 mm leng {range: 30.2-78.4). No significant
change was observed in terms of refative plaque composition atong the vessel with respect to
fibrous, fibrolipidic, and calcified tissue, whereas the percentage of lipid core resulted to be increased
in the first (median: 8.75%; IQR: 5.7-18) vs. the third (median: 6.1%; {QR: 3.2-12) (P = 0.036) and fourth
(median: 4,5%; IQR: 2.4-7,9} {P = 0.006) segment. At multivariable regression analysis, distance from
the ostium resuited to be an independent predictor of relative lipid content [g=—0.28 (95%CI:
—0.15, —0.41)], together with older age, unstable presentation, no use of statin, and presence of
diabetes mellitus.

Conclusion Plaque distance from the coronary ostium, as an independent determinant of relative lipid
content, is potentially asseciated to plaque vulnerability in humans.

Coronary plaque rupture or erosion, by triggering local
thrombaosis is thought to play a pivotal role in the genesis
of acute corgnary syndromes {ACS) and sudden death, -

A series of landmark angiographic studies in the mid-1980s
demonstrated that nearly two-thirds of all myocardial
infarction originate from non-flow limiting atherosclerotic
lesions and prior angiographic studies focusing on plague
morphology alone failed to identify quiescent plaques
prone to rapidly progress or rupture.®7

Conseguently, the mechanical and biological properties of
cerenary plagues, which overall reflect plague composition,
along with systemic inflammation has mainly been targeted
for the diagnosis and treatment of plague instability.®

Epidemiological studies in patients with ST-segment
elevation myocardial infarction (STEM!) report that sites of
occlusion are not uniformly distributed throughout each of

*Corrosponding author. Tol; +31 10 4635260; fax: +31 10 4369154,
E-rnoll address: pow.].C.serruys@erasmusme,nt

the major epicardial coronary arteries but tended to
cluster within the proximal third of each of the vesseis.”'?
Accordingly, despite the recogniticn that several factors
involved in the pathogenesis of plague vulnerability are
widespread,’" "' local trizger{s) should be also targeted to
explain the presence of high-risk coronary spots,™®

Plaque composition, favouring propensity to vulnerability,
might atsc be non-uniformly distributed along each coronary
vessel, This might explain the higher likelihcod for plague
erpsion or rupture £o occur proximally in the coronary tree.

To investigate this hypothesis, the non-culprit, non-
treated vessel containing angiographically non-obstructive
(<<50%) lesions was systematicaily investigated to assess
plaque composition through spectrat analysis of IVUS radio-
frequency data [IVUS-Virtual Histology™ (IVUS-VH)] in
consecutive patients referred to our institution for percuta-
neous coronary intervention (PCl}.

Cur findings support for the first time to the best of our
knowledge in vive the hypothesis that plaque composition
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in humans may differ in relation to plague localization along
the ceronary tree,

Methods

Study protocol and patients enrolment

This was a single-center, investigators-driven, observational pro-
spective study aimed to evaluate the distribution of plaque
composition zlong the coronary vessel in consecutive patients
referred to our institution for elective or urgent PCL, in whom the
non-culprit, non-treated vessel was judged suitable for a safe
IVUS 30 mm-putlback or more, based on angiographic (absence of
the following: =50% stenotic disease, extensive calcification.
severe vessel tortuosity) and clinical (haemodynamic stability)
findings. According to the protocol, not more than one vessel-per
patient could be evaluated and the region of interest (ROI), sub-
sequently divided inte 10 mm segments, had te start from the
coronary ostium. Thus, an analysable interrogated vessel length of
at least 30mm, starting from coronary ostium, was the main
selection criterion, once the patient was included in the study.

In the group of patients presenting with an ACS, the culprit lesion
has been categorized as complex or nen-complex, based on angio-
graphic findings as previousty described.™

This protocol was approved by the Hospital Bthics Committee and
is in actordance with the declaration of Helsinkd. Written informed
consent was obtained from every patient.

IVUS-VH acquisition and analysis

Details regarding the validation of the technigue, on explanted
human coronary segments, have previously been reported.'®
Briefly, IVUS-VH uses spectral analysis of 1VUS radiefrequency data
to construct tissue maps that classify plaque into four major com-
ponents. in preliminary in vitro studies, four histolegical plaque
components (fibrous, fibro-tipid, lipid core, and calcium) were cor-
related with a specific spectrum of the radiofrequency signal.™
These different plague components were assigned colour codes.
Calcified, fibrous, fibrolipidic, and lipid-necrotic regions were
labelled white, green, greenish-yetlow, and red, respectively,’”

IVUS-VH data was acquired after intracoronary administration of
nitrates using a continuous puliback (0.5 mm/s) with a commerciaily
avaftabte mechanical sector scanner (Ultracross'™ 2.5F 30 MHz cath-
eter, Boston Scientific. Santa Clara, CA), by a dedicated IVUS-VH
console (Volcano Therapeutics, Rancho Cordova, CA). The IVUS-VH
data were stored on a CD-ROM and sent to the imaging core lab
for offline analysis. (VU5 B-mode images were reconstructed from
the RF data by customized software (IVUSkab, Volcano Thera-
peutics, Rancho Cordova, CA).' Manual contour detection of both
the lumen and the media-adventitia interface was performed and
the RF data was normalized using a technique known as "Blind
Deconvolution’, an iterative algorithm that deconvolves the
catheter transfer function frem the backscatter, thus accounting
for catheter-to-catheter variability, 1817

Statistical analysis

The sample size was ¢alculated on the assumption that plaques
located in the proximal segment of the coronary artery, defined as
the first 10 mm coronary segment, would display a mean lipid
content of around 40%, with a sigma of around 35% based on previous
findings,?® with a lipid content of 10% in the distal plaques, defined as
those located beyond the first 20 mm from the coronary ostium. To
detect this effect size with 80% pewer and a type-! error (alpha) of
0.05, 48 patients were required. Four main models were constructed
based on the number of 10 mm segments that were included.

Model 1 comprised three 10 mm seoments available in all patients
included.
Modet 2 comprised four 10mm segments available in 43 patients.
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Models 3 and 4, composed of five and six 10 mm segments in 20 and
11 patients, respectively, were considered as exploratory analysis
because of limited sample size.

Values are expressed as mean - 5D and median and inter-quartile
range (IQR) as appropriate.

As all ¢ross-sectional areas (CSA) provided by IVUS analysis, were
shown te have a non-npormal distribution at Kelmegorov-Smirnov
goodness-of-fit test, they were log-transformed before analysis.
Similarly, to all percentages relative to stenosis rate and plaque
composition were applied an arcsin transformation.?! Comparisons
between the two groups were performed with the Student’s t-test.
Fisher's exact test was used for categorical variables. Comparisens
among 10mm segments were accomplished threugh a general
linear mixed modet with a compound symmetry correlation struc-
ture and the intercept as only random effect, Maximum ltkelihood
method was adopted to estimate parameters in the models. Linear
contrasts were applied to evaluate effects of distance, analysed as
dummy variable, on the studied parameters, Post hoc comparisons
were systematically performed by Turkey honest significance
difference test.”

Because of imited statistical power in models 3 and 4, the muit-
variable analysis regarding both ciinical presentation and plaque
location along the vessel, along with the interaction between the
two was restricted to models 1 and Z.

In order to establish the determinants of lipid relative content in
the plagues in our model and confirm distance from the coronary
ostium as an independent predictor of relative tipid content, a uni-
variate (including age, sex, histery of hypertension, hypercholester-
olaemia, cardiovascutar disorders in the family, diabetes mellitus,
tevels of LDL. HDL, and triglycerides, use of statin, coronary
vessel analysed, clinical presentation, and distance for the ostium
stratified inte 10 mm segments) and multivartable (with all variables
showing a P-value of <0.1 at univariate analysis} tinear mixed model
using percentage of lipid content in all 10 mm segments, analysed as
outcome variable, was alse applied.

All statistical tests were two-tailed. Probability was significant at
a levet of <0.05. Statistical analysis was performed using Statistica
6.1 Software (Statsoft inc.) and R-language (R Foundation).

Results

From 16 April 2003 to 10 September 2004, 67 patients were
prospectively included in the protocel. Sixteen patients
were subsequently excluded from the final analysis
because of short (<30 mm) IVUS puliback in 10, pcor VUS
quality in two and lack of coronary plague at IVUS investi-
gation in four patients. Thus, 51 patients (45 men), aged
38-76 years {mean age: 58 + 10) constituted the final
patient population. Their baseline characteristics are pro-
vided in Table 1. Qverali, 33 patients were affected by
stable angina (SA}, whereas the remaining 18 patients
were admitted to hospital because of a non-ST-elevation
ACS. In the SA group, the mean Cardiovascular Canadian
Score was 2 + 1, whereas the TIMI sk score, the percen-
tage of patients with troponin T above upper limit of
normal {0.02 ug/L) and the detay from symptoms onset to
PCl were 4 £ 2, 56% and 443 days in the ACS group,
respectively. in the ACS group, the culprit lesion was
located in the proximal coronary segments in 13 (72%)
patients, including 6 (33%) in the left anterior descending
artery (LAD}, four (22%) in the circumflex artery (CFX),
and three {17%) in the right coronary artery (RCA), while
in the remaining five (28%) patients the culprit lesion was
tocated in the mid or distal segment of the corcnary
vessels. Overall, 11 out of 18 identified cuiprit lesiens in
the ACS group satisfied the criteria for complex lesions
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Table 1 Study population
Variables Patients
All SA Group ACS Group
{n=151) (n=133) (n=18)

Age (years) 58 + 10 56 + 12 59+9
Males, no. {%) 45 (88) 28 (83) 16 (94)
Weight (kg) 80+ 9 30+ 8 81+9
Height {em) 174+ 7 174+ 7 175+ 8
BMI (kg/m?) 27+ 4 27 4+ 3 2845
Diabetes, no. (%) 12 (23) 324 4(22}
Hypertension, no. {%) 20 (39) 14 {42) 4 (33)
Current smokers, no. (%) 19 (37) 13 (39} 6 {33)
Previous smoker, no, (%) 16 (31} 9 (27) 7 (29}
Medical histery, no. {%}

CABG 3 (6} 2 (6} 11{6)

PC} 11 (22) 8 {24} 317

ALS 23 (45) 18 (54} 5{28)
Medical treatment at entry, no. (%)°

Aspirin 51 (100 33 (100) 18 (100}

Clopidogrel 51 {100) 51 {100) 18 (100}

Statin 38(75) 25 {76) 13 (72)

ACE-inhibitor 40 (78) 30 (91) 10 {56)

B-Blacker 48 (94) 32 (97) 16 (89)

Pius-minus values are means < SD. BML, Body mass index; CABG, coronary artery bypass grafting;

ACE, angiotensin converting enzyme.

The SA group was well matched (P-value >-0.3) with the ACS eroup with respect to all variables

reported earlier,

“For this analysls we considered all medications administered in the previous 4 er mare days. At dis-

charge all patients except one were taking statins.

based on angiographic findings. The study vessel was the LAD
artery in 23 (45%} patients, the CFX in nine (18%), and RCA in
19 (37%). The overall length of the ROl was 41.5 + 13 mm
long [{range: 30.2-78.4} {41 4+ 13 in SA group vs. 42 £ 13
in ACS group, P= 0.6)]. The results regarding guantitative
coronary IVUS analysis in the whole population, stratified
inte 10mm vessel length (paired-segment analysis), are
reported in Table Z. Lumen CSA significantly decreased
every 10 mm in model 1, whereas this happened starting
from the third segment, as compared with first coronary
tract, in model 2.

As compared with ostial 10 mm segment, vessel CSA
resulted to be decreased in the third and fourth segment
in models 1 and 2, respectively, whereas plaque CSA reduc-
tion reached statistical significance cnly in the fourth
segment of model 2. Distance from the coronary ostium
did not affect the percentage of stenosis. The third and
fourth models, restricted to a progressively lower number
of patients but based on a longer vessel length, mainly
confirmed the trends observed in the first two medeis.

Change in plaque compesition along
the study vessel

The results regarding quantitative coronary plaque compo-
siticn analysis are reported in Table 3,

Fibrous tissue was the most prevalent component of
plaque composition in each 10 mm segment throughout the
four models considered, followed by fibrolipidic tissue,
lipidic core, and calcium.

Ne significant change was cbserved in terms of relative
plague composition passing from the most proximal to
those progressively more distally lecated segments along
the vessel with respect to fibrous, fibrolipidic, and calcified
tissue. LConversely, the percentage of lipid core resuited to
be increased in the first [(mean: 13%; 95%Cl: 10, 18),
(median: 8.75%; IQR: 5.7, 18)] with respect to the third
segment [(mean: 8.7%:; 95%ClL: 6.5, 11), (median: 6.2%;
IQR: 2.6, 12,111 in model 1 (P < 0.05; primary endpeint)
and to third [{mean: 3.4%; 95%Cl: 6, 11), (median: 6.1%;
IQR: 3.2-12)] (P < £.03) and fourth [(mean: 6,8%; 95%Cl:
4, 9.6), (median: 4.5%; IQR: 2.4-7.9)] (P < 0.01} segment
in model 2 (Figure 3). A similar shift in relative plague
composition along the vessel was observed in models 3 and
4. Interestingly, ACS patients presenting with the culprit
lesion located in the proximal segment of the coronary
artery did not differ in terms of relative plague distribution
along the vessel with respect (e those with culprit lesion
sited in the mid of distal tract.

Clinical presentation and change in plaque
composition aleng the study vessel

No significant change in calcium content with respect 1o
clinical presentation {stable vs. unstable} was observed
(data not shown). in model 1, fibrous plague content was
overalt significantly increased in stable (68%) [95%Cl: 65%,
71%] ws. unstable (63%) [95%Ci: 59%, 64.7%] group,
whereas a decrease in stable (17%) [95%Cl: 16%, 19%] vs.
unstable {22%) [95%CI: 20%, 24%] patients was observed for
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Tabie 2 Quantitative vessel analysis at iVUS

Coronary segments Mean cross-sectional areas (mm?) Stenosis (%)
Lumen Vessel Ptaque

Model 1:n =51
1- {0-10 mm) 9.4+ 38 17.1 £ 8.1 7.3+3.7 41,4 + 10.5
2 (10-20 mm) 7.8 +2.9 157+ 7.8 7.2+3.4 46 + 12
3¢ (20-30 mm) 7.1 £ 2.8 42+ & 6.2 £2.7 45+ 1
P-value 0.002 0.01 0.12 0.08

Model Z; n =43
1 {0-10 mm) 9.3 3.6 17.4 + 8.6 7.6+ 3.9 42 + 11
2 (10-20 mm) 7.7 L 27 15.9 & 8.2 7.3+ 35 46 4 12
3 {20-30 mm} 7L 2.8" 14.5 + 8.7 6.3 4 2.8 45 +11.2
4 {30-40 mm) 6.4+ 2.7 13.5 £ 9.7 6 3.4 45.3 + 12.4
P-yalue 0.0002 0.001 0.02 0.4

Modet 3; n =20
1 {010 mm} 104+ 4.3 20.5 + 11.5 9452 39.8 10,5
2 (10-20 mm) §8+2.8 194 11 8.2 47 41,7 112
37 {20-30 mm) 8+ 2.9 17.4 +12 6.9+ 3 42 £ 10
4 (30-40 mm) 73+3.2 16.5 + 13.3 6.8 +4.2 42 + 12
57 {40-50 mm) 7429 16,2+ 15 57 +£23 41114
P-value 0.07 0.12 0.054 0.58

Model 4; n= 11
1* (0-10mm) 10,7 + 2.8 193 +2.7 g6+ 2.1 45 + 7.8
2 {10-20 mm) 9.3+ 3.7 18+ 4 8.6+2.4 49 + 10
3 {20-30 mm} 8.6 £ 2.3 16.8 - 4.6 824724 48 + 8.3
4 (30-40 mm) 8.3+2.2 17145 28.8+2.3 51 +57
5° {40-50 mm} 7.5+ 2.5 15.3 + 4.9 7.8+ 2.6 51.3+ 4.8
& (50-60 mm) 6.7 + 2.6 1344 6.2+2 48.2+ 9.7
P-value 0.023 0.06 0.063 0.4

“p < 0.01; 7P -2 0,05; TP -2 0,001 as compared with segment 1 at post Foc analysis.

Resutts are given as mean = 5D

fibrotipid content when all 227 segments were pooled
together (P=0.03 and P =0.006, respectively). However,
when distance from the ostium, stratified inte 10mm
segments, was alse inserted inte the model, only trends
towards increase in fibrous and decrease in fibrolipidic
content in stable vs. unstable patients were observed,
which did not reach statistical significance. This was
confirmed in medel 2. In contrary, even when analysed
simultaneously, beth plague leocation along the wvessel
(P=0.044 and P=0.002 for modets 1 and 2, respectively)
and clinical presentation (stable vs. unstable) (P=0.01
and P = 0.004 for models 1 and 2, respectively) resulted to
be independent predictors of lipid content (Figures 18
and 2B) after adjustment for age, sex, diabetic status,
type of coronary artery analysed, and use of statin.
Finally, in order to evaluate whether the shift in lipid
content along the vessel was influenced by clinical presen-
tation, the interplay between these two main determinants
of lipid content was investigated, but no statistical
interaction emerged between plaque location and lipid
core content (P=0.8 and P=0.49 for models 1 and 2,
respectively).

Distance from the ostium as an independent
predictor of lipid content

in Table 4 the variables found to be associated to the rela-
tive lipid content along the vessel are shown. The lipid

120

core in the most distally located coronary segment
{segment 3} n medel 1 was significantly lower compared
with segment 1, taken as a reference, independently from
all other identified predictors. When all 227 segments
were included in the modet, distance frem the ostium, stra-
tified into 10 mm segments, resulted to be an independent
predictor of relative lipid content along vessel wall,
together with older age, unstable presentation, no use of
statin, and the presence of diabetes mellitus. In keeping
with the results cbtained at the post hoc analysis, after
adjusting for clinical presentation, retative lipid content in
segment 1 did not differ from segment 2 [3 —0.08 (95%C):
-0.28, 0.116)], while it did so starting from segment 3 {8
—0.22 (95%Ch: 2 0.39, 8 0.05)], with a progressively lower
A-value for segment 4 [ —0.34 (95%CL —0.39, —0.05)]
and 5 [ —0.38 (95%Cl: —0.55, —0.21}].

Discussion

Several lines of research in the last decades have clearly
pointed out how factors involved in pathogenesis and pro-
gression of atherosclerotic tesions are widespread through-
out the circulatory beg.1112.14.23.24

As a corotlary to this, evidence that a single pharmaco-
logical or mechanical treatment, when applied locally, is
able to affect progression of coronary atherosclerosis is
weak and not conclusive.”® On the other hand, systemic
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Tabie 3 Plague composition stratified into 10 mm segments

Coronary segments Plague compositicn {%)
Caicium Fibrous Fibrolipigic Lipid core

Madel 1; =51
1 {0-10 mm) 0.69 {0.26-1.98) 67.1 (60-74.4; 16.86 (11.2-24) 8.8 (3.7-18)
27 (H-20mm) Q.67 (0.3-1.58) 68.3 (60-77) 18.1 (12.7-23.1) 9.6 (4.3-15.1}
3 {20-30 mm) 0.79 (0.37-1.82) 6% {64-78) 18,7 (13.4-25.3) 6.2 {2.6-12.1)"
P-value 0.67 .40 0.84 0.039

Model 2; n =43
1" (0-10 mm} 0.76 {0.28-2.3) 54,7 (59.3-74) 17.7 (13.4-24.5) 2.01 (5.7-18)
2 {10-20 mm) 0.70 (0.4-1.58) 66.9 {57,5-77} 18.6 (14-24.4) 10 (4.2-16.7)
3 {20-30 mm) 0.75 {0.37-1.82) 69 (63.9-77.8) 19.8 {14.3-75.4) 6.1 (3.5-12)*
4" {30-40 mrm} 0.48 (0.09-1.5} 8.7 (60.8-75) 71.1 (17-28.2) 4.5 (2.4-8)
P-value 0.36 0.55 .43 0.0058

Model 3; n'=+20 .
1°{0-10mm) - 0.77 (0.5-2.6) 71.4 (49.7-76.4) 17.3 {13.4-23.7} 8 (6-25)
2° (10-20 mm) 0.49 {0,18-1.15) 72.3 (57.9-79.59) 17.2 (100-22.7} 9.3 (4.1-14.6)
3" (20-30 mm) 0,87 (0.1-2.4) 69.3 (61.1-79.6) 17.4 {13.1-25.3} 6.8 (4.1-12)
4 (30-40 mm) 0.9 {0.2-2.6) 67,8 (57.1-77.6) 19.1 (17.4-30} 6.1 {3-8.3)
5 (40-50 mm} 0,65 (0-1) 75.3 (60.6-81.4) 16.4 (14.5-32.6) 3.5 (0.7-5.8)"
P-value 0.14 0.8 0.71 0.03¢%

Model 4; n =11
17 40-10 mm) 0.3(0.2-1.6) 74.1 {61-79) 20.8 {16-28) 5.97 {2.25-12)
2 (10-20 mm) 0.8 (0.4-1) 74 (64-7G} 20.5 (18-22}) 5.7 (3-13)
37 (20-30 mm} 0.54 (0.13-1.6} 75.1 (70-80) 18.5 (16.8-22) 5 (2.8-6.5)
4" {30-40 mm) 0.63 (0.1-1.8) 75.7 {66-77) 21 {20-27) 3.4 (52.4-5.7)
5° (40-50 mm) 0.38 {0.7-1.3) 73.1 (67-81) 21,2 (15-27} 3.2 (2.7-5.3}
6 {50-60 mm} 0.37 (0-0.8) 77.3 (66-79) 24 (19-28) 2.7 (1-4.3)"
P-value 0.65 0.78 0.98 0.036

* P 0.05; TPz 0.01 as compared with segment 1 at post fioc analysis.

Results are given as median (IQR).

therapy, such as an intensive lipid-lowering treatment, has
been comvincingly shown to be able to stop atherosclerotic
disease progression and even induce coronary lesions
regression in some studies.”® 3 The same paradigm is
thought to be true for factors involved in atherosclerotic
lesions vulnerability, albeit probably in a more elusive
way. 25

These findings should be combined, however, with the evi-
dence provided by recent epidemiclogical studies, which
corroborate the hypothesis according to which sites of
occlusions are not uniformly distributed throughout the
coronary tree, rather they show a tendency to cluster in
partiaily predictable hot spots located within the proximal
third of each coronary vessels.”°

Thus, the interplay among systemic and local factors able
to promote progression and vulnerability of atherosclerotic
corenary lesions should be probably both targeted in the
attempt to control the chronic and acute consequences of
ceronary atherosclercsis.’”

Among local factors known to affect genesis and pro-
gression of coronary athercsclerotic lesions, shear stress
(55} has been extensively investigated.

Fluid 55, acting on genes "sensitive’ to local haemo-
dynamic forces, is known to elicit a large number of
hurngural, metabolic, and structural responses in endo-
theliat cells (EC).** Low S5 on ECs partially explains the
local arterial susceptibility to atherosclerosis, as low SS

enhances the oxidation of lipids and their accumutation in
the intima.?"%

Marecover, fliuid turbulence in itself is able to directly
activate platelets, thus possibly playing a pivetal role in
thrombogenesis as weil.®

It is tempting to speculate that other local factors
could play additional roles in modulating progression
and instability of atheresclerotic lesions in coronary
arveries. Among them, pathclogical studies have
suggested that the distribution of thin-cap athercmas,
which are lipid rich core plagues known to be at particu-
larly high-risk for rupture, are not uniformiy distributed
along the corgnary vessels in post-mortem examin-
ations.* Rather, they cluster in the proximal segments
of the three main coronary arteries, which is in keeping
with the lengitudinal distribution of both ruptured and
healed plagues.®

This non-uniform distribution of vulnerable plaques in
humans could partially explain the clustering of occclusive
culprit lesion in the proximal or middle tract of coronary
arteries. In this regard, we hypothesized that plague compo-
sition was also not uniformly distributed in vive in humans in
patients with symptomatic coronary disease. Thanks to a
recently developed technology based on spectral analysis
of IVUS radiofrequency data (IVUS-VH),'®'7 we prospec-
tively evaluated whether plague composition is indepen-
dently affected by the distance from coronary ostium in a
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consecutive series of patients. Our findings suppert the
concept that coronary plagques located in the proximal
tract (=20 mm} of coronary vessels are relatively richer in
lipid content with respect to theose more distally located,
independently from clinical presentation. In this regard,
the magnitude of lipid content appeared to be relatively
higher in patients presenting with clinical instability but
no interaction emerged in our model between clinical pres-
entation and lipid content, suggesting that the relative
change in plague composition along the vessel is a well-
preserved phenotype in both groups of patients. Moreover,
distance from the coronary ostium resulted to be an inde-
pendent predictor of relative lipid content along the
vessel wall in our regression model, together with age,
unstable presentation, presence of dizbetes mellitus, and
no use of statin.

Our current findings should be regarded as an attempt to
extend the pathophysiological knowledse on plague vulner-
ability, mainly because of the well-known linkage between
plaque composition and risk of plague rupture or
erosion. > 3% Thus, this might contribute to explain the
higher likelihood for plague eresion or rupture to occur
proximally in the coronary tree. Moreover, the finding
that coronary plagues show a relatively higher lipid
content if proximally located along the lengitudinal axis
of the vessel with respect to those mere distally located
might elicit new methodological issues in future inves-
tigations. in  particular, hypothesizing that plaque
progression/regression  studies accomplished through
aggressive lipid-lowering regimen would mainly affect the
lipid content in the plague, it seems reasonable to
believe that the relative effect of the tested medication
chserved at IVUS investigation in terms of overall plaque
CSA, could differ in relation to the localization of ROI
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with respect to the coronary ostium. This could bear
special hazard particularty in those studies having limited
ROI length,>

An interesting finding of our study was that the percen-
tage of stenosis did not differ in relation to the distance
from the ostium, whereas plague area was progressively
smaller moving form proximal to distal segments. This
might be explained by the interplay between the physio-
logical proximal-distal tapering of the coronary vessel
and the higher propensity of the proximal segments to
underso positive remodelling with respect to those
located more distally. This seems to be in keeping with
our recent findings that positive remodelling is indeed
more pronounced in lipid-rich coronary segments.>®

Limitations of the study

As exploratory-pilot investigation, our current findings
shoutd be regarded as provisional. In particular, to assess
retatively minor changes in plague composition along longi-
tudinal vessel axis, such as that cbserved for fibrous tissue,
or for highly dispersed data such as for relative calcium
content, a bigger, property powered, sample size is clearly
needed. Similarly, the observed insignificant trends for
fibrous tissue to be increased and fibrelipidic content to be
decreased in stable vs. unstable patients may reflect 2
type-il error. Our results mainly apply to the first 40 mm of
the three main coronary arteries, whereas the tongitudinal
pattern of shift in coronary plaque composition in coronary
segments more distally lecated or in left main coronary
artery should be evaluated in studies specificatty designed
for such an aim. In particular, in keeping with our primary
endpoint, the only comparison for which this study was
properly powered for is the one between the first and the
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Figure 2 Per-segment distribution of relative lipid content in the study
populatfon. Per-segment distribution of relative lipid contents both in the
whole poputation and stable vs. unstable patients in modet 1 {4) and 2 (B).
Bars indicate median values In the whele population, As shown in Table 3.
relative dpid content significantly decreased in the whole population in
segment 3 in model 1 and in segments 3 and 4 In model 2 with respect to
segment 1 at post hoc analysis.

third segment in model 1. All other analyses, including the
tests for four models and all post hoc comparisons should
be regarded as expleratory. Despite careful examination of
all angiograms, we cannot completely rule out the
possibility that patients with a higher number of IVUS inter-
regated 10 mm segments had a more favourable coronary
anatomy as compared with those in whom a long pull-back
could not been obtained.

Relevant to this peint, it is the fact that: {i) plaque com-
position in the first three coronary segments did not differ in
patients with 30 mm pull back length as compared with
those in whom a longer IVUS pull back was obtained; and
(i} the change in plaque composition along the study
vessel was remarkably consistent in all the four models
analysed.

We falled to find sex-related differences in the proximal-
distal pattern of plague composition. However, the great
majority (88%) of patients enrciled were males, which

Table 4 Predictors of plague lipid content at uni- and multi-
variate analysis in meodel 1

Variables Beta-values (5% Ci} P-values
Univariate analysis
Age {years) -0.12 —-0.25, 0.008  0.069
Sex (M vs. F) 0.029  —0.101,0.16  0.66
Smoking status 0.022 —0.108,0.15 0.7
Previous history of
Hypertension 0.048 -(.08, 0.16 0.48
CVD in the family —0.038 ~0.16,0.082  0.56

Hypercholesterolaemia  0.08 —-0.032, 0.187 0.1

Diabetes meliitus o.14 0.023, 0.257 0.041
ACS 0.044 —0.086, 0.174 0.50
Coronary -0.15 -{0.2, —0.028 0.02
revascularization
Coronary vessel® 0.038 —1.93,2.008 0.5
ALS at presentation 0.25 0.11, 0.39 0.0032
LOL {mg/dL}) 0.09 ~0.04, 0.22 0.42
HOL {ma/dL) -0.12 —0.25, 0.01 0.067
Triglycerides {mg/dL) 0.04 -0.09, 0.17 0.78
Use of statin ~0.25 ~0.37, =0.12  0.0001
Distance from ostium®  —0.32 —0.45, ~0.30 <0.00G1
Muitivariable analysis®
Distance from ostium®  —0.28 —-0.15, =41 <0.0001
Age {years) —-0.26 —-0.12, —40 0.0004
ACS at presentation 0.16 0.03, 0.29 0.005
Use of statin —-0.18 —~0.36, 0.004  0.057
Diabetes mellitus 0.21 0.07, 0.34 0.003
Coronary —-0.07 —0.02, 0.12 0.46
revascularization
HOL (mg/dL) -0.02 -{.05, 0.21 0.84

CvD, cargiovascular disease:, LOL, low-density lipoprotein; HOL, high-
density lipoprotein.

“analysed as left anterior descending vs. circumflex vs. right coronary
artery

"Analysed as segment T taken as & reference vs. segment 2,

Adjusted RZ = 0.36 for the model,

Figure 3 [VUJS-VH (54 along a coronary vessel. IVUS-VH cross-sectional areas
in a representative patfent showing the change fn plaque composition
(calcium: white; fibrous: green; fibrolipidic: greenish-yellow: and ipid
core: red) atong the langitudinal axds of the vessel. LM, left main coronary
artery; CFX, circumnflex artery: LAD, left anterfor descending arteny. The dis-
tance between the cross-sectional area and the ostium of the vessel is
reported in millimetres {mm).
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calls for future studies with more balanced sex-distribution
to properly address this gender issue.

Finally, it should not underge unncticed that the
proportion of lipid core content predicted by our multi-
variable regression medel, despite highly significant, was
far from being optimal. This means that future investi-
gations should proebably aim to increase the capabitity to
predict relative lipid content in coronary plagues taking
a broader set of possible independent predictors into
account.

Conclusion

Our study provides proof of concept for a non-uniform
longitudinal distribution of plague composition mainly in
terms of lipid core content along the main coronary arteries
in vive in humans. The clinical and pathophysiological
meaning of this observation and whether it could help
explaining the non-uniform distribution of vulnerable
plaques along the coronary vessel remains unclear. Future
studies are needed to extend and possibly confirm our
current findings.

Conflict of interest: none declared.
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Plaque Composition and its Relationship With
Acknowledged Shear Stress Patterns in Coronary Arteries

To the Editor: Several studies in coronary and peripheral arterdes
have demonstrared that atherosclerosis has a tendency to arise
more frequently in low-oscillatory shear stress (LOSS) regions
such. as in inner curvature of nonbranching segments and opposite
to the flow divider (FD) ar bifurcations (1-3). In partcular,
atherosclerotic disease has certain predilection for the outer wall of
the left main coronary artery bifurcation, sparing the FD (2).
Inrravascular ulrasound (IVUS) has been used to descabe the
extent, distribution, and profile of plaques in the proximal lefr
anterior descending coronary artery (LAD) (2). Nevertheless, in
vivo dara regarding tissue composition of this region remain
unknown. Furthermore, to date, no study has explored the char-
acteristics of plaques located in the proximal LAI compared to the
left main coronary artery (LMCA). In the present study, we sought
to explore the morphologic and compositional characteristies of
plaque Jocated at an acknowledged LOSS arca (outer wall of the
ostial LAD [OLAID]) and compare them to the characteristics of
plaque located at an average shear stress region (distal LMCA
[DLMCAI).

This prospective investigators-driven study included padents
where the LAD was interrogated before any intervention using
IVUS radiefrequency data (RFD) analysis (IVUS-VH; Voleano
Therapeutics, Ranche Cordova, California). The IVUS-VH
uses spectral analysis of IVUS RFD to construct tissue maps

that were correlated with a specific spectrum of the RFD and
assigned color codes (Fig. 1) (4). The IVUS-VH was performed
with 30-MHz (Ultracross; Boston Scientific, Santa Clara,
California} and 20-MHz (Eagle Eye; Volcano Therapeutics)
catherers, and contour detection was determined using previ-
ously reported methodology (5). Informed consent was obrained
from all patients. Plaque eccentricity was defined as the ratio of
maximal to minimal plaque thickness (1). Plaque burden was
defined as ({EEM, . — lumen, VEEM_ 0 X 100. The
carina of the bifurcation was identified as the frame Iimmediately
distal to the take-off of the dreurmnflex.

The maximal plaque thickness (MPT) was calculated at this
level and spatially located according to a circumference ranging
from O o 3607, being the inner and opposite part of the carina at
0" and 180", respectively. Lesions were therefore prospectively
divided into two groups, according to their localization in the outer
(from 91" to 271°) or inner (from 270" to 90"} hemispherc of the
carina,

Two regions were prospectively identified and their morphology
and composition compared. The OLAD was defined as the carina
and the immediate 3-mm distal segment, because the flow in this
area is still influenced by the bifurcation (6). Similarly, the
DLMCA was identified as the 3-mm segment immediately

Figure 1. Intravascular ultrasound cross-section images from the caring of the left anterior descending coronary artery and of the left main coronary artery.
The left side shows the reconstructed grayscale, and the right side shows the color-coded dara (green = fibrous; yellow-pgreen = fibrolipidic; red = necrotic
core; white = calcium) provided by the IVUS-VE univ (Volcano Therapeutics, Rancho Cordova, California). LCx = left circumflex artery; MPT =

maximal plaque thickness.
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Table 1. Volumetrical and Compositional Comparative Results
Between the Ostial Left Anterior Descending Coronary Artery
(OLAD} and the Distal Left Main Coronary Axrtery {DLMCA)

OLAD DLMCA P Value
Plaque burden (36} 455102 364108  <0.0001
Plaque eccentricity 145+116 10476 0.05
Max plaque thickness {mm) 124 = 0.4  1.04% 03 0.002
Necrotic core (%) 124592 7.9+ 86  <0.0001
Caldum (%) 41=x51 13*+20 <0.0001
Fibrous (96) 645 =136 649133 0.32
Fibrolipidic {%) 1842118  249x 128 0,005

Values arc presented as mean = SD. Plaque eccentricity was defined 1s the ratio of
madmal 0 minimal plaque thickness. Plaque burden was defined as {(EEM,,, —
lumen,, VEEM,,..) ¥ 100.

proximal to the bifurcation. Compositional and geometrical data
were expressed as mean percentages.

Discrete variables are presented 2s counts and percentages.
Continuous variables are presented as mean = 5. Differences in
means among groups were analyzed by two-sample £ test. A p value
of <0.05 (two-sided) was considered to indicate statistical signif-
icance.

Forty-four patients were finally included in the analysis. The
clinical presentation was stable :mgina in 23 padents (52.3%),
unstable angina In 10 patients (22.7%) and acure myocardial
infarction in 11 patients (5%); the mean age of the patents was
58.8 = 11.5 years, and 33 patients (75%) were male. Geometric
and compositional comparatve results between the OLAD and
the DLMCA, are depicted in Table 1. Plague burden was Jarger in
the OLAYD than in the DLMCA (45.53 = 10.2% vs. 36.4 = 10.8%;
p < 0.0001). OLAD plaques presented more cakified (413 =
5.1% vs. 1.28 = 2.0%; p < 0.0001) and necrotic (12.36 = 9.2%vs.
7.90 = §.6%, p << 0.0001} core content.

The MPT was located in the outer hemisphere of the carina in
77.3% {n = 34) of the cases and the mean angle was 170.7 = 60.6".
Only one case presented the MPT at 0 degrees, Necrotie core
content was larger in outer than in inner lesions (14.4 = 10.0% vs.
6.3 x 6.9%; p = 0.02).

The current investigation extends earlier findings on atheroma
distribution in the LAD by comparing in vive plague burden and
composition in acknowledged areas of low and average shear stress,
It has been previously established that an inverse relationship exists
between LOSS and thickness of the vessel wall (3). The patho-
physiclogy of such phenomena can briefly be explained by the fact
that LOSS induces a loss of the physiolegic flow-oriented align-
ment of the endothelial cells, thus causing an enhancement of the
expression of adhesion molecules and a weakening of cell june-
tions, ultimately leading to an increase in permeability to lipids and
macrophages (3,7-9). The results of the present study are in line
with histopathologic datz, showing higher concentrations of ne-
crotic core and calcium in an acknowledged area subject to LOSS.
Such difference may be driven by the lipid leakage present in these
areas (8). The high lipid load in addition to the eccentric
charactenstics of the arheroma would potentially render these
plaques more susceptible to rupture (10}. Conversely, the more
stable phenotype observed in DLMCA, lesions supports the low
incidence of atherothrombotic events at this level (11). Finally,
these results may provide another potential explanation for the
higher risk of restenosis after percutaneous corenary intervention
of bifurcation lesions.
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In summary, we found that OLAD atherosclerotie plaques
present larger plague burden, cccenuricity, and MPT than
DLMCA plaques. In addition, a larger calcified and necrotic core
content was found distal to the dreumflex ake-off. Lesions were
predominantly located in the outer wall of the carina, and such
location was associated with larger necrotic core content.
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ABSTRACT

Objective: We assessed compositional characteristics of atherosclerotic plaque in
coronary artery bifurcations with intravascular ultrasound radio frequency data
analysis.

Background: Coronary artery bifurcations are prone to develop atherosclerotic
plaque accumulation.

Methods: As global virtual histology registry (N=990), we analyzed the geometri-
cal and compositional characteristics of plaque at the 3 segments at the sites of
the major bifurcations, 5 mm proximal and distal segments to the bifurcation at
different bifurcation sites. (N=258, left main (LM}-left anterior descending artery
(LAD)=41, LM-left circumflex artery (LCX)=2, LAD-diagonal=128, LCX-obtuse
marginal artery (OM)=34, right coronary artery (RCA)-acute marginal artery
(AM)=53}.

Resnlts: The percent (%) necrotic core including media in just and distal segments
of LM-LAD bifurcations was significantly greater than proximal segments (6.75 +
5.07%, 7.36 £ 6.01% vs. 4.89 + 4.78%, all p<0.05). In contrast, the % necrotic
core in proximal segments of non-LM bifurcations was significantly greater than
just and distal segments of bifurcations (8.08 = 6.21% vs. 6.47 = 5.11%, 6.28
+ 5.05%, all p<0.001). The % necrotic core in proximal and distal segments of
LM-LAD bifurcations were significantly correlated with plaque+media (P+M)
burden (r=0.45, p=0.003, r=0.42, p=0.006, respectively). The % necrotic cose in
each segment of non-LM bifurcations showed a significant positive correlation
with P+M burden and negative correlation with lumen cross sectional area (CSA)
(0.51<r<0.64, all p<0.001 and -0.35<r<-0.31, all p<0.001, respectively).
Conclusions: The current study demonstrates that the bifurcation sites of LM-
LAD had greater necrotic core at just and distal segments of the bifurcation, while
non-LM showed greater necrotic core in proximal segment of bifurcation. The
results may suggest a hererogeneous distribution of the atherosclerosis plaques in
bifurcation lesions and may support a strategy of an imaging guided therapeutic
for complex coronary plaques such as bifurcation lesions.

Key words: atherosclerosis; bifurcation; intracoronary ultrasound, virtual histol-
ogy
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CONDENSED ABSTRACT

We assessed geometrical and compositional characteristics of major coronary
bifurcations with intravascular ultrasound radiofrequency data analysis. The %
necrotic core including media at just and distal segments of left main-left ante-
rior descending bifurcations were significantly greater than proximal segments,
however, the % necrotic core including media in proximal segments of non-left
main bifurcations were significantly greater than at just and distal segments of
bifurcations. These results might support the strategy of imaging guided therapy
for coronary artery disease in humans.

ABEBREVIATIONS

IVUS, intravascular ultrasound

LM, left main coronary artery

LAD, left anterior descending coronary artery

LCX, left circumflex coronary artery

RCA, right coronary artery

OM, obtuse marginal coronary artery

AM, acute marginal coronary artery

P+M, plaque+media

RFD, radiofrequency data

VH, virtual histology, spectral analysis plaque characterization methodology
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INTRODUCTION

Atherosclerotic plaques of the coronary artery are prone to develop art specific
locations such as bifurcation and ostial locations [1-2]. Percutaneous coronary
intervention of bifurcation lesions still remain a challenging lesion subser [3].
The differential lesion characreristics, different tissue composition and adaptive
arterial remodeling at bifurcation sites may be derived from different geomerric
variation and additional factors such as shear stress, and vessel strucrure [4-6).

'The ability to visualize and quantify the different components of atherosclerosis
provides important information not only on the mechanism of coronary artery
disease, but also on potental future therapeutic interventions to alter the disease
process and optimize interventional outcome. A new spectral analysis of the intra-
vascular ultrasound (IVUS) radiofrequency data (RFD) may be a useful tool [7,8]
because it allows detailed assessment of plaque composition, with a high predic-
tive accuracy of 93.1% to 96.7% in fibrous tissue, fibro-farty, dense calcium, and
necrotic core regions with sensitivities and specificities ranging from 72% to 99%
[9]. In addition, rcecent studies demonstrated that in-vivo tissue characteristics of
patients with coronary artery disease can be available and it is useful imaging ool
in understanding the pathophysiology of the disease process [10-121.

Until now, the compositional characteristics at the bifurcation sites and
proximal and distal segments of major bifurcation siees are not well investigated
and not evaluated according to their coronary artery locations. Thus, the current
study was designed to evaluate the geometrical and compositional characteristics
of atherosclerotic lesions at the bifurcation sites among proximal, at the site and
distal segments of bifurcations and their differential characteristics according to
their anatomical locations.

METHODS

Study Subjecis

To evaluate the compositional characteristics of atherosclerotic plaque in the
coronary atherosclerosis, subjects who underwent IVUS-RFD analysis, virtual
histology (VH) were prospectively enrolled to multicenter, international, global
VH registry (N=990). To evaluate the geometrical and compositional characrer-
istics of atherosclerotic plaque in coronary artery bifurcations, we analyzed the
IVUS-RFD of major bifurcation sites (the diameter of side branch more than
2mm by IVUS) from this registry. The exclusion criteria of the present study
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included the presence of intervening other major side branch and previous history
of percuraneous coronary intervention within 10 mm of index bifurcarion sites.

Intravascular Ultrasound Virtual Histology Examination

The methods of the IVUS-RFD analysis were described previously [8-13]. The
IVUS-RED analysis was performed with a dedicated IVUS-VH console (Volcano
Therapeutics, Rancho Cordova, California) during the routine coronary angiogra-
phy after intracoronary administration of 100 to 200 pg nitroglycerin. A 20-MHz,
2.9F monorail, electronic Fagle Eye Gold IVUS catheter (Volcano Therapeutics,
Rancho Cordova, California) was advanced into the distal to the index sites, and
automatic pullback at 0.5 mm/s was done to an proximal to the index sites. The
IVUS-RFD image was recorded on a DVD-ROM and sent to the imaging core
lab for offline analysis later.

Spectral Analysis of Intravascular Ultrasound Radiofrequency Data

These off line analyses were done with personal computer (PC) VH program soft-
ware (Volcano Therapeutics, Rancho Cordova, California) by an examiner who
was unaware of the clinical characteristics of the subjects. For both the lumen and
the media-adventitia interface, semiautomartic contour detection was done for all
the frames of the whole examined coronary segments. Then, the borders were
manually corrected in all the frames [10-12]. For each frame, compositional tissue
characteristics were expressed in colors, as previously described (green for fibrous
tissue, green-yellow for fibro-fatty, white for dense calcium, and red for necrotic
core area) [8]. We analyzed geometrical and compositional characteristics of the
5mm-proximal, just bifurcation and Smm-distal segments at bifurcation sites, the
number of frames correspond to their length were analyzed (Fig. 1.).

To evaluate the reference vessel we examined the single frame with the largest
lumen and smallest plaque+media (P+M) burden % within 10mm proximal and
distal to just bifurcation segments. Mean vessel cross sectional area (CSA), lumen
CSA, P+M CSA, P+M burden %, remodeling index were calculated. P+M CSA
was calculated as (vessel CSA - lumen CSA). % P+M burden was calculated as:
(P+M CSA/vessel CSA) x 100. Proximal and distal remodeling index were calcu-
lated as (vessel CSA with most P+M burden %/average vessel CSA of proximal and
distal reference vessel). In addition, compositional parameters such as mean dense
calcium CSA (mm?) and % (including media), fibrous tissue CSA (mm”) and %,
fibro-farty CSA (mm?) and %, necrotic core CSA (mm?) and % were calculated.
The definition of bifurcation lesion was P+M burden % on the frame which had
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Fig. 1. The schematic definition of praximal, just bifurcation and distal segments of bifurcarions
{upper panel). Gray IVUS (middle panel) and VI-IVUS (lower panel) of each frame were analyzed.
The proximal segment and distal segment of the bifurcation sites were analyzed in the 5 mm
proximal and distal to bifurcation sites. The just bifurcation segment were analyzed in each segment
length. The proximal and distal reference sites were analyzed in the frame which showed the least
P+M % within 10 mm of the bifurcation site.

the largest P+M burden % had more than 75% of the vessel CSA. The types of
bifurcation lesions were defined as proximal or distal type of bifurcation lesion if
bifurcarion lesion existed in the proximal or distal segments of bifurcations.

Statistical Analysis

All analyses were done using SPSS (version 12.0; SPSS Inc, Chicago, Illinois).
Discrete variables are presented as counts and percentages. Continuous variables
were summarized as mean + SD. Pearson’s chi-square or Fisher exact test, Student
t test, and Wilcoxon rank-sum tests were performed, as indicated. The one-way re-
peated measures ANOVA was used to compare the geometrical and compositional
characteristics of plaque among proximal, just bifurcation and distal segments of
bifurcation sites. Mauchly’s test of sphericicy was done. If the sphericity assump-
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tion was not met, sphericity assumption was corrected by Greenhouse-Gelsser
method. Post-hoc tests were performed by multiple comparisons for the means
of all paired combinations of the three repeated measures condition, which were
adjusted using Bonferroni method. The Spearman’s correlation coefficient was
used to assess associations between measured parameters. Statistical significance
was accepted as p less than 0.05.

RESULTS

Baseline Characteristics of Subjects

239 subjects, 258 major bifurcation sites (left main (LM) and left anterior de-
scending artery (LAD)=41, LM and left circurnflex artery (LCX)=2, LAD and
diagonal artery=128, LCX and obrtuse marginal artery (OM)=34, right coronary
artery (RCA) and acute marginal artery (AM)=53) which meet the inclusion and
exclusion criteria of this study from global VH registry were analyzed.

Table 1. Baseline Characteristics of the Study Population

Variables N=239
Age,yrs 61112113
Male, % 184 (77.0)
Diabetes, % 49 (20.5%)
Hypertension, % 144 (60.3%)
Smcking
Current 72{30.1%)
Ex 35 (23.0%)
Non 112 (46.9%)
Hypercholesteranemia 141 (59.0%)
Clinical Presentation
Stable angina 146 {81.1%)
Acute coronaty syndrome 93 (38.9%)
Bifurcation site N=258
LM to LAD 41 (15.9%)
LM to LCX 2{0.8%)
LAD and Diagonal 128 (45 6%;
|.CXand OM 34113.2%)
RCAand AM 53{20.5%)
Bifurcation Lesion 37{14.3%)
[P+M burden % > 75}

Data are expressed as number (%).

LM: left main coronary artery, LAD: left anterior descending arcery, LCX: left circumnflex artery,
OM: obtuse marginal arrery,

AM: acute marginal artery, P+M: plaquesmedia
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The baseline characteristics of the study subjects are shown in wble 1. The
mean age of study subjects was 60.8 + 11.0 and male subjects were 75.7%.
The study subjects were presented as stable angina {61.2%) and acute coronary

syndrome (38.8%).

The Baseline Characterization of left main bifurcations and non-left main
bifurcations

In Table 2 is shown the baseline characteristics of subjects with LM-LAD bifur-
cations (N=41) and non-LM bifurcations (N=204). The subjects in LM-LAD
bifurcation sites had a tendency to have diabetes (p=0.08) and significandy high

Table. 2. The Baseline Characteristics of Subjects Between Left Main and Non-Left Main
Bifurcation Sites

Variables Subjects Subjects P
(LM-LAD Bifurcation, N=41) [Mon-LA Bifurcation, N=204)
Age, yrs 62.7+121 608110 0.31
Male, % 34(829) 154 (75.5) 0.20
Diabetes, % 13(31.7) 39415.1) 0.08
Hypertension, % 281683} 121 (59.3) 0.28
Smoking, %
Non 19(46.3) 95 {46.5) 0.27
Ex 1331.7) 44121.5)
Current 9220 65{31.9)
Clinical Presentation
Stable anginz 27 {65.9) 124 (60.8} 0.26
Acute coronary syndrome 14(34.M) 80 (39.2)
Total Chelestero! {mg/dL) 1722x574 183.7 £45.0 0.20
Triglyceride (mg/dL) 870796 §3.0+£906 072
HOL-Cholesterol img/dl) 49+172 47.9+150 033
LDL-Cholestero! {mg/dL) 9941421 10831377 020
Medication
Aspirin 351854 181(88.7) 0.54
Beta blocker 31{75.6) 118{57.8) 0.03
RAS blockade 141340 89 (44.3) 026
Calcium channel antagonist 3{7.3) 39(19.1) 0.07
Statin 27 (859} 136 (66.7) 092
Bifurcation Lesion 4(9.8} 35(163) 0.30
{P+M burden % > 75%)
Bifurcation Lesion type
Proximal type 124) 12{5.6} 0.56
Distal type 3(73) 9(4.2)

Data are expressed as number {96) or means + SD.
RAS: rennin anigiotensin aldosteron system, P+M: plaque+media
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proportion of taking beta-blockers (p=0.03). There were no significant differences
in the proportion of bifurcation lesion and their types between two groups.

The Geometrical and Compositional Characteristics of LM-LAD and non-LM
Bifurcation Sites

Table 3 and 4 showed differential geometrical and compositional characteristics
among proximal, at the bifurcation and distal segments of LM-LAD and non-LM
bifurcation sites. As expected, in LM-LAD bifurcations, the vessel CSA, lumen
CSA, P+M CSA and % P+M burden of proximal were grearter thar those of distal
bifurcation segment (all p<0.03). The % fibro-fatty of proximal and just bifurca-
tion segment were significantly greater that that of distal segment in LM-LAD
bifurcation sites (13.81 + 8.66%, 14.60 + 7.87% vs. 9.94 + 6.83%, all p<0.05).
Of interest, % necrotic core and dense calcium of at the bifurcation site and distal
segments were greater than that of proximal bifurcation segment in LM-LAD
bifurcation sites {6.75 + 5.09%, 7.36 % 6.01% vs. 4.89 + 4.78% and 3.31 + 2.9%,
3.73 + 3.28% vs. 1.89 + 2.1%, all p<0.05, Table 3, Fig. 2.).

Table 3. Geometrical and Compositional Characteristics in Left Main-LAD Bifurcation Sites
(N=41)

Variables Proximal (P)  Just Bifurcation (B) Distal (D) ANOVA

Geometrical parameters P/B P/D E/D
Vessel CSA {mm2) 2683 £ 544 2565 £644 1851430 <0.001 NS <0.001 <0001
Lumen CSA {(mm2) 1605 14.55 1537 %573 985+3,03 <0.001 NS <0001 <0007
P+ CSA {mm2) 1078364 10.28+3.00 866+3.20 <0.007 NS <0001 <0.001
Plague CSA {mm32) 598+366 614286 475307 0401 NS 00719 <00
P+ Burden (%) 4040+11.76 41.35%11.0 46.55 £ 1208 <0.00] NS 0,002 4.001
Remodeling Index 1.19+0.18 0.85+£0.14 <0.001

Compositional parameters P/B P/D B/D
DC CSA {mm32) 022026 037£0.36 0,36 £0.36 0007 0004 0075 NS
DC (%) 1891210 331287 37313.28 <0007 <0001 0.002 NS
FT CSA (mm2) 352+£2.78 343+£1.63 27178 0006 N5 0023 0,003
FT (%) 2988+ 1068 31.81£887 28581091 NS

FF CSA {mm2} 089+ 0.80 1.07 £0.87 0.64 +0.58 <0001 0055 0.003 <0001
FF{%, 1381 £ 868 1460+7.87 9,94+ 6.83 <0.001 NS 0004 <000
NC CSA fmm?2) 0612077 076070 070 £0.64 NS

NC (%) 439478 6.75+509 7.36+6.01 0006 0001 0026 NS

Data are expressed as means = SD. The proportions of compositional characreristics were derived
from plague area including media.

P/B=Proximal segment vs Bifurcation segment, P/D=Proximal segment vs distal segment, B/D=
Bifurcation segment vs distal segment, CSA=Cross sectional area, P+M=Plaque+media, DC=Dense
calcium, FT=Fibrous tissue, FF=Fibrous-farty, NC=Necrotic core, NS=not significant.
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Fig. 2. The comparison of necrotic core % among the proximal, just bifurcarion and distal segments
of LM-LAD, non-LM (LAD-diagonal, LCX-OM, RCA-AM) bifurcations. Values are mean + SEM.
*P<0.05, +P<0.01, $P<0.001

In non-LM bifurcation sites (Table 4.), vessel CSA of the proximal and at
the bifurcation segments were significantly greater than that of distal segments
(all P<0.001). The % P+M burden of proximal segment was significantly greater
than those of just at the bifurcation and distal bifurcation segments (all p<0.05).
Remodeling index of proximal segment in non-LM bifurcations was significantly
greater than that of distal segment (p<0.001). The % necrotic core and dense
calcium of proximal segment were significantly greater than those of just bifurca-
tion and distal bifurcation segments (8.08 + 6.21 vs. 6.47 £ 5.11, 6.28 + 5.05 and
4.57 + 4.67 vs. 3.38  3.44, 3.55 = 3.74, all p<0.05, Table 4, Fig. 2.).

Table 5. showed geometrical and compositional characteristics of each coronary
artery in non-LM bifurcations. Of interest, % necrotic core of proximal segment
of LAD-diagonal, LCX-OM, RCA-AM bifurcation sites were significantly greater

than those of at the bifurcation or distal segments of bifurcations (all p<0.03,
Fig. 2.).

The Comparative Analysis of Compositional Characteristics Between LM-LAD and
non-LM Bifurcation Sites

Table 6 showed the comparison of compositional characteristics between LM-
LAD and non-LM bifurcation sites. LM-LAD bifurcation sites had significant
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Table 4. Geometrical and Compositional Characteristics int Non-Left Main Bifurcation Sites
(N=215)

Variables Proximal [P) Just Bifurcation (B) Distal (D) ANOVA

Geometrical parameters P/B PiD B/D
Vessel CSA (mm2) 17.82 4,68 17.85£4.63 13751405 <0.001 NS <0001 <000
Lumen CSA {mm2} 9.12£365 9.86+3.72 7312270 <0007 <0001 <0001 <0001
P+M CSA Imm2) 8.71+2.89 7.99 £ 2.64 6441242 <0001 <0001 <0001  <0.007
P+1 Burden % 494111212 4534111 4680+1068 <0001 <0001 0.009 NS
Remodeling Index 115018 090015 <0.001

Compositional P/& P/D B/D
parameters

DC CSA (mm2) 042 £ 046 0.30+034 0.25+029 <0001 <0067 <0001 NS
DC (%) 4.57 +4.67 3.38+344 335374 <0001 <0001 0.006 NS
FT C8A (mm32) 251x173 261 +£147 189+ 1.30 <0001 0004 <0007 <0.007
FT (%) 31071020 3046974 262511094 <0.00] NS <0001 <000t
FF CSA (mm2) 0.51£073 103 £0.85 0651064 <0.001 0029 <0001  <0.001
FF (%) 9.83£6.93 1202744 822+647 <0007 <0001 <0001 <0.001
NC LSA {mm2} 077+074 0.57£0.55 0451045 <0007 <0001 <0001 0.002
NC {%) 8.08x6.21 647 £5.11 6.28+505 <0001 <0001 <0001 NS

Dara are expressed as means + SD. The proportions of compesitional characreristics were derived
from plaque area including media.

P/B=Proximal segment vs Bifurcation segment, P/D=Proximal segment vs distal segtment, B/D=
Bifurcation segment vs distal segment, CSA=Cross sectional area, P+M=Plaque+media,DC=Dense
calcium, FT=Fibrous tssue, FF=Fibrous-fatty, NC=Necrotic core, NS=nort significant.

lesser % dense calcium and necrotic core compare to non-LM bifurcation sites in
the proximal bifurcation sites (1.89 + 2.10% vs. 4.57 + 4.67% and 4.89 + 4.78%
vs. 8.08 = 6.20%, all p<0.001). The LM-LAD bifurcation sites had significant
greater % fibro-fatty compare to non-LM bifurcation sites in just bifurcation seg-
ment (14.60 £ 7.87 vs. 12.02 + 7.44, p=0.045).

The Correlation Between % Necrotic Core and Geometrical Parametersin LM-LAD
and non-LM Bifurcation Sites

The % necrotic core of the proximal and distal segments in LM-LAD bifurcation
sites significantly correlated with % P+M burden (r=0.45, p=0.003, and r=0.42,
p=0.006, respectively, Fig. 3a.). There were no significant correlation between
necrotic core % and lumen CSA in each segment of LM-LAD bifurcations (Fig.
3b.). The necrotic core % of each segment in non-LM bifurcation sites showed
significant positive correlation with P+M burden % (proximal segments; r=0.51,
p<0.001, just bifurcation segments; r=0.55, p<0.001, distal segments; r=0.64,
p<0.001, Fig. 4a.) and negative correlation with lumen CSA. (proximal segments;
r=-0.35, p<0.001, just bifurcation segments; r=-0.35, p<0.001, distal segments;
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Table 5. Geometrical and Compositional Characteristics in Each Non-Left main Bifurcation

Variables Proximal JustBifurcation  Distal Segment{D)  ANOVA,

Segment (P} (8)
LAD-Diagonal (N=128)
Geometrical parameters PiB PID 8/D
Vessel CSA {mm2) 17.68 4,64 1274 £457 1352378 <0.001 NS <0.001  <0.001
Lumen CSA (mm2) 8911354 867 +3.59 6991234 <0001 0004 <0001  <0.001
P+M CSA (mm2) 876259 807278 6.52+247 <0001 0002 <0001 <0001
P+M Burden % 5006+12.30 4589+ 1167 47881059 0007 <0001 NS (.085
fRemodeling Index 118:£0.17 091016 <000
Compositional parameters P/B P> B/D
DCCSA (mm2) 046+ 0.51 036+0.38 030033 <0001 0.023 0001 NS
DC (%) 4.86 £4.94 3972367 406 +£4.02 0.055
FT CSA (mm2) 289+1.73 2594149 181+7.26 <0001 0038 <0001 <000
FT (%} 30.59 £ 10.42 28.80£9.86 26.45 £ 10.66 <0.001 NS 0001 <000
FF CSA {mm2) 094082 1.05% 053 0.62+070 <0.001 NS <0001 <0.001
FF (%) 10001757 11.98+7.56 8221681 <0001 0O 0.007 <0001
NC CSA {mm2) 078073 0.62£0.55 050044 <0001 Q006 <0001 0.040
NC (%) 81560 705£518 693+ 5.20 0028 0028 NS NS
LOX-0M (N=34)
Geometrical parameters P/B P/D B/ID
Vessel CSA (mm3) 1883 £4.50 18381433 132512340 <00 NS <0.001 <0001
Lumen CSA (mm3) 1005+3.85 1062398 7254270 <0.001 NS <0001 <0.007
P+M C5A {mm2) 8781240 77611582 559213 <0001 0014 <0001 <0.00Y
P+ Burden % 4768+ 11.90 4331 21006 45.60 £12.44 NS
Remodeling Index 1124039 089016 <0001
Compositional parameters P/B PO B/D
DCCSA (mm2) 0.37+034 027032 0212022 0.021 NS 0.067 NS
DC (%6} 4044362 3.24£3.60 344+384 NS
FT CSA (mm2) 298 +1.54 25011 167132 <0.001 NS <0001 0,002
FT (%) 2N+ 30821914 2433 £1235 <0.001 NS 0.008  0.006
FF CSA [mm2) 0.82x0.55 0.89 057 0.51£046 <0.001 NS 0003 <000
FF (%) 9.28+5.55 111912548 740544 <0007 0035 NS <0001
NC CSA (mm3) 0831083 .54 0,50 040+0.38 <0001 0007 0015 NS
NC (%) 855699 63214387 6021499 0044 0007 NS NS
RCA-AM (N=53)
Geometrical parameters P/B P/D 8/D
Vessel CSA (mm2) 17.53£4.8% 17771501 1462249 <0001 NS <0001 <0.001
Lumen CSA {mmz} 9.01+3.70 9.82%3.84 8104332 <0001 0012 0032 <000t
P+ CSA (mm32) 8531297 7541272 6521250 <0.001 NS <0.001  <0.007
P+M Burden % 492911154 4531 %1082 4495 £949 0002 0007 0007 NS
Remodeling Index 1.67+0.18 080£013 <0.001
Compositionai parameters P/B P> B/D
DCCSA{mm2) 038+£043 0171020 016020 <0007 <0001 0007 NS
DC (%) 4,20+ 461 205231 2341236 <0001 <0001 Q006 NS
FT CSA (mm2) 2.90+1.84 272+1.64 1.971140 <0001 NS <0.001  <0.001
FT (%5} 31.63£9.05 31.82+934 27.07 £30.72 <0.001 NS 0004 <000%
FF CSA (mm3) 0.89+ 0,80 1.07 =081 0.64£0.58 <G00t 0055 0003 <0001
FF (%) 977 617 1266728 8751627 <0001 <000 NS <0.001
NC CSA (mm2) 069+ 071 0.46 + (.57 035048 <G00t 0001 0007 NS
NC (%) 7601622 5142490 474441 <0001 <0001  0.000 NS
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Dara are expressed as means + SID. The proportions of compositional characreristics were derived
from plaque area including media.

LAD : left anterior descending artery, CSA: cross sectional area, P+M: plaque+media, P/B=Proximal
segment vs Bifurcation segment, P/D=Proximal segment vs distal segment,

B/D= Bifurcation segment vs distal segment, DC=Dense calcium, FT'=Fibrous tissue, FF=Fibrous-
farty, NC=Necrotic core, NS=nort significant.

LCX : left cizcumflex arrery, OM : obruse marginal arrery, RCA: right coronary artery, AM: acure
marginal arrery

NS=not significant.

Table 6. The Comparison of Compositional Characteristics Between LM-LAD and Non-ILM
Bifurcation Sites

LM-LAD Non-LM p
Bifurcation Bifurcation

N=41) {N=215)
Proximal Segment
DOC (%) 189210 457 £4,67 <0.01
FT (3%} 29,88+ 10.66 31071020 050
FF (%} 1381867 0.83+4693 0.008
RC (%) 489+ 4.78 8084620 <0001
Just Bifurcation Segment
DC (9%} 331+£287 33834 2.90
FT (%) 3181887 3046 £9.74 0.81
FF (%) 14.60£7.87 12024744 0.045
NC (%) 675£5.00 647 £ 511 0.75
Distal Segment
DC ) 3731328 3551374 078
FT (%) 2858+ 10,51 2625+10.54 0.21
FF (%) 9.9416.83 8.22£647 0.12
NC (%) 736601 628 £5.05 022

Data are expressed as means + SD. The proportions of compoesitional characteristics were derived
from plaque area including media.

LM: left main artery; LAD: lefr anterior descending artery, DC=Dense calciurg, FT=Fibrous tissue,
FF=Fibrous-fatty, NC=Necrotic core

r=-0.31, p<0.001, Fig. 4b.). There were no significant correlation between %
necrotic core and the remodeling index in LM-LAD (proximal segment: r=0.05,

p=NS, distal segment: r=-0.01, p=NS) and non-LM bifurcation sites (proximal
segment: 1=0.14, p=0.06, distal segment: r=0.05, p=N§).

DISCUSSION

The current study demonstrates for the first time the geometrical and composi-
tional characteristics of coronary atherosclerotic plaques at bifurcations sites in
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Fig. 3a. The correlations berween necrotic core % and P+M burden % in each segment of LM-LAD
bifurcations.
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Fig. 3b. The correlations berween necrotic core % and Jumen CSA in each segment of LM-LAD
bifurcations.

humans and demonstrated thart bifurcation sites of LM-LAD have greater necrotic
core at the site and distal segments of the bifurcation compared to proximal seg-
ments. In contrast, bifurcation sites of non-LM coronary arteries showed greater
necrotic core in proximal segment of bifurcation. Secondly, there were significant
positive correlations between % pecrotic core and P+M burden in each segment
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of coronary bifurcation sites, which might be derived by differential anatomical
locations and additional factors such as shear stress, vessel structure of bifurcation
sites. The current study suggests that there is a heterogonous mechanism and
distribution of atherosclerotic plaques between bifurcation sites.

It is well known that vulnerable plaques and ruptured or prone to ruptured
plaques are non-uniformly distributed along the coronary arteries [10, 14-17].
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However, to our knowledge, there is no previous in vivo data regarding composi-
tional tissue characteristics of atherosclerosis in the coronary bifurcations accord-
ing to their anatomical locations. Thus, the current study may have implications
on the imaging guided approach for the treatment of coronary artery disease.

Left Main-LAD Bifurcations

The previous histological and intravascular ultrasound studies of the LM coronary
artery bifurcation have demonstrated that atherosclerotic plaques are localized
exclusively on the non-flow dividing walls (opposite to carina) of the left anterior
descending and left circumflex coronary artery {4,6,18]. Valgimigli et al. [19] re-
cently reported thart the amount of necrotic core increases significantly in the first,
second, and third 6mm segment of LM-LAD, LM-LCX when compared with the
LM trunk by IVUS-VH study. In addition, Rodriguez-Granillo et al. 20} recently
reported that ostial LAD atherosclerotic plaques present larger plaque burden,
eccentricity, and plaque thickness than distal LM coronary plaques. In this study,
a larger calcified and necrotic core content by IVUS-RFD analysis was found
distal to the LCX take-off in ostal LAD.

In the current study, the segments at the site of the bifurcation and distal to
the bifurcations of the LM-LAD has greater % necrotic core and dense calcium
compared to proximal segment of bifurcations. In addition, % P+M burden of
distal segmenc in LM-LAD bifurcations was significantly greater than those of
proximal and just bifurcation segments in LM-LAD bifurcations. Of interest,
the necrotic core of proximal and distal segments in LM-LAD bifurcation sites
correlated significantly with % P+M burden. These results indicated that distal
segments of LM-LAD bifurcations have structurally larger atheroma burden and
functionally also greater necrotic core in these segments. Qur study extends previ-
ous observations and demonstrates the differential distribution of the component
of the plaque in LM-LAD bifurcation sites.

Non-Left Main Bifurcations

Regarding Non-LM bifurcations, Badak et al. [21] reported the results of
IVUS analysis in the LAD-diagonal and LCX-OM bifurcations. Volumetric
analysis showed that vessel CSA, lumen CSA and P+M CSA were larger in the
proximal segment of bifurcations than in the distal segment, where % P+M
burden was similar between these segments. The data from the current study,
is consistent with this previous observation study also reports the tissue char-
acterization of these lesion. Moreover, in the current study we reported that
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the % necrotic core and dense calcium in the proximal segment of non-LM
bifurcations were greater than those of just bifurcation and distal segments.
In the current study, the degree of necrotic core in each segment of non-LM bi-
furcarion sites had significant positive correlation with P+M burden and negative
correlation with lumen CSA. These observations support the role of the necrotic
core in the lesion development and its contribution to remodeling process [22].

Clinical Implications

Large body of evidence have demonstrated a significant relationship between
early atheroma development and low or oscillatory shear forces resulting from
bifurcations of vessel [2, 20, 23-25]. These dara suggest that differential anatomi-
cal location, shear forces ar the bifurcationsites berween LM-LAD and non-LM
bifurcations might lead to the formation of atheroma at different predilection sites
among proximal, just bifurcation and distal segments of bifurcations.

Post mortem data suggests also that plaque compaosition itself plays a pivotal
role in determining plaque vulnerability [26]. Our results, which show differential
geometrical and compositional characteristics between LM-LAD bifurcations and
non-LM bifurcations, suggest a differential likelihood for plaque rupture to occur
at LM and non-LM bifurcations.

Bifurcation coronary lesions remain a challenging lesion subset for interven-
tional procedures even during drug eluting stent era [3]. It has been reported
that the baseline plaque accumulation is related to the long-term outcome of
interventional procedures [27]. Finn et al. suggested that a tendency for lesions
with penetration of necrotic core by drug eluting stent struts to be associated with
late stent thrombosis by their unpublished pathologic data [28]. The importance
to characterized the plaque components is underscored by recent studies which
demonstrated that, necrotic core rich lesion assessed by IVUS-RFD analysis was
an important predictor of the risk of distal embolization after stent deployment
in patients with myocardial infarction and in patents with elective percutaneous
intervention [29, 30].

In the current study, necrotic core rich segment was observed in coronary
bifurcations sites, this may suggest at least in part the less favorite outcome of
intervention for bifurcation lesions as compared to non-bifurcation lesions. Fur-
thermore, our results suggest that more effective treatment strategy of intervention,
such as imaging guided or more specific drugs will be needed for the treatment of
coronary bifurcations.
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In addition, our results suggest thart the main therapeutic target in the LM-LAD
bifurcation should be just bifurcation and distal segment of the bifurcation and in
the non-LM bifurcation should be the proximal segment of the bifurcation.

Study Limitations

Our study has some limitations. We did not evaluate the effects of side branch
locations in rerms of the orientation of side branch toward the myocardial or
epicardial surface and the obliquity of the side branch take-off. In addition, we
did not analyze the characteristic of flow divider and non-flow divider sides of
bifurcation site.

In conclusions, the current study demonstrates that there is a heterogeneous
distribution of atherosclerotic plaques and its components between different
bifurcation sites. The bifurcation sites of LM-LAD had greater necrotic core at
the bifurcation and distal segments of bifurcation oppesite to bifurcation sites of
non-LM. These results might be derived from differential morphology, anatomical
locations (possible angle dependency) and additional factors such as shear stress
and vessel structure (elastic vs. muscular) of bifurcation sites.

The current study supports the development of an imaging guided interven-
tion for complex coronary artery disease such as bifurcation lesion.
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ABBREVIATIONS LIST

ACS- Acute coronary syndrome
IVUS- Intravascular ultrasound

NC — Necroric core

RFD .- Radiofrequency data analysis

ABSTRACT

Objectives: We explored whether an individual or a cluster of risk factors affects
the extent of necrotic core (NC) assessed by IVUS-radiofrequency data (RFD)
analysis.

Background: Several systemic diseases contribute to the development of coronary
artery disease.

Methods: Volcano Registry was a prospective, multi-center and non-randomized
study that enrolled 990 patients with coronary artery disease in whom one major
coronary artery was imaged by IVUS-RFD. For the multivariable analysis, the
population was divided into 4 classes: young females, young males (both <62 yrs),
old females, and old males (>62 yrs). Mean NC area was categorized as 1: top
quartile (= 0.62 mm?) or as 0: lower three quartiles.

Results: Young patients had 0.40£0.36mm* of NC vs. 0.5020.46mm” in old
patients, p=0.0007. Non-diabetics had 0.43+0.41mm* of NC vs. 0.51+0.44mm?*
in diabetics, p=0.02. NC area measured 0.40£0.36mm" in normotensives vs.
0.48+0.44mm” in hypertensives, p=0.02. All significantly-associated variables in
the bivariate analysis (age, hypertension, diabetes, and prior CABG) were intro-
duced in the logistic regression model; bur only age [OR 1.023 (1.009, 1.037),
p=0.001] and diabetes {OR 1.636 (1.174, 2.279), p=0.004] remained startistically
significant. In a per-class logistic regression analyses including only diabetes as
covariate, in young females the OR was 2.1 (95%Cl 0.77, 6.0}, p=0.14; in young
males the OR was 1.6 (95%CI 0.90, 2.7), p=0.11; in old females the OR was
2.3 (95%CI 1.09, 4.9), p=0.03; and in old males the OR was 1.6 (95%CI 0.96,
2.7), p=0.07. Further, when only patients with diabetes and hypertension were
included, in young females the OR was 2.4 (95%CI 0.69, 8.6) p=0.17; in young
males the OR was 2.0 (95%CI 1.03, 3.8) p=0.041; in old females the OR was
3.04 (95%CI 1.029.1) p=0.046; and in old males the OR was 2.2 (95%CI 1.1,
4.2) p=0.025.

Conclusion: Individually and collectively, age and diabetes mellitus are associated
with an increase in necrotic core.



Coronary risk factors and necrotic core

Key words: Cardiovascular Risk factors, Clinical presentation, Intravascular ultra-
sound, Plaque composition.

INTRODUCTION

Several systemic diseases contribute to the development of coronary artery dis-
ease (CAD). For example, in a very large international registry of partients with
established CAD, 38.3% were diabetics, 80.3% were hypertensive, 77.0% were
hypercholesterolemic, 45.4% were obese, and 13% were current smokers (1).
These well-known cardiovascular risk factors not only modify coronary plaque
composition (2), bur also predispose patients to coronary plaque rupture or acute
coronary thrombosis (3). Two of the chief modifters of plaque morphology are age
and gender (4).

A postmortem study showed that the necrotic core (NC) size and plaque burden
are larger in diabetics compared to non-diabetics(2). Furthermore, the simultane-
ous presence of both diabetes mellitus and dyslipidemia was associated with an
increase in necrotic core size when compared to patients with only diabetes(2).
The purpose of the current analysis was to assess whether the extent of necrotic
core in coronary arteries, as measured by intravascular ultrasound-radiofrequency
dara analysis (IVUS-RFD) analysis, is influenced by the presence of one or more
cardiovascular risk factors in a worldwide registry of patients.

METHODS

Patient selection

The Volcano Global Registry is a prospective, multi-center (42 centers), non-
randomized seudy of CAD parients admirtted for coronary catheterization and
undergoing analysis by IVUS-RFD; it started enrolment in March 2004, and the
current analysis includes the first 990 patients enrolled. Patients, irrespective of
their clinical presentation, older than 18 years old were eligible if at least one of
their coronary vessels containing an atherosclerotic lesion by visual assessment was
suitable for IVUS interrogation (absence of extensive calcification and/or severe
vessel tortuosity). The selection of the investigated artery was left to the opera-
tor’s decision; in the case report form the investigator reported the targer lesion
diameter stenosis by visual assessment and/or quantitative coronary angiography
(QCA). Acute coronary syndrome (ACS) encompassed unstable angina (UA)

153




Chapter 4.1

according to the Braunwald classification, non-§T-segment elevation myocardial
infarcrion (NSTEMI), and ST-segment elevation myocardial infarction (STEMI).
All the local ethical committees of the participant centers approved the protocol,
and informed written consent was obtained from all patjents.

Ciinical definitions used in this study

Diabetes mellitus was defined if the patient had a fasting glucose 21.26 g/L, if this
risk factor was documented in the medical record, or if the patient was receiving
diet, oral drug, or insulin treatment.

Hypercholesteralemia was defined if the patient had a total cholesterol more
than 200 mg/dl, if this risk factor was documented in the medical record, or if the
patient was receiving any lipid-lowering treatment such as diet or pharmacologi-
cal.

Avrterial Hypertension was defined if systolic blood pressure was 2140 mmHg or
diastolic blood pressure was 290 mmHg, if this risk factor was documented in the
medical record, or if the patient was receiving antihypertensive treatment.

IVUS-RFD Acquisition and Analysis

Image acquisition was performed during diagnostic coronary angiography, pre-
intervention, post-balloon dilation, or post-stenting; however, the treated segment
and 5mm of adjacent reference was not included in the analysis.

Details regarding the validation of the technique have been reported(5,6).
Briefly, IVUS-RFD uses spectral analysis of IVUS radiofrequency data to build
tissue maps that are correlated with a specific spectrum of the radiofrequency
signal and assigned colour codes [fibrous (labelled green), fibrofarty (labelled
greenish-yellow), necrotic core (labelled red) and calcium {labelled white)](5).

IVUS-RFD darta was acquired using continuous catheter pullback (Eagle-Eye™
20 MHz Volcano Therapeutics, Rancho Cordova, CA) and a dedicated IVUS-RFD
console (Volcano Therapeutics, Rancho Cordova, CA). The IVUS-RFD data were
stored on DVD and sent to the Corelab (Cardiovascular Research Foundartion, NY,
US; Erasmus Medical Center/Cardialysis, Rotterdam, The Netherlands, or Toyo-
hashi Heart Center, Japan) for offline analysis. Data acquisition was ECG-gated
and recorded during the automated withdrawal of the catheter using a mechanical
pullback device (TrakBack II or R-100 Volcano Therapeutics, Rancho Cordova,
CA) at a pullback speed of 0.5 mm/s. The IVUS-RFD sampling during pullback
is gated to the peak R-wave and is therefore dependent on heart rate. For instance,
during constant heart rate of 60 bpm, samples will be collected every 0.5 mm.
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IVUS images were reconstructed from the RF data by customized software
{pcVH 2.2, Volcano Therapeutics, Rancho Cordova, CA). Longitudinal and
cross-sectional views were used to determine the contours. Manual contour
detection of both the lumen and the media-adventitia interface was performed;
and the radiofrequency data was normalized using a technique known as “Blind
Deconvolution”(7), an iterative algorithm that deconvolves the catheter transfer
function from the backscatrer, thus accounting for catherer-to-catheter variability.
Geometrical and compositional data were obrained for every slice. Plague burden
was calculated as EEM__-Lumen /EEM__ X 100, where EEM refers to the
external elastic membrane. For this study, the mean cross-sectional area (CSA) of
necrotic core of the entire vessel pullback per patient was analyzed.

Statistical analysis

The distribution of the amount of necrotic core, expressed as the mean area in mm?,
was right skewed. Accordingly, non-parametric statistics were used to calculate p
values for the comparison between groups. Bivariate analysis and multivariable
logistic regression analyses were performed to identify predictors of necrotic core.
To this aim, the study population was divided into two: i. patients (n=732) with a
mean necrotic core area corresponding to the three lower quartiles (NC <0.62mm?)
of the overall NC distribution {coded as 0); and ii. patients {(n=250) with a mean
necrotic area cotresponding to the upper quartile of the mean necrotic core area
(INC 20.62mm?), coded as 1. All variables significantly (p <0.10) associated with
mean MC area on bivariate analysis were entered into subsequent models. Next, a
logistic regression analysis with the enter method was performed for all pertinent
covariates. The only two vartables that remained statistically significant were age
and diabetes. The Hosmer and Lemeshow Goodness-of-Fit test statistic was 0.14.
This means that the model explains the variance in the dependent variable to a
significant degree.

In a second approach the population was divided into four classes according to
the age (the median age was 62 years; age therefore was stratified into two classes:
<62 vs »62 years of age) and gender: i. young females (n=90), ii. young males
(n=406), iii. old females (n=153), and iv. old males (n=333)}. Then, for each class a
logistic regression analysis was performed induding diabetes as a covariare because
diabetes was the only variable that was statistically significant in the previous
multivariable analysis, Afterwards, for each class a new logistic regression analysis
was performed including a vartable that identified the simultaneous presence of
diaberes and hypertension (coded as 1) or their absence in a patient (coded 0).
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Results of logistic regression analyses are reported as odds ratios with 95%
confidence intervals and p values. All analyses were performed with SPSS version
12 statistical sofeware (SPSS Inc., Chicago, Illinois).

RESULTS

This analysis includes the first 990 patients (990 vessels) enrolled in this global
registry. The baseline characteristics are depicted in table 1. The studied vessel
was the left anterior descending in 484 (49.3%) cases, the left circumflex in 171
(17.4%) patients, or the right coronary artery in 289 (29.4%) cases; in 38 (3.8%)
patients other vessels were imaged, but 8 patients with imaging of a saphenous
vein graft were excluded from the analysis. Image acquisition was performed dus-
ing 425 diagnostic coronary angiography procedures; the others were acquired
pre-intervention (n=355), after balloon dilation (n=62), or after stenting (n=126).
The rest were acquired post-thrombectomy. The worst lesion diameter stenosis
was 61.4£27 3% (visual assessment) or 63.2+20.3% (QCA).

Patient age was 62.1+11.4 years, and most patients were male (75.3%).
Pullback length was 48.7:21.5mm. The mean EEM CSA was 15.6:4.8mm?, the
mean lumen CSA was 8.7:3.0mm?, the mean plaquermedia CSA (EEM minus
lumen) was 6.8+2.7mm?, and the mean plaque burden was 43.5+9.2%. Overall in
this population, the mean CSA of the necrotic core was 0.45+0.41mm? (12.3%),
the mean CSA of calcified rissue was 0.31+0.38mm?> (8.5%), the mean CSA of
fibrotic tissue was 2.2+ 1.4mm? (60.1%), and the mean CSA of fibrofatry tissue
was 0.70£0.58mm?* (19.1%). ACS comprised 40.9% of the rotal population;
these patients had nearly the same amount of necrotic core (0.46£0.42mm?) as
non-ACS patients (0.4420.41mm?, p=0.74).

Cardiovascular risk factors and coronary plaque composition

Gender: male patients had a non-significant trend towards more necrotic core
{0.46£0.43mm?”) than female patients (0.42:0.38mm?, p=0.20}. Table 2.

Age: necrotic core content increased with age; patients €62 years had mean NC
CSA of 0.40+£0.36mm? vs. 0.50+0.46mm” in patients >62 years, p=0.0007.

Diabetes Mellitus: non-diabetic patients had on average a mean NC CSA of
0.43+0.41mm” vs. 0.5120.44mm?” in diabetic patients, p=0.02. Of note, insulin-
requiring diabetic patients had an even larger mean NC area (0.57£0.47mm?,
p=0.04) than the non-insulin-requiring diabetic population.
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Table 1. Demographics and baseline characteristics, n=982

n{%)
Age {years+5D) 62.1(11.4)
Male 7349(75.3)
Prior cardiac history 5851{59.8)
Hypertension 625(63.9)
Diabetes 240 (24.6)
Instdin user 61{253)
Lipid disorder 639 (65.1)
Prior Mi 269{27.9)
Prior CABG 53(5.4)
Family history of CAD 425(47.2)
Current smoker 255{25.8)
Previous smoker 253(25.7)
Clinical presentation
Non-ACS 581(59.1)
ACS 401 (40.9)
Vessel imaged
LAD 484 (453}
LCX 171(174)
RCA 289 (29.4)
Other 38(3.3)
Medication
Statin 670 (68.2)
Aspitin 857 (87.6)
Beta-blocker 500161.5)
Ace Inhibitor 405(41.2)
Calcium channel blocker 185 (18.0}
Blood test
Total cholesterc! {mg/dl} 179.8(454)
LDL cholesterdl (mg/dh 105.7 (36.7)
HEL cholesterol (mg/dl) 474(14.8)
Triglyerides (mg/dl) 97.8(98.3)
CKIUA 221.8(402.5)
CK-MB {ug/L) 20.1 (49.3)
CRP {mg/dl} 35.8{93.8)

SD, standard deviation; MI, myocardial infarcrion; CABG, coronary artery bypass graft; CAD,
coronary artery discase; NSTEMI, non ST segment elevation myocardial infarczions STEMI, ST
segment elevation acute myocardial infarction; ACS, acute coronary syndrome; LAD, left anterior
descending; LCX, left circumflex; RCA, right coronary artery: SVG, saphenous vein graft; CK,
creatine kinase;CRE C-reactive protein.

Hypercholesterolemia: there was no difference between patients with this hyper-
cholesterolemia than those without hypercholesterolemia.

Hypertension: mean NC CSA was 0.40+0.36mm” in normotensive patients vs.
0.48+0.44mm? in hypertensive patients, p=0.02.
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Table 2. Contenrt of necrotic core per cross-sectional area according ro clinical presentation and

cardiovascular risk factor status

Mean 5D pvalue
Gender 0.20
Female 042 038
Male 0.46 043
Age 0.0007
Younger than 62 years 0.40 036
Older than 62 years 0.50 046
Clinical presentation 074
Non-ACS 0.44 041
ACS 046 042
Diabetes 0.02
~Yes 051 044
~No 0.43 041
Lipid disorder 0.92
~Yes 045 042
~No 045 04
Hypertension 2.002
Yes 0.48 0.44
ANo 040 0.38
Prior cardiac history 0.0007
e 048 042
~No 041 040
Prior MI 0.04
Aes 049 044
~No 043 041
Prior CABG 0.04
AYes 0.61 0.65
No 0.44 039
Medication
Ace Inhibitor 0.03
~Yes 042 043
~No 047 046
Calcium channet blocker 0.0
Yes 050 o4l
o 044 042
Bloodtest
Total cholesterol 0.98
>200 mo/dt 0.42 033
<=700 mg/d! 0.45 0.42
LDL cholesterol 0.83
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Mean 5D pvalue

>100 mg/dl 044 039

<=100 mg/dt 0.44 040

HDL cholesterol £.0007
<50 mg/dl 048 041

>=50 mg/d! 038 035

Triglycerides 030
>150 mg/d| 042 0.36

<=150 mg/d] 045 038

CRP 0.07
>3 mg/d! 043 040

<=3 my/d! 0.39 040

ACS, acute coronary syndrome: ML, myocardial infarction; CABG, coronary artery bypass grafting;
CK, crearine kinase;CRE, C-reactive protein;

Prior cardiac bistory or an MI or CABG: patients with a history of cardiovascular
disease had a larger mean NC CSA than their counrterparts.

Smoking: neither previous smokers nor non-current smokers had a statistically
significant larger mean NC CSA than non-smokers, p=0.23 and p=0.37 respec-
tively.

Univariable and multivariable analysis of necrotic core area.

All significantly associated variables in the bivariate analysis (age, hypertension, dia-
betes, and prior CABG) were introduced in the logistic regression model; bur only
age [OR 1.023 (1.009,1.037), p=0.001] and diabetes [OR 1.636 (1.174,2.279),
p=0.004] remained statistically significant.

In a per class logistic regression analyses including only diabetes as covariate,
in young females the OR was 2.1 (95%CI 0.77,6.0), p=0.14; in young males the
OR was 1.6 (95%CI 0.90,2.7), p=0.11; in old females the OR was 2.3 (95%CI
1.09,4.9), p=0.03; and in old males the OR was 1.6 (95%CI 0.96,2.7), p=0.07.
Further, when only a variable that identified patients with diabetes and hyperten-
sion was included, in young females the OR was 2.4 (95%Cl1 0.69,8.6}, p=0.17; in
young males the OR was 2.0 (95%CI 1.03,3.8), p=0.041; in old females the OR
was 3.04 (95%CI 1.02,9.1) p=0.046; and in old males the OR was 2.2 (95%ClI
1.1,4.2), p=0.025. (Table 3 and 4).
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Table 3. Logistic regression predictozs for the top quartile measure of necrotic core arez

Parameter Betacoefficient Wald  OR 95% Ci p value
Ags, yrs 0023 104 1023 1.008 1.037 0.601
Hypertension [Y/N} G.180 1.1 1197 0862 1.662 0.28
Diabetes Mellitus (Y/N) 0492 85 1636 1174 2279 0.004
Prior CABG (Y/N) 0.494 27 1.638 0911 2945 0.09
Constant =23 -0.081 -0.012 0.007

Y, yes; N, no; CABG, coronary arrery bypass graft.

Table 4. Logistic regression analysis

Young females (<62  Youngmales(s62 Oldfemales(>62  Old males {>62

yrs), n=90 yrs), n=406 yrs), n=153 yrs), n=333
OR 21 OR14 OR23 0R16
Model 1: Patients with diabetes (95%C1 0.77,6.0) [95%CI00027)  (95%CIT.0945)  (95%CIC9627)
p=0.14 p=0.11 p=003 p=0.07
OR24 R 20 OR3.04 OR22
Model 2: Patients with di
odel 2: Patients with diabetesand o0 ) cos ) (95%CI1.0338)  (5%CI10291)  (95%CH1.1,42)
hypertension
p=017 p=0041 P = 0,046 p=0025
DISCUSSION

The main findings of this paper are the following: 1). The relative amount of
necrotic core found in this iz vive study resembles that previously reported in
pathological studies(8,9). 2). The presence of some individual cardiovascular risk
factors is related to an increase in necrotic core. 3). In a per class logistic regression
analysis it appears that some cardiovascular risk factors assert a synergistic effect
on the amount of necrotic core in coronary atherosclerotic plaques.

The relevance of studying necrotic core lies in its role in the instability of
atherosclerotic plaque. Rupture of TCFAs accounts for more than 60% of
acute coronary events (4). Ruprured plaques are significantly more obstructive
and contain larger necrotic cores, more macrophage infiltration, more calcium,
fewer smooth muscles cells, and more positive remodeling than intact thin-cap
fibroatheromas (TFCA) (10).

The individual and collective impact of many cardiovascular risk factors in
terms of cardiac morbidity and mortality has been described. Individually, these
risk factors can either affect the overall plaque composition or specifically the
necrotic core (figure 1). Similarly, the synergistic effect of two or more cardiovas-
cular risk factors can etther affect the overall plaque composition or specifically the
necrotic core; this more accurately reflects reality since a patient usually is diabetic
and hypercholesterolemic, diabetic and hypertensive, etc. Consider a patient of
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& Fibrous
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O Caleium

& Necrotic core

N

Figure 1. Top: Cross-sectional areas of the same coronary atherosclerotic plague, on the left

hand side a greyscale image and on the right hand side the corresponding IVUS radiofrequency
datz image. Bottom: Cardiovascular risk factors (CRF) acr alone or in combinarion (biological
interaction) to assert their effect on overall plague composition. Note that the impact of these CRFs
varies (thickness of the acrow). Their effect could exclusively be on overall plaque composition or
simultaneously affect necrotic core, once again, individually or collectively.

any age, gender, and diabetes status (figure 2). When this patient is analyzed as
a part of a given patient population, cardiovascular risk factor “A” could have no
effect because the impact of this cardiovascular risk factor depends on the class to
which the patient belongs even if this population is split by age, gender, or any
other cardiovascular risk factor. How can this be tested statistically? One option
is to introduce interaction terms in the mulrivariable analysis in order to assess
the biological interaction among variables that compound the interaction term.
However, this requires a complex statistical analyses that is difficult to pur into
perspective in clinical practice. Instead, we categorized the current population
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Female Male
<62 yrs >62 yrs I <62 yrs >62 yrs

DM

Non-
DM

Figure 2. The population has been divided by age, gender and diabetes, resulting in eight categories.
The same cardiovascular risk factor (CRF} “A” is assessed in each of them in terms of change in
necrotic core. This CRF “A” can have not effect (horizontal arrow), increase {upward arrow) or
decrease (downward arrow) the amount of necrotic core. When a population based analysis is
conducted, either by age, gender or clinical presentation no effect can be found, although thereisa
significant change in some of the categories. DM, diabetes mellitus.

into four classes considering two variables that are intrinsic and not modifiable:
age and gender. Eventually we had four groups — young females, young males,
old females, and old males — in whom we assessed the effect of diabetes that was
the only independent predictor of necrotic core area in the overall population.
Diabetes was associared with an increase in necrotic core area in old females, and
a strong trend was observed in old males. When a variable that identified patients
with both diabetes and hypertension was entered into the logistic regression analy-
sis per group, being diabertic and hypertensive was associated with an increase in
necrotic cote not only in old patients, but also in young males. Of note, in this
second model all of the odds ratios were larger than in the first model where only
diabetes was tested. Thus, the combined presence of diabetes and hypertension
exerted a synergistic and differential effect across age/gender groups.

In post-mortem studies smoking was associated with acute thrombosis (OR
3.6, p=0.004) and low serum HDL cholesterol was assoctated with plaque rupture
(p=0.008)(3). In our study the necrotic core was larger among patients with low
HDL cholesterol levels, but this variable failed to be an independent predictor
in the multivariable analysis. The rest of the cardiovascular risk factors correlated
only mildly with the size of the necrotic core. The same group of pathologists later
reported the plaque composition among diabetic patients(2). Type II diabetic
patients had larger necrotic cores, more calcium, and more inflammation than
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non-diabetics. Patients who were diabetic and hypercholesterolemic had larger
necrotic cores compared to patients who were only diabetics while patients with
diabetes and hypercholesterolemia had a larger macrophage infiltrate compared
to patients with. normal cholesterol and no diabetes mellitus. Although some of
our results were in line with this pathological study, we refrained from a direct
comparison berween pathology and our in vivo study because these pathological
studies defined cardiovascular risk factors based on clinical history and postmortem
blood and sera analysis as well as by histology and IVUS-RFD is not pathology
even though the predictive accuracy of necrotic core detection is reported to be
95.8%(6).

This study has many potential clinical implications. First, necrotic core is 2
pathological marker of atherosclerotic plaque instability. In furure prospective
studies aiming to describe the relation of necrotic core rich plaques to clinical
events, an enrichment of the study population can be performed by increasing the
number of hypertensive and diabetic males and older diabetic and hypertensive
females, variables that were strongly associated with larger NC areas in this cur-
rent study. Second, we are entering in a new IVUS era where not only size, bur
also qualitative plaque composition, specifically necrotic core, matters. In classical
IVUS plaque regression studies not all patients in the treated arm were regressors,
and some of them were even progressors{11). /» vive tissue characterization could
help to evaluate the temporal changes of the plaque composition in addition
to overall progression/regression. Third, previous epidemiological studies have
studied only clinical, angiographic, tomographic, and biomarkers in relation to
patient mortality and morbidity; IVUS-RFD allows assessment of actual plaque
composition in relationship to patient outcomes. Fourth, the synergistic and ad-
ditive presence of “traditional” cardiovascular risk factors on plaque composition
can be prospectively analyzed with IVUS-RFD to understand the dynamic nature
of the atherosclerosis disease.

Limitations

This study has several limitations. The most important is that external validity is
limired because the studied population is still small and some of the cardiovascular
risk factors, such as female gender and diabertes, are not extensively represented.
Furthermore, we used analyses that were optimized based on the dataset, that is,
we used the top quartile of necrotic core measures and age cutpoints (i.e. <62
years). The use of “optimized” analyses has the potential to be less generalizable to
validated analyses.
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Other metabolic, chemical, mechanical, and rheological factors that influ-
ence the behavior of a diseased coronary vessel wall were not measured; these are
independent from plaque composition and are not investigated concurrently in

this study.

Conclusions

Overall plaque composition as analyzed by IVUS-RFD is similar to pathology.
Individually and collectively, specific cardiovascular risk factors are associated
with an increase in necrotic core.
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ABSTRACT

Background. Few post-mortem studies compared plaque composition with avail-
able patient characteristics and no comprehensive correlations between these vari-
ables have been undertaken iz vivo. Therefore, we explored the impact of patient
demographics, anthropometric measures, CV risk factors, and soluble biomarkers
on plaque composition and its overall size in patients with coronary heart disease
(CHD).

Methods and Results. The Integrated Biomarkers and Imaging Study-2 trial
enrolied patients with CHD (n=309). Baseline patient variables were entered
in univariable and multivariable regression procedures along with necrotic core
(NC) area and toral plaque area, as measured by TVUS-RE The set of variables
with a p-value of <0.15 were used for the multivariable regression analyses. A
backward selection approach was used; the stay criterion was set to 0.1. In the
multivariable analysis, age, male gender, waist circumference and systolic blood
pressure were positive, whereas urinary TxB2 negative, independent predictors
of NC area; while only age and waist circumference were positively and urinary
TxB2 were negatively associated with an increase in overall plaque size.
Conclusions. In non-culprit vessels, patient demographics (age, male gender),
anthropometric measures (waist circumference), clinical risk factors (systolic
blood pressure) are related plaque composition (larger necrotic core area) after
multivariate adjusument. Accordingly, necrotic core, as assessed by IVUS-RF,
could be viewed as a novel in situ/in vivo biomarker, potentially reflecting the
long-term impact of cardiovascular risk on plaque phenotype.

Key words: Atherosclerosis, necrotic core, IVUS backscattering radiofre-
quency data analysis
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INTRODUCTION

Cardiovascular (CV} disease remains the principal cause of death worldwide,
with three-fourths of CV deaths attributed to atherosclerosis. Pathological studies
in patents who died from coronary heart disease (CHD} showed an extensive
coronary atherosclerosis.' The current paradigm asserts that the main cause of
cardiac death is primarily due to rupture of an advanced atherosclerotic lesion.*
Ruptured plaques contain the Jargest amount of necrotic core (INC) among the
atherosclerotic lesions, suggesting a link between the amount of NC and their
predisposition to rupture.?

The anthropometric measures and conventional cardiovascular (CV) risk fac-
tors relate to the risk of subsequent CV events as demonstrated by the original
Framingham cohott and more recently the INTERHEART multiethnic study of
the predictors of the first myocardial infarction.** Notwithstanding these observa-
tions, accurate prediction of major coronary events on the individual patient level,
as opposed to population based studies, remains challenging, Therefore, there is
an interest in additional markers of patient vulnerabiliry that would enhance pre-
cision of risk estimation beyond that afforded by Framingham risk score or other
conventional risk engines. The ability to quantify NC iz vivo by the intravascular
ultrasound radiofrequency {IVUS-RF) data analysis offers the opportunity to
provide unique information about plaque type to enhance precision of clinical
and laboratory variables used to assess CV risk. Although the ultimare validity of
this measurement will require very large and long-term natural history studies,
the first step is to examine the relationship berween patient derived variables and
NC. Accordingly, we sought to explore in vivo the relationship between patient
demographics, anthropometric measures, CV risk factors, soluble biomarkers and
plaque composition (NC area) or its overall size (plaque area).

METHODS

Study Design

The Integrated Biomarkers and Imaging Study-2 trial has been published else-
where. Briefly, it was an international, multicenter, randomized, double blind,
placebo-controlled study in patients with confirmed CHD. Institutional review
boards at each center approved the protocol, and patients provided written
informed consent. From the original cohort of IBIS-2 patients, 309 patients
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with complete informartion regarding baseline clinical characteristics, laboratory
measurements and imaging data were selected for this study.

Patient Population

Patients 18 years of age or older undergoing cardiac catheterization for acute
coronary syndrome (ACS - NSTEMI or STEMI) or non-ACS (eg, chronic stable
angina or troponin-negative resting chest pain) were eligible. The protocol speci-
fied 50% of randomized patients to have troponin-positive ACS. The randomiza-
tion was stratified according to ACS status and center. Key exclusion criteria were
planned surgical revascularization, stroke in the past 6 months, chronic hepatic
disorder or abnormal ALT, bilirubin (ALT >2.5 or bilirubin >1.5 upper limit of
normal), serum creatinine >2.0 mg/dL, blood pressure »160/100 mm Hg, poorly
controlled diabetes mellitus (HbA,_>10%), severe heart failure or left ventricular
ejection fraction <30%, and cusrent life-threatening condition. Patients were
ineligible if angiography demonstrated left main coronary stenosis >50% or
coronary anatomy was inappropriate for IVUS.

IVUS Imaging

The ECG-gated IVUS-RF acquisition was performed using EagleEye catheter (20
MHz) at pullback speed of 0.5 mm/sec as described.® The quantitative IVUS
analysis was performed by the Core Imaging Laboratory (Cardialysis, Rotterdam,
The Netherlands) using customized software (pcVH 2.1, Volcano Therapeutics).
The analyst selected the region of interest flanked by the presence of easily identifi-
able anatomical landmarks. Vessel and lumen areas data were obtained for every
cross-section throughout the region of interest by semiautomatic planimetry of
the leading edges of the luminal and external elastic membrane borders. The com-
position of coronary atheroma was assessed using spectral analysis of backscatter
RF signals. Necrotic core was identified with autoregressive classification system
that showed sensitivity and specificity of 92% and 97% for detection of necrotic
core, respectively.”® To assess intra- and interobserver variability of necrotic core
measurements, 20 patients from the current study {2465 frames) were analyzed
twice by two different analysts. The mean absolute difference for necrotic core area
was 0.01 mm?® (SD 0.06) for the intraobserver and 0.02 mm? (SD 0.08) for the
interobserver variability, respectively.
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Study End Point Definitions (IVUS-RF)

Plague area contains both atherosclerotic plaque and media. This was obtained
after planimetry was completed at the lumen/plaque boundary and at the media/
adventitia boundary in each cross-section forming the region of interest. Plaque
area was reported in mm?®.

The necrotic core area was automatically obtained in each cross-section forming
the region of interest using dedicated software (pcVH 2.1, Volcano Therapeutics).
Necrotic core values were expressed in mm?®.

Biomarkers

Plasma hsCRP was measured as described previously.” Plasma Lp-PLA, acriv-
ity was measured by a colorimetric method.” Other biomarkers (IL-6, MPO,
ICAM-1, and MMP-9 activity) were assayed using commercially available kits.
Oxidized phospholipid content per particle of apoB (oxPL/apoB) was measured
using murine monoclonal antibody E06 as described.® Platelet biomarkers were
measured in plasma (P-selectin, CD40L) and urine (11-dehydro thromboxane
B, normalized by urine creatine concentration [11-dehydro-TxB,/mmol Cr]) as
described.”

Statistical Analysis

Continuous variables were reported as mean+SD. Based on the plots of the residuals
against the predicted values it was decided to log transform the necrotic core area
and those continuous variables, from which the maximum z-score superseded the
value 4. (The z-score was calculated for each continuous variable as the number of
standard deviations change from its mean). All class variables except gender were
coded [0,1] with O for absence or 1 for presence. Gender was coded 0 for females
and 1 for males. In total 41 variables were entered into the univariable regression
procedure. The set of thirteen variables with a p-value of <=0.15 were used for
the multivariable regression procedure. A backward selection procedure was used,
both the entry criterion for the forward and the stay criterion for the backward
procedure were set to 0.1.

To further understand relationship between age and antropometric variables
and imaging parameters, the population was categorized into classes according to
the distribution of age in tertiles. First tertile ranged from 33 to 52 years, second
tertile from 53 to 63 years and in the third tertile from 64 to 82 years. Further,
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waist circumference was also categorized as follows: first tertile from 68 w 93 cm;
second rertile from 94 to 101.5 and third tertile 102 o 131 ¢m.
Statistical analyses were performed with use of SAS V8.02.

RESULTS

Between November 16%, 2005 and August 16%, 2006, 330 patients were enrolled
with 309 patients included in this analysis. The reasons for not including 21
patients (6%) included missing imaging data or suboptimal quality (6 patients
did not undergo imaging, 14 had non-interpreatable IVUS images, and the image
data of 1 patient was lost in the archiving/saving procedure). In Table 1, the

Table 1. Baseline Characreristics

(n=309}
Clinical characteristics
Agely) 586100
Males (n, %) 254{82.2)
Wafst clrcumference {cm) 9764110
Body-mass index (kg/m?) 277438
Diabetes melfitus (n, %) 42(13.6)
Hypertension fn, %} 188 (60.8)
Hyperchelesterolemia (n, %) 181 (60,5)
Current smoker (n, %) 117(375)
Metabolic syndrome {n, %) 71{23}
Prior medical history (n, %)
Prior myocardial infarction 94 (304)
Prior coronary revascularization 95(30.8)
Prior stroke 8126)
Index hospitalization (n, %)
ACS 154 (49.8)
Stable 155 (50.2)
Cardiovascular medications at randomization (n, %)
Statins 100 (33.7)
Laboratory values
Cholesterol (mg/dL}
Total 184,6+46.3
Lor 105.6240,1
HDL 4754119
Triglycerides {mg/dL}
Median 1363
QR {95.6, 196.5)
hsC-reactive protein (mg/L) 041247
Blood pressure
Systolic-mm Hg 127.11164
Diastolic - mm Hg 754297
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baseline characteristics of patients with complete information regarding clinical
and imaging data are shown. The mean age was 58.6£10.0, mostly men were
included (82.2%). By design, 155 {50.2%) had stable CHD and 154 (49.8%)
had troponin-positive acute coronary syndrome. The mean waist circumference
was 97.6 cm and the mean systolic and diastolic blood pressure values were 127.1
and 75.4 mmHg, respectively. Overall, the mean LDL-cholesterol was 105.6 mg/
dL and the mean HDL-cholesterol was 47.5 mg/dL.

Mean length of the IVUS pullbacks was 50.3£16.8mm. In rtotal, 37,617
cross-sectional areas {CSAs) were included in this substudy. Out of these, 28620
(76.1%) were CSAs with necrotic core. Overall, the mean percent atheroma
plaque was 40.2%.

Univariable association between baseline characteristics with necrotic core and
plaque area

The following variables were strongly associated with necrotic core (p<0.03):
male gender, age, waist circumference, weight, height, body mass index, current
smoker, systolic blood pressure, creatinine, HgA1C, urine 11-Dehydro TXB2 and
% diameter stenosis by QCA; and the following with plaque size: male gender, age,

Table 2. List of variables (only with a p value < 0.15) and their univariable association with necrotic
core area and plague area

In Necrotic core area Plaque area
Estimate 95%Cl pvalue Estimate 95%Cl p value

Waist circumfergnce {cm) 0.026 0013 0039 00001 0007 0003 0012 00019
Weight (kg) 0.020 0009 0030 00003 0006 0.003 0010  0.0007
Diameter stenosis by QCA (%) 0.024 0.010 0037  0.0005 0.007 0002 001 0.0049
Systolic blood pressure {mmHg) .04 0,006 0023 Q0012 0004 0001 0007 00080
Body Mass Index 0.059 0022 008 00018 0017 0004 0020 00127
Current smoker 0410 -0704 0116 00084 0118 -0.2217  -0.014 00236
Age in years 0018 0004 Q0031 Q0124 0008 0003 0013 00009
Male gender 0.477 0.104 0850 G0124 0.145 0014 0276 00304
Creatinine 0070 0002 0018 00161  0.003 0001 Q.006 006%0
Hefght (cm) 0.017 0.001 0035 00500 0.005 0.001 0012 00513
Urine 11-Dehydro TXBZ 0.232 0467 0003 00541 -0.087 0165 0005 00873
Glycosylated Hemoglobin A1C 1196 0,019 241 0.0546 0417 0005 0843  0.0560
Glucose 0572 -0.031 1175 00838 0,170 -0.041 0382 01159
Orxidised Phospholipids/iApolipoprotein 8100 ratio 0,163 0013 0240 00701 0057 0005 0119 00714
Baseline eGFR value - mlimin/1.73 m? -0.507 <1113 0099 01023 - - - -

Hypertension 0.247 0053 0535 01079 0103 0.001 0205 00502
Diastolicblood pressure (mmHg) 0012 -0003 0027 0.1128  0.005 0001  0.010 00662
Previous PCl or CABG - — — - 0082 -0.027 Q791 01409
Mean lumen diameter (mm) — — — - 0293 0202 0384 00001
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waist circumference, weight, height, body mass index, current smoker, hyperten-
sion, systolic blood pressure, HgA1C, urine 11-Dehydro TXB2 and % diameter
stenosis and mean lumen diameter by QCA (Table 2).

Other tested variables that failed to be statistically significant were: clinical
presentation (acute coronary syndrome), diabetes, LDL-¢c, HDL-c and hs CRP.
A complete table that included all tested variables is published online. (APPEN-
DIX A)

Multivariable association between baseline characteristics with necrotic core and
plaque area

In the multivariable analysis, age, male gender, waist circumference and systolic
blood pressure were independent positive predictors of NC; while only age and
waist circumference were positively associated with (increase in) plaque size. The
urine 11-Dehydro TXB2 was an independent negative predicror for both necrotic
core and plaque size. Table 3.

To further understand relationship between age, antropometric variables and
imaging parameters, the population was categorized by age and waist circumfer-
ence in tertiles.

Within the first and second age tertiles, the mean necrotic core area and mean
plaque area were not different across different waist circumference groups. In
contrast, in older patients (the third age tertile: >64 years), the mean necrotic core
area and the mean plaque area were significantly higher with increasing degree of
abdominal obesity tertiles (Figure 1).

Table 3. List of variables and their mulrivariable association with In{Necrotic core area) and plaque

area

A.NC predictors Parameter Estimate 95% Confidence Limits Pvalue
Intercept -5.25 -7.33 -3.16 <0001
Urine 11-Dehydro TXB2 -0233 0471 0.006 0,056
Systofic blood pressure 0.011 0.0009 0.021 0.033
Age 0.018 0.003 0033 0022
Waist circumference 0021 0.007 0.034 0.003
Male gender 0.446 0.047 0.845 0.02%
B. Plaque predictors Parameter Estimate 95% Confidence Limits P value
Intercept 0.544 0.287 1599 0.005
Previous CABG and PCI 0,083 -0.031 0.196 0.154
Age 0.009 0.004 0014 0.007
Walst circumference 0.007 0.0024 0.012 0.003
Urine 11-Dehydro TX82 -0,084 -0.178 -0.00% 0.030
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Figure 1. Strarificazion of mean plaque area and necrotic core area according ro both age and waise
circumference tertiles.

DISCUSSION

Our findings indicate that age, waist circumference, systolic blood pressure
and urine 11-Dehydro TxB2 are independent predictors of necrotic core in the
multivariable analysis, with fewer variables predictive of overall plaque size. This
raises the possibility that the measurements of necrotic core may offer additional
prognostic information in risk assessment of individual patients.

Necrotic Core and Cardiovascular Risk Factors in Pathological Studies

Prior attempts to correlate patients characteristics with plaque morphology
assessed during post-mortem examination are limired by selection bias (only
patients with faral events due to coronary or no coronary causes are included}
and often post-mortem ascertainment of laborarory values. History of smoking
was associated with evidence of acute coronary thrombosis (OR 3.6, p=0.004)
and low HDL-cholesterol levels were associated with plaque rupture (odds ratio

175



Chaprer 4.2

for each additional milligram per deciliter, 1.01).”? Diabetes was shown to be as-
sociated with larger necrotic core and increased macrophage content consistent
with clinically observed increased of CV events in these patients.'® The differences
with the current study may stem from the fact that our observations focused on
non-culprit vessels. In addition, current algorithm for spectral analysis of IVUS-
RF is unable to detect thrombus and lacks precision to detect inflammatory cell
content. Post-mortem measurement of HDL-cholesterol is also fraught with
potential confounding factors.

Plaque size by intravascular imaging and its relationship with CV risk factors

Several CV risk factors such as male gender, BMI, diabetes and prior coronary
revascularization have been found strong predictors of atheroma volume measured
by conventional IVUS.M As shown by Nicholls et al., atheroma volume in women
is smaller even in the presence of more risk factors in secondary prevention trials. '
Our study extends these observations showing independent impact of male gender
on the size of necrotic core. We were unable to detect relationship between dia-
betes or prior coronary revascularization and IVUS measurements. These findings
were unexpected and possibly related to too few diabetics enrolled in the current
study (14%). It is noteworthy, however, that continuous measurements reflecting
cardiometabolic risk (waist circumference, blood pressure, HgA1C), demonstrated
stronger relationship with the size of necrotic core in either univariate or multi-
variate analysis in our dataset. Obesity is an important but complex contributor
to CV morbidity and mortality.’* Waist circumference, simple measure of visceral
(abdominal) obesity, has a superior predictive value for the presence CHD or the
risk of MI to that of BML" Large multiethnic INTERHEART study showed
significant relationship between waist circumnference or waist-to-hip ratio and risk
of first M1 even after full adjustment for other risk factors.” Furthermore, patients
with low BMI but increased waist circumference have increased 1-year mortality.”?
In our study, increasing waist circumference was not only predictor of plaque size
but more importantly an independent predictor of necrotic core area.

Despite favourable effects of cholesterol-lowering therapy with statins in
primary and secondary prevention, single measurement of serum lipids did not
correlate with IVUS measurements of atheroma size or necrotic core in univariate
ot multivariate analysis. These findings are consistent with those reported by oth-
ers regarding conventional IVUS measures and do not contradict halting plaque
progression ot even its regression with intensive LDL cholesterol lowering. %% In
contrast to lipid measurements, systolic blood pressure was specifically related to
larger necrotic core size. It is noteworthy that systolic blood pressure is an inde-
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pendent predictor of plaque progression by IVUS and therapeutic intervention(s)
lowering blood pressure below current guideline mandated thresholds may retard
progression of atherosclerosis and reduce CV events.'s

Study Limitations

This study is a cross-sectional analysis that has number of limitations. First, sample
size was small thus possibly limiring full exploration of categorical variables {e.g.,
diabetes). Second, the measurements of biomarkers thar entered into the model
do not reflect chronic circulating levels as 50% of patients presented with ACS,
which transiently alters inflammatory biomarkers. In addition, our data indicate
that ACS status does not affect necrotic core size when assessed in non-culprit
vessels. Although pan-coronary inflimmation was reported in ACS patients,
IVUS methodology is not weil suited to measure such endpoints. Third, some of
the measurements are confounded by concomitant treatments. For example, 99%
of patients were receiving aspirin, thus the inverse relationship berween urinary
TxB2 and necrotic core or plaque size is clearly confounded by the impact of this
therapy. Fourth, we wish to emphasize thac all TVUS studies are limited to the
analysis of a relatively short segment of coronary arterial tree that does not fully
reflect disease characteristics elsewhere.

Conclusions

In non-culprit vessels, parient demographics, anthropometric measures, clinical
CV risk factors are related not only to increase in plaque size but also its composi-
tion (increase in necrotic core) size after multivariate adjustment. Accordingly,
necrotic core, as assessed by IVUS-RE, should be viewed as 2 novel in situ/in vivo
biomarker, potentially reflecting the long-term impact of cardiovascular risk on
plaque phenotype. Longitudinal studies with hard clinical endpoints are needed
to fully assess clinical value of this measurement.

APPENDIX

Core Laboratories: Imaging (Cardialysis, Rotterdam, The Netherlands).

Participating Centers (number of patients enrolled): Austria: Hanusch Kranken-
haus, Georg Gaul (6). Belgium: Centre Hospitalier Universitaire Sart-Tilman,
Victor Legrand (10); ZNA Campus Middelheim, Stefan Verheye (25); Cardio-
vascular Center, Aalst, William Wijns (14). Czech Republic: Vicobecnd Fakultni
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Nemocnice, Michael Aschermann (23). Denmark: Skejby University Hospital,
Hans Erik Botker (18). Germany: West German Heart Center, Raimund Erbel
(7); Kerckhoff Klinik, Christian Hamm (7); Universitatsklinikum Heidelberg, Ste-
fan Hardt, Helmut Kiicherer (1); Universititsklinikum Miinchen, Volker Klauss
(14), Universitatsklinikum Ulm, Wolfgang Koenig (9); Segeberger Kliniken, Gert
Richardt (3). The Netherlands: Medisch Spectrum Twente, Clemens von Birgelen
(14); Medisch Centrum Leeuwarden, Adrianus Johannes van Boven (12); Catha-
rina Hospital and Catherine R8D), Herman Rolf Michels (14), Erasmus Medical
Center, Patrick Serruys (20); Medisch Centrum Rijnmond Zuid, Pieter Smits
(11). Norway: Haukeland Sykehus, Oyvind Bleie (20). Poland: Upper Silesian
Heart Center, Pawel Buszman (40); Szpital Uniwersytecki, Dariusz Dudek (19).
Spain: Hospital Marques de Valdecilla, Thierry Colman (9); Hospital Clinico San
Carlos, Carlos Macaya (9). Switzerland: Kantonsspital Luzern, Paul Erne (25).
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Abstract

Background: Viral histology {WH) uses intravascular ulirasound (WUS) radiofrequency spectral analysis to
locally identify the morphelogy and composition of atherosclerotic plagues. We sought o explore in wivothe
relation between IVUS-derived thin cap fibro-atheroma (IDTCFA) and remodelling index in patients with
acute coronary syndromes using VUS-VH,

Methods and results: Twenty-one patients (B3 vessels) were enrolied. When compared to cross secticnal
areas (CSAs) without necrotic core in contact with the lumen (NCCL), CSAs with NCCL had a iarger plagque
burden 42.8x11.5% vs. 32.8x11.5%, p<0.001; higher overall necrotic core content [13.8+10.7% vs.
2.3£7.9% (p<0.001)] and calcified tissue [4.746.5 vs, 0.66+2.1% (p<0.001)]. On average there were
2 IVUS-derived thin cap fibro-atheroma (IDTCFA) per patient. Nearly haif of the IDTCFAs had positive
remodeling.

Conclusions: CSAS with NCCL had worse morphological profiles than those with no NCCL. The simultang-
ous and more detalled assessment of IDTCFA and remodelling index identifies a reduced number of
allegedly high-risk plagues. The findings of this study may have important clinical implications, since they
shed light into a possible method of Identlying potentially high-risk plagues sultable for pharmacological
and/or local treatment.

* Corresponding author: Thoraxcenter, BdS83a, DrMolewaterpiein 40, 3015-GD Rotterdam, The Netherands
E-mail:p.wj.c.serruys@erasmusme, nt

@ Europa £dition 2006. All rights raserved.
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Abbreviations and acronyms

ACS: Acute coronary syndrome

CS8A: Cross sectional area

EEM: External elastic membrane

IDTCFA: IVUS-derived thin cap fibro-atheroma
iVUS: Intravascular ultrasound

NC: Necrotic core

NCCL: Necrotic core in contact with the lumen
NSTEMI: Nor-ST segment elevation myocardial infarction
PB: Plague burden

R1: Remodelling index

STEMI: ST segment elevation myocardial infarction
UA: Unstable angina

VH: Virual Histelogy

Introduction

For the most part, acute coronary syndromes [ACS) are the conse-
quence of the rupture of particular atherosclerotic plagues called
thin-cap fibro-atheromas (TCFAs). These TCFAs have a thin fibrous
cap, paucity of smooth muscle cells, heavy nflammatary infilration of
the cap, large necrotic core, positve remodeliing and high strain®e,
Caronary plague rupture is a frequent and unpredictabie event that
impacts the giobal burden of cardiovascular disease’, Indeed, coro-
nary heart disease 's expected to be the leading cause of disabiity-
adjusted life-years in 2020°. Accordingly, many cutting-edge imaging
technigues have recently been developed to help us betier under-
stand the atherosclerctic process. The first in vivo studies using such
technigues were performed against the background of previous
histopathofogical knowledge abaut morphological and compesitional
features related to plagues prone to rupture, so several studies have
been published recently that mimic pravious pathelogical findings®1:,
Spectral analysis of the IVUS radicfrequency data {IVUS-VH) is
emerging as a tool to assess plague morpholopy and composi-
tiont®3, This combined assessment of remodelling and plague
characterisation might allow & more accurate and complete charac-
terisation in vive for allegedly high-risk plagues.

We thus sought to further expiore in vivo the relation batween corm-
positional features of coronary atherosclerotic plaques, specifically
iWUS-derived thin cap fibro-athercma and remodeling index, in
patients with acute cororary syndromes.

Methods
Patient salection

From January to May 2005, all patierts with acute coronary syn-
dromes admitted for coronary catheterisation and subsequent
Intervantion were eligible if ail three coronary vessels were suitable
for IVUS Interrogation (absence of extensive anglographic calcifica-
tion and/or severe vessel fortucsity}. Acute coronary syndrome
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encompasses unstabie angina (UA} according to the Braunwald
classification, non-ST-segment elevation myocardial infarction
(NSTEMI} ard ST-segment elevation myccardial infarction
(STEMH, Tha three-vessel [VUS-VH acquisition timing was as foi-
iows: in patlents with UA/NSTEMI, acguisition was performed just
after the interventional treatment; in patients suffering from STEMI
it was done when the patient was symptom-free, without ECG
changes and haermodynamically stable (defined as systolic blood
pressure »>90 mmHg without vasopressor or inotropic suppert, and
with & heart rate of between 80 and 100 bom). Informed written
consent was cbiained from all patients. Gur local Ethics Committes
approved the protocol.

IWUS-VH acquisition and analysis

Detalls regarding the validation of the techrigue on explanted
human coronary segments and /i vive post-atherectomy have pre-
viously been reported!®13, Briefly, IVUS-VH uses spectral analysis of
iWUS radiofrequency data to construct dssue maps that are corre-
lated with a specific spectrum of the radiofrequency signag! and
assigned colour codes (fibrous [labelled green], fibro-lipidic
flabelled greenish-yellow], necrotic core [labelled red] and caleium
llabelted white]F2,

The IVUS-VH sampling rate during pull-back s gated to peak R-wave
and s therefore dependent on heart rate. For instance, during con-
stant heart rate of 60 bpm, then data will be collected every 0.5 mm.
IVUS B-made images were reconstructed from the RF data by cus-
tomised software (IVUSLab Version 4.4, Volcano Therapeutics,
Rancho Cordova, CA, USA). Semi-autcmated contour detection of
both lumen and the media-adventitia interface was performed, and
the RF data was normaiised using a technigue known as “Blind
Deceonvolution™, an Iterative afgorithm that deconvolves the
catheter transfer function from the backscatter, thus accounting far
catheter-to-catheter variability!**5. Compositional data was
obtained for every slice and expressed as mean percent for each
component.

Quantification of the necrotic cere in contact with the lumen
INCCL} and its angle was performed using MATLAB® (MathWorks,
Natick, MA, LISA).

Befinitions used in this study

Necrotic core fissue in contact with the lumen, s deflned as the
nresence of necrotic core tissue Tn direct contact with the luminal
space and with no detectable averlying fibrous tissue; this is report-
ed as (i} a continuous variable in mm?, (i) as a percent of the total
plague compesition and (1} as a percent out of the total necratic
core, {iv} as a binary variable considering the presence or absence
of NCCL. In addition, the major confluent pool of NCCL was selec-
tively guantified In terms of area in mm? and as a percentage of
both the tota! plague compesition and the total necrotic core. The
angle (measured from the gravity centre of the fumen) occupied by
the entire NCCL was measured as well as the specific angle occu-
pled by the major confluent NCCL. {Figure 1)

Plague burden (P}, Is defined as EEM_
where EEM refers 1o external elastic membrane,

-Lumen,

dres

FEEM, ., X 100,
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' - Overdll NC 32.4%

NCCL 339 degr

Figure 1. An example of selective quantification of the necrotic core in contact with the lumen. (a) The original IVUS-VH cross-sectional area;
(b} Modification using the VH tool to sefectively quantify the major confluent necrotic core that fs in direct contact with the lumen.
(¢} Measurement of the angle occupied by the entire hecrotic core in contact with the lurnen (white and red lines) and specifically the angle

secupied by the major confluent necrotic core in contact with the lumen (red fines).

Remodelling was assessed by means of the remodelling index
(R1), expressed as the EEM CSA at the site of minimum luminal
area divided by the reference EEM CSA as previously
describegitial?,

The reference site was <10 mm praximeat to the selected lesion®®, There
were no major side branches between the MLA and reference sites. We
defined positive remodelling as R121.05 and negative remodelling as

RI= 085, Values In between were considered neutral (no remodelling).
IVUS-derived TCFA (IDTCFA)®, is defined as a lesion fuffilling the fol-
lowing criterfa in at least 3 consecutive CSAs: 1) plague burden
240%; 2) confluent necrotic core = 10%!1° In direct contact with
the lumen in the nvestigated CSA (Figure 2). All consecutive CSAs
having the same morphologic characteristics were considered as
part of the same |DTCFA lesion.

ProXimal s distal

Distance is 5 mm

Referenc';e segment

MLA, 5.77 mm2
PB, 44.6%

Remodelling index
1.13

VCSA 10.39 mm2

MLA, 3.94 mm2 MLA, 3.81 mm2
PB, 66.4% PB, 49.3%
VCSA 11.75 mm2 VCBA7.51 mm2

Figure 2. The figure shows the IVLS groy scate and the corresponding IYUS-VH frames of an IVLIS derived thin cap fibro-atheroma (Tour central
frarnes) and the proximal and distal reference segment in which the remodelling index was calculated, MLA, minimum ltrminal area; PB, plague

burden; VCSA, vessel cross sectional area.
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Statistical analysis

Discrete variables are prosented as counts and percentages.
Continuous variables are presented as means xSD. A two-sided
pvalug of less than 0.05 Indicated statistical significance.
Assumptions for normality were checked after transformation based
on a pvalue »0.20 at Kolmegorov-Smirnov test and by visual
assessment of Q-Q piots of residuals. Accordingly, log transforma-
tion was performed on the variables with skewed distribution.

To compare CSAs with and without NCCL, in a General Estimating
Equations model, with binomial distribution and a logit link functior,
cases were regarded as a random factor (as we had multiple obser-
vations for each patient): we also aliowed for an autoregressive cor-
relation structure and the vessel was a fixed factor in the model.
Statistical analyses were performed with use of SPSS software ver-
sion 11.5.

Results

Twenty-one (63 vessels) consecutive patients were Included in this
study, The baseline characteristics of the patient population are
depicted In Table 1. The mean age was 52.9+7.8 years, most being
mate patients (71.4%}. Sixty-six percent of the patients presented
with acute myocardial nfarction. The culprit vessel was the left
anterior descending (LAD) in 47.6%, the left circumfiex (LCK) n
23.8% and the right coronary artery {RCA) in 28.6% of the patients.
The mean length of the IVUS pull-back was 45.7 £22.9 mm.

IWUS-VH findings

Atotal of 6,351 CSAs were analysed with IVUS-VH. Necrotic core in
contact with the [umen was found In 71.7% (4556/6351) of CSAs.
These CSAs had a mean area of necrotic core in contact with the
lumen of 0.59x0.72 mm? which corresponds to 13.8+10.7% of

Tabie 1. Baseline characteristics, nm21

Age, yrs (mean=30) 52.947.8
Male % 714
Body mass index, kg/m? (mean4S0) 27.344.2
Diabetes mellitus % 33.3
Hypertension % 333
Family history of CHD % 42.9
Current smoking % 714
Hypercholesterolaemia % 33.3
Previous ACS % 14.3
Previous PCI % 28.6
Clintcal presentation %

Unstable angina/Non-ST-seqment elevation MI 33.3
ST-elevation MI §6.7
Culprit vessel %, nm21

Left anterior descending 47.6
teft crcumflex 23.8
Right coronary artery 28.6

50, standard deviation; CHE, cardiovascular heart disease; ACS, acute coronary
syndreme; PO, percutaneaus coronary intervention; M1, myocardial infarction,
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the total plaque area; on average 53.8+35.2% of the total amount
of necrotic core present in a CSA was In contact with the lumen and
the angle occupied by the necrotic core in the luminal circumfer-
ence was 30.3134.8° Nearly all the geomnetrical and composition-
al parameters of the CSA with NCCL were significantly different
compared with CSAs without necrotic core in contact with the
jumen {Table 2), Specifically, CSAs with NCCL had a higher plague
burden compared to CSAs without NCCL, 42.8+11.5% vs.
32.8+11.5%, p<0.001 and more necrotic core and caleified tissue
compared 1o the ones without NC in contact with the luman,
13.8:10.7% v, 2.3+7 9% [p<0.001) and 4.6+6.4 vs. 0.55+2.1%
{p<0.001) respectively,

Table 2. Compositional and geometricat analysis of CSAs with
necrotic core in contact with the lumen,

TN No contact NG Contagt S

(1795 C8As) i (4556 (BAS) iy

Mean sD Mean 5D p value
(alcified mm? g.02 {.06 0.21 .38 0.03
Calcified % 0.58 a1 4.6 6.4 <0.001
Fibraus mm? 15 1.7 2.5 1.8 0.81
Fibrous % 66,2 17.4 62.7 i2.0 0.53
Fibrolinid mm? 0,68 0.85 0.84 0,86 0.86
Fibrolipid % 30.7 18.0 18.% 116 0.60
Mocrotic core mm? 0,04 0.12 0.59 0.72 0.005
Necrotic core % 2.27 7.9 13.8 10.7 <0,001
Yessel CSA mm? 187 5.6 18.0 6.6 0.24
Lumen (54 mm? 1.2 L] 10.3 4.5 0.29
Plague {5A mm? 53 2.9 1.6 34 0.006
Plague eccentricity 0.11 9.12 018 2.16 0.65
Plague burden % 32,5 11.2 42.8 11.5 <001

§E, necrotic core; (SA, cross sectional area.

Overall, there were 805 (12.7%} CSAs with confluent NCCL »10%:
among these only 430 CSAs had a PB »40% (Table 3).

Table 3. Number of (SAs according to the amount of confluent

Confluent NCCL >10%

805{12.7%) 430(14.9%)
Confluent NCCE »15% 385(6.1%) 198(6.9%)
Confluent NCCL =20% 218(3.4%) 105(3.6%)
Confluent NCCL =25% 125(2%) 44(1.5%)
Confitient NCCL >30% 73(1.1%) 23(0.8%)

NCCL, necrotic core in contact with the lumen; CSA, cross-sectional area;
P8, plague burden

PYUS-derived thin cap fibro-atheroma

A total of 42 IDTCFAs were detected in the 21 patients, However,
13 patients had at least one IDTCFA in their coronary tree (38.1%
of the population dig not have any [DTCFA). Thus, on average there
were 2 IDTCFAs per patient. Seventeen IDTCFAs were found in the
LAD, 12 in the LCX and 13 in the RCA, In 7 patients at least one
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other IDTCFA was found in a different vessel and in 13 vessels more
than one IDTCFA was found in the same vessel {Table 4).

Table 4. Description of the multifocal aspect of IDTCFA.
S — YOTCEA fwd2

Na. patients with:

One 13
Two
Three 2
Four ar more
No. of vessels with:
One 23
Twe 13
Three 6
Four or more 1
No. of patients with one IDTCFA in at least
one other vessel 7

CSA, cross-sectional area; IDTCFA, TVUS-derived thin cap fibro-atheroma

The mean IDTCFA lesion length was 4.8+2.8 mm {Range: 0.95-
13.5mm) and the remodelling index was 1.08+0.21. In three
IDTCFAs it was not possible to measure the remodelling index due
10 lack of reference segment; two of them were located in the prox-
imal LAD, 50 the only segment without disease proximal to the
lesion was the left main artery. Five (11.9%) IDTCFAs had negative
remodelling, 14 (33.3%) rne remodelling and 20 (47.6%) had pos-
iive remodelling. The IDTCFAs were divided into three different cat-
epories according to the largest confluent necrctic core in contact
with the lumen, largest confiuent NCCL < 20%, NCCL between 20-
30% and NCCL »30%. Subsequently, the remadelling index was
plotted against these three categories (Figure 3). The overall mean
necrotic core was 26,5+9,7%, and the major area of confiuent NC
that was in contact with the lumen was 12,2+8.0% which repre-

No. of IDTCFAs

U 0.85-1.05

Lt . S o108
Remodelling index - _-> K

Figure 3. Bar graph shows the number of IVUS-derived thin cap fibro-
atheroma according to the largest confluent necrotic core in contact
with the fumen (NCCL) and the remodefiing index. It seems that
among the IDTCFAs there are different degrees of disease, possibly
with different likefihoods of rupture.

sented 44.9+21.2% of the total amount of NC present in the CSA.
The circumference occupied by the confiuent NCCL was
27.86+17.5°% The mean plagque burden was 50.3+8.5, whilst the
vessel CSA and lumen CSA werel5.4+6.2 mmz2 and 7.6+3.3 mm?
respectively {Table 5).

Table 5. Characteristics of IVUS~derived thin cap fibre-atheroma.

IDTCFA, =42
Mean SD
Calcified mm? 0.35 0.38
Caleified % 76 70
Fibrous mm? 2.5 1.7
Fibrous % 54.4 10.6
Fibrolipid mm? .56 0.65
Fibrolipid % 115 8.5
Necrotic core mm? 1.2 0.81
Necrotic core % 26.5 8.7
Major confluant NCin contact with the lumen
- Areg mm? 0.68 0.58
-~ % out of the total NC 45.0 21.2
- % out of the total PCSA 12.2 8.0
- Angte of the NC (degrees) 27.5 17.5
Vessel, CSA mm? 15.4 6.2
Lumen CSA mm? 1.6 3.3
Plaque CSA mm? 7.3 3.4
Plaque eccentricity 0.21 0.16
Plaque burden % 50.3 8.5
Length (mm) 4.3 2.8
Remodelling index 1.1 .21

NC, necretic core; CSA, cross sectional arca; PCSA, plague (SA; SD, standard
deviation.

Discussion

The main findings of this study that included 21 patients {63 ves-
sels) with acute coronary syndrome are: 1) on average there were
2 |DTCFAs per patient; 2) after treatment of the culgprit lesion,
38.1% of the popufation did not have any IDTCFA; 3) CSAs with NC
in contact with the lumen were more obstructive and with larger
vessel CSA than their counterparts without NC in contact with the
lumen:; 4} CSAs with NG in contact with the iumen had also larger
necrotic core and calcified tissue compared to the ones without NC
in contact with the lumen; 5) Nearly half of the IDTCFAsS had posi-
five remodelling.

To date, there is no single isolated marker of vulnerability that can
accurately and precisely identify atherosclerotic plagues at risk of
rupture. On the contrary, it seems that the in vivo simuitanequs
assessment of acknowledged high-risk atherosclerotic plague char-
acteristics may Improve the accuracy to reliably identify vulnerable
plagues. For the first fime IDTCFA and remadelling Index are
assessed in an in vivo three vessel IVUS-YH based study in patients
with acute coronary syndrome.
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Trying to understand the atherosclerosis process has continued for
mare than a century, and while many paradigms have iost impor-
tance, others still remain. Specifically, although vast Information
with respect to the pathophysiology of acute coronary syndromes
has been published, only a few concepts are today gererally
accepted, Flest, the former belief that acute corerary syndromes
originate exclusively from flow-limiting stencses has shifred to well-
defined histological plague phenotypes. These plaglies have partic-
ular characteristics, such as large necrotic core, thin fibrous cap,
inflammation within the cap ang positive remodeling® 122022,
Nevertheless, fo date, the natural history of lesions with these char-
acteristics rermains unknown and the Fmited knowledge about their
eveniual prognosis is provided by retrospective histopathological
studies”®, Secend, inflammation plays an important part In the
development and growth of such plagues, and most imporiantly in
triggering unprediciable rupturing events®. Third, the multifocal
distribution of vulnerabie plagues has been proven by means of
pathology?, anglography®®, angioscopy™, IVUS®, patpography® and
lately IVUS-VHE. This tatter concept is once again demonstrated in
this study, where in 33.3% (7/21) of the patients IDTCFAs were
present in af least two vessels, Moreover, in 31.7% of the vessels,
two or more [DTCFAs were detected,

Spectral anelysis of IVUS radiofrequency data has been used as a
tool to assess plaque composition and remodelling!-*, since they
are acguired in one single pult-back, simultaneous and comple-
mentary informaticn can be retrieved, The previous manuscript
from our group reporting the incidence of IDTCFA Is essentially sim-
ilar from the methodological point of view, but dramatically different
from the guantitative point of view, So in the first report by
Redriguez-Granillo et al°, one of the criteria was the presence of
NC>10% in a CSA with some NG in contact with the lumen, with-
out considering its distribution along the luminal circumference
{spotty or confluent}. Thus, the main difference with the approach
used in this report is the fact that the CSAs were included oniy if the
necrotic core was confluent and this pool of NC represented more
than 10% of the tissue present in the CSA and was in direct contact
with the lumen. This different methodology may impact on the
reported incidence of vulnerabie plague, but it offers a definition
which is closer o the pathological one. Nevertheless, the inability to
precisely measure the thickness of the fibrous cap makes our
observations a surrogate of the pathological TCFA.

Pesitive remodelling has been associated with an unstable clinical
presentationt’#8 and with characteristic pathological® and [VUS-VH:!
lesion fypes. In line with these previous reports, the remodelling
index found in this study shows the cutward growth of these types of
plagues. Some lipid lowering trizls using conventional VUS have
suggested that there is a change in “composition” after a peried of
treatment®, whilst ancther with a similar deslgn reported 2 change
in the remodeliing index?®. IVUS-VH offers the opportunity 1o folfow-
up these lesions and to correlate longitudinally and simultaneously
the composition and the change in the remodelling index,
It seemns that among IDTCFAS there is different degree of disease,
Nat all of thermn have positive remodelling. The only epportunity to
know if there is a different degree of risk among the same type of
lesion is to look back into the pathological studies to learn which
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TCFAs have been undergone rupture. It is clear that rupiured
plaque have mare necrotic core, macrophage infiltration, caicifica-
fion, less smooth muscles cells and more positive remodeling than
TCFAs™. We can then conclude that those IDTCFAS having abun-
dant necrotic core with pasitive remodelling have a higher risk, and
it turns out that in this study these are few in number.

The clinical implications of these findings are manifoid. First, the
capability of simultaneausly assessing more than one of the differ-
ent acknowledged features of “high-risk” plagues could potential-
ly enhance the prognostic value of the invasive detection of vuiner-
able plague. Second, this combined assessment can potentially
Identify very high-risk plagues, thereby lowering the number of vul-
nerable plagues that deserve to be foliowed and ultimately treated.

Limitations

Although we have included ali consecutive patients with three vesse!
VLS assessment in a defined period of time, the sample size s small.
In gerieral, the maore severely diseased part of the vessel was stent-
ed before WUS acquisition eliminating the analysis of potentially the
most pathological regicn of interest.

The inferior axial resolution of IYUS-VH in comparison to histology
remains 2 major handicap, but is partially compensated by the
higher sampiing rate of the uitrasonic approach when compared to
the pathologic,

Conclusions

Cross sectional areas with necratic core in contact with the fumen
had a worse morphological profile than the ones without NC in con-
tact with the lumen. The simultaneous assessment of IDTCFA and
remodelling index identifies a reduced number of high-risk plagues.
The findings of this study have potentfally important clinical impli-
cations, since for the first time it sheds light into the possibility to fol-
low these plagues after pharmacclogical treatment and/or to treat
them locally.
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In Vivo Intravascular Ultrasound-Derived
Thin-Cap Fibroatheroma Detection Using
Ultrasound Radiofrequency Data Analysis
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OBIECTIVES
BACKGROUND

METHODS

RESULTS

CONCLUSIONS

The purpose of this study was to assess the prevalence of intravascular uitrasound (IVUS)-
derived thin-cap fibroatheroma (IDTCFA) and its relationship with the clinical presentation
using spectral analysis of IVUS radiofrequency data (IVUS-Virtual Histology [IVUS-VH]).
Thin-cap fibroatheroma lesions ave the most prevalent substrate of plaque ruprure.

In 55 patients, a non-culprit, non-obstructive {(<50%) lesion was investigared with IVUS-VH.
We classified IDTCFA lesions as focal, necrotic core-rich (=10% of the cross-sectional aren)
plaques being in contact with the lumen; IDTCFA. definition required a percent atheroma
volume (PAVY) =40%.

Acute coronary syndrome {ACS) (n = 23) patients presented a significantly higher prevalence
of IDTCFA than stable (n = 32) patients (3.0 {interquartile range JQR) 0.0 to 5.0] vs. 1.0
{IQR 0.0 to 2.8], p = 0.018). No relation was found between patient’s characteristics such as
gender (p = (.917), dizbetes (p = 0.217), smoking (p = 0.904), hypercholesterolernin (p =
0.663), hypertension (p = 0.251), or family history of coronary heart disease (p = 0.136) and
the presence of IDTCFA. A clear clustering pattern was seen along the coronaries, with 35
(35.4%), 31 {3L.3%), 19 (19.29%), and 14 (14.1%) IDTCFAs in the first 10 mm, 11 to 20 mm,
21 to 30 mm, and =31 mm sepments, respectively, p = 0.008. Finally, we compared the
severity (mean PAV 569 & 7.4 vs. 548 = 6.0, p = 0,343} and the composition (mean
percent necrotic core 19.7 = 4.1 vs. 18.1 =+ 3.0, p = (.205) of IDTCFAs between stable and
ACS patients, and no significant differences were found.

In this in vivo study, IVUS-VH identified IDTCFA as 2 more prevalent finding in ACS than
in stable angina patients,  {J Am Coll Cardiol 2005;46:2038—-42} © 2005 by the American

College of Cardiclogy Foundation

Sudden cardiac death or unheralded acute coronary syn-
dromes (ACS) are cornmoen initial manifestations of coro-
nary atherosclerosis, and most such events occur at sites of
non-flow limiting coronary atherosclerosis (1,2). Autopsy
data suggest that plaque composition is a key determinant of
the propensity of atherosclerotc lesions to provoke clinical
events, Thin-cap fibroatheroma (TCFA) plaques with large
avascular, hypocellular Lipid cores seem particularly prone to
rupture and result in epicardial occlusion (3-3).

Careful sysrematic evaluation, in a large series of victims
of sudden cardiac death, suggested thar ruptured TCFA was
the precipitating factor for 60% of acute coronary thrombi.
Furthermore, 70% of those patients had other TCFAs that
had not ruptured (5),

Intravascular ultrasound (IVUS} is the gold standard for
evaluation of coronary plaque, Jumen, and vessel dimensions
{6,7), However, although visual interpretadon of gray-scale
IVUS can identfy calcification within plaques, it cannot
reliably differentiate lipid-rich from fibrous plaque (7).
Recently, spectral analysis of IVUS radiofrequency data
(IVUS-Virtual Histology [IVUS-VF]) has demonstrated
potential to provide detailed quantitative information on

From the Erasmus Medieal Center, Thoraxeenter, Rotterdam, the Netherlands,
Manuscripr reecived May 25, 2005; revised manuscript received June 24, 2005,
aceepred July 25, 2005,

plaque composition and morphology and has been validared
in studies of explanted human coronary segments (8).

In the present study, we evaluated che prevalence of
IVUS-derived TCFA (IDTCFA) in coronary artery seg-
ments with non-significant lesions on angiography using

IVUS-VH.

METHODS

In 55 patients, a non-culprrt, de novo, angiographically
non-obstructive (<<50%) lesion was investigated with
TVUS-VH, Written informed consent was obtained from
all patients.

IVUS-VH acquisition and analysis, Derails regarding the
validation of the technique on explanted human corenary
segments have previously been reported (8). Briefly,
TVUS-VH uses spectral analysis of IVUS radiofrequency
data to construct tissue maps that classify plaque inte four
major components (fibrous [labeled green], fibrolipidic [la-
beled greenish-yellow], necrotic core [labeled red], and
calcium [labeled white]) which were correlated with a
specific spectrum of the radiofrequency signal and assigned
color codes {8).

Intravascular Ultrasound-Virtual Histology data were
acquired afrer intracoronary administration of nitrates using
a condnuous puliback (Ultracross 2.9-F 30-MHz catheter,
Boston Scientific, Santa Clara, California), by a dedicated
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Abbreviations and Acrenyms
ACS = acute coronary syndroms
IDTCFA = intravascular ultrasound-derived thin-cap
fibroatheroma
ICR = interquartile range
s = intravascular ultrasound
TVUS-VH = Intrmvaseolar Ultraseund-Virmal Histology
LAD = left anterior descending coronary artery
LCX = Jeft dreumflex artery
PAV = percent atheroma
RCA = right coronary artery
ROI = region of interest
TCFA = thin-cap fibroatheroma

IVUS-VH console (Voleano Therapeutics, Rancho Cor-
dova, California}. The IVUS-VH data were stored on a
CD-RCM and sent to the imaging core lab for offline
analysis. Intravascular ultrasound B-mode images were re-
constructed from the radiofrequency data by customized
software (IVUSLab, Volcano Therapeutics, Rancho Cor-
dova, California). Manual contour detection of both the
lumen and the media-adventitia interface was performed,
and the radiofrequency data were normalized wsing a wech-
nique known as “blind deconvolution,” an iterative algo-
rithm that deconvolves the catheter transfer funcdon from
the backscarter, thus accounting for catheter-to-catheter
variability (9). Geomewic and compositional dara were
obtained for every slice and expressed as mean percent for
cach component. The plaque eccentricity index (EI} was
caleulated by dividing the minimum plague thickness by the
maximum plaque thickness. Percent atheroma volume
(PAV) was defined ast EEM ., — lumen_ /EEM_ . X
100, where EEM refers to external elastic membrane.
Subsequently, we evaluated the presence of IDTCFA
lesions along the interrogated vessels, and their incidence
and characteristics were determined. Finally, the spatial
distribution of IDTCFA along the coronares was evaluated

starting from the ostium and dividing the vessel in 10-mm
segments, evaluating 2 minimal length of 30 mm.
Definition of IDTCFA. Two experienced, independent
IVUS analysts defined IDTCFA as 2 lesion fulfilling the
following criteria in at least three consecutive frames: 1}
necrotic core =10% without evident overlying fibrous tissue
(Fig. 1); and 2) PAV =40%.

‘We selected this cutoff value because TCFA lesions are

very unlikely present in segments with <40% occlusion
(10). Cross sections with non-uniform rotational distortion
artifact were cxcluded from the analysis.
Statistical analysis. Discrete variables are presented as
counts and percentages. Continuous variables are presented
as medians {25th, 75th percentile) or mean values = SD
when indicated. Pearson's chi-square or Fisher exact test,
Student ¢ test, and Wilcoxon rank-sum tests were per-
formed, as indicated. A two-sided p value of <0.05 indi-
cated statistical significance, Logistic regression analysis was
performed to identify potential predictors of the presence of
IDTCFA. Statistical analyses were performed with use of
11.5 SPSS software (SP3S Inc., Chicago, Ilinois).

RESULTS

The baseline characteristics of the patients (n = 35) we
studied arc presented in Table 1. Thirty-four (61.8%)
patients had at least one IDTCFA in the region of interest
(ROD).

The population was prospectively divided into two
groups, stable patients and padents presenting with ACS
{defined as unstable angina, non—ST-segment elevation
myocardial infarction, or ST-segment elevation myocardial
infarction).

IDTCFA incidence and predictors. Acute coronary syn-
drome patients had a significandy higher incidence of
IDTCFA than stable patients (3.0 [interquartile range
(IQR} 0.0 to 5.0] ws. 1.0 [IQOR 0.0 to0 2.8], p = 0.018).
When corrected for the length of the ROL the density of

Figure 1. Left antetior descending artery depicted by Intravascalar Ultrasound-Virnsal Histology, where calcified, fibrous, fibrolipidic, and necrotic core
regions are labeled white, preen, greenish-yellow, and red, respectively, Panel A shows an intravascular ultrasound cross-sectional area reconstructed from
backscattered signals, Panel B shows the corresponding tissue map depieting a necrotc core-rich plaque with necrotic core dssue in contact with the lumen.
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Table 1. Baseline Characteristics {n = 55)

n (%)

Age (vrs = 5D 576 £9.5
Male gender 44 (80.0)
Diabetes 5(9.1}
Hyperrension 20(364)
Current smoking 15(27.3)
Pravious smoking 14(25.5)
Hypercholesterolemia 46 (83.6)
Family history of coronary disease 30 (54.5)
Vessel

Right coronary arery 22 (40.0)

Left anterior descending 23 (41.8)

Left dircumflex 10{18.2)
Clinical presentation

Stuble 32(58.2)

Acute coronary syndrome 23(41.8)

IDTCFA remained sratistically significant (0.7 [IQR 0.0 to
L3] IDTCFA/cm vs, 0.2 [IQR 0.0 to 0.7] IDTCFA/em, p
= (1.031) {Table 2).

No relation was found between patient’s characteristics
such as gender (p = 0.917), dizbetes (p = 0.217), smoking
{p = 0.904), hypercholesterolemia (p = 0.663), hyperten-
ston {p = 0.251), or family history of coronary heart discase
(p = 0.136) and the presence of IDTCFA.
Characteristics and location. We compared the severity
(mean PAV 56,9 & 7.4% vs. 54.8 = 6.0%, p = 0.343) and
the composition {mean percent necrotic core 19.7 = 4.1%
vs, 18.1 = 3.0%, p = 0205) of IDTCFAs between ACS
and stable patients, and no significant differences were
found. Although not significantly, the left anterior descend-
ing coronary artery (LAD) (73.9% of the LADs, n = 23)
was the most frequent location, followed by the left circurn-
flex artery (LCX) (60.0% of the LCXs, n = 10) and the
right coronary artery (RCA) (50.0% of the RCAs, n = 22,
p = 0.254).

Four patients were excluded from the spatial distibution
subanalysis, three because the IVUS assessment of the ROI
was shorter than 30 mm and the last onc because the
pullback did not reach the ostium. A total of 99 IDTCFA
were present in vessels that met the aforementioned eriveria.
A clear clustering pamern was seen along the coronarics,
with 35 (35.4%), 31 (31.3%), 19 (19.2%), and 14 (14.1%)
IDTCFAs in the first 10 mm, 11 to 20 mm, 21 to 30 mm,
and =31 mm segments, respectively, p = 0.008 (Fig. 2).
The results showed a clear clustering pattern of the lesions
along the coronaries, with 66 (66.7%) IDTCFA, located in

Total lesions =99
p=0.008

354 %

Percent

0-10 11-26 21-30 =31

Distance from the ostium (mm)

Figure 2. Bar graphs illustrating the frequency of inmavaseular ultrasound-
derived thin-cap fibroatheroma (IDTFCA) starting from the ostium,
the first 20 mm, whercas further along the wvessels the
incidence was significantly lower (33, 33.3%, p = 0.008).

DISCUSSION

Post-mortem observations have documented several char-
acteristic histological partems that are substrates for sudden
death refated to epicardial coronary occlusion, of which the
most common is TCFA (5,11,12). The same studies have
demonstrated that plaque rupture at TCFAs may also occur
without clinical consequences. The ability to identify TCFA
in padents would both help clarlfy the natural history of
TCFA and provide the means to assess the effects of
pharmacological, or other, intervention.

Until recently, no technique could identify TCFA in vivo.

However, spectral analysis of IVUS radiofrequency (TVUS-VH)
data has demonstrated potential o provide detailed quan-
titative information both on overall plaque composition and
on the anatomic relaton of specific plague components to
the lumen of the vessel, and it has been validated in studies
of explanted human coronary segments (8).
IDTCFA definition. It is well established thar tissue
shrinkage occurs during tissue fivation (13). Shrinkage of up
to 60%, 15%, and 80% can occur during critical-point
drying, free drying, and air drying, respectively (14). Fur-
thermore, postmortem contraction of arteries is an addi-
tional confounding factor (15).

Although the most accepted threshold to define a cap as
“thin” has been set at 65 um (16), a number of important

Table 2. Incidence and Characteristics of IDTCFA Lesions in Stable and ACS Patents

Length of ROI IDTCFA IDTCFA/em % PAV % NC El
Stable (n = 32) 3541 %116 1.6(0.0,2.8) 0.2 (0.0,0.7) 548 £ 6.0 181 %30 023 =01
ACS (o= 23) 3390 =150 3.0 (0.8, 5.0) 0.7 (0.0,1.3) 56874 197 241 0.27x0.2
p value 0.684 0.018 joXexs| 0343 0.205 0.35

Continuous variables wre presented as medians (25th, 75th percentile] or mean values = SD when indicared.

ACS = acute coronicy syndrome; EI = plaque cecentricity index (defined ax minimumn plaque thickness divided by mmdmum plague thicknes); IDTCFA = intravascular
ultrasound-derived thin-cap fibroatheroms; % PAV = percent atheroma volume (defined as EEM,,.,, — lumen,  /EEM,,., % 100, where EEM refers to mxernal elastic
membranc); ROT = region of interest; % NC = percent necrotic core of the croms-secrional arca,
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Chapter 5.2

ex vivo studies have used higher (=200 um) thresholds
(4,17,18). Indeed, one of these studies identified a mean cap
thickness of 260 and 360 pm for “vulnerable” and “non-
valnerable” plaques, respectively (18). Because the adal
resolution of IVUS-VH is berween 100 to 150 pm, we
assumed that the absence of visible fibrous tissue overlying a
necrotic core suggested a cap thickness of below 100 to 150 um
and used the absence of such tissue to define a thin fibrous
cap (19). Figure 1 depicts a typical example of IDTCFAL
Incidence, charactenistics, and distibution of IDTCFA. The
major findings of our study were first that IVUS-VH
findings, compatible with IDTCFA, were common in
non-culprit lesions of patients undergoing pereutancous
intervention in another vessel. Second, the prevalence of
IDTCFA was significandy higher in patients who presented
with ACS compared to stable patients. In addition, the
distribution of IDTCFA lesions along the coronary vessels
was clearly clustered. Finally, we found no significant
correlation between the presence of conventional risk factors
and the occurrence of IDTCFA.

In vivo studies established thar a multifocal instability
process is present in ACS (20,21). Rioufol et . (20) found
at least one plague rupture remote from the culprit lesion in
80% of patients and from the culprit artery in 71% of
patients (20). The significantly higher prevalence of
IDTCFA in non-culprit coronaries of patients presenting
with an ACS supports the theory that holds ACS as
multifocal processes.

The distribution of the IDTCFA in the coronaries was in
line with previous ex vivo and clinical studies, with a clear
clustering pattern from the ostium, thus supporting the
non-uniform distribution of vulnersble plaques along the
coronary tree (22,23). Of note, the mean PAV and the mean
necrotic core percentage of the JDTCFAs detected by
IVUS-VH were also similar to previously reported his-
topathological data (55.9% vs. 59.6% and 1%% vs. 23%,
respectively) (10).

The large number of high-risk plaques found throughout
the coronary trec by mecans of angiography, angioscopy,
IVUS, and palpography, in addition to the unpredictability
of the natural history of such lesions and the uncertainty
about whether vulnerable plaque characteristics will subse-
quently lead to fatal or non-fatal ischemic events, sugpests
that potential Jocal preventive strategies could not be cost-
effective (12,20,21,24.25). On the contrary, a systemic
“plaque stabilization” approach including stating and
angiotensin-converting enzyme inhibitors could be capable
of “cooling-down” the inflammarory burden.

To our knowledge, this is the fizst study to derect in vivo
the presence of an IVUS surrogate of TCFA. This novel
intravascular diagnostic tool could potentially aid the assess-
ment of the cffect of antiatherosclerotic drugs, and allow a
more comprehensive pathophysiclogic appreach towards
natural history studies.

Study limitations. The present was an observational study
where we evaluared only one coronary artery per patient.
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The inferior axial resolution of IVUS-VH in comparison to
histology could influence our results. This study does not
directly assess the incremental value of IVUS-VH over
visual identification of plaque characterization, The main
finding of the study (IDTCFA) is only a sarrogate of a
histopathological finding. Besides, the lack of a direct
comparison between JVUS-VH and histopathelogy renders
our cbservation to some extent only exploratory. Accord-
ingly, interpretation of our findings must be cautious.
Prospective studies are needed in order to evaluate the
prognostic value and natural history of such finding. The
seemingly high prevalence of IDTCFA. in comparison with
histopathological studics is mainly driven by the sampling
lirnitation of such studies and has previcusly been acknowl-
cdged (26),

Conclusions. In this in vivo study, TVUS-VH identified
IDTCFA as a more prevalent finding in ACS than in stable
angina patients. Prospective studies are needed in order to
evaluate the prognostic value of such finding in natural
history studies.

Reprint requests and correspondence: Dr. Parick W. Serruys,
Thoraxcenter, Bd406, Dr. Molewaterplein 40, 3015-GD Rotter-
dam, the Netherlands, E-mail; p.w.j.c.serruys@grasmusme.nl,
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KEYWORDS . Afms To compare the global characteristics of patients with and without evidence of plaque rupture {PR)
Plaque rupture; - in their coronary tree and to evaluate the phenotype of ruptured plaques using intravascular altrasound
{itrasoncgraphys (IVUS) radiofrequency data analysis (IVUS-VH).

Atherosclerests: . Methods and results Forty patients underwent three-vessel IVUS-VH interrogation. Twenty-eight PRs

Vulnerable plaque ks were diagnosed in 26 vessels (25.7% of the vessels studied) of 20 patients (50% of the population).
Ruptures located in the left anterior descending were clustéred in the proxdmal part of the vessel,
whereas ruptures located in the right coronary artery were more distatly located (P = 0.,02). Patients
with at least one PR presented larger body mass index (BMI) (28.4 = 3.7 vs, 25.8 = 2.6 kg,’mz.
P=0.01}) and plaque burden (40.7 £+ 7.6 vs. 33.7 = 8.4%, P=0.01) than patients without rupture,
despite showing similar lumen cross-sectional area (9.6 + 3.3 vs. 9.2 £ 2.3 mm?, P=0.60}. Among
current smokers, 66.7% presented a PR in their coronary tree. Finally, PR sites showed a higher
content of necrotic core compared with minimum lumen area sites {17.48 4 10.8 vs, 13.140 & 6.5%,
P =0.03) and a trend tewards higher calcified component.

Conclusion Patients with at least one PR in their corenary tree presented larger BMI and worse 1VUS-
derived characteristics compared with patients without PR,

Intreduction In turn, spectral analysis of IVUS radiofrequency data has
demonstrated improved accuracy for tissue characteriz-
ation,'? Besides, to date, no study has reported the global
burden of the disease and its relationship with PR by
means of IVUS.

The purposé of our study was two-fold: first, to compare
the global characteristics of patients with and without evi-
dence of PRin their coronary tree, and secondly, to evaluate
the phenotype of ruptured against non-ruptured plaques
using IVUS radiofrequency data analysis {IVUS-VH).

It has been established that corcnary plaque rupture (PR) is
the cause of death in a large proportion of sudden coronary
death patients.’ Despite its pre-conceived dire prognosis,
retrospective  studies have determined that PR is a
commen finding in both coronary and non-coronary sudden
death patients."® In addition, clinically silent PR has been
identified as a cause of plague progression.>* The fate of
a given atherosclerotic plague is thus linked not only to its
severity but also to its histological composition, and the
presence of a rich necrotic core has been consistently
related to plaque fissuring.>*®

Methods
Intravascutar ultrasound {IVUS} has been largely demon-

strated to be an accurate diagnostic tool able to provide a
high resolution, real-time, tomegraphic view of the coronary
arteries. As such, several studies have portrayed the preva-
lence of PR in living patients by means of ivUS.7® [vU$ has,
though, a suboptimal predictive vatue tc estimate the com-
position of coronary arteries, particularly of lipid deposits.®

* Corresponding author. Tel: +31 10 4635260 fax: +31 10 4369154,
E-mait address: p.w.j.c.sorruys@erasmusme.nl

Patients

In this single-centre, investigators-driven, observational, prospec-
tive study, patients referred to our institution for elective or
urgent PCl with the absence of extensive calcification, severe
vessel tortuosity and haemodynamic instability and with suitable
anatomy underwent IVUS interrogation of the three main epigardiat
coronary arteries. The patients included in this study, are part of
published (18i5-1)"" and unpublished {L3CO, BETAX) meno-centre
studies conducted at our centre.
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Chapter 5.3

Patients with stable angina, unstable angina, and acute myocar-
dial infarction (Mi) were inciuded. M| was diagnosed by an increase
in the creatine kinase M8 level to more than two-fold the normal
timit. Acute coromary syndrome {(ACS) patients encompassed
patients presenting with unstable angina, non-ST-segment elevation
Mi, or ST-segment elevation M. The institutien’s Ethics Committee
approved the study protocel, which complies with the Declaration
of Helsinki, and written informed consent was obtained from all
patients.

Intravascular ultrasound

IVUS acquisition

The VUS catheters used were commereially available mechanical
and electronical catheters (Ultracross™ 30 MHz catheter, Boston
Scientific, Santa Clara, USA; Eagle Eye™ 20 MHz catheter, Volcano
Corporation, Rancho Cordova, USA). After administration of intra-
coronary nitrates, the IVUS catheter was introduced up to the
distal coronary bed of the three coronary vessels. IVUS was aimed
to be performed prior to any intervention. Using an automated pull-
back device, the transducer was withdrawn at a continuous speed of
0.5 mm/s until the ostium was seen. Cine runs, before and during
contrast injection, were performed to define the position of the
WUS catheter before the puliback was started. IVUS-VH (Volcano
Corporation) acguisition was ECG-gated using a dedicated console
{Volcano Corporation), IVUS-VH data were stored on CD-ROM/DVD
and sent to the imaging core lab for offline analysis.

IVUS-VH analysis

IVUS B-mode mages were reconstructed from the RF data by
customized software, and contour detection was perfarmed using
cross-sectional views with a semi-automatic conteur detection soft-
ware to provide geometrical and comgositional output (Ivusiab 3.0
for 30 MHz acquisitions and Ivuslab 4.4 for 20 MHz acquisitions,
respectively; Volcano Corporation). The RF data were normatized
using a technique known as ‘Blind Deconveolution’, an iterative
atgerithm that deconvolves the catheter transfer function from the
backscatter, thus accounting for catheter-to-catheter variablity, !

Details regarding the validation of IVUS-VH on explanted human
coronary segments have previously been reported,’® Briefty,
IVUS-VH uses spectral analysis of IVUS radiofrequency data to con-
struct tissue maps that classify plague into four major compenents.
In preliminary in vitro studies, four histological plaque components
(fibrous, fibrelipidic, necrotic core, and caleium) were correlated
with a specific spectrum of the radiofrequency signal.’® These
different plaque components were assigned colour codes,
Calcified, fibrous, fibrolipidic, and necrotic core regions were
labelied white, green, greenish-yellow, and red, respectively,

The contours of the external elastic membrane {EEM) and the
lumen-intima interface enclosed an area that was defined as the
coronary plaque plus media area. Plaque burden was calculated as
[{EEMapen ~ lumenyeea/ EEMea) x 1001, Following a  previousty
reported classification, PR was defined as a ruptured capsule with
an underlylng cavity (Figure 1) or plaque excavation by atheroma-
tous extrusion with no visible capsule.”® Rupture sites separated
by at least 5 mm length of rupture-free vessel were considered as
different ruptures. Screening for diagnosis of a PR required the inde-
pendent review and agreement between two experienced IVUS
observers {G.AR.-G. and H.M.G.-G.), who had ne knowledse
about demographical data of the patients. Disagreement was
solved by consensus between the observers. Lumen contour detec-
tion at the rupture site was performed following the intima-lumen
interface, excluding the rupture cavity from the plaque cross-
sectional area {C5A) calculation, Absolute geometrical data and
absolute and relative compositional data were obtained for each
CSA and an average was calculated for each coronary and for the
total coronary tree. Finally, measurements were calculated in
CSAs meeting criteria of PR and at the site of the minimum lumen
area {MLA),
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Figure 1 Threewessel imaging using IVUS-VH (where calcified tissue is
labelled as white, fibrous as green, flbrolipidic tissue as greenish-yeliow,
and necrotic core as red) n a 57-year-old male presenting with unstable
angina. PR in the ostial LAD (LAD a). The underlying substrate of the cavity
i5 rch i necrotic-core {red) and calclum {white), whereas the thrombus
has migrated distally (LAD ¢, asterisk).

As pre-specified subanalysis, we compared the different geo-
metrical and compositional characteristics of the three main epicar-
dial coronaries. In addition, the difference between culprit/target
and non-culprit/non-target vessels was assessed.

Statistical analysis

Discrete varfables are presented as counts and percentages.
Continucus varfables are presented as means + 5D or medians
(25th, 75th pereentile) when indicated. On the basis of previous his-
topathological findings showing that ruptured plaques presented 34%
of necrotic core, 10% more than non-ruptured plagues,’ we caleu-
lated a sample size of 36 subjects to achieve a power of 80% to
detect a true difference in population means, considering a type |
error of 0.05 {two-sided) and a within group standard deviation of 15.

Comparisons between groups were performed using paired and
independent Student's £-test, of x* tests as indicated. For variables
with a nor-normal distribution, we used Kruskal-Wallis or Wilcoxon
signed rarks tests as indicated. A two-sided P-value of less than
0.05 indicated statistical significance. Statistical analyses were per-
formed with the use of SPSS software, version 13.0 (Chicago, 1L, USA).

Results
Patients

Forty-six patients were included in the study protocol.
Subsequently, six patients were exciuded from the finat
anatysis due to the absence of coronary plague outside the
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stented segment in ong patient, and bad quality acquisition
owed to non-continuous pullback in five patients.
Accordingly, 40 non-consecutive patients were prospectively
included in the study. IVUS interrogation of the three main
coronaries was attempted in all patients. Two-vessel iVUS
interrogation was achieved in all patients and three-vessel
IVUS imaging was achieved in 31 (77.5%} cases. Five
vessels were excluded from the analysis due to the lack of
a diseased non-stented segment. Patient characteristics
are provided in Table 7. The mean age was 55.7 + 11.0
vears. Twenty-nine {72.5%) patients were male. There was
a low prevalence (10.0%) of diabetes. Thirteen (32.5%)
patients presented with stable angina (SA), 12 (30.0%}
with unstable angina, and 15 (37.5%) with AML. The global
geometrical and compositional characteristics of the coro-
nary tree are presented in Table 1.

PR: prevalence and location

Twenty-eight PRs were diagnosed in 26 vessels (25.7% of the
vessels studied) of Z0 patients (30% of the population).
Sixteen (59.3%) ACS patients presented at least one PR in

Table 1 Baseline characteristics and average IVUS parameters
(n = 40}
: n (%)

Age (years + 5D) 55.7 + 11,0
Male sex 29 {72.5)
Diabetes 4 {10.0)
Hypertension 17 (42.5)
Current smoking 15 (37.5)
Previgus smoking 6 (15.0)
Hypercholesterolaemia 20 (50,0}
Farnily histery of coronary disease 19 (47.5)
Height {cm + 50) 1745 4 9.2
Weight (kg + 50) 82.8 4+ 14.0
BMI (kg/m? + SD) 7.1+ 34
LOL (mmol/L £ 50) 270+ 0.7
HOL (mmot/L % 50} 1.20 4+ 0.5
Clinical presentation

SA 13 (32.5)

Unstable angina 12 (30.0)

Acute Ml 15 (37.5)

IVUS-VH measurements
Analysed length (mm)”
Geometrical parameters

46,9 (33.9-59.8)

Lumen CSA (mm* + $0) 9.4+ 2.8
Vessel CSA (mr? 4 5D) 15,1 + 4.8
Plaque CSA {mm® + SD) 58427
Plague max. thickness (mm = 5D) 0.9 +0.2
Plaque burden (% + 3D) 372 +8.7

Compositional parameters
Caleium CSA fmm? + SD)
Calciurm (% + 50)

Fibrous CSA (mm? + 5D}
Fibrous (% + SD}

Fibrolipidic CSA {mm? + SD)
Fibrolipidic (% 4 SD)

Necroti¢ core CSA {mm? + 50)
Necrotic core (% + 5D)

0.07 (0.03-0.14)
2.30 {1.45-2.53)
1.53 (0.81-2.11)
57,84 (52.3-64.5)
0.45 (0.26-0.77)
17.56 (13.9-21.9)
0,26 (0.15-0.42)
10.13 (6.2-12.6)

Diserete variables are presented as counts and percentages. Continuous
variables are presented as means + S0 or medians (25th, 75th percentile)
when indicated.

*The average analysed length per coronary.

their coronary tree, whereas such finding was observed in
four (30.8%) stable patients. The tear was located in the
shoulder of the plague in 18 {64.3%) cases and in the
centre of the plague in 10 (35,7%) cases.

Ruptures were located in the left anterior descending
(LAD) artery in 13 cases (34.2%), in the left circumflex
(LCx) in seven cases (21.2%), and in the right coronary
artery {RCA) in eight{ cases (24.2%). Ruptures located in
the LAD were clustergd in the proximal part of the vessel
[median mm from the ostium {interquartile range, IQR):
14,16 (8.5-26.5)], ruptures located in the LCx were widely
distributed [median (IQR): 21.9 (5.7-35.5)], and ruptures
in the RCA were more distally located [median (IQR): 38.8
{28.8-60.0)]. PRs were located at the MLA in six cases
{21.4%), proximal to the MLA in nine cases (32.1%) and
distal to the MLA in 11 cases (39.3%). The MLA could not
be identified accurately in two (7.1%) Gases due to the pre-
sence of diffuse disease. Six (28.6%) of the culprit vessels of
ACS contained a PR, whereas such finding was present in 16
(31.4%) of non-culprit vessels.

Multiple PR was present in six ACS patients (22% of all ACS
patients). No multiple PR was identified in stable patients.
Two patients presented two different ruptures in the same
vessel.

PR: demographical and IVUS-derived
characteristics

Table 2 depicts the demegraphical characteristics and the
{VUS-VH measurements of patients with and without the
presence of PR in their coromary tree, Body mass index
(BM1) was significantly higher in patients with rupture
(28.4 + 3.7 vs. 25.8+ 2.6ke/m?, P=0.01). Of note,
66.7% of current smokers presented a ruptured plague in
their coronary tree,

Patients with ruptured plaques in their coronary tree had
globally more severe disease (plague burden 40.7 + 7.6 vs.
33.7 + 8.4%, P=0.01) (Table 2).

Finally, PR sites showed z higher relative content of
necrotic core compared with MLA sites (16.7, 7.9-26.5 vs.
11.8, 8.4-17.1%, P=0.03) {Table 3).

Differences between coronaries and culprit vs,
non-culprit lesions

The LAD presented more severe plaques (plaque burden; LAD
42.2 4 9.9vs, LEx 33,17 + 9.2% vs. RCA 33.96 - 10.3), more
calcified plagues (LAD 3.15; 1.74-4.91 vs. LCx 2.10;
1.17-3.79 vs. RCA 1.49; 0.39-2.53%), and showed larger
necrotic core content {LAD 11.68; 5.3-15.8 vs. LCx 7.71;
4.15-13.6 vs. RCA 9.18; 3.87-13.3%) of plaques compared
with the LCx and the RCA, respectively (Table 4}.

There were no significant differences in IVUS-VH measure-
ments between SA {n=13) and ACS (n=27) patients.
IVLJS-VH parameters other than mean plaque burden
(40,62 = 10.7 % vs, 35.26 £ 10.2 %, P=0.02) did not differ
significantly between culprit/target and non-culprit/non-
target vessels. Furthermore, in ACS patients, geometrical
and compositional characteristics did not differ significantly
between culprit and non-culprit vessels, only shewing trends
for targer plaque burden (39,39 + 10.0 vs. 34.60 4 10.0%,
P=0.07) and relative necrotic core content (12.16;
5.4-16.6 vs, 9.66; 5.2-13.8%, P = 0.17) in culprit vessels.
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Table 2 Demographical characteristics and (VUS-derived of patients with and without the presence of PR

Rupture {n == 20) No rupture (7= 20) P-value
Age {years + 50) 53.0 4+ 11.4 58.5 £ 10.1 0.12
BMI (kg/m* - SD) 28.4 + 3.7 25.8 4 2.6 0.01
Sex
Male (% within RF) 17 (58.6) 12 (41.4) 0.08
Female % within RF) 3(27.3) [ X eray)
Diabetes (% within RF} 2(50.0 2 150.0) 0.9%
Hypertension (% within RF) 10 {58.8) 7 (4.2} 0.34
Current smoking (% within RF) 10 {66.7} 5 (33.3) 0.09
Hypercholesterolemia (¥ within RF} 11 (55.0} 9 (45.0) 0.53
Family history of ¢oronary discase 8 (42.1) 11 (57.9) 0.34
(% within RF}
LDL {mmol/L £ 5D} 272+ 0.5 2.6 £ 0.9 0.92
HDL (mmol/L £ 5D) 1.19 £ 0.6 1.27 = 0.3 0.91
Clinical presentation
SA 4 (30.8) 9 (69.2) 0.09°
ACS 16 (59.3) 11 (40.7)
VUS-VH meagsurements
Geometrical parameters
Lumen CSA (mm?) 9.6 +3.3 9.2+2.3 0.60
Vessel CSA (mm®) 16.9 + 6.0 13.8 +2.7 0.08
Plague CSA (mm*) 6.9 £33 4,64 1.4 0.01
Plague max. thickness {mmy} 1.0+ 0.2 0.8+0.2 0.02
Plaque burden {¥%) 40.7 + 7.6 33.7+ 84 0.01
Compositional parameters
Caleium CSA (mm?) 0.09 (0.06-0.18) 6.04 (0.02-0.11} 0.01
Caleium (%) 2.53 (2.09-3.53) 2.06 {0.67-3.58) 0.14
Fibrous CSA (mm?) 1.94 {1.31-3.49) 1.00 (0.70-1.68) 0.003
Fibrous (%) £2.3 {55.964.8) 54,2 (47.0-63.8) 0.04
Fibrolipidic C5A (mm?) 0.58 (0.34-1.08) 0.34 (0.22-0.55) 0.03
Fibrolipidic (%) 17.8 (15.0-22.9) 18.9 (12.8-21.%} 0.95
Necrotic core CSA (mm?) 0.30 (£.22-0.51} 0.22 (0.06-0.37) 002
MNecrotic core (%) 10.74 {(7.7-12.5} 9.22 (4,1-13.02) 0.26

Values are expressed as means 4 5D,

“Across groups. Comparkans between groups were performed using independent Student’s t-test, ¥* or Kruskalt-Wallis test -
as indicated,

Table 3 Focal characteristics of ruptured plaques and MLA controls (n = 28)

Rupture site MLA site P-value
Geometrical parameters
Lumen CSA {mm?) 9.47 + 6.3 6.76 + 4.2 <0.001
Vessel CSA (mm?) 19.09 £ 9.3 19.15 % 9.8 0.95
Plaque CSA (mm?} 9.63 & 4.2 12.38 + 6.9 0.01
Plague max. thickness (mm} 1.38 4+ 0.3 1.71 £ 0.5 0.002
Plagque burden (%) 51.32 + 10.6 64.06 4 10.1 <0.001
Compositional parameters”
Caleium CSA (mm™) 0.25 {(0.05-0.55) (.27 (0.05-0.49) 0.50
Caleium (%) 4.75 (1.22-7.83) 297 (0.87-7.18) 0.14
Fibrous CSA (mm?) 3.65 (1.67-5.67) 4,09 (3.18-6.89) 0.008
Fibrous (%) 60.3 (50.1-67.9) 58,3 (55.6-66.2) 0.53
Fitrolipidic CSA (mm?) 0.94 (0.40-1.82} 1,40 {0.93-3.25) 0.001
Fibrolipidic (%) 15.4 (10.9-22.6) 20.5 (13.5-28.6) 0.005
Necrotic core CSA {mm?) 0.83 (0.41-1.52) 0.92 (0.54-1,64) 0.35
Necrotic core (%} 16,7 (7.9-26.5) 11.8 (8.4-17.1), 0.02

alues are expressed in means & SD or median (IQR) a5 indicated, Comparksons between groups were
performed using patred Student’s t-test and Wilcoxon signed ranks test.
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Table 4 Differences between the corenaries {# = 101)

LAD (r=137) LCx {n = 32) RCA (p =32}
Analysed tength (mm £ 5D) 4237 +17.7 48.85 & 20.9 51.76 £ 16.6
Geometrical parameters
Lumen CSA (mm?) 8.53 4 2.6 9,26 £3.2 11.07 < 4.6
Vessel CSA (mm?) 14.94 + 4.6 14,18 = 5.6 16.87 + 6.8
Plague €SA (mm?} 6,43+ 2.8 492 £3.2 5.74 4+ 3.0
Plague max. thickness (mm) 1.05 £ 0.3 0.84 + 0.3 0.85 £ 0.3
Plaque burden (%} 422+ %9 3317 +9.2 33.96 + 10.3

Compositional parameters
Calcium CSA (mm?)

Calcium (%} 315 (1.74-4.97)
Fibrous CSA {mm?) 1.82 (1.12-3.13)
Fibrous (%) 62.1 (54,0-68.2)

Fibrotipidic CSA (mm?)
Fibrolipidic (%}

Necrotic core C5A (mm?)
Negrotic core (%)

0.11 {0.04-0,22)

0.52 (0.30-1.01)
17.6 (12.8-23.0)
0.28 (0.19-0.57)
11.68 {5.3-15.8}

0.05 {0.02-0.14)
2,18 (1.17-3.79)
0,90 (0.59-1.55)
56.5 {42.5-66.0)
0.31 {0.16-0.49)
15.2 (12.7-21.0)
0.14 (0.07-0.30}
7.71 (4.15-13.6)

0.04 (0.01-0.09)
1.49 (0.39-2.53)
1.12 (D.68-2.52)
59.5 (52.2-68.0)
0.34 (0.18-0.83)
18.6 (13.5-23.8)
0.21 (0.05-0.38)
9,18 (3.87-13.3)

Values are expressed in means + 50 or median (QR} a5 indicated.

Discussion

Several histopathological and, more recently, IVUS studies
have described the distinctive morphological features
present in PR sites, Nevertheless, none has prospectively
compared the clinical and VUS-derived characteristics of
patients with and without the presence of PR in their coro-
nary tree.

In the present prospective three-vessel IVUS study,
patients with at least one PR in their coronary tree
presented larger BMI and overall worse [VUS-derived (geo-
metrical and compositional) characteristics compared with
patients without evidence of PR, in addition, PR sites had
a worse phenotype than the MLA sites of the same vessels.

Coronary PR is the ultimate consequence of the progressive
accumulation of lipid-rich atherosma and fibrous cap thinning,
commonly involving  haemodynamically non-significant
lesions.'> For decades, the corcllary of such event has been
deemed an acute occlusion of the correspending artery with
the subsequent ACS and its inherent dire prognosis. Ex vivo
studies have challenged such concept by providing evidence
that subclinical rupture is not rare in sudden death patients.”*
Furthermore, recent ivUS studies have reported a prevalence
of PR of 20~30% in 3A patients.”">* In agreement with such
previous reports, we identified PR in 30.8% of SA patients,
whereas 59.3% of the ACS patients presented PR.

Patients with at {east one PR in their coronary tree (50% of
the population) showed a larger BMI and were more likely
current smokers. These findings have a physiopathological
basis because both high body weight'® and smoking'® are
associated with an increase in the expression of matrix-
metatloproteinases, enzymes involved in the collagen break-
down of fibrous caps.”” Patients with PR also showed more
severe burden of the disease and larger calcium, fibrous,
and necrotic content of plaques than patients without
rupture,

Several studies showed increased inflammatory marker
levels, larger lipid cores, and pronounced medial thinning
in positive remodelled vessels.'®-2°

Our study extends those earlier findings and establishes a
{ink between PR and coronary remodeiling. Despite larger

mean plague CSAs, patients with the presence of at least
one PR in their coronary tree showed similar tumen CSas.
The lack of lumen encroachment despite a significant
increase in plaque burden was probably driven by a positive
remodelling phenomenon, clearly shown as a significant
increase in vessel CSA.

At site-specific locations, ruptured sites showed an overall
waorse phenotype than MLA sites. in particular, ruptured sites
showed a higher necrotic core content {16.7: 7.9-26.5 vs.
11.8; 8.4-17.1%, P =0.03}. These results were in {ine with
histopathologicat findings supporting the role of the athero-
matous core as the most thrombogenic component of ather-
osclerotic plaques.21 Of interest, and in agreement with
Farb et al.2® who frequently found calcium in ruptured
plaques, ruptured sites showed a larger calcium content
than the MLA sites and the overall pepulation.

It is noteworthy yet confirmatory of a previous ex vive
study® that there was no significant difference in plaque
composition between culprit and non-culprit vessels, sup-
porting the validity of the interrogation of a single vessel
to estimate the global burden of the disease.?
Nevertheless, several differences were detected between
the three major epicardial arteries. Interestingly, the LAD
showed more severe lesions and a worse phenotype than
the LCx and RCA. In addition, ruptures located in the LAD
were clustered in the proximal part of the vessel, ruptures
located in the RCA were more distally located, and ruptures
in the LCx showed no apparent site specificity. A recent [VUS
study found a similar distribution throughout the coronary
tree.” Overall, these findings might potentially explain
the higher re-stenosis rates seen in the LAD, particularly in
the proximai LAD, compared with the LCx and RCA,
respectively.?

Clinical and ex vivo studies have conclusively established
that there is commonly a delay between the rupture of a
plaque and its clinical consequence, if any.™%*® Indeed,
Rittersma et af.2® have recently studied thrombectomy
material of STEMI patients and found that 51% of the
patients had day-to-week-old thrombotic  material,
Thrombotic occlusion of a vessel seems to be an episodic
event® and the underlying prevailing compasition of the
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cavity (Figure 1) might potentially have a prognostic value in
identifying plaques at higher risk of ecclusion. Large pro-
spective studies using VUS-VH might shed light into this
question.

Limitations

All analyses and comparisons performed in the present
manuscript beyond the assessment of the necrotic core
content in ruptured vs. non-ruptured plaques should be
regarded as exploratory and hypothesis-generating because
we cannot rule out the possibitity that inflation of type |
error due to multiple comparisons may have confounded
our results. The relatively small population included may
limit this study. Small ruptures, ruptures masked by over-
lying thrombus and the lack of assessment of minor branches
may lead to an underestimation of the prevalence of such
finding. Finally, prioritizing patient’s safety, the decision
to perform pre-intervention and three-vessel IVUS was
at the discretion of the operator, potentially inducing a
selection bias.

Conclusions

The present study extends earlier findings about the preva-
lence, distribution, and morphology of PR in the coronary
tree. In this prospective three-vessel IVUS study, patients
with at least one PR in their coronary tree had larger BMI
and overall worse IVUS-derived characteristics compared
with patients without evidence of PR. In addition, PR sites
had a worse phenotype than the MLA sites of the same
vessels.
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Isolated ventricular non-compaction with restrictive cardiomyopathy
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A 42-year-old man with chrenic
heart failure and permanent
atriat fibrillation was referred to
our cardiclogy institute for diag-
nostic assessment and therapy.
The patient denied any known
family history of heart disease,
No clinical/echocardicgraphic sign
of heart disease was detected
among living first-degree rela-
tives. Atrial  fibrillation and
progressively worsening  effort
dyspnoea had started at age 25.
Physical  examination  showed
moderate bilateral leg oedema,
marked hepatornegaly, and raised
jugular venous pressure and
gallop rhythm. ECG showed atrial
fibrillation  with right bundle
branch block and left anterior
hemiblock. Cardiomegaly and
chroni¢ interstitial {ung oedema
were apparent on chest X-ray,
Echocardiography revealed a
normally sized, mildly hypekinetic
left ventricle (ejection fraction =
45%) and an enlarged, mildly
hypokinetic  right  ventricle,
accompanied by massive right
and left atrial enlargement and
severe tricuspid  regurgitation.
The apical portions of both ventricles had a coarsely trabeculated, spongy appearance suggestive of non-compaction (Panel A).
E-wave deceleration time was abnormaily shortened in the echo-Doppler profile at transmitral level (Panel B). Coronary arteries
were normal at angiography. At the right heart catheterization, restrictive physiology was evident (Panel C}, Pulmonary artery pressures
were 40/20/22 mmHg; mean pulmonary capillary wedge and right atrial pressures were 22 and 15 mmHg, respectively; cardiac index
was 2.1 L/min/m®. The patient was submitted to heart transplantation, which was successfully performed. The explanted heart
{Panel D) provided definitive confirmation of biventricular non-compaction and restrictive cardiomyopathy {without signs of infiltrating
myocardial diseases or desmin accumulation). Ventricular non-compaction has been shown to occur in the context of congenital
anomalies, otherwise normal hearts or, most often, dilated cardiomyopathy, To our knowledge, the present case provides the first
documentation of (bi)ventricular non-compaction in the context of a restrictive cardiomyepathy. This observation is in line with the
concept that isolated ventricular non-compaction is more likely to be a morpholegical trait that can be found within different types
of cardiomyopathy rather than a distinct cardiomyopathy,

Panel A. Two-dimensianal echocardiography in four-chamber view shows huge biatrial dilation, a normally sized left ventricle, and a
moderately enlarged right ventricle. The apical portions of both ventricles have a coarsely trabeculated, spongy appearance, suggestive
of ventricular non-compaction.

Panel B. Transmitral echo-Doppler profile indicates very short deceleration time, suggesting restrictive physiology.

Panel C. Right ventricular catheterization trace (bottom) shows "square-root’ marphology in the diastolic portion of the curve
accompanied by protodiastelic pressure above zero, confirming restrictive physiology,

Panel D, Macroscopic longitudinal section of the explanted heart (lacking the upper portion of the atrial cuff) clearly shows biven-
tricular non-compaction with coarse apical trabeculation and deep inter-trabecular recesses, The non-compacted portions of both ven-
trictes are predominant, drastically limiting cavity volumes. The histological detail (inset) after Mallory's trichrome staining additionally
shows mild fibrotic endocardial thickening and moderate interstitial fibrosis,
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Objective: To assess the petential relafion between plaque compaesition and vascular remodelling by using
spectral andlysis of intravescular ultrasound [(VUS} rediofrequency data.

Methods and results: 41 coroncry vessels with noa-significant [< 50% diameter stenosis by
angiographyl, < 20 mm, non-cstic] lesicns located in non-culprit vessels underwent IVUS interrogation,
IVUS rodicfrequency data obtained with o 30 MHz cotheter, were anclysed with IVUS virtual histology
software. A remodelling index (RI) was caleulated and divided into three groups. Lesions with Rl = 1.05
were considered fo have posifive remodelling ond lesions with R = 0.95 were considered to have
negotive remodelling. Lesions with R = 1.05 had a significently larger lipid core than lesions with RI
0.96-1.04 and R < 0,95 (22,1 (4.3} v 15.1 (7.6) v 6.6 [6.9), p < 0.0001). A posifive correlation
between lipid core and Rl {r = 0.83, p < 0.0001} and an inverse correlafion between fibrous fissue and
Rl {r = —0.45, p = 0.003) were also significant. All of the positively remodelled lesions were thin cap
fibroatherema or Fibroatheromatous lesions, whereas negatively remedelled lesions had a more stoble
phenotype, with 64% having pathological intimel thickening, 29% being fibrocalcifie lesions, and enly 7%
fibrogtheromatous lesions (p < C.0001).

Conclusions: In this study, in vivo plaque composition and morphclogy assessed by spectral anclysis of

compensatory enlargement of the coronary arteries

in response to an increase in plaque arca. This concept
has further evolved into a dynamic theory whercby vessels
may also shrink In response to plaque growth® This
remodelling modality has been relared to a more stable
phenotype and clinical presentation,™ wherecas  several
studics showed an increase in inflammatory marker con-
centrations, larger lipid cores, and pronounced medial
thinning in positively remodelled vessels* 7

Recently, retrospective pathological studies have identified
morphological and compositional features characteristic of
plaque rupture*” This has led to a new classification of
coronary lesions that more comprehensively illustrates
plaque progression,”

Grey scale intravascular ultrasound (IVUS) is of limited
vilue for identification of specilic plague components.'®
However, spectral anmalysis of IVUS radiofrequency data
(IVUS wvirtual histology (VH)} has the potential to provide
detailed quantitatve information on plaque composition and
has been validated in explanted human coronary segments.'!

Inn this study, we sought to evaluate in vive the relation
between plaque composition and coronary artery remodelling
by using ultrasound radiofrequency data analysis. In addi-
tion, we classified lesions with respect to their morphology
and evaluated the potential relation between lesion type and
coronary remodelling.”

Glagov ¢f al' described vascular remodelling as a

METHODS

Patients

Forty one conscoutive patients were retrospectively selected
after screening a 54 patient database where non-cuiprit.
angiographically non-obstructive (<50%), < 20 mm, non-
ostial lesions were investigated with IVUS, Patients were
excluded if they had diffusely diseased vessels or lacked a

IVUS radiofrequency data were related to coronary artery remodelling.

lesion cccluding == 40% of the cross sectional arca (CSA).
Lesions focated In proximal and mid segments of a coronary
artery were included in the study.

Major cxclusion criterla were coronary anatomy that
precluded safe IVUS examination of a suitable region of
intercst. Informed, written conscnt was obtained from all the
paticnts.

IVUS-VH acquisition and analysis

Detalls regarding the wvalidation of the technique on
cxplanted human coronary segments have previously been
reported,’ Brefly, IVUS-VH uses spectral analysis of IVUS
radiofrequency data to construct tissuc maps that classify
plaque into four major components, In praiminary in vitro
studies, four histological plagque components {fibrous, {ibro-
lipidic, Upid core, and calcified) were corrclated with a
specific spectrum of the radiofrequency signal."’ These plaque
components were assigned colour codes. Calcified, fibrous,
fibrolipidic, and lipid core regions were labelled white, green,
greenish yellow, and red, respectively.

IVUS-VH data werc acquired after Intracoronary adminis-
tration of nitrates by means of a continuous pullback
(0.5 mun/s) with a commercially available mechanical scctor
scanner (Ultracross 2.9 French, 30 MHz catheter; Boston
Scientific, Santa Clara, California, USA) by a dedicated IVUS-
YH console (volcane ‘Therapeutics, Rancho Cordova,
California, USA). The [VUS-VH data were stored on a €D
ROM and sent to the jmaging core laboratory for offline
analysis, IVUS 3 mede images were reconstructed from the
radiclrequency data by customised software {IVUSLab,
Volcano Therapeutics). Subsequently, contours of both the
lumen and the media—adventitia interface were detected
Abbreviations: CSA, cross sectional area; IWUS, intravascular
ultresound; MLA, minimum lumen areg; Rl, remodefiing index; VH,
virtual histology
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manually. To account for catheter to catheter variability the
acquired radiofrequency data were normalised by a technique
known as “blind deconvelution”. Blind deconvelution is an
iterative algerithm that deconvolves the catheter transfer
functien from the backscatter, thus enabling automated data
normalisation.” ' Compesitional data of the minimum
lumen arca [MLA} were cxpressed as percentage of the
plaque CSA corresponding to each plaque component,

The MLA site and a reference site < 10 mm proximal to
the lesion were selected. There were no major side branches
between the MLA and relerence sites,

Remodelling was assessed by means of the remodelling
index (RIY, expressed as the external elastic membrane CSA
{MLA site) divided by the reference external elastic mem-
brane CSA as previously described ™ ™

we defined positive remodelling as RI = 1.05 and negative
remodelling as RI < 0.95. values in between were considered
neutral (ne remodelling). Percentage stenosis of the MLA site
was defined as:

vesselyreMLA — Tumen e MLANeSSCL e MLA % 100,

In accordance with previously reported data, we classificd
lesions as pathological intimal thickening (mainly fibrotic-
fibrolipidic tissue, with the lipid core constituting 0% to
< = 3% of the CSA), fibrocalcific lesions (featuring mainly
[ibrotic plagues, with some caleification and a lipid core
occupying between 3-10% of the CSA), fibrous cap atheroma
(lipld rich (> 10% CSA) plagues with overlying fibrous
dssue), and thin cap fibroatheroma (Lipid-rich {> 10% CSA)
plaques with no overlying fibrous tissue). Figure 1 depicts
exarmaples of this classilication. To classily lesions, these
criteria had to be met in the MLA site plus the immediate
distal and proximal cross sections. Since the axial resolution
of this technique is between 100-150 pm, we assumed that
the abscnee of fibrous tissuc overlying a lipid core suggested a
cap thickness of below 100-150 umn.™

Statistical analysis

Discrete variables are presented as counts and percentages,
Continuous variables are presented as mean (SD). We looked
for correlations between the RI and both plague components
and percentage stenosis MLA by using Pearson correlation
coeflicients. Differences in means between groups were
analysed by a two sided ! test or by onc way analysis of
variance, We compared frequencies by means of the ¥ test.
A probability value of p < 0.05 indicated significance. Data
were statistically analysed with SPSS software version 11.5
{SPSS Inc, Chicago, Ilinois, USA).

RESULTS
Table 1 shows patient characteristics. Mean age was 55,9 (10.9).
Most patients were men (83%) with a Jow prevalence of
diabetes {7.3%). The study vessel was the right coronary artery
in 19 paticnts (46,3%), the left anterior descending in 16
patients (39.0%}, and the left circurnflex in six patients {14.6%}.
Lesions with positive remodelling had significantly larger
lipid core percentages than lesions with no remodelling or
negative remedelling (22.3 (6.3)% v 15.1 {7.6)% v 6.6 (6.9)%,
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Table 1 Boseling characteristics [n=41)
Ago fyoars}) 559 (10.91
Men 19 {83%)
Dicabatos 7.3
Hypartension® 12 {29.3%}
Currant smoking 8{19.5%)
Pravious smoking 15 {36.6%)
Hyporeholesterslaemiot 32 [78%)
Family history of coronary disease 19 [456.3%)
Pravious myocardicl infarction &114.6%)
Adtery

mht mromz 19 (46.3%)

anterior desconding 14 (39%)

Lok circumflox 5 (14.6%)
Clinical prasentation

N argina 11 {28.8%)

Steble angina 14 {34.1%)

Unstable angina £ [14.6%)

Myocardial infarction 10 (24.4%)
Dato are mean {50} or numbor (%),
"Blood pressure 160,/95 mm Hg or troatment for
hypertension; Hotal cholasterol =+5.57 mmol/] or rectment
for hyporchelasterolomia; fthese palients were studied ot
schoduled follow up angicgraphy.

Table 2 Geometrical and compositional date of the
minimum lumen area (MLA] site

" Remodelling index TR
G095 096104 =108 pVolue-
Numbar 2 7075 37IE 920
Stoosis %) 631075 &9.1(8.6 599(99 024
Colclic C3A 1%} 138(27] 2.07 (3.2 147(1.4) 088

Fibrous CSA %) 688 {13.7) 42.9(9.5) 58.1 (12.9) 0.13
Fibralipidic CSA (%} 23.5{2.9) 199 (6.9 18.1 (12.8) 0.39
Lipid coro CSA (%) 6.6 (6,%) 151 (7.6) 221 06.3) =0.0001

Data are meon (5D}

Porcentage stonesis of tho MLA sile is coleulated as vessol LA —
lumen yaMLA/ vessolomeMLA x 100, Romodelling index (RI) is defined s
MLA of the external efastic mombrane [EEM] cross sectional area {CSA)/
roforence EEM CSA. |

respectively, p < 0,0001). Negative remedelling lesions
tended 1o have larger fibrous tissue percentages than lesions
with no remodeclling and positive remodelling {68.6 {13.7)% v
62.9 {9.51% v 58.1 (12.9)%, p = 0.13}. Table 2 shows these
results,

Table 3 presents Pearson correlation coefficients between
the RI and both plaque compoencents and percentage stenosis
MLA. The positive co.relation between the lipid core and the
RI was significant {+ = 0.83, p < 0.0001} (fig 2). Morcover,
fibrous tissuc was inversely correlated with the RI
{r = =045, p = 0.003) {fiz 3). Lastly, the percentage
stenosis of the MLA and the RI were non-significantly
inversely related {r = —027, p = 0.09),

with repgard to lesion type, thin cap fibroatheroma and
{ibroatheromatous lesions comprised 100% of the positively

Figure 1 Minimum lumen arca [MLA)
sites depicting the progression of
atheroselerotic disease, The plaque
components were assigned colour
codes. Celcified, fibrous, fibrolipidic,
and lipid core regions ware laballed
while, green, greenish yellow, ard red,
respectively. MLA sites feature

{A] pathologicol infimal thickening and
{B) é?l;,roculcEﬁc, {C} fibroatheromatous,
and (D] thin cap fibroatheromatous
lesions.



Coronary artery remodelling is related to plague composition.

Table 3 Relatfions between remodeilinc? index
{RI), percentage stenosis of the MLA, and plaque
compasition of the MLA site
: B R Rl_._":'__p'\(clue'.

Lipid cora CSA (%) 0.83 «<0.000}
Fibrous CSA (%) ~0.45 0.003
Parcontage stonasis MLA -0.27 0.09

Caleific CSA (%) 0.12 0,47
Fibrelipidic CSA {%) ~0.17 0,28

I_Dalc cre Poarson sorrelation saofficients.

remodelled lesions, whercas negative remodelling lesions had
2 more stable phenotype: 64% had pathological intimal
thickening, 29% were Ilbrocalcilic, and only 7% were
fbroatheromateus lesions (p < 0.0001) {fig 4}

DiSCUSSION

Recently, the relation between vascular remedelling and
plaque composition was assessed by IVUS."™ This catheter
based diagnostic tool provides an accurare tomographic view
of the coronary arteries and in viwo validation studies have
shown a high corrclation with histological samples.'™
Nevertheless, accurate plaque characterisation with visual
interpretation of grey scale IVUS, particularly of lipid rich
plaques, remains unreselved On the contrary, speciral
analysis of IVUS radiofrequency data {IVUS-VH) has the
potential to provide detailed quantitative information en
plaque composition and has been validated in studies of
explanted human coronary segments.’!

The results of the present study confirm In vive the relation
between plaque composition and corenary remodelling. Lipid
core size was significantly larger in positively remodelled
coronary lesions than in those with vessel shrinkage.
Furthermore, the {ibrotic burden of the plaque was sig-
nificantly and inverscly correlated with the RI

Lastly, positively remodelled lesions had a higher risk
phenotype, with 56% of them being classified as thin cap
fibroatheroma, the lesion type most Hkely to rupture™ On the
contrary, negative remodelling was asscciated with a more
stable phenotype: 64% had pathelogical intimal thickening
and no evidence of thin cap {ibroatheroma. Fibrocalcific
lesions, a potential halimark of the end stage of atheroma-
tous plaque rupture or crosion with healing and caleification,
were Tound in 29% of negatively remodelled lesions.”

OQverall, these findings support the importance of the
histelogical composition of atherosclerotic plaque as a major
contributor to its fare as described by Davies o al* who

as r=0.83 p < 0.0001
so_ ¥=47.197x-32.165 <

3 25—
= o0l
@ 20
@
g s
=
& 0
5 .
o | |

05 046 07 08 0% 10 W1 1.2 13 14
Remaodelling index

Figure 2 Linear regression plot showing positive corrolation between
lipid core and remodolling. CSA, cross sectional area. Remadelling
index Is dofined as MLA of the extornal elestic membrane (EEM) CSA/
reference EEM CSA.
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f=-0,45 p = 0.003 y = 38,043 + 100.33
<% .
= 8o wt, .
o - had ot '
@ * -
2 40— LA 2. .
P . . .
3 40 t . N -
=
*ow

ol 1 1 1 ! N
0.5 06 07 08 0% 1.0 10 1Lz 13 1.4

Remedelling indox

Figure 3 Linear regrassion plat showing an inversa relation between
fibrous tissuo and remodelling.

¢ [ Thin cap fibroathorema T
: Fibroatheroma

[ Fibrocalcific

[ZZ Pathologiced infimal thickening

=1.05
Remodeliing index

=093

Figure 4 Bar grophs illustrating the lesion ry,i)e frequencies according
to remodelling modality. All of the high risk plagues had posifive
remodalling {56% were thin cap fibroatherama and 44%
fibroatherematous lasions). Negatively remodolled lesions had @ mere
stable phonotype, with 93% being low risk lesions and only 7%
Fbreatheromateus lesions,

showed that plaques with a large lipid core harbour a higher
risk of rupturc and subsequent thrombosis. The lipid core is a
source of metailoproteinases, a group of proteolytic enzymes
that have an Important function in vascular remodelling
mechanisms and whese most common locations are foam
ccll accumulation areas and shoulder regions.™ *
Conversely, negatively remodelled vessels consisted pre-
dominangdy of [ibrotic plagues. In addition, in lne with
previously reported data, negatively remodelled lesions had a
higher degree of stenosis.” 7 *7 The findings of this study are
consistent with previous pathological findings in patients
after sudden death.® However, such postmortem studies do
not have implications in the natural history of high risk
plaques and thus in the clinical outcome of patients. On the
contrary, we strongly believe that the identification of these
high risk plaques in vivo may provide more insights into the
prognosis and natural history of such lesions and into the
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cffect of conventional and cmerging anti-atherosderotic
pharmacolegical interventions.

Limitations

Since this was a cross sectional study and atherosclerosis is
usually a diffuse disease, finding a fully non-discascd
reference site is not guaranteed, Therefore, we cannot rule
out the carly presence of remodclling in the reference site. In
addition, this was a pilot study that needs further confirma-
tion in a larger population. Moreover, classifving lesion types
by this technique lacks the accuracy of histopathological
classification, since resolution is inferior. Nevertheless, a
significant refation was found by using this arbitrary
classilication.  Although  histopathologlcal  classification
remains the ideal, speetral anabysis of IVUS radiofrequency
data has the potential to provide real time accurate
information regarding tissue characterisation and plagque
morphology.

Conclusions

In this small dlinical study, in vivo plaque composition and
morphology assessed by spectral analysis of IVUS radio-
frequency data were related to coronary artery remodelling,
supperting the role of plaque compesition in the mechanisms
of vessel remodelling, Lipid core size was significantly larger
in positively remodelled coronary lesions than in those with
vessel shrinkage. Furthermore, the fibrotic burden of the
plaque was significantly and inverscly corrclated with the RL
The findings of this study are conmsistent with previous
pathological findings. However, postmortem studies do not
have the potential to provide prospective informatien about
the natural history of high risk plaques, On the contrary, we
strongly belicve that the identification of these high risk
plaques in vivo may provide moere insights into the pregnosis
and natural history of such lesions and into the offect of
conventional and cmerging anti-atherosclerotic pharmacoto-
gical interventions.
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Diagnosis and treatment of coronary vulnerable plaques,

Diagnosis and treatment of
coronary vulnerable plaques

Expert Rev. Cardiovase. Ther. 6 (1), 209-222 (2008}

Thin-capped fibreatheroma is the morphoiogy that most resembles plague rupture, Detection
of these vulnerable plagues in vivo is essential to being able to study their natural history and
evaluate potential treatment modalities and, therefore, may ultimately have an imporant
impact on the prevention of acute myocardial infarction and death. Currently, conventional
grayscale intravascular ultrasound, virtual histology and palpography data are being coliected
with the same catheter during the same puilback. A combination of this catheter with either
thermography capability or additional imaging, such as optical coherence tomography or
spectroscopy, would be an exciting develooment. Intravascular magnetic resonance imaging
also holds much promise. To date, none of the technigues described above have been
sufficiently validated and, most importantly, their predictive value for adverse cardiac events
remains elusive. Very rigorous and well-designed studies are compelling for defining the role of
each diagnostic modality. Until we are able to detect in vive vulnerable plagues accurately, no

specific treatment Is warranted.

KEYWORDS: acute coronary syndrome = atherosclerosis = plaque rupture « thin-capped fbroatheroma

nheralded acute coronary syndromes (ACS)
are common inidal manifestations of coronary
atherosclerosis and are frequently caused by
plaque ruprures (1]. Histopathological studies
have identified several plaque morphologies
associated with ACS and sudden cardiac death,
such as caleified nodule, plaque erosion and
thin-capped  fibroatheroma (TCFA). The
plaques that are at increased risk of thrombeosis
and rapid progression of lumen encroachment
are referred 0 as high-risk or vulnerable lesions
12 However, the natural history of these lesions
remains unknown and the limited knowledge
about their eventual prognosis is provided by
recrospective histopnthologic:d studies 3.
Detection of these vulnerable plaques in vive is
essential to study their natural history and to
evaluate potential treatment modalities and,
therefore, may ultimarely have an importanc
impact on the prevention of acute myocardial
infarction {AMI) and death. Coronary angio-
graphy offers valuable informarion on the long-
term behavior of the complex lesions, Goldstein
et 4. reported thar parients with $T-segment
elevation myocardial infarcdon (STEMI) and
multiple complex lesions during the year after
STEMI hed an increased incidence of recurrent
ACS compared with patients with single com-
plex lesions {19.0 vs 2.6%:; p < 0.001, respec-
tively) and repeated angioplasty, pardcularly of

noninfarce-related {esions (32.0 vs 12.4%:
p < 0.001) w). However, angiography is limited
to fully evaluate the vessel wall, Therefore, there
are currently several diagnostic invasive imaging
rechniques aiming ar specifically evaluating indi-
cators of plaque vulnerability (51, These tech-
niques can provide information on the vessel,
lumen and wall size, tissue composition, and the
status of inflammation. This arricle aims o
review the current histopathological definicons,
state-of-the-art of invasive imaging techniques
and teeacment of coronary vulnerable plaques,
with focus on TCFAs.

Histopathological vulnerable

plague definitions

The “dlassical’, most described phenotype of a vul-
nerable plaque is a TCFA (6], which has a large
necratic core with an overlying thin cap infilurated
by macrophages. Smooth muscle cells in dhe cap
are absent or few. The thickness of the fibrous cap
near the rupture site measures 23 = 19 pm, with
95% of the caps measuring less than 65 pm 1171,
Ruprure of 2 TCFA with exposure of the throm-
bogenic necrotic core to circulating platelets could
be responsible for 60% of all ACS (1, Macro-
phage infiltration of the thin cap with release of
matrix meralloproteinases and local inflamma-
tion can cause exrracellular marrix degradation

Reproduced from Expert Rev. Cardiovasc. Ther. 6 (1}, 209-222 (2008) with permission of Expert Reviews Led.
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and subsequen: plaque rupture [39]. Excessive mechanical strain,
particularly at the juncron of the TCFA and the normal vessel wall
is another factor contributing to rupture 10111

Chevuru e 4. reported new pathological evidence on TCFA
characterization (12, The prevalence of TCFA and ruprured
TCFA is low {0.46 £ 0.95 and 0.38 + 0.70 per heart, respec-
tively), focal and located in the proximal segments of the coronar-
ies, In earlier studies, up to three TCFA were found per heare 13,
Necrortic core size wWis n:lativc{y small for both, TCFA (1.6 = 1.8
mm®; length: 2.7 + 2.0 mm) and ruprured plagues (2.2 =
1.9 mm™ length: 1.9 + 3.6 mm). In previous studies, the size of
necrotic core in TCEAs was 1.7 + 1.1 mm® wich a length of
8mm (range: 2-17 mam), and in ruptured plaques 3.8 =
5.5 mm?, with a length of @ mm (range: 2.5-22 mm) N4l

The sccond recognized phenotype of vulnerable plaque,
acoounting for approximately 40% of coronary thromboses in
pathology series, is plaque erosion in lesions consisting of cither
pathological intimal thickening or thick-capped fibroatheroma 1135,
These lesions typically have a high smooth muscle cell content, are
rich in proteoglycans and are more commen in young women and
smokers, but are not associated with other conventional dsk
factors, such as hypercholesrerclemia [1.14].

Third, there are calcified nodules, which may protrude into
the vessel fumen and comprise up to 5% of lesions in patholeg-
ical series. These lesions are characterized by an zbsence of
endothelium and inflammatory cells pj. In addition, intra-
plague hemorrhage secondary to leakage from the vasa vasorum
may also play a role 0171

Imaging of vulnerable plaques
Coronary angiography

Although coronary angiography repre-
sents the standard modality for visualiza-
tion of the coronary artery disease, there
is a clear discrepancy berween the
appearance of the opacified vascular
lumen and the actual extent of athero-
sclerosis (Ricuae 1). Additionally, the per-
cenrage dizmeter stenosis of a lesion does
not provide reliable information con-
cerning the risk for myocardial infarc-
tion and death 11819, Large randomized
lipid-lowering trials using boch angio-
graphic and clinical assessment have
shown minimal or nc improvement of
angiographic lumen diameter bur a
much mere impressive reduction in clin-
ical endpoints, including myocardial inf-
arction [20]. In face, the ‘luminogram’ is
unable to provide information on the
composition of the artery wall and is
therefore unable to distinguish between
stable and high-risk, vulnerable plaques,
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Angioscopy

Intracoronary angioscopy (CAS) is a well-established technique
thar allows direct visuzlization of the plaque surface and intralumi-
nal structuzes. It enables assessment of the plque color {white, red
or yellow), and can lluminate plague complications, such as rup-
ture. intmal tears and dhrombosis with a higher sensitivity than
angiography [21-241. Angloscopically, normal artery segments
appear as glistening white, whereas atherosderotic plagues can be
categorized based on their angioscopic color as yellow or white.
Platelet-rich thrombus at the site of plaque rupture is characterized
as white granular material and fibrin/erythrocyre-rich thrombus as
an irregular, red swucture protruding into the lumen. Yeliow
plaques are associated with ACS and thrombosis 25261, They have
also been correlated with other feamures of vulnembility, such as
positive remodeling and increased distensibility [27],

The major limitation of angioscapy is that it requires a blood-
free field during image acquisidon., which can be obtained either
by complete vessel occlusion or by continuous saline flushing in
front of the angioscope. Specifically, nowadays, CAS (Vecmova®™,
Clinieal Supply Co., Gifu, Japan) can be made while blood is
cleared away from view by the injection of 5-10 m! safine. Furcher-
more, only a limited part of the coronary tree can be investigated
{Le., vessels > 2 mm in diameter) and assessment of stenotic lesions
may prove difficult. Finally, angioscopy only images the luminal
surface and. although changes in the vessel wall are reflected on the
surface, this might not be sufficiendy sensitive o detect subtle
alterations in plaque composition or plaque burden in the presence
of positive remodeling (283,

Figure 1. (A, B & C) show three consecutive intravascular ultrasound images of the
proximal left anterior descending (D), which is disease-free angiographically. Note that
the intravascular ultrasound images show a plague burden of 50%.
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Kubo er 2L reported the ability of optical coherence tomagraphy
(OCT) for assessment of the culpric lesion morphology in AMI in
compatison with intravascular ulerasound (IVUS) and CAS pil.
The incidence of plaque ruprure observed by OCT was 73%., 47%
by CAS (p = 0.035) and 40% by IVUS. (p = 0.009)}, Furthermore,
OCT (23%) was superior to CAS (3% p = 0.022) and IVUS (0%
p = 0.005) in the detection of fibrous cp erosion. The intmcoro-
nary thrombus was observed in all eases by OCT and CAS, bue it
was identified in 33% by IVUS (vs OCT; p < 0.001).

intravascular uftrasound

Currendy, the gold standard for intracoronary imaging is
IVUS. Positve vessel remodeling can readily be evaluared with
IVUS 129-31], In addidon to the lumen and vessel borders, IVUS
examination can provide real-time, high-resolution images of the
plaque (Froune 2). Visual assessment of plaque echogenicity pro-
vides semiquantitative tissue characterization 2. Calcification
can be identified wich a sensitivity and specificity of approxi-
mately 90%. as bright echo signals with acoustic shadewing [33:.
Lipid deposits, visualized as echolucent zones, can be detected
with high sensitivity (78-95%), but low specificity (309) (34351
Moreover, the axial resolution of IVUS &5 in the mnge of
100-150 pm, wheteas the fibrous cap of a TCFA is thinner than

65 pm and, therefore. cannor be visualized by TVUS. Despite
these limitations, large eccentric plaques containing an echo-
lucent zone by IVUS were associated with the development of
ACS in a prospective study :3¢. Microbubble contrast-
enhanced IVUS can measure acivity and inflammation within
atherosclerotic plaques by imaging vasa vasorum density, which
is increasingly considered as a strong marker for plague vulnera-
bility 1371, A few limitations of TVUS can be improved by analyz-
ing the backscatrered ultrasound signal using more sophisticated
techniques for tissue characterization (3s].

Intravascular ultrasound radiofrequency analysis:

virtual histology

IVUS gray-scale imaging is formed by the envelope (amplitude)
of the radiofrequency signal, discarding a considerable amount
of information lying beneath and between the peaks of the sig-
nal. The frequency and power of the signal commonty differ
berween tissues, regardless of similaridies in the amplitude.
IVUS-virtual histology (IVUS-VH, Volcano Corp., Rancho
Cordoba, USA) involves spectral analysis of the data and evalu-
ates different spectral parameters (e.g.. Y-intercept, minimum
power, maximum power, mid-band power, frequency at mini-
mum powet, frequency at maximum power, slope) o construct

Figure 2. IVU5 plague types. These VU5 images, taken from distal to proximal in the same vessel (A~F), represent different B/US gray
scale plaque types. (A} shows 2 soft plaque, large plague burden and positive remodeling. On the contrary, (B} shows a fibrotic plague
(similar echogenicity to adventitia). (C) Depicts a superficial calcified plague (see shadowing). (B~F), a plaque rupture Is lllustrated; a
large empty cavity {red oval, [D]) with the remnant of fibrous cap is overhanging the lumen {arrow, {E]).

219



Chaprer 6.1

tissue maps that classify plaque inte four major components
(fibrous, fibrolipidic, necrotic core and caleium}. Different
plaque components are assigned different color codes: calcificd
(white), fibrous (green}, fibrolipidic (greenish-yellow} and
necrotic core {red) [39]. Although this dassificrion was initially
evaluated 7n vitre, more recently IVUS-VH pre- and post-pro-
cedure has also been correlated with pathelegical specimens
obtained by atherectomy with good correlation for all four tis-
sue types [40:. As assessed by TVUS-VH, the sensitivity and spe-
cificity for fibrous tissue was 86 and 90.5%, fibrofatty 79.3 and
100%, necrode core 67.3 and 92.9%. and dense calcium 50
and 98.9%. respectively.

IVUS-VH dam are currenty acquired using a commercially
available G4-element phased-array catheter (Eagle Eye™
20 MHz catheter, Volcano Corporation, Ranche Cordova,
USA). Using an automated pullback device, the transducer is
withdrawn at a continuous speed of 0.5 mm/s up to the
ostium. TVUS-VH acquisition 1s ECG-gated at the Rewave
peaks using a dedicared consele,

TVUS B-mode images are reconstructed by customized soft-
ware and contour detection is performed using cross-sectional
views with semi-auromaric contour detection: software to pro-
vide quantitative geometrical and compositional measure-
ments. Due to che unreliability of manual calibration, the
radiofrequency data is normalized using a technique known as
*blind deconvoludon’, an iterative algorithm chat deconvolves
the catheter wansfer function from the backscatter, thus
accounting for catherer-to-catheter variability j41-43).

It has been our observation that in the near field an excessive
amount of necrotic core was present. The developers have
accounted for this and a proper correction was introduced in
the current version of classification tree.

Qur group recendy evaluated the incidence of IVUS-derived
TCFA (IDTCFA) using IVUS-VH 4. Tiwo independent
IVUS analysts defined IDTCFA as a lesion fulfilling the fol-
lowing criteria in at least threc consecutive eross-sectional areas
(CSAs): necrotic core of 10% or more without evident over-
lying fibrous tissue. and lumen obstruction greater than or
equal to 40%. In this study, 62% of patients had at least one
IDTCFA in the interrogated vessels, ACS patients had a signif-
icantly higher incidence of IDTCFA than swable partients (3.0
{interquarrile range: 0.0-5.0] IDTCFA/coronary vs 1.0 [inter-
quartile range: 0.0-2.8] IDTCFA/coronary: p=0.018}
Finally, a clear clustering pattern was seen along the coronaries,
with 66.7% of all IDTCFAs Jocated in the first 20 mm,
whereas further along the vessels the incidence was signifi-
cantly lower (33.3%; p = 0.008). This distcibution of IDTC-
FAs is consistent with previous ex sive and clinical studies,
with a clear clustering pattern from the ostium demonstrating
a nonuniform distribution of vulnerable plaques along the cor-
onary tree [45]. Parients presenting with ACS had a signifi-
cantly higher prevalence of IDTCFA even in nonculprit ves-
sels, supporting the concept of a multifocal process 46 OFf
note, the lesion percent area stenosis and the mean necrotic
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core areas of the IDTCFAs detected by IVUS-VH were also
similar to previously reported histopathological data (55,9 vs
59.6% and 19 vs 23%. respectively) (141,

It is worth mendoning that, although the most accepred
threshold to define a cap as ‘thin’ has previously been set at less
than 65 pm. this was based on postmaortem studies that looked
ar ruptured plaques 7. Extrapolation of such criteria 1o in vive
studies requires caution. It is well established that tissue shrink-
age occurs during tissue fixation [47), Shrinkage (pardcularly of
collagen tissue, the main component of fbrous caps) of up to 60,
15 and 80% can occur during critical-point-drying, free-drying
and air-drying, respectively 5. Furthermore, postmortem con-
waction of arreries is an additional confounding factor 149.50:,
Since the axial resolution of IVUS-VH is 246 pm, we assumed
that the absence of visible fibrous tissue overlying 2 necrotic
core suggested a cap thickness of below 246 pm and used the
absence of such tissue to define 2 thin fibrous cap ®11.

We have recently developed software to quandfy the amount
of necrotic gore in conwact with the fumen, enabling refinement
of our analysis. Our current definition of an IVUS-derived
TCFA (JDTCFA) is a lesion fulfilling the following criteria in
at Jeast three consecutive CSAs:

= Plque burden greater than or equal to 40%:

+ Confluent necrotic core of 10% or more in direct contact with the
lumen (Le., no visible overlying tissue) in the investigated CSA:

* All conseeutive CSAs having the same morphologic characteristics
are considered as part of the same IDTCFA lesion 531,

In a recent study. using this refined definition of TCFA as
assessed by IVUS-VH, in patients with ACS underwent IVUS
of all three epicardial coronarics, on avemge, thete were two
IDTCFA per patient with half of them showing outward
remodeling 53] (Fours 3),

The porential value of IVUS-VH in the prediction of adverse
coronary events i currendy under evaluation in ™o international
multicenter prospectve studics {the PROSPECT study and the
Integrated Biomarker and Imaging Study [ABIS] II criaf).

Intravascular ultrasound radiofrequency

analysis: palpography

This technique allows the assessment of local mechanical tissue
properties. For a defined pressure difference. soft tissue {e.g.
lipid-rich) components will deform more than hard tissue com-
ponents {e.g., fibrous, calcified) 153.54. Radiofrequency dara
ebtained at different pressure levels are compared to determine
the local tissue deformation.

Each palpogram represents the strain information for a cer-
tain cross section over the full cardiac cycle. The longirudinal
resolution of the acquisidons depends on heart rare and pull-
back speed. With a heart rate of 60 bpm and a puliback speed
of 1.0 mm/s, the longitudinal resolution is 1.0 mm. Palpo-
grams are acquired using a 20-MHz phased array IVUS cathe-
ter {Eagle Eye). Digital radiofrequency data are acquired using a
custom-designed workstation.
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Proximal
Distance of 5 mm

Distal

Roference segment
H

P
MLA, 5.77 mm? MLA 3.94 mm? MLA, 3.87 mm?
PB, 44.6% P, 86.4% PR, 45.3%
Remodeling index 1.12 .
VGSA 10,39 mm? VCSA 11,75 mm? VCSA 7.51 mm

Figure 3. Intravascular ultrasound (IVUS) gray-scale frames and their corresponding virtual histology frames of an
IWUS-derived thin-cap fibroatheroma (four central frames) and the proximal and distal reference segment in which the

remodeling index was calculated,

MLA: Minimum luminal area; PB: Plague burden; VICSA: Vessel cross-sectional area.
Virtual histology color code: green s fibrous, greenish s fibrofatty, red is necrotic core and white is dense calcium.

The local strain is calculated from the gared radiefrequency
traces using cross-correlation analysis and displayed, color-
coded. from blue {for 0% strain) to red to yellow {for 2%
strain} (55). Plaque strain values are assigned a Rowerdam classi-
fication {ROC) score ranging from I-IV {ROCI = 0 w0 «0.6%:
ROCII = 0.6 to <0.9%: ROC III = 0.9 10 <1.2%: ROC IV »
1.2%) (Foure 4) [561. A region is defined as a high-strain spor
when it has a ROC III-IV that spans an arc of at least 12° at
the surface of a plaque (identified on the IVUS recerding) adja-
cent to low-strain tegions (<0.5%). Our group has demon-
sttated that palpography has a high sensicivity (88%) and spe-
cificity (89%) 1o detect vulnerable plaques iz witro [53.
Postmortem coronary arteries were investigated with inta-
vascular elastography and subsequently processed for histology
There was a positive correlation between the presence of high
strain and the amount of macrophages (p <0.006) and an
inverse relation between the amount of smooth muscle cells
and strain (p < 0,0001). Vulnerable plaqum; identified by pal-
pography had a thinner cap than nonvulnerable plaques
(p < 0.0001). In 2 subscquent study. 55 patients with stable
angina, unstable angina or AMI were analyzed. Among patients
with stable angina. the prevalence of deformable plaques per
vessel was significandy fewer (0.6 £ 0.6) than in unstable
angina patients (1.6 x 0.7: p = 0.0019) or AMI patients (2.0 =
0.7: p <0.0001), In IBIS I study, on palpography, both the
absolute number of high-strain spots (grade 3/4) in the ROI (p
= 0.009) and their density per centimeter {p = 0.012) decreased

significancly between baseline and follow-up. This decrease in
the overall population was largely driven by changes in the sub-
group of patiencs with STEMY; this group had both the highest
number of high-strain spots at baseline and the most marked
relative decrease during follow-up, compared with patients
with other clinical presentations. Ar 6-month follow-up. the
density of high-stzain spows (1.2 + 1.4/em) was comparable
among clinical subgroups i571.

Optical coherence tomography

Optical coherence tomography (OCT) is an oprical analogue of
ultrasound: however, it uses light instead of sound to create an
image [58.59;, For OCT imaging, low coherence, near infrared
(NIR) lighe with a wavelength around 1300 nm is used since it
minimizes the energy absorption in the light beam caused by
protein, water, hemoglobin and lipids. The light waves are
reflected by the internal microstrucrures within biological tis-
sues as a result of their differing optical indices.

This technique provides a resolution of 10-20pm iz vive
this level of demil is well beyond the level of resolution of IVUS
(100-150 pm) 50611, OCT has been demonstrared to be highly
sensitive and specific for characterizing atheroscleretic plaques
in witre when comgpared with histological analysis 62-64] with a
sensitivity and specificity of 71-79% and 97-98% for fibrous
plagues, 95-96% and 97% for fibrocalcific plaques, and
90-94% and 90-92% for lipid-rich plaques. respectively. In
additon, the interobserver and intraobserver reliabilicies of
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As a result of its high axial resolution,
there is no doubt that OCT is the iz vive
gold smndard for idendfying and measur-
ing the thickness of the fibrous cap
(Rewre5): an iz wive study found a signifi-
cant difference in minimal cap thickness
berween AMI and stable angina patients.
with median (interquartile range} values of
£70pm (253-18430) and 102.6 pm
(22.0-291.1}, respectively (p = 0.02} [¢en
On top of its reliability as a tool to measure

Figure 4. IWUS palpography. The local strain is calculated from the gated
radiofrequency traces using cross-correlation analysis and displayed, color-coded, from

blue {for D% strain) to red to yellow (for 2% strain).

Flaque strain values are assigned a Rotterdam Classification (ROC) score ranging from
110 4 (ROC I= 0 10 «0.6%; ROC K= 0.6 10 <0.9%; ROC lll= 0.9 to <1.2%; ROC IV

>1.2%).

OCT assessment were high (X values of 0.88 and 0.91. respec-
dvely) 164, fu vitro comparisen of OCT with TVUS demon-
strated superior delineation by OCT of structural details such
as thin caps, lipid pools or tissue proliferation %51, An in visre
comparison of OCT, integrated backscarter IVUS (similar
methodology to IVUS-VH) and conventional IVUS found that
OCT had the best potential for tissue characterization of coro-
nary plaques, with higher sensitivity and specificity compared
with the other imaging modalities (6. However, a recent study
comparing OCT with histopathelogy reported a lower sensidv-
ity for plaque components. Misclassification occurred in 41%
of lesions, predominantly due to a combination of incomplere
penetration depth into the vessel wall and the inability to
distinguish calctum deposits from lipid pools 67,

In a pilot clinical study. our group performed in wive OCT
analysis of the coronary arterial wall in patients who were
undergeing percutaneous coronary interventions. Imaging was
possible in all patients and the entire vessel circumnference was
visualized at all times. A wide spectrum of different plaque
meorphologies was observed, OCT allowed for differentiation of
the normal artery wall and inhomeogencous, mixed plaques, as
well as TCFAs with inhomogencous. low-reflecting necrotic
cores, covered by highly reflecting thin fibrous caps 61,
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ROtterdam Classification (ROC)

the thickness of the cap in wivo, recent
postmortemn and ‘m wiwe studies have
shown that OCT is capable of evaluating
the macrophage content of infiltrated
fibrous caps (63.70].

Grades (ROC) Strain {%) Kube er al evaluated the ability of
Y% 1.2 intracoronary OCT 1o assess culprit
111 0.8-12 lesions during primary PCI in patients
I 0.6-0.9 with AMI. The thickness of the rem-
o nants of the fibrous cap after sympto-

! .6

matic rupture measured 7 vivo was 49 =
21 um [24].

The main limitation of OCT is the
shallow penetration depth {2 mm) into
the tissue, which hampers imaging of the
entire vessel wall in large vessels and
light absorbance by blood that currently
needs to be overcome by saline infusion
and balloon occlusion, thereby preciud-
ing interrogation of long and proximal
segments of the coronary tree, which may limit the elinieal
applications of this technique.

Thermography

Atherosclerosis is accompanied by inflimmaron, and vulnerable
plaques have been assodated with increased macrophage activity.
metabolism and inflammation 1), Activated macrophages pro-
duce thermal energy, which might be detected on the surface of
these atherosclerotic lesions using specially designed catheters
equipped with thermistor sensors at the disti tp (721, A rise in tem-
perature can be found in atherosclerotic plaques compared with
discase-free coronary segments. Temperature differences between
an atherosclerotic plaque and normal vessel wall increase progres-
sively from patents with smble angina to padents with AMI with a
maximum temperature difference to the background temperature
of 1.5 + 0.7°C 73], In a prospective study, the same investigators
reported an association between temperatare heterogeneity and the
incidence of adverse events at follow-up in patents with coronary
artery disease undergoing @ successful percutancous intervention
174], In addition, treatment with statins seems to affect the thermo-
graphic results: in norculpric lesions the temperature difference
was lower in the group weated with statins compared with the
untreated group (0.06 = 0.05°C vs 0.11 + 0.10°C; p = 0.05) 1753,
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Figure 5. OCT and standard coronary angiography correlation. Angiography
shows a complex lesion in the mid ieft anterior descending. The optical coherence
tomegraphy image shows a ruptured plague with thrombus at that site (white arrow).
Proximally and distally to the culprit lesicn, thin-capped fibroatheroma lesions are

present {[B] and [A] respactively),

However, there are several different aspects that deserve fur-
ther investigation. The prevalence and diseribution of inflam-
matory cells in stable and unstable atherosclerotic plague is
unclear, and the predictive value of ‘warm’ lesions remains elu-
sive. Furthermore, the impact of different coronary flow condi-
tions on plaque remperature (‘cooling effect’) is sdll not com-
pletely understood :7677). Simulations have revealed that the
correct interpretation of intravascular thermographic measure-
ments requizes data on the flow and on the morphologic
characteristics of the atherosclerotic plaque 7s).

There are a few limitations to the routine use of thermography
in the catheterizadon laboratory:

= Most of the catheters used still comprise over-the-wire systemns;

= Accurate temperarure assessment requires direcr contacr of
the thermistors with the vessel wall, with the associated
potential risk of endorthelial damages:

* Since the remperature within the vessel changes rapidly wich
fluid application, any inteacorenary injection of consrast dye,
flush or medication has to be avoided before and during
measurements [79].

Intravascular magnetic resonance
Magnetic resonance (MR) Is 2 nonienizing diagnostic toel
exploiting che spins of the nuclear protons in z strong magnetic

field. For intravascular diagnosis, two dif-
ferent approaches have been introduced.

The first, conventional approach visual-
izes the anaromical structure by using 2
coil placed in a catheter or wite in combi-
nation with an external magnec (MR
imaging [MRI]), While this approach has
been (10 years ago) (0] principally shown
to be able to provide detailed informartion
on scructure and composition of the arte-
rial wall and plaque, the procedure has yet
to be performed in a MR magnet, notina
cardiac catheterization laboratory. The
accuracy for MRI  differendaton  of
plaque components has been validated i
vitre and feasibility demonscrated in wive
81]. The 0.030-inch intravascular (IV)-
MRI coil had a sensitivicy and specificity
of 73 and 85%, respectively, for lipid, 83
and 81%. respectively, for fibrous tissue
and 100 and 97%, respectively, for calcifi-
cation, Subsequently, the same syscem
was applied in human iliac arteties in wivo
using a 1.3-T magnet with a resolution of
312 pm. Complete vessel wall analysis
was possible in all 25 parens and
required 20 min for an arterizl segment of
20 mm length. Compared to IVUS, mean
lumen diameters were similar, but the
outer wall area was overestimared by IVMRI (mean 116.4 = 4.7
mm® vs 86.6 £ 5.8 mm® p = 0.0001). However, interobserver
agreements for IVMRI were much higher (x: 0.68-0.79) than
for IVUS {x: 0.21).

The other, novel approach analyses the chemical composition
by placing both, the coils and miniarurized magnets on the dp
of a catheter, without the need of external magnets (MR spec-
troscopy) and can be performed in the cardiac catheterization
laboracory (a2,

MR spectroscopy can identify fibrous and lipid-rich tissue by
measuring differential water diffusion in a field of view.
Acquired dam are displayed as color-code sectors based on the
lipid fraction index for cach zone of the field of view. Bluc indi-
cates no lipid, gray cortesponds to intermediate lipid conrent
and yellow indicates high lipid content Ficure @, Clinical fesi-
bilicy of cather-based, self-contained IV MR spectroscopy has
been demonstrated recendy in patients scheduled for coronary
catheterization s31.

Preclinical trials employing this technology demonstrated
its capability to differentiace plaque compesition of human
aortas. coronary and carotid arteries fn witre. IVMR spectros-
copy could accurately detect different components {fibrous
cap, smooth muscle cells, organizing thrombus, fresh throm-
bus, edema. lipid and calcium) with sensitivities and specifici-
ties ranging from 84 co 100%. Agreement with histology for
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grading the extent of intraplaque lipid accumulation was 74%
for grading of intimal thickness 80%. Furdher analysis revealed
high correlation to histological analysis of a wide spectrum of
plaque types in 15 of 16 (94%) aortic lesions and 16 of 18
{899%) coronary lesions (sensitivity: 100%: specificity: 89%),
including ene plaque rupture. three TCFAs, seven thick cap
fibrous atheromas, four fibrocalcific plaques. two intimal
xanthomas and one adaptive intimal dhickening [84].

Current Limitations include the limited fidld of view, the size
of the catheter, the need for direct vessel wall contact and the
tme requited for acquisition. In the past, the use of an auto-
perfusion balloon during data acquisition has been proposed to
limir ischemia 85].

Clearly, IVMR diagnostics remain an exciting area sl under
development. Catheter-based systems will further increase the
user friendliness, their sample volume and allow for scanning of
longer arterial segments. Upcoming developments include the
improvement MR plaque differentiation by the usc of contrast
agents, such as paramagnetic gadolinium-based contrast or
supraparamagnetic contrast agents (iron oxide nanoparticles),
that can accurmulate in macrophages [86,87). There are still 2 few

‘unanswered quesdons, including the effect of the thermal
energy generated on small arteries and on coronary artery
stents, although conventional MRI appears safe in this setdng
188}, In addition, the presence of a permanent pacemaker is a
contra-indication for any MRI imaging
due to reports of arrhythmiss and death.

Raman & near-infrared spectroscopy

A number of spectroscopic intravascular
imaging techniques have been developed
recently and are still under investigation
189]. Spectroscopy can provide qualitative
and quantitative information about
chemical plaque composition, The

In near-infrared spectroscopy, it is observed how different sub-
stances absorb and scacter NIR light to different degrees ac vari-
ous wavelengths. An NIR spectrometer emis light into a sam-
ple and measures the proportion of light dhat is returned over 2
wide range of oprical wavelengths., The return signal s then
plorted as a graph of absorbance (y-axis) av different wave-
lengths (x-axis) called a spectrum.

In aortic and coronary artery autcpsy. specimens have
confirmed the ability of the technique to identify lipid-rich
TCFAs through blood [971. A catheter-based system has been
developed to address the challenges of access to the coronary
artery, blood, motion and the need to scan, which must be
overcome for use in patients. Initial clinical experience in six
patients with stable angina demonstrates that high-qualicy
NIR spectra can be safely obtined (89, Additional studies
are planned to validate the abilicy of the technique to iden-
tify lipid-rich coronary artery plaques and ultimately link
chemical characterization with subsequent occurrence of an
ACS (Roure7) 98,991

Treatment

Treatment of asymptomatic, nenobstructive coronary lesions may
be a desirble pursnit, but the pre-emptive strike may be a risky.
time~consuming and expensive proposition, Assumptions include:

Raman effect is created when incident
laser light (rypically 750-850 nm wave-
length) excites molecules in a dssue sam- &
ple, which scatter light ar a different :
wavclcngth. This changc in wavelength, a
called the Raman effect is dependent on
the chemical components of the tissue |
sample 9091; and can therefore provide
quandrative information about molecu- i
lar composition [92-94]. Raman spectros- :

Detection

Lipid-rich

_band

copy has shown acceptable correlation
compared with histology (r = 0.68 for
cholesterol and r = 0,71 calcification)
and with IVUS in witro [94,95].
Alternarively, NIR molecular vibrational
uansitions can be measured in the NIR
region (750-2500 nm) and laser spectro-
scopy using wavelengths of 360-510 nm

FOV: Field of view.
has been evaluated in vitro 195.96).
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Figure 6. Intravascular magnetic resonance. The magnetic fields generated by the
probe lecated at the tip of the catheter, create & FOV with a sector shape, looking
sideways into the artery wall. The FOV has a lateral resoluticn of 60°, a longitudinal
length of 2 mm and a depth of 200 um. it makes the analysis for the area comprised
between 50 and 200 um from the lumen.

Acquired data is displayed as color-code sectors based of the lipid fraction index for each
zone of the FOV. Blue indicates no lipid, gray correspond to intermediate lipid content
and yellow indicates high lipid content,
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* Accepting that the specific pathology can be defined in living
subjects

= Presuming that this particular patholegy is tesponsible for
future dlinical events

= The fingerprint’ of this pathology can be reliably detecrad
» These findings are predictive of huture adverse clinical events 3]

Based on these assumptions, inital risk steatificadon of
asymptomatic pztents drawn from the general populadion will
be required, probably using an early screening method able to
derect nonobstructive suspicious lesions. Then, patients will
have to be further stracified based on noninvasive/invasive
imaging (regional strarification tool’). Once 2 suspect lesion is
identified, focal treatment will be based on a prediction model
to prove both safery and efficacy, assuming the endovascular
detection modality was correct. Among symptomatic patients
{non-cbstructive, non-culprit lesion in the settng of an ACS),
a regional stratification strategy may be sufficient to justify
therapy in the furure. The main question still remains as if che
therapy should focus on the entire segment conmining the
lesion or the *focal” area in which the TCFA is identified.

Segmental therapy
Treatng all three major coronary arteries or their proximal parts
tequires a technology capable of delivering the therapeutic effect
across long segments withour the need for multiple incerventions
or guidance to a particular lesion. Current stenting technology is
simply not up to the task to consider so-called ‘full-metal-jacker’
stencing of an endire vessel [1o0), Undl further improvements in
vascular prosthesis are made, the industry is secking methods for
passivating at-risk vessels through therapeuric applications of
drugs and energy. The merge berween targered nanoparticles and
local drug delivery are of special interest as potential therapeutic
alternatives capable of teating large vascular territories [1o1l.

Sonotherapy directs energy in the form of ultrasonic vibrations
o the lesion and vessel wall and has been shown to decrease cell
proliferation and smooth muscle cell migration in vire, buc very
little clinical experience exists. Cryotherapy involves the thera-
peatic application of heat removal or
hyperthermia in a segment to induce a pas-
sivation effect on the intima o hale disease
progression [102.103]. Photodynamic ther-
apy utlizes pharmaceutical compounds,
which are activared locally to reduce dam-
age outside of the rreatment zone Nodl, A
more sclecdve approach w photo-angi-
oplasty is a cell targeting technique known
as selective photothermolysis, which targers
partcular ceils (e, macrophages) for
apoptosis using nanomarkers, limiting
damage to nearby smuctures. The other
directed energy techniques are stll in eady
stage research and there are not available
data on their safety and efficacy.
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Focal therapy

Myocardial infarctions are rypically the resulr of focal complex or
vulnerable lesions, and it is quite reasonable that many interven-
tionalists have supgested mearing high-risk plaques with the same
wools currendy employed for these sympromartic lesions (bare
metal stents or drug-eluring stents). Balloon-expandable meallic
scaffoldings provide substandal radial forces for dilating hard,
obstructive plaques leading to the unavoidable and uncontrollable
disruption of the vascular structures intended to treat. Restenosis
after treating a lesion with a bare metal stent has been curbed by
slow-release antiproliferative drug coarings applied direcdy w0 the
stent. Unfortunately, recent clinical evidence points to increased
risk of late thrombosis as a resulr of the drug and it affect on
endothelial cell functioning and vascular healing, especially in the
serting of ACS (105) Based on these risks, these devices, in their cur-
rent form. do not appear to be a proper approach to pre-emptive
erearment of vidnerable or at-risk plaques.

It is dear char current practices and available technologies in
focal treatment are primarily focused on improving luminal
diameter in occlusive plaques and are not well suited for trear-
ment of vulnerable plaques. More focus is needed on achieving
the main objectives of focal therapy: mechanical stabilization,
promotion of vascular healing and reduction of inflammacion. If
mechanical stabilizaton is the objective, the proposed device
must find 2 point of equilibrium it intrinsic expansive force
radial force and its capability w induce excessive vascular injury.
Computational finite element and fluid structure interaction
models are criticel in the development of these devices. Recendy,
it has been shown that geometrical changes in the shape of the
lumen may affecr unfivorably or favorably the distribudon of
local stress. ¢ither leading to plaque rupture or reinforcing of the
thin fibrous cap [106,107). Preliminary data using sclf-expandable
nitinol-based devices designed with the objective of inducing
reinforcement of the cap and necrotic core compression but not
cap rupeure have been published los.i09l. Conceprually, these
devices must reinforce the fibrous cap, reshape the necrotic core
and mechanicafly stabilize the lesion ac risk of disruption. Another
important aspect of device development is the possibility of in sitw

CDEV3 Hear
2107 model!

3 30 25 20 15 5 0

Figure 7. Near infra-red spectroscopy. Demonstration of spactrai findings in the Jeft
anterior descending coronary artery of an autopsy specimen (unpublished data, on file
InfraReDx, In¢., Burlington, Massachusetts). The panel shows the results of the scan,
with distance along the lumen on the x-axis and are of rotation on the y-axis. As
indicated by the yellow signal, the scan successfully detected fipid necrotiz core rich areas.
Image courtesy of James E Muller.
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tures. TCFA is the morphology thac
most resembles plaque ruprure. How-

| Reshape lumen to restore hamodynarnics|

cver, the natural history of these high-

Reinforce fibrous cap

risk or vulnerable lesions remains
unknown and the limited knowledge

Mecharical vessel wall reconstruction
{increasing resistance to rupture). i

' Retract and retain necrotic core

about their eventual prognosis is pro-

[Recover endothelium functionality |

vided by retrospective histopathological

Remadelling of the vessel

studies. Detecrion of these vulnerable

plaques /7 vive is essential to study their
natwral history and to evaluate potential

R [Vulnerablé vascular bed,

Iblecd and patient..

nent beyond
e coronary. ostia.

myc'cardmm treatment modalities and, therefore, may

Figure 8. Treatment of coronary vulnerable plagues.

promoting tissue regeneration. Specifically, the regeneration of
the endothelium and recovery of its functionality by means of
passive or active endothelial cell actraction is also under devel-
opment 1110]. Ideally. drug eluton specifically targeting the
inflammatory components of the plague must be required to
mitigate inflammation with the use of these devices. Although
still early for human application, several technologies specifi-
cally designed to passivate vulnerable plaques are under valida-
tion phases in animal models. Their potential as therapeudc
alrernatives will probably depend on the development of accu-
rate risk stratification strategics and the validadion of device
safety in the appropriate clinical setting.

Conclusion

Several invasive imaging techniques are currently under devel-
opment to detect vulnerable corenary plaques in human coro-
nary arteries iz vive. To date, none of the techniques described
previously have been sufficiendy validated and, mest impor-
wntly, their predictive value for adverse cardiac events remains
elusive. Intravascular palpography and virtual histology, based
on conventional IVUS catheters, appear to be very promising
and their predictive role is presently under investigadon in a
large international trial,

Very rigorous and well-designed studies are compelling for
defining the role of each imaging modality, Noninvasive tech-
niques and the assessment of humoral and genetic factors com-
prise complementary and important tools in this direction.

At present, the main purpose of all these evolving rechniques is
w improve our understanding of atherosclerotic disease and to
define s naural history, Ultimately, the aims are to identify
patients at high risk for furure cardiovascular events and to evaluare
the benefit from cither local or systemic therapeutic interventions.

Expert commentary & five-year view
Unheralded ACS ate common initial manifestations of coro-
nary atherosclerosis and are frequently caused by plaque rup-
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ultimarely have an important impact on
the prevention of AMI and death. Sev-
eral invasive imaging techniques are cur-
rently under development to detect vul-
nerable coronary plagues in human coronary arteries iz wive.
The optimal device for imaging vulnerable plaque would
combine several techniques, overcoming the deficiencies of
cach and providing information en different aspects of vul-
nerabilicy. Currently, conventional grayseale IVUS, IVUS-VH
and palpography are imaged with the same catheter during
the same pullback. A combination of this catheter with eicher
thermography capability or alternative imaging such as OCT
or spectroscopy would be an exciting development. IVMRI
also holds much promise. To date, none of the techniques
described previously have been sufficientdy wvalidated and,
most importantly, their predicrive value for adverse cardiac
events remains elusive. Very rigorous and well-designed stud-
ies are compelling for defining the role of each imaging
meodality. Noninvasive techniques and the assessment of bio-
humoral and genedc factors comprise complementary and
impertant tools in this direction,
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= The natural history of the so-called vulnerable plague
B unknown,

= There is not a single imaging technigue able to fully
characterize vulrerable plagues.

* Combination of some of these techniques may improve
accuracy on vulnerable plague detection.

* Ongoing studies using these techniques would provide better
understanding of this intrincate process.



References
Papers of special note have been highlighred as:

+ of interest

== of considerable ineerest

1

10

Virmani R, Kolodgie FD, Burke AP,

Farb A, Schwarez SM, Lessons from sudden
coronary death: a comprehensive
morphological classification scheme for
acherosclerotic lesions, Arterioscler, Throms,
Vase, Biol 20, 1262-1275 (2000).

Schaar JA, Muller JE, Falk E er o/,
Terminology for hiph-risk and vulnerable
coronary artery plaques. Reporcofa
meeting on the vulncrable plague, June
17th to 18¢h 2003, Santorini, Greece, Sur
Hearz [, 25, 1077-1082 (2004),

Serruys PW, Garcla-Garcia HM, Regar E,
From postmortem characterization to the
in vipy detection of thin-capped
Abroatheromas: the missing link toward
percurancous trearment: whar if Diogenes
would have found whar he was looking for?
S Am, Coll Cardiol, 30, 950-952 (2007).

Goldstein JA, Demetriou D, Grines CL,
Piga M, Shouldeh M. O Neill WY,
Mulriple complex coronary plaques in
patiencs with acute myocardial infarction,
N, Engl. [, Med 343, 915922 (2000).
Waxman §, Tshibashi F Muller JE.
Detection and treagment of vuinerable
plaques and vulnerable patienss: novel
approaches to prevention of coronary
events, Circulation 114, 2390-2411
(2006).

Kolodgie FD. Burke AT, Faurb A et all

The thin-cap fibroatheroma: a type of
vulnerable plaque: the major precursor
tesion to acure coromary syndromes. Cure
Opin. Cardiol. 16, 285-292 (2001),

Burke AD, Farb A, Malcom GT. Liang YH,
Smialek ], Virmani R, Coronary risk Rcrors
and plaque morphology in men with
coronary disease who died suddenly. A
Engl. /. Med, 356, 1276-1282 (1997),
Moreno PR, Falk E, Palacios IF, Newell JB,
Fuster V. Failon JT. Macrophage infileration
in acure coronary syndromes. Implications
for plaque rupture. Ciraulation 30,
775778 (1994).

Ross R. Acherosclerosis — an inflammarory
discase. N fngl. [ Med 340, 115-126
(1999).

Lotee HM, Kamm RD, Seringfellow RG,
Lee RT. Effzcts of fibrous eap thickness on
peak circumferential stress in model
atherosdleroric vessels. Cire, Res 71,
850-858 (1992).

14

15

1 =]
ER)

Diagnosis ard trearment of coronary vulnerable plaques.

Richardsen PD. Davies MJ, Born GV,
Influence of plaque configuration and
stress distribution on fissuring of coronary
atherosclerotic plaques. Lancer3, 941-944
(1989).

Cheruvu PK, Finn AV, Gardaer C er 2l
Frequency and distribution of thin-cap
fibroatheroma and ruptured plaques in
human coronary arterles: 2 pathologic
study. [ Am, Coll. Cardiol, 50, 540-949
(2007).

Kalodgie FD, Virmani R, Burke AP s/,
Parhologic assessment of the vulnerable
human coronary plaque. Hears 90,
1385--1391 {2004).

Virmani R, Burke AR, Kolodgie FD,
Farb A. Vulncrable plague: the pathology
of unstable coronary lesions. /. fnters.
Cardiol 15, 439-446 {2002).

Farb A, Burke AR, Tang AL er 2L Coronary
plaque erosion without rupture into a lipid
core : 2 frequent cause of coronary
thrombosis in sudden coronary death.
Circulation 93, 1354-1363 (1996).

Arbugtini E, Dal Bello B, Morbini P er 2/
Plague crosion is 2 major substraze for
coronary thrombosis in acute myocardial
infarction, Aearr 82, 269-272 {1999),
Koledgic FD, Gold HK, Burke AP er &/,
Intraplaque hemorrhage and progression
of coronary atheroma, N, Engl. [ Med,
349, 23162325 (2003).

Ambrose JA, Tannenbaum MA,
Alexopoulos D ef /. Anplographic
progression of coronary artery disease and
the development of myocardial infarction.
Jo Am. Coll. Cardiol 12, 56-62 (1988).
Litthe WC, Constantinescu M,

Applegate R] e 4/ Can coronary
angiography predice the sire of 2
subsequent myocardial infarction in
patients with mild-to-moderate coronary
artery disensc? Chroulation 78, 1157-1166
{1988).

Topol E], Nissen SE. Cur preoccuparion
with coronary luminology. The
dissoclation between clinical and
anpiographic findings in ischemic heart
discase, Clrenlation 92, 23332342
{1995).

Mizuno X, Satomura K, Miyamoto A

ez al. Angioscopic evaluation of coronary-
artery thrombi in acute coronary
syndromes, V. Brgl, . Med. 326, 287-291
(1992).

Sherman CT, Licvack F, Grundfest W

ez al, Coronary angioscopy in patients
with unstable angina pectoris. N Engl

Jo Med 315, 913-919 (1986},

23

3¢

31

de Feyrer PY, Ozaki Y, Baprise | et a2l
Ischemis-relared lesion characreristics in
patients with stable or unstable angina: a
study with intracoronary angioscopy and
ultrasound. Circwlation 92, 1408-1413
(1995).

Kubo T, Imanishi T, Takarada § er 2/
Assessment of qulprit lesion morphology
in acute myocardial infarcrion: ability of
optical coherence tomography compared
with intravascufar ultrasound and
coronary angioscopy. f. Am. Coll. Cardiol,
50, 933-939 (2007).

Thieme T, Wernecke KD, Meyer R ¢ 2/,
Angioscopic evaluation of atherosclerotic
plagues: validation by histomorphologic
analysis and association with stable and
unstable coronary syndromes, /. Am.

Coll, Cardiol, 28,16 (1996).

Ueda Y, Oheani T, Shimiza M,
Hirayama A, Kodama K. Assessment of
plaque vulnerability by angioscopic
classification of plaque colot, Am, Heart
/. 148, 333-335 {2004).

Takano M, Mizuno K, Okamaesu K,
Yokoyama $, Qhba T, Sakai S.
Mechanical and structural characteristics
of vulnerable plaques: analysis by
coronary angioscopy and intravascular
ultrasound. . Am, Coll. Cardiol 38,
99-104 (2001).

Smics PC, Pasterkamp G, de Jacgere PR,
de Feyter PJ. Borst C. Angioscoplc
complex lesions are predominancly
compensatory enfarged: an angioscopy
and intracoronary ulerasound study

Cardiovase, Res, 41, 458—464 (1999),

Nakamura M, Nishikawa H, Mukai S
er al. Tmpact of coronary artery
remodeling on clinical presentation of
coronary artery disease: an incravascular
ulerasound study, [ Am. Coll, Cardiol,
37, 63-69 {2001).

Machara A, Mintz GS, Bui AB eral
Morphologic and angiographic fearures
of coronary plaque rupture deteceed by
intravascular ulerasound. /. Am. Colll
Cardigl, 40, 904-910 (2002).

Kowani J. Ming G5, Castagna MT ef 2l
Intcavascular ulerasound analysis of
infarcr-related and non-infaret-relased
arteries in patients who presented with an
acute myocardial infarction, Cirenlation
107, 2889-2893 (2003).

Aoki ], Abizaid AC, Serruys PW et al.
Evaluation of four-year coronary artery
response after sirolimus-cluting stent
implantation using serial quanrirative
intravascular ulerasound and computer-

227



33

34

35

36

37

38

39

40

41

Chapter 6.1

assisted prayscale value analysis for plaque
composition in event-free patients, J. Am,
Coll, Cardiel. 46, 1670-1676 {2005).

Di Mario C. The SH, Madretsma § ot «/
Detection and characterizarion of vascular
lesions by intravascular ultrasound: an iz
vitra study correlated with histology:

J Am. Soe. Bchocardiogr. 5. 135-146
(1992).

Potkin BN, Bartarelli AL, Gessert JM

er al. Coronary artery imaging with
intravascular high-frequency ultrasound,
Cirenlation 81, 1575-1585 (1990).

Rasheed Q. Dhawale PJ. Anderson J.
Hedgson JM. Intracoronary ultrasound-
defined plaque composition: computer-
aided plaque characrerization and
correlation with hisrologic samples
obtained during dircetional corenary
athetecromy, As. Heart f. 129, 631637
{1995).

Yamagishi M, Terashima M, Awano K

er al Morphology of vulnerable coronary
plaque: insights from follow-up of patients
examined by intravascular ultrasound
before an acute coronary syndrome. /. Am.
Coll Cardiol, 35, 106-111 (2000},

Carlier §, Kakadiaris 1A, Dib N er 2l
Vasz vasoram imaging: a new window o
the clinical detection of vulnerable
atherosclerotic plaques. Curr Asheroscler,
Repn 7, 164-169 (2005},

Jeremias A, Kolz ML, lkonen T8 e 2d
Feasibility of /7 »/pe intravascular
ultrsound tssue characterizarion in the
detection of early vascular transplant
rejeccion. Cirenlasion 100, 21272130
{1999).

Nair A, Kuban BD, Tuzcu EM.
Schoenhagen P, Nissen SE, Vince DG.
Coronary plaque classification wich
intravascular ultrasound radiofrequency
data analbysis. Circulation 106, 2200-2206
(2002},

Masu X, Tsuchikane E, Karoh O et al
Accuracy of ir 0o coronary plaque
morphology assessment: a validation study
of in péwo virtual histology compared with
in vitre histopathelogy. /. Am. Coll. Cardiol.
47, 24052412 12006},
Rodriguez-Granillo GA, Aoki ], Ong AT
e al. Mcthodelogical considerations and
approach o cross-technigue comparisons
using J #ive coronary plaque
characterization based on intravascular
ultrasound radicfrequency data analysis:
insights from the Integmted Biomarker and
Imaging Study (IBIS). Jur. . Cardiovasc,
Freeryent, 7, 5258 (2005).

228

43

44

45

46

47

48

49

50

51

Kaaresen K. Deconvolution of sparse spike
trains by iterated window maximization,
{EEE Trans. Signal Process 45, 1173-1183
(1997,

Kaaresen K, Bolviken E. Blind
deconvolution of ultrasonic traces
accounting for pulse variance, JEEE Tdns,
Ultrason. Ferroclectr Freg, Contral 46,
564-573 (1999).

Redriguez-Granille GA, Garcia-Garcia
HM, Mc Fndden EP et al Jn vive
intravascular ultrasound-derived thin-cap
fibroatheroma detection using ultrasound
radiofrequency data analysis. /. Am. Goll,
Cardiel, 46, 2038~2042 (2005).

Wang JC, Normand 8L, Mausi L,

Kunrz. RE. Coronary artery spatial
distriburion of acute myocardial infarction
occlusions, Circularion 110, 278.-284
(2004,

Rioufol G, Finet G, Ginon I e 2l Multiple
atherosclerotic plague rupture in acute
caronary syndrome: a three-vessel
intravascular ultrasound study, Cirewlation
106, 804-808 (2002).

Lowder ML, Li §, Carnell PH, Vito RE.
Correction of distortion of histelagic
sections of arteries. f. Biomech. 40(2),

445450 (2007).

Boyde A, Jones 8], Tamarin A. Dimensional
changes during specimen preparation for
scanning electron microscopy. Seaz.

Eleetron Microse, 1, 507518 {1977).

Fishbein MC, Siepe! R]. How bigare
cotonary atherosclerotic plagues that
ruprure? Circularion 94, 2662-2666
(1996).

Siepel RJ, Swan K, Edwalds G,

Fishbein MC., Limitations of postmortem
assessment of human corenary artery size
and luminal narrowing: differential effects
of fissue Fixation and processing on vessels
with different degrees of atherosclerasis,
J Am. Coll. Cardial 5, 342346 {1985),

Nair A, Calverti D, DG V, Regularized
autaregressive analysis of intravascular
ultraseund datas improvement in spatial
accuracy of plaque tissue maps. FEEE Trans.
Ultrason. Ferroeiccrr. Freg. ControlS1,
420-431 (2004).

Garcia-Garcia HM, Goedharr D,
Schuurbiers JC 7 a Virtual histology and
remodeling index allow i vive
identification of allegedly high fisk
coronary plaques in patients with acurte
coronary syndromes: a three vessel
inrravascular ultrasound radiofrequency
daea analysis. Enrointervention 2. 338-344
(2006).

33

54

55

56

57

58

59

&0

61

63

Schaar JA, de Korte CL, Mastik F er 2l
Characterizing vulnerable plaque fearures
with intravascular elastography. Circudation
108, 2636-2641 (2003).

Schaar JA, Regar E. Mascik F er 2l
Incidence of high-strain pacterns in human
cotonary arteties: assessment with three-
dimensional intravascular palpography and
correlation with clinjcal presentation.
Cirowlation 109, 27162719 (2004).

de Korte CL, Carlier $G, Mastik F eral
Morphological and mechanical
information of coronary arceries obtained
with intravasculr elstogephys feasibility
study in vive. Eur. Hearr [ 23, 405-413
{(2002).

van Mieghem CAG, Bruining N, Schaar JA
et wl. Ratiomale and methods of the
integrated biomarker and imaging study
{IBI3): combining invasive and non-
invasive imaging wich biomarkers to detect
subelinical atherosclerosis and assess
coronary lesion biology. fur. /. Cardiovase.
Jrmaging 21, 425-441 (2005),

Van Mieghem CA, McFadden EP. de Feyter
PI e 2l Noninvasive detection of
subclinical coronary atherosclerosis coupled
with assessment of changes in plaque
characteristics using novel invasive imaging
modalities: the Integrated Biomarker and
Imaging Study (IBIS). J. Am, Coll, Cardiol,
47, 11341142 [2006).

Repar EvLA, Serruys P, Oprical
Coberence Tomography in Cardievascular
Research. Informa Healtheare, London, UK
(2007),

Huang D, Swanson EA, Lin CP er 4l
Optical coherence tomography. Scienee
254, 1178-1181 (1991).

Brezinski ME, Tearney GJ, Bouma BE
et @/, Imaging of coronary artery
microstructure iz vitre) with optical
cohetence tomography, Am, f. Cardiol,
77, 92-93 {(1996).

Regar E, Schaar JA, Mont £, Virmani R,
Serruys PW. Optical coherence
tomography. Cardiovase, Radiar. Med.

4, 198-204 (2003},

Jang 1K, Bouma BE. Kang DH eral
Visualization of coronary atheroscleretic
plagues in parients using optical coherence
tomography: comparison with intravascular
altrasound. [ Am, Coll Cardisl. 39,
604609 (2002),

Parwari . Weissman INJ, Boppare SA cr al.
Assessment of coronary plaque with optical
coherence tomography and high-frequency
ultrasound. Am. [ Cardisl 85, 641-644
(2000).



(5]

66

67

&8

69

70

73

74

Yabushita H. Bouma BE, Houser SL et 4/,
Characterization of Human
Artherosclerosis by Optical Coherence
Tomography. Cirenlation 106, 16401645
{2002).

Brevinsk ME, Tearney GJ. Welssman N
et al, Assessing atherosclerotic plaque
morphelogy: comparison of optical
coherence tomography and high frequency
intravascular wlerasound, Hears 77,
397403 (1997).

Kawasaki M, Bouma BE, Bressner J ez 2/,
Diagnostic aceuracy of optical coherence
romography and incegrated backscateer
intravascular ultrasound images for tissuc
characterivation of human coronary
elques, L Am. Coll, Cardisl. 48, 8188
(2006).

Manfrini O, Mont E, Leone O eral
Sources of error and interpretation of
plaque morphology by oprical coherence
tomography. Am. /. Cardiol. 98, 156-159
(2006},

Jang IK, Tearney GJ, MacNeill B er 2L
In wive characterkzation of corenary
atherasclerotic plaque by use of optical
coherence tomography, Circulation 111,
15511555 (2005).

Tearney GJ. Yabushita H, Houser SL er a2l
Quantification of macrophage content In
atherosclerotic plaques by optical
coherence romography. Circulation 107,
113-119 (2003).

MaeNeill BD. Jang IK. Bouma BE e o
Focal and multi-focal plaque macrophage
distributions in patients wich acute and
stable presentations of coronary artery
disease. [, Am. Coll Candiol, 44, 972-979
(2004),

Fuster V. Human lesion studies. Ann, NV
Acad, Sci, 811, 207224, discussion
224225 (1997).

Casscells W, Hathorn B, David M eraf
Theemal detection of cclular infiltrates in
living acheroscleroric plaques: possible
implications for plaque ruptre and
thrombosis. Lancer 347, 1447-1451
(1996},

Swhanadis C, Diamantopoulos L,
Viachopoulos C # 2 Thermal
heterogencity within human atherosderotic
coroniry arteries detected /n 2ivo: 2 new
method of detection by application of 2
special thermography catheter, Gironlation
99, 1965-1971 {1999},

Stefanadis C, Teurouzas K, Tiamis E ezal
Increased focal temperacure in human
coronary atherosclerodc plaques: an
independent predicror of clinical outcome

75

76

78

79

80

31

83

Diagnosis and treatment of coronary vulnerable plaques.

in parients underpoing a percutancous
coronary intervention. . Am. Coll. Cardiol.
37, 1277-1283 (2001).

Tourouszas K. Deakopoutou M, Mitropoules
J er 2L Elevared plaque temperacure in non-
culprit de wove atheromatous lesions of
patients with acute coronary .\yndromcs.

f Am, Coll. Cardiol. 47. 301-306 (2006).

Stefanadis C, Touwouzas K, Tsiarais B er 2/
Thermal hererogeneiry in stable human
coronary athcroscleroric plaques is
undetestimared in vive: the ‘cooling effoct’
of blood flow. /. Am. Cold Cardial 41,
403408 (2003).

Diamantopoulos L, Liu X, De Scheerder I
¢t af. The effect of reduced blood-flow on
the coronary wall temperacure: are
significant lesions suitable for intravaseular
thermography?
10.1016/50195-668X(03)00440--00448.
Eur, Hears [, 24, 1788-1795 {2003},

ten Have AG, Gijsen FJ, Wenrzel J].
Slagee CJ. van der Steen AR Temperarure
distribution in atheroyderotic coronary
arteries: influence of plaque geometry and
flow (a numerical study). Phys, Med. Biol.
49, 44474462 (2004},

Verheye S, De Meyer GRY. Keams R ez 4l
Intravascular thermography: Immediaze
functional and morphological vascular
findings. Fur Heart /. 25, 158-165 (2004).
Correia LC, Aralar E, Kelemen MD ez ol
Intzavascular magnetic resonance imaging
of aortic atherosclerotic plaque
compasition, Arteripscler. Thromé, Visc,
Bial 17, 3626-3632 (1997}.

Larose E, Yeghizzarians Y, Libby P er 2/,
Characterizadon of human acherosderotic
plaques by intravascular magnertic resonance
imaging, Circuletion 112, 2324-2331
{2003).

Blank A, Alsxandrowicz G, Muchnik L £ a4
Miniarure sel-contined intrrvascular
magnetic resonance (IVMI} probe for clinical
applications. Magn, Reson. Med, 54, 105112
{2005).

Regar E HB, Grube E, Halon D,

Wilensky RL, Virmani R, Schneiderman J.
Sax S, Friedmann H, Serruys PW, Wijns W.
First-in-man application of a miniature self~
conmined intricoronary magnetic resonance
probe, A multi-conme safery and feasibility
twial. Eurointervenson 2, 77-83 (2006).

Schnetderman J. Wilensky RL, Weiss A ef 2l
Diagnosis of thin-cap fibroatheromas by a
sclf-conmmined intravascular magnetic
resonance imaging probe in av #ivo human
aorms and Jn site cotonary arteries. f, Amy.
Call, Curdial 43, 19611965 {2005).

35

86

87

88

89

90

91

93

94

95

Quick HH, Ladd ME, Hilfiker PR,

Paul GG, Ha SW, Debasin JE Autoperfused
balloon catheter for intravascular MR
imaging, /. Mage, Resorn, Imaging, 428434
{1999).

Barkhausen |, Ebert W, Heyer C, Debatin JE
Weinmann HJ, Detection of atherosclerotic
plague with Gadofluorine-cnhanced
magnetic resonance imaping. Cirenlazion 108,
$05-G09 (2003).

Koot ME, Cappendijk VC, Cleugens KB

et 28 Accumudation of ultrsmadl
superparamagnetic parricles of iron oxide in
human atherosclerotic plagues can be
detected by /n Vive magnedc resonance
imaging. Cirmslation 107, 2453-2458 (2003).
Porto L. Sclvanayagam J, Ashar V,

Neubauer 3, Banning AR Safcty of magnetic
resonance imaping one to three days after
bare metal and drug-eluting stent
implantation. Am. /. Cardisl 96, 366-368
(2005).

Moreno PR, Muller JE. Idendficadon of
high-risk atheroselerotic plagues: a survey of
speetroscopic methods, Cwrr Opin. Cardiol
17, 638-647 (2002).

Brennan JF 3td, Romer TJ, Lees RS,
Tercyak AM. Keamer JR Jr, Feld MS.
Determination of human coronary artery
composition by Raman spectroscopy.
Cireudation 96, 99-105 (1997).

Baraga J]. Feld M3, Rava RR i siow optical
histochemistry of human artery using near
infrared fourier transform raman
spectroscopy. Froc, Natl Ased, Sei, U754 89,
3473-3477 (1992).

Romer TJ, Brennan JF, Fizmaurice M er 2l
Hisropathology of human coronary
atherosclerosis by quantifying its chemical
composition with raman spectroscopy.
Circulation 97, 878-885 (1998),

Romer TJ, Brennan JF, Puppels GJ er /.
Incravascular uitrasound combined with
raman spectroscopy to localize and quantify
cholesrerol and calgium sales in
atherosclerotic ¢oronary arterics.
Arterivscler, Thromb, Vasc, Biol, 20,
478483 (2000},

van de Poll SWE. Kasteliin K, Schut TCB
et 2f, On-line detection of cholesterol and
calcification by catheter based Raman
specrroscopy in human atherosclerotic
plaque ex wiva, Fearr89, 1078-1082
{2003).

Wang J, Geng Y], Guo B ez 2] Near-
infrared spectroscapic characterization of
human advanced atheroscleroric plaques.
J. Am. Coll, Careliol, 39, 1305-1313
(2002).

229



96

97

98

99

100

prt

10

102

Chaprer 6.1

Mareu L, Fishbein MC. Maarek JM,
Grundfest WS, Discrimination of human
coronary artery atherosclerotic lipid-rich
lesions by time-rovolved laser-induced
Fuorescence spectroscopy. Arierioscler.
Thramb, Visc. Biel, 21, 1244-1250 (2001).

Moreno PR, Lodder RA,

Purushothaman KR, Charash WE,
{'Connor WN, Muller JE. Detecdon of
lipid pool, thin fibrous cap, and
inflammatory eelks in human aortic
atherosclerotic plaques by near-infrared
spectrascopy, Circulation 105, 923-927
(2002).

Caplan JD, Waxman 8, Nesto RW,

Muller JE. Near-infrared spectroscopy for
the detection of vilnerable coronary arrery
plaques. f Am, Call. Cardiol 47, C92-C36
(2006).

Waxman S, Ishibashi F, Caplan JD.
Rationale and use of near-infrared
spectrascopy for derection of lipid-rich and
vulnemble plaques. L Nuck Cardiol, 14,
719728 (2007).

Aocki ], Ong AT, Rodriguez Granillo GA
et al, ‘Full meml jacket istented Jength > or
=64 mm} using drug-cluting stenss for de
novo coronary artery lesions. Am. Heart /.
150, 994-999 (2005).

Wicldine SA, Neubauer AM, Winter PM.
Carurhers 5D, Larsa GM, Melecular
maging and cherapy of atheresclerosis with
wrpeted nanoparricles. [ Magn, Reson,
Imaging 25, 667080 (2007).

Serruys PW, Hoye A, Grollier G, Celombo
A, Symeons J, Mudra H. A European muld-
center trial investigating the anti-restenotic
ffect of inmavascular sonothempy after
stenting of de nove lesions (EVROSPAF:
European Sanctherapy Prevention of
Arteriad Hyperplasia). Jnz. J. Candiovase,
Interveny, 6, 53-60 {2004).

230

103 Kandszasi DE. Chu A, Brodie BR er 2l
Feasihility of endovascular cosfing asan
adjundr o primary percurancous Coronary
intervendion (results of the LOWTEMP pilot
study. Am. [, Cardiol, 93, 636-639 (2004).

104 Chou TM, Woodburn KW, Cheong WF
¢t 2/, Photodynamic therapy: applications in
atherosdierotic vascular disease with motexafin
lutetfum. Catheter Cardicwase Intery 57,
387--394 (2002),

105 Finn AV, Nakazawa G, Joner M & 4/, Vascular
responses t drug chuting stenes: importance
of delnyed healing, Arterioscler. Thromb, Vase.
Biol 27.1500-1510 (2007).

106 Slager CF. Wenwel JJ, Gijsen ) eral The role
of shear stress in the generation of ruptiure-
pronevulnerable plaques. Net, Clim, Prees,
Cardiovase. Med. 2, 401407 (2005).

107 Slager CJ. Wenwel 1], Gijsen FJ ezl The role
of shear seress in the destabilization of
winerable plques and related therapeuric
implicatons. Nax Clin. Pract. Cardivvase,
Med 2. 456464 (2005).

108 Mereno PR. Kilpatrick D, Purushothaman
KR, Coleman L, C'Connor WN. Stencing
vulnerable plaques improves fibrous cap
thickness and reduces lipid content
understnding alternatives for plaque
smbiliaton, TCT(2002).

109 Kaluza G, Abviar CL. Tellez A. Kolodgie F
Virmanl R, Granada JE Firse fn-vive
experience with a navel low-pressure self-
cxpanding intraartesial shicld: 2 one-month
stuchy comparing to balloon expandable srenw
in porcine coronary arteries. 7CT(2007).

110 Acld J, Serruys PW. van Beusehom H e ad,
Endothelial progenitor cell capture by stents
coated with antibedy against CD34: the
HEALING-FIM (Healthy Endothelial
Accelerated Lining Inhibits Neoindmal
Growth-First In Man) Regisery. [ Ane. Coll
Cardiol 45, 15741579 (2005},

Affiliations

Héctor M Garcla-Garela MD, MSc
Theraxcenter, Erasmus MC, Rotterdam,
The Netherlands

Tel: +31 104 632917

Fac: +31 104 633 292
h.garciagascin@erasmusme.nl

Nieves Gonzalo MD

Theraxcenter, Erasmus MC, Rotterdam,
The Netherlands

Tel.: +31 104 632 917

Fax: +31 104 633 292

m.gonzalolopez@erasmusme.ni

Evelyn Regar MD, PhD

Thoraxcenter, Erasmus MC, Roteerdam,
The Netherlands

Tel.: +31 107 ©35 729

Fax: +31 107 032 357
c.regar@erasmusma, nl

Juan F Granada

Skirball Center for Cardiovascular
Translational Research, The Cardiovascular
Rescarch Foundation, New York, NY, USA
jgranada@crfiorg

PW Serruvs, MD, PhD

Professor, Thoraxcenter, Ba-583,

Erasmus MC, Dr, Molewaterplein 40,
3015 GD Rotterdarn, The Netherlands
Tel.: +31 104 635 260

Fax: +31 104 369 154

powij.cserruys@erasmusmenk



CHAPTER 6.2

From postmortem characterization to the in vivo detection
of thin-capped fibroatheromas: the missing link toward
percutaneous treatment: what if Diogenes would have
found what he was looking for?

Serruys PW, Garcia-Garcia HM, Regar E.

J Am Coll Cardiol. 2007;50:950-2.






From postmortem characterization to the in vivo detection of thin-capped fibroatheromas

From Postmortem
Characterization to the In Vivo
Detection of Thin-Capped
Fibroatheromas: The Missing
Link Toward Percutaneous
Treatment

What If Diogenes Would Have
Found What He Was Looking For?*

Patrick W. Serruys, MD, PHD, FACC,
Hector M., Garcia-Garciz, MD, MSc, FACC,
Evelyn Regar, MDD, PaD

Rotterdam, the Netberlands

In this issuc of the Jowrnad, Kubo cr 2l (1) and Chergvu
et al. {2) provide essential anaromical informaron about
plaques that cause acute coronary thrombotic occlusion and
their postulated precursors, thin-capped fibroatheromas
(TC¥As). Histopathological assessment {Cheruvu ¢t 2L, [2])
of the epicardial vascular tree revealed that the incidence of
TCFAs and ruptured plaques is low and their spatal
distribution s focal. An In vivo investgation of patients
with acute myocardial infarcton (Kubo et 2l [1]) confirmed
that, indeed, ruptured TCFA is the predominant morpho-
logic substrate. Linking these observations together can cast
light on possible options for weatment of such coronary
lesions,

See pages 933 and 940

From Postmeortem Observations
to the In Vivo “Hot Plaque” Characterization

The current paradigm postulates a particular morphology
for so-called vulnerable plaques, including a thic fibrous cap
overlying a necrotic-rich core. However, it 1s difficult to
wanslate postmortem findings inte a prospective, prognos-
tically relevant concept for patients.

“Editorials published in the Journal of the dmerican College of Cardiofogy refleet the
views of the authors and do not necessnily seprosent the views of JACC or the
American Collepe of Cardiology,

From the Thoraxcenter, Rotterdam, the Netherlands,

When is a fibrous cap considered thin? Pioneering

pathology studies applied various criteria regarding study
population, region of interest, and cap definition. Mann and
Davies (3) reported on 160 coronary plaques obtained from
31 subjects who died of sudden cardiac death. Mean cap
thickness was 250 pm (range 20 to 1,140 pm) in types IV
and V plagues. Burke et al. (4) sectioned coronaries at
3-mum intervals, Only cross sections with more than 50%
lumen narrowing were analyzed. In ruprured plaques, fi-
brous cap thickness was 23 = 19 um, and in 95% of these
plaques cap thickness was <65 pm. This value of cap
thickness of rupiured plagues has been used—maybe inap-
propriately—for the definition of monrupsured TCFA (5),
despite the fact that TCFAs have less necrotic core, less
cholesterol clefts, and less macrophage infiltration compared
with rupmured plague,
‘The present reports use the <65-pm criterion to define
TCFA. However, there is no consensus among clinicians
and pathologists regarding the critical threshold for cap
thickness that would reliably predict imminent plague
rupture. The criticism of clinicians stems from the face thar
application of absolute histomorphometric values can be
misleading due to anisotropic tissue shrinkage and to the
lack of longitudinal data. In addifion, the absence of a
technique able to provide an accurate cap assessment in vivo
has resuited in 2 lack of knowledge on the natural history of
such plagues.

Optical coherence tomography (OCT), the optical ana-
logue to pulse-echo ultrasound imaging, can directly visu-
alize 2 thin fibrous cap. Currently, intacoronary OCT
systems work with a resolution of 10 to 15 wm. Cilingiroglu
¢t al. (6) demonstrated that OCT is able to accurately
visyalize thin fibrous caps in vivo {7). Optical coherence
tomography can evaluate the macrophage content (7-9) and
the collagen composition of a fibrous cap {7). In the current
issue, Kubo et al. {1} evaluated the ability of intracoronary
OCT ro assess culprit lesions during primary percutancous
coronary intervention in patents with acute myocardial
infarction. Optical coherence tomography was superior in
detecting plaque rupturc and erosion as compared with
intravascular ultrasound (IVUS) and angioscopy. The study
is remarkable in several respects. Obviously, it demonstrates
the feasibility of 2 complex imaging protocel including
IVUS, angioscopy, and OCT in the acute setting. Secondly,
it confirms the pathology-driven hypothesis of the promi-
neat role of TCFA rupture in acute coronary thrombotic
acclusion. Third, it allows for the first time In vivo estima-
ton of critical cap thickness in patients, The thickness of
the remnants of the fibrous cap after symptomatic rupture
measured in vivo was 49 = 21 pm. These observations
represent a very encouraging step toward a prospective,
in-vivo evaluation of “hot” plaques at high risk for acute
coronary events. However, the results should be interpreted
with caution. The incidence of plaque rupture cannot be
generalized, as there was considerable selection bias in the
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study cohort, Opdical coherence omography differentiation
of necrotic-rich core from calcified plaque by visual assess-
ment of the gray scale image can be difficult (10). Therefore,
it would Important to know the actual intra- and interob-
server variability of Kuboe et al. {1) to assess the accurateness
of their results.

When Distribution and Freguency Matters

As atherosclerosis s a systemic disease, plagque rupture is
considered a ubiquitous process that may be clinically silent
ar symptomatic in different regions of the vaseular system.
In patients with acute coronary syndrome (ACS), Ricufol
etal. (11) reported at Jeast 1 plaque rupture remote from the
culprit lesion in 80% and remote from the culprit artery in
71% of their patients. A meta-analysis described that more
than 20% of ACS patients have more than 1 ruptured
plaque {12). Likewise, a high prevalence of rupture-prone
lesions throughout the coronary tree has been reporred by
angiography (13), angioscopy (14), and palpography (15).

The report of Cheruvu et al, (2) is at varlance with
previous reported data. First, the prevalence of TCFA and
ruprured plagques s low (0.46 £ 0.95 and 0.38 £ 0.70 per
heart, respectively), foca/, and located in the proximal seg-
ments of the coronaries. In earlier studies, up to 3 TCFA
were found per heart {16). Explanations for this might be
demographic differences in studied population and in meth-
ods, namely fongitudinal instead of cross~sectional cutting of
the coronarics. Second, necrotic core size was relatively smal/
for both, TCFA (1.6 = 1.8 mm™ length 2.7 = 2.0 mm) and
raptured plagues (2.2 = 1.9 mm® lenpth 1.9 = 3.6 mm). In
previcus studies, the size of necrotic core in TCFAs was
1.7 = 1.1 mm?® with a length of § mm (range 2 1o 17 mm),
and in ruptured plaques 3.8 = 5.5 mm?, with a length of 9
mn {range 2.5 to 22 mm) (5). The difference in length is
striking. Therefore, we may wonder whether the intrinsic
tisk varies among the type of lesions that are labeled by the
same morpholegic term “TCFA.

The Cheruvu et al. (2} findings have potendally impor-
tant clinical implications, since maybe only TCFA that are
proximally located, with large necrotic core and outward
remodeling, should be considered for local treatment, Un-
fortunately, remodeling index is not reported, likely due to
the methodology (longitudinal cut in 4 quadrants).

To date, there is no single marker that can accurately
identify the risk of rupture for an individual plaque. But it
has been suggested that assessment of several plaque char-
acteristics {morphologic, biochemical, and mechanical) may
improve the ability to correctly diagnose vulnerable plagues.
Radiofrequency IVUS data analysis (e.g., virtual histology,
palpography) has emerged as a tool to potentially detect
TCFAs i vivo. In a recent study, patients with ACS
underwent IVUS-VH analysis of all 3 epicardial coronaries.
On average, there were 2 IVUS-derived TCFA per patient
with half of them showing cutward remodeling (17). Inter-
estingly, the size of the necrotic core (1.2 = 0.8 mm™) is in
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line with the Cheruvu et al. (2) histopathological data.
Another interesting approach is the combination of VH and
palpography. Both datasets can be simultaneously acquired
during one single IVUS pullback, allowing for the assess-
ment of both morphologic and biomechanical properties of
a particular plaque. Asscssing several characteristics of a
given plaque could potendally enhance invasive risk strati-
fication by identifying very high-risk plaques, thereby low-
ering the number of vulnerable plaques that deserve to be
followed over time and ultimately treated.

What If Diogenes Would Have
Found What He Was Looking For?

The cynic Greek philosopher Diogenes walked through
Athens in broad daylight carrying a lghted lamp, looking
for an honest man. Needless to say, he never found one,

What if we ever became able fo identify in vivo the
uncommon TCFAs on the verge of imminent rupture?
Vessel wall reinforcement should be considered mandatory,
Tdeally, lesion coverage and cap reinforcement by a dedi-
cated shicld with thin and dense struts (permanent or
preferably absorbable) strong enough to progressively
change the geometry of the lumen by self-expansion with-
out muptwing the cap would be zppealing. Computational
finite element and fluid dynamics taught us that geometrical
changes in lumen shape can affect local mechanics unfavorably
or favorably, either leading to plaque rupture or to reinforce-
ment of the thin fibrous cap (18,19). Finally, having acutely
constrained the necrotic core, it should subsequently be re-
duced by a pharmacologic agent or mechanically. Furthermore,
regeneration: of the endothelium and recovery of its function-
ality, possibly by passive or active endothelial cell atmraction,
would heal the endothelial Lning, while drugs specifically
targeting the necrotic core could be released abluminally. Such
newly designed absorbable stents are currently contemplated as
future focal treatment for vulnerable plaque.

Reprint requests and correspondence: Dr, Patrick W, Serruys,
Thoraxcenter, Ba383, Dr. Molewaterplein 40, 3015-GD Rotter-
dam, the Netherlands, E-mail: p.w.j.c.sermuys@erasmusme.nl.
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Effects of the Direct Lipoprotein-Associated Phospholipase
A, Inhibitor Darapladib on Human Coronary
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Background—Lipoprotein-associated phospholipase A, (Lp-PLA.) is expressed abundantly in the necrotic core of
coronary lesions, and products of its enzymatic activity may contribute to inflammation and celi death, rendering plaque
vulnerable to rupture.

Methods and Results—This study compared the effects of 12 months of meatment with darapladib (an oral Lp-PLA.
inhibitor, 160 mg daily) or placebo on coronary atheroma deformability (intravascular ultrasound palpography) and
plasma high-sensitivity C-rcactive protein in 330 patients with angiographically documented coromary disease.
Secondary end points included changes in necrotic core size (intravascular uitrasound radiofrequency), atheroma size
(intravascular ultrasound gray scale). and blood biomarkers. Background therapy was comparable between groups, with
no difference in low-density lipoprotein cholesterol at 12 months (placebo, 88+34 mg/dL: darapladib. 8431 mg/dL:
P=0.37). In contrast, Lp-PLA, activity was inhibited by 59% with darapladib (#<:0.001 versus placebo). After 12
months, there were no significant differences between groups in plague deformability (P=0.22) or plasma high-
sensitivity C-reactive protein (P=0.35). In the placebo-treated group. however, necrotic core volume increased
significantly (4.5%17.9 mm’; £=0.009), whereas darapladib halted this increase (—0.5213.9 mm®*; £=0.71). resulting
in a significant treatment difference of —35.2 mm® (P=0.012). These intraplaque compositional changes occurred
without a significant treatment difference in total atheroma volume (P=0.85).

Conclusions—Despite adherence to a high level of standard-of-care treatment, the recrouc core continued to expand
among patients receiving placebo. In contrast, Lp-PLA, inhibition with darapladib prevented necrotic core expansion,
a key determinant of plaque vulnerability, These findings suggest that Lp-PLA, inhibition may represent a novel
therapeutic approach. (Circulation. 2008;118:1172.1182.)

Key Wonrds: atherosclercsis m drugs m imaging ® lipoprotein-associated phosphelipase A,

D espite intensive management of conventional risk fac- initially non~flow-limiting stenoses that often are underesti-
tors, many patients continue to expericnce recurrent mated by angiography.*?® The salient features of culprit
corcnary events.! Most acute coronary evenis arise from iesions resulting in fatal myocardial infarcten include the
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disruption of a thin fibrous cap, the presence of a large
lipid-rich necrotic core, and an extensive inflammatory cell
infiltrate.* Recent intravascular ultrasound (IVUS)-based
regression trials could not address these important lesion
characieristics because of inherent limitations in IVUS tech-
nology. althcugh they have demonstrated a relationship
between changes in the overall plague volume and plasma
low-density lipoprotein cholesierol (LDL-C) levels3® Be-
causc the current standard of care for high-risk cardiovascular
patients already mandates intensive LDL-C lowering. intra-
vascular imaging that could assess changes in plaque biome-
chanical or compositicnal characteristics may be particularly
helpful in evaluating the mechanisms of future events or the
efficacy of new pharmacological agents that act via novel
mechanisras.”

Editorial p 1120
Clinical Perspective p 1182

Lipoprotein-associated phosphclipase A; (Lp-PLAy) is a
circulating enzyme produced and secreted by inflammatory
cells centrally involved in atherosclerosis,*~!' bound predom-
inantly to apolipoprotein B-containing lipoproteins, and
highly ¢Xpressed in the necrotic core of atherosclerotic
lesions, 1213 Although this enzyme was first described as the
platelet-activating factor acetylhydrolase, it has much broader
substrate specificity.' Lp-PLA, rapidly degrades oxidatively
modified phospholipids in LDL-C. leading to formation of
proinflammatery and cytotoxic products.®'57¢ Becanse en-
hanced cell death and impaired clearance of apoptotic bodies
are thought to be key mechanisms for necrotic core expan-
sion.)” Lp-PLA, inhibition may favorably affect rupture-
prone lesions.

The objective of this study was to explore the effects of
weatment with a direet Lp-PLA; inhibitor (darapladib)} on
coronary plaque deformability, composition. and size. In
addition. the effects of Lp-PLA, inhibition on several biomar-
kers and clinical safety parameters were assessed.

Methods
Study Design

The Intcgrated Biomarkers and Imaging Study-2 trial was an
international. multicenter, randomized. double-blind, placebo-
controlled study of patients with angiographically confirmed coro-
nary heart disease. The trial was designed by the Steering Committee
(Appendix) in colluboration with the sponsor, Institutional review
boards at cach center approved the protocol, and patients provided
written informed consent.

Patient Population

Paticnts =18 vears of age undergoing cardiac catheterization for
acute coronary syndrome (ACS: ST-scgment clevation myocardial
infarction or non—ST-segment elevaton myocardial infarction} or
non-ACS (eg. chronic stable angina or troponin-negative resting
chest pain) were eligible. The protocol specified 50% of randomized
patients to have woponin-positive ACS. Key exclusion criteria were
planned surgical revascularization, stroke in the past 6 months,
chronic hepatic disorder or abnormal alamine aminotransferase.
bilirubin (slonine aminotransferase >2.5 or bilirubin >1.5 times the
upper Lmit of normal), serum creotinine >2.0 mg/dL, blood pressure
>160/100 mm Hg, poorly controlled diabetes mellitus (HbA . >109),
severe heart failure or feft venmicular cjection fraction <30%. and
current life-threatening condition, Patients were ineligible if angiog-
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raphy demonstrated left main coronary stenosis >50%% or their
coronary anatomy was inapproprizte for IVUS. Within 10 days of
qualifying cardiac catheterization. cligible patiznts were randomizad
to oral doses of darapladib 160 mg (GlaxoSmithKline, King of
Prussia, Pa) or placebo once daily {1:1 ratio) for the 12-month
treatment. The randomization was stratified according to ACS status
and center.

IVUS Imaging

After intracoronury nitroglycerin adminmistration. the vessel was
imaged with a 20-MHz IVUS catheter (Eagle-Eye, Volcano Thera-
peutics. Rancho Cordova, Calify durng a2 0.5-mm/s continuous
motorized pullback (R-100 pullback device). The nonintervened
studicd segment had to be at least 40 mm long and exhibit <50%
stenosis by angiography. All imaging data were stored digitally ina
dedicated console (In-Vision Gold. Volcano Therapeutics, Rancho
Cordova, Calif). Patients who received at least 1 dose of the
investipational agent were scheduled to undergo IVUS of the sume
study vessel at 12 months, Patients who required urgent cardiac
catheterization << {2 months but =6 months after randoraization had
their imaging data included in the analysis, Detwils regarding
imaging methodologies are provided in the online Dotz Supplement
and are illustrated schematically in Figure 1.

IVUS-Based End-Point Definitions

IVUS-Based Palpography

The density of high strain per 10 mum (the coprimary end point) was
defined as the number of cross sections with strain values =0.9%
divided by the number of all analyzable cross sections in the region
of interest and normalized for 10 mm.?

IVUS-Based Radiofrequency Analysis

The neerotic core velume was caleulated by multiplying the mean
necretic core area of the region of interest by its length. Necrotic core
values were expressed in cubic millimetars or as the percent of totul
racdiofrequency (RF)-derived plaque volume. Other components of
the plaque (dense calcium, fibrofatty tssue. and fibrous tssue) were
caleulated in the same manner.

IVUS Gray Scale

Total atheroma volume and percent atheroma volume were caleu-
lated. The latter was derived by dividing the total atheroma volume
by the total vessel volume and multiplying by 100, OF note, total
atheroma volume derived from IVUS gray scale containg both
atherosclerotic plague and media.

Biomarkers

Blood samples were collected at baseline and after randomization,
Plasma high-sensitivity C-reactive protein {hsCRP; coprimary end
point) was measured as deseribed previously.’® Plasma Lp-PLA,
activity was measured by a colorimewic method with an intra-assay
precision of 1.7% und Interassay precision of 4.890.7'% Details
reparding other biomarkers are provided in the online Data
Supplement.

Clinical Safety

Parient safery was assessed through adverse event reporting, physical
exgminations. ECG monitoring, und clinical laboratory tests. After
rupdomization, patents visited the study ¢enters at 1 and 3 months
and every 3 months thereafter.

To detect any potential signal of harm. the Independent Data
Monitoring Committee met every 3 months. by teleconference or in
person, to review the unblinded safety data. The Independent Data
Monitoring Committee deliberations took place entirely separately
ang independently of the Stecring Comminee or the sponsor
(Appendix).

Statistical Analysis
Continnous variables for imaging end points were reported as
mean+ 8D, Within-tremument-group changes from baseline were
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Only the amplitude {echo intensity}
is used to construct the IVUS-greyscale image

et 'l\m‘\qH‘lnl“ AT
L '”.,.‘ ‘huuu |H|f W e

Frequency (beneath the amplitude)

of echo signal can vary,
depending on tissue content

{to Pa)
— VUS at low BP

Figure 1. A, The ultrasound signal is generated in a piezoelectric crystal ()} that transmits and receives sound waves. B, Ultrasound
reflected by the tissue deforms crystal, generating RF signal. C, Gray-scale VUS Is derived from the amplitude of RF signal, discarding
information beneath the peaks of the signal. D, Changes in the electric field of the piezoelectric crystal caused by ultrasound reflection
are used fo generate a gray-tone irmage. E, IVUS RF analysis usés several additional spectral paramaters to identify 4 plaque compo-
nents. F, Plaque components that are identified are dense calcium (white), fibrous (green), fibrofatty (greenish-yeliow), and necrotic core
{red). G, WUS palpography takes advantage of RF signals generated by the artery being deformed by blood pressure (BP). Using analy-
sis of RF signals at “low” and *high” BP, the strain {deformaticn) in the inner layer of atheroma is determined. H. This strain is quanti-
fied and superimposed on the VUJS image at the lumen/vessel wall boundary. Note that high strain {yellow) is found at the shoulders of
the eccentric plague.

evaluated by paired f tests, and treatment companisons of changes
from bascline in IVUS were analyzed with ANCOVA adjusted for
ACS stats, pooled country, baseline value, and segment length.
Treatment differences were expressed as the adjusted mean. 95% CIL
and probability value. Biomarkers were log transformed and ana-
Lyxed with last-obscrvation-carred-forward ANCOVA and repeated-
measures mixed modeling adjusted for ACS status, pooled country.
visit, and interaction between visit and treatment. Treatment differ-
ences were expressed as adjusted percentage change. 95% Ci, and
probability value. No multiplicity adjustments were applied; all
probability values are presented 2 sided,

The sample size was determined with an esumation approach
because the effects of an Lp-PLA; inhibitor on novel imaging
parameters were unknown, The 3Ds of changes for highestrain

density (IVUS pulpography) and hsCRP in a similar patieat popu-
Jation were used. with additional consideration given to the expected
number of noncvaluable IVUS imagings,” With this approach, by
regraiting ~300 patients, the swudy could estimare the treatment
cifeets on the reduction of plague deformability or hsCRP with good
precisions reductions of =~20% were anticipated to reach statistical
significance.

The authors had full access to and take full responsibility for the
integrity of the data, Al authors have read and agree to the
manuseript as written,

Results
Between November 16, 2005, and Auogust 16, 2006, we
randomized 330 patients. We assigned 155 patients w pla-
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451 Screened

7

330 Randomized

. J

I

155 Placebo
4 did not receive study drug

S withdrew consent
3 lost to fotlow up

1 nan-compliance
1 other

E

~
{ 175 Darapladib 180 mg

3 did not receive study drug

Figure 2. Patient disposition flow chart.
Completed treatment refers to patients who
received =11 months of treatment.

20 discontinued study drug
7 adverse event
11 withdrew cansent
1 lost to follow up
U non-compllance
1 other

21 discontinued study drug
11 adverse event

./

130 Completed Treatment g
; (86%) :
S ~

152 Completed Treatment
{88%)

cebo and 175 patients to darapladib (Figure 2). As shown in
Table 1. both groups were well matched except for a higher
prevalence of hypertension among those receiving darap-
ladib. At randomization, there was a high level of adherence
to guideline-mandated treatments. including statin use in
~90% of patients.

Imaging Efficacy Results

Of randomized patients who received at least 1 dose of
placebo or darapladib, those with analyzeble baseline and
follow-up IVUS after a minimum of 6 months of treatment
constituted the imaging population. The median time to
follow-up IVUS was 364 days in the placebo and 364 days in
the darapladib group. with repeat IVUS at =11 months after
randomization in 97% and 96% patients, respectively.

IVUS Palpography

At basehine, the density of high strain per 10 mm was
comparable between placebo-treated (n=115) and darapladib-
treated (n=131) patients {0.44*+0.64 versus 0.43:20.63, re-
spectively). At follow-up, the between-group comparison of
the change from baseline in density of high strain (coprimary
end point) was not statisdeally significant (—0.08; 95% Cl.
—021 o 0.05; P=0.22). Details regarding prespecified
sensitivity analysis, including cnly vesscls with high strain at
baseline, arc provided in the online Data Supplement.

In the 10-mm subsegments with the highest bascline
density of high strain per 10 mm (placebo, 1.22%1.56:
darapladib, 1.21%£1.62). both groups showed significant re-
ductions after 12 months (placebo. 35%. P=0.001: darap-
ladib, 33%, P=0.002). but the difference between groups was
not significant (P=0.87}.

IVUS RF Analysis

At baseline, necrotic core volume measurements were com-
parable between treatment groups in the entire region of
interest and in the worst 10-mm subsegment (Table 2).
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In the entire region of interest, necrotic core volume
increased significantly during the study period among those
receiving placebo (4.5+17.9 mm*: P=0,009) but remained
unchanged in the darapladib group (—0.5%139 mm'
P=0.71 for within-group comparison). When the change
from baseline was compared between groups. there was a
significant treatment effect in favor of darapladib (—5.2 rmm®
95% Ci, —9.2 to —1.1; #=0.012). The nominal changes in
necrotic core expressed as percent of RF-derived atheroma
volume showed consistent treatment effects (Table 2).

In the 10-mm subsegment containing the largest necrotic
core volume, there also was a significant treatment effect in
favor of darapladib (—2.2 mm* 95% CI —3.6 o —0.5:
P=0.003: Table 2}.

Figure 3 illustrates the high degree of consistency in
weatment effect of darapladib compared with placebo in
several important clinical subgroups,

When the individual plague components were analyzed as
a percent of IVUS RF-derived atheroma, an increase in
necrotic core was paralleled by a decrease in fibrous tissue. In
a comparison of the 2 groups. the differences in necrotic core
(P=0.047) were accompanied by the reciprocal changes in
fibrous tissue (P=0,021) (Figure 4). These findings suggest
that in the placebo group a larger amount of fibrous tissue
was converted inte necrotic core, whereas in the darapladib
group this process was significantly attenuated. The Table
in the online Data Supplement provides data for all plaque
Components.

Gray-Scale IVUS

At baseline, total atheroma volume was comparable between
the placebo-treated (n+118) and darapladib-treated (n=143)
groups (placebo, 313+149 mm': darapladib, 327189 mm’;
P=0.51). At 12 months, atheroma volume decrcased by
—4.9%327 mm® in the placebo group (P=0.10} and
—5.0£28.0 mm® in the darapiadib group (P==0.033).
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Table 1. Baseline Characteristics

Placebo Darapladib
{n=151} {n=172}
Clinical characteristics
Age, ¥ 57.3+109 50408
Mer, 1 (%) 125 (83) 140 (81)
Body mass Index, kg/m? 27.8+3.8 27.5%4,0
Diabetes mellitus, n %) 22(15) 22 (13}
Hypertension, n (%) 89 (59) 567
Low HDL cholestarol (<40 ma/dl), n (%) 40 (26) 45 (26}
Hypercholesterolemia, n (%) 95 83) 108 (63)
Current smoker, n (%) 57 {38) 64 (37
Priar medical history, n (%)
Prior myocardiat [nfarction 439 (32) 51 (29
Prior coronary revascularization 47 (31) 50 (20)
Peripheral artety disease 76 17 (10)
Prior stroke 3@ 4{2
Index hospitalizadion, n (%}
ACS 74 (49 87 (51)
STEM! 35{23) 40 (23}
Non-STEM! 39 (26) 47 (27
PGl durlng Index hospitalization 122 {81) 130 (76}
Cardigvascular medications at randomization, f {%)
Aspirin 138 (1) 148 87)
Clopidogrel or Yclopldine 122 (81) 136 (79
Any antiplatelet medication 150 (=99 170 (99}
ACE Inhibiters or ARBs 88 (58) 161 (59}
B-Biockers 118 {78} 138 (80}
Statins 134 {88} 157 (91}
Laboratory values
Cholesterol, mg/dL
Total 1873475 1823432
LDL 108.2x41.4 1038374
HOL 46,8112 48,0124
Trigiycerides, mg/dL
Medlan 141 136
QR 97-202 96-183
hsCRP, mg/L
Geometric mean 24 2.4
95% £l 19,31 19,30
Lp-PLA, activity, sumot - min™" - L7
Geametric mean 158 160
95% Cl 152, 167 153, 167
Blood pressure, mm Hg
Systolic 125.7+16.9 1280161
Diastollc 7522101 75699
Study vessel”
LAD, n (%) 44 (38) 56 (39)
LCx, 1 {%) 32(28) 37 (26)
RCA, n (%} 451(37) 51{35)
Dlameter stenosis, %t 28.0(10.5) 26.610.3)
Mean lumen diameter, mmt 28205 30+06

HOL Indicates high-density Hpoprotein; STEM), ST-segment—elevation myocardial infarction; PCI, percutane-
ous coronary Intervention; ACE, angiolensin-converting enzyme; ARB, angiotensin receptor blocker; IGR,
Interguartile range; LAD, left anterior descendling artery; LOx, left circumdlex artery; and RCA, right coronary artery.
Valugs are presented as mean=SD unless ctherwise specified. To convert to mmolL, mutiply values of

cholesterol by 0.02585 and trigiycerides by 00113,

*Imaging evaluable population; placebo, 121 patlents; darapladd, 146 patients,

+Quantitative cororary anglography: placebe, 121 patients; darapiadib, 144 patjents.
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Table 2. Necrotic Core Measurements Based on IVUS

RF Analysis
Placebo Darapladlb
=110 =129 P
Region of interest, mm 4316 4918
Necratic core velume, mm™
Baseling
Mean=:SD 21.5x=21.9 22.8=24.5
Median 14.8 13.6
Interquartite range 6.1t028.2 7.3t0324
Follow-Lp
Mean=5D 26,0253 22.4+25.8
Medlan 157 163
Interquartile range 8110364 5610271
Change from baseline
Mean=SD 45x17.9 —(0.5£13.9
Pt 0.802 0.71
Least-squares mean =52 (~921% —-1.1) o012
(95% Chit
Necrotlc core of total plague, %*
Baseline
Mean=80 131278 13465
Median 128 125
Interquartile range 6810 16.8 9.1%017.5
Foliow-up
Mean=SD 15.7=8.8 13.9=7.7
Median 147 126
Interquartile range 8.5t 221 7810187
Change from baseling
Mean=SD 25=98 05=76
Pt 0.008 0.453
Least-sguares mean =20 (—3910 —0.0 0.047
@5% Ch
Necrotic core in the worst
10 mm, mm®
Baseline
Mean=SD 9.2:+81 9.1%7.6
Medlan 7.2 6.8
Interquartile range 3510118 321127
Follow-up
Mean=SD 101292 7.9x6.7
Medtan 73 57
Interquartile range 3310 16.0 270112
Change from baseline
Mean:=8D 0.4+56 —1.2x49
Pt 0.162 0.008
Least-squares mean -22(-361 ~0.8) £.0e3
{85% Clit

*Values dencte measurements In the entlre region of intergst,

tPaired ¢test (whhin-group comparison).

FANCOVA adjusted for ACS, pooled country, baseline valus, and matched
segment length (between-group comparison).
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The between-group comparison of change from baseline
was not significant {#=0.95). The percent atheroma volume
also was similar between groups (placcbo, 42.2:10.0%:
darapladib. 40.710.1%: P=0.24) at bascline. The within-
group changes and between-group differences were not sig-
nificant (P=0.90). Likewisc. atheroma volume showed no
treatment effect in the worst 10-mm subsegment (data not
shown}.

Biomarkers and Other Laboratory Assessments

At 12 months. hsCRP was 1.0 mg/L. (95% CI, 0.8 to 1.2)
among those receiving placebo (n=140) and 0.9 mg/L (95%
CI, 0.8 to 1.1} in the darapladib group {(n=162). Noasignif-
icant reductions in hsCRP were observed with repeated-
measures analysis (—15%: 95% CI. —36 to 11: P=0.22),
These results were consistent with the last-observation-
carrigd-forward analysis and observed data at 12 months
(hsCRP was lower in the darapladib group by ~12% [95%
CL. =32 to 15 P=0.35] and —22% [95% CI. —41 to 3;
P=0.08], respectively). A significantly higher percentage of
patients, however, achieved very low levels of hsCRP (<1
mg/L.) on darapladib (62%) than did those on placcho (45%)
(odds ratio, 1.99: 95% CI. 1.22 to 3.24; P<<0.008).

Plasma Lp-PLA. activity was significantly reduced by
darapladib at all time peints. At 12 months, Lp-PLA,; activity
was 153 gmol - min™' « L™ (95% CI, 147 to 159) in the
placebo and 62 gmol - min™ - L™ (95% CI. 58 to 65) in the
darapladib group. This corresponds o —59% (95% CI. —62
to ~56: P<0.001) inhibition of Lp-PLA. activity cornpared
with placebo (repeated-measures analysis and last-
observation-carricd-forward analysis). The concentrations of
other biomarkers (interleukin-6, myeloperoxidase. intracellu-
lar adhesion melecule-1. oxidized phospholipid/apolipopro-
tein B, and matrix metalloproteinase-9 activity) did not
change significantly.

Approximately 94% patients continued statins at the end
of the treatment period. The 12-month LDL-C was §8+34
mg/dl. in the placebo group and 84231 mg/di. in the
darapladib group (P=0.37). Plasma high-density lipoprotein
cholesterol also was unaffected by treatment (48:£11 mg/dL
in the placebo: 50%13 mg/dL in the darapladib group:
P=0.18).

Adverse Events, Clinical Safety, and Outcomes
Table 3 summarizes adverse events in both treatment groups.
A higher incidence of malodor (mainly feces or urine) was
repeorted with darapladib (16%) compared with placebo (3%)
but was an uncommon cause of withdrawal from the study
{darapladib, 2%).

Vital signs were similar except for the mean on-treatment
systolic blood pressure, which was higher in the darapladib
group by 3.0 mm Hg (95% CI 0.3 to 5.7; £=0.031) when
analyzed with the repeated-measures analysis adjusted for
baseline values. After 12 months, systolic blood pressure was
129.6x17.2 mm Hg in the placebo and 133.3£18.5 mm Hg
in the darapladib group. A posthoc analysis of the intraaortic
blood pressure at the time of follow-up cardiac catheteriza-
tion showed no differences between groups {placebo,



The Effects of the Direct Lipoprotein-associated Phospholipase A2 Inhibiter Darapladib

il
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il

p value

for interaction
<g5 yrs {n=172}

s 258 yr5 {1567)

Famale (n=38) 034
Mala (n=201}

Sroker {n=80) 043
Nen-smaker (n=143)

DM {n=33} 0.11
non-DM (n=206)

BR <140/90 mmHg {n=174) 0.79
BF 2140/90 mmHg (n=65)

oGFR <60 mifmin/1.73m2 (n=18} 0.20
oGFR 260 mifmin {n=217}

Prior siatin therapy (n=70) 0.89
No prior statin therapy (n=160)

ACS (n=118) 0.64
non-ACS (n=121)

LDL, <70 mg/dL, {n=67} 0.95
LDL =70 mg/dL, {n=169}

HOL <40 mgldl. (n=45) 0.43
WDL 240 mglel. (n=194)

Qverall (r=239)

40 =30 -20 «10 0

10

Difforence In Necrotic Core Volumo (mm‘)

e Favors darapladib

Favors placebo  mep

Figure 3. Treatment differences in necrotic core volume across clinical subgroups, The results are gisplayed as adjusted mean treat-
ment difference and 95% Cl. LDL-C and high-density lipoprotein (HDL) cholesterol values refer to on-treatment levels, DM Indicates

diabetes mellitus; oGFR, estimated glomerular filtration rate.

124.1%£23.8 mm Hg: darapladib, 121.8x23.0 mm Hg:
P=0.19).

There was no evidence of significant differences in
platelet biomarkers (P-selectin, sCD40L. and wurinary
11-dehydro-thromboxane B;) meagured ar multiple time
points (3, 6, and 12 months) except for higher levels of
CD40L at 12 months (placebo, 181 pg/mL [95% CI. 150 to
217} darapladib, 258 pg/mL [95% CI, 208 to 320];
P=0.024). No imbalance in clinical events related to in-
creased platelet activity was observed (Table 3).

Discussion

The main finding of this study was that darapladib, a direct
Lp-PLA. inhibitor, prevented necrotic core expansion,
whereas patients receiving placebo showed significant pro-
cression despite standard-of-care treatrpent, with average
LDL-C levels <90 mg/dL, The results suggest that human
coronary atherosclerosis is a dynamic process with potential
for replacement of fibrous tissue by necrotic core. Prolonged
Lp-PLA,; inhibition haited this process. indicating a direct
effect on human atheroma that is distinct from current
pharmacclogical therapies.

Lp-PLA; and Necrotic Core Formation

The mere presence of Lp-PLA. in high-risk plaques does rot
recessarily establish its causal role in lesion propensity for
rupture., However, Lp-PLA, inhibition, with the subsequent
reduction of its product, lysophosphatidyleholine, has re-
duced inflammation and cell death in stwdies in viwo,!2.13.16
Furthermore, darapladib decreased intraplaque lysophos-

phatidylcholine content. attenuated the expression of inflam-
matery genes, and reduced necrotic ¢ore in a porcine model
of ceoronary atherosclerosis.®® In humans, treatment with
darapladib not only inhibited intraplaque Lp-PLA; activity
but also reduced activity of the intraceliular proteascs
(caspase-3 and caspase-8) that are responsible for apoptotic
cell death2® Thermfore, the finding from the present study,
that darapladib interferes with necrotic core expansion. is
consistent with the overall biological hypothesis and sup-
ports a proatherogenic role for Lp-PLA,.

Intravascular Imaging of Coronary Atherosclerosis
Until recently. no intravascular imaging modality has been
capable of assessing the composition of ¢coronary atheroma in
a precise manner. IVUS RF analysis has been validated in
postmortemn pressure-perfused human coronary arteries and
in the specimens retrieved by coromary atherectomy and
carctid endarterectomy.?=2+ The present study provides the
fiest longimdingl observation of the atherosclerotic process
among padents receiving standard-of-care treatment. We
demonstrate continued necrotic core expansion in patients
receiving placebo, whereas darapladib halted this process,
with a consistent cffect across several subgroups. Because
atherosclerosis is a highly heterogeneous process, we also
confirmed statistically significant regression of necrotic core
volume in the worst 10-mm subsegments (Table 2).

The FVUS palpography failed to detect a significant cffect
on biomechanical properties of coronary plaques during
darapladib treatment. An unexpectedly high percentage of
patients without high strain (37%) at baseline may have
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Darapladib group Placebo group

Differential redistribution of individual IWUS-RF plaque
components in the overall population

p=0.047
1 1

g 5y P g5
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P=0.021

L B

Figure 4. Top, Representative examples of plague composition in the darapladib- and placebo-treated groups. The gray-scale frames
and corresponding IVUS RF frames are shown, The pie charts provide quantitative dispiay of individual plaque components in the
cross sections. Values are in millimeters squared (and percent of RF-derived atheroma area). In the darapladib-treated patient, a
decrease in necrctic core s seen. In the placebo-treated patient, an increase in necrotic core s demonstrated. Bottom, Differential
changes in plaque compenents from IVUS RF analysis in the overall placebo and darapladib groups. Results are expressed as mean

change from baseline (BL}, with individual compoenents expressed as percent of RF-derived atheroma velume, FUP indicates follow-up.
*Within-group change from baseline,

reduced the statistical power needed to demonstrate signti- group (P=0.009) when only patients with highly deformable
cant differences between treatment groups.” Supporting this plaque at baseline were analyzed.

hypothesis is the prespecified sensitivity analysis demonstrat- Despite the relatively short treatment duration. the changes
ing a significant reduction in high strain in the darapladib in volumetric measurcments using IVUS gray scale were
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Table 3. Adverse Events, Clinical Outcomes, and Laboratory
Abnormalities

Placebo Darapladib

Variahle n=151) =172
Adverse gvents,” n (%)

Serlous adverse event 46 (30} 49 {28)

Any adverse event 108 {72} 121 (70)

Any adverse event leading to withdrawal 1@ 7
MACE event, n (%)

Compostte of first MACE (GV death, M, 29019 2907

stroke, Coronary revascuiarization)
All components of MACE.t n (%)

Death i} 0

Myocardlal Infarction 7(5) 42

Strake 1{<1) 1{<1}

Coronary revascularization 29 (19 28 (16}
Other CV events,t n (%)

Coronary restenosls 20 (13 18{10)

In-stent thrombosis 20 1{<)

Hospitalization for myccardial ischemia 13(9) 118
Blood pressure—related events, n (%)

Investigator-reported hypertensive 4(3) 32

adverse events

Blood pressure =140/90 mm Hg 95 {63) 117 (68}

Systoiic blood pressure =140 mm Hy 89 {59 112 (65}
Laboratory anormalitles,d: n (%)

Alaning aminotransferase =3 tmes ULN 1{<1) 2(1

Aspartate aminotransferase =3 times ULN q 1<)

Totat bfirutln =1.5 times ULN 543 1{<1)

Alkaline phosphatase =2 times ULN 0 o

MACE indicates major adverse cardiac events; CV, cardiovasculan M,
myacardial infarction; and ULN, upper limit of normal. Adverse events were
colfected during treatment phase and up to 28 days after dlscontinuation of the
study medication.

*The safety popuiation consisted of patlents who recelved at least 1 dose of
placebo or darapladib,

tPatients with 1 evert are counted more than ance,

ANl counts refer to number of patlents.

comparable to those observed in other regression trials with
similar on-treatment LDL-C values.® IVUS gray scale has
been recognized as an established method to assess regres-
sion/progression of atherosclerosis, but it reles exclusively
on plague volume measurements. 562 The present study
demonstrates that IVUS RF analysis detects changes in
atheroma composition in the absence of detectable overall
plaque volume changes. We cannot exclude the possibility
that a longer treatment duration (eg, >12 months) may have
allowed an even more pronounced effect on necrotic core and
ultimately atheroma volume.

Darapladib and Biomarker Response

hsCRP. a broad marker of systemic inflammatory burden.
skowed only trends toward lower values in the darapladib
group, similar to a recent report.!® The noxious effects of
Lp-PLA; depend on intraplague concentrations of its sub-

strate (ie, oxidized phospholipid in modified LDL-C) and in
sitn Lp-PLA, concentration, which may explain the predom-
inantly local effects of darapladib without a more profound
systemic impact.®® A high adherence to statin therapy also
contributed to lowering hsCRP (and other inflammatory
biomarkers), thus minimizing the opportunity for further
reductions with darapladib,

Clinical Safety
Although the study was underpowered to address the effects
of darapladib on cardiovascular outcomes, there was no
imbalance in reported clinical outcomes. The higher sCD40L
level in the darapladib group at 12 months is probably not of
clinical relevance because only much higher values predict
ischernic events.?? Of note, other platelet biomarkers (P-
sclectin and 11-dehydro-thromboxane B} did not differ
between treatment groups. Importantly, there was no excess
of clinical events associated with increased platelet reactivity.
Higher systolic blood pressure in the darapladib group was
not consistent with the results of a prier clinical study and
requires careful attention in future studies.™® Additional com-
parison of the intraarterial blood pressure also revealed no
differences between groups.

Stady Limitations

This was an exploratory study that used novel imaging IVUS
modalities to assess plaque deformability, composition. and
size. The clinical relevance of plaque compositional changes
observed with sustained, long-term Lp-PLA, inhibition re-
quires confirmation in event-driven outcomes tials.

Our observations focus on a small segment of the coronary
arterial tree and might not fully represent disease progression
elsewhere, Finally, the approach undertaken in this and other
IVUS trials has not assessed changes in the precise plaque
phenotype that may portend clinical risk (eg. thin-cap
fibroatheroma),

Conclusions

This study demeonstrated that necrotic core expansion occurs
despite contemporary cardiovascular therapies, even in the
absence of overall plague size increase. This unabated ne-
crotic core expansion could be responsible, in part, for the
recurtent cardiovascular events in high-risk patients. Lp-
PLA, inhibition with darapladib halted this process and
therefore may represent a new approach for the treatment of
atherosclerosis if the benefit of this intervention is confirmed
by the results of future event-driven outcomes trials.

Appendix
Integrated Biomarker and Imaging Study-2 Steering Committee:
Patrick W. Serruys (chairman: Rotterdam, the Netherlands), Gerrit-
Anne van Es (Roterdam, the Netherlands), Christan Hamm {Bad
Nauheim, Germany). William Wijns (Aalst, Belgivm}. Andrew
Zalewskd (nonvoting member: King of Prussia, Pa}, and Andrew
Zambanini (nonvoting member: Middlesex. UK).

Independent Data Monitoring Committes: Peter Ganz {chairman:
Boston. Mass), Charles 8, Abrams (Philadelphia, Ps). Richard Cairms
(Nottinghare, UK), Barry R. Davis (ex officio; Houston, Tex).
Marian Fisher {Madisen. Wis), James $hepherd (Glasgow, Scot-
land), and Sidney Smith {Chape? Hill. NC).

Core laborateries: imaging (Cardialysis. Rotterdam, the Nether-
lands}; clinical biochemistry/hematology (Quest Diagnostics, Van
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Nuys. Calify; biomarkers {Quest Diagnostics, Van Nuys. Calif;
Boston Children's Hospital. Boston, Mass: Prognostix, Ing, Cleve-
land, Chio: University of California at San Diego, San Diego).

Participating centers (number of patients enrolled). Austria
Hunusch Krankenbaus, Georg Gaul (6). Belgium: Centre Hospitalier
Universitaire Sart-Tiiman, Victor Legrand (10); ZNA Campus Mid-
detheim, Stefan Verheye (25} Cardiovascular Center, Aalst, William
Wiins (14). Czech Republic: Vieobecnd Fakultni Nemocnice,
Michael Aschermann (23). Denmark: Skejby University Hospital,
Huns Erik Betker (18). Germany: West German Heart Center,
Raimund Erbel (7): Kerckhoff Klinik, Christian Hamm (7} Univer-
sitiitsklinikum Heidelberg, Stefan Hardt, Helmut Kicherer (I);
Universititskiinikum Miinchen, Volker Klauss (14}, Univer-
sititsklindum Ulm, Wolfgang Koenig (9): Segeberger Kliniken,
Gert Richardr (3). The Metherlands: Medisch Spectrum Twene,
Clemens von Birgelen (14). Medisch Centrum Lecuwarden, Adria-
nus Johannes van Boven (12): Catharina Hospital und Catherine
R&D, Herman Reolf Michels (14), Erasmus Medical Center, Patrick
Serryys (20): Medisch Centrum Rijnmond Zuid, Pieter Smits (11).
Norway: Haukeland Sykehus, Oyvind Bleic {20). Polund: Upper
Silesian Heart Center, Pawel Buszman (40): Szpital Uniwersytecki.
Dariusz Dudek (19). Spain; Hospital Marques de Valdecilla, Thierry
Colman {9); Hospital Clinico 8San Carlos, Carlos Macaya (9}
Switzerland: Kantonsspital Luzern, Paul Eme (25),
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CLINICAL PERSPECTIVE

Despite intensive management of conventional risk factors. coronary events continue to recur at an unaceeptably high rate.
Thus, novel therapeutic options for treating coronary heart disease are needed. Inhibition of the enzyme lipoprotein-
associated phospholipase A, {Lp-PLA.) with darapladib has emerged as 2 potential approach to addressing residual risk of
cardiovascular events by directly targeting high-risk coronary atheroma. This multicenter study used intravascular
ultrasound--derived techniques to characterize coronary atheroma in patients receiving a standard-of-care tweatment. The
results demonstrate that the necrotic core, a key determinant of plaque vulnerability, continued to increase among patients
receiving placebo despite a high level of adherence to recommended therapics., This result is consistent with a
proatherogenic role for Lp-PLA. that iz postulated to contribute to plaque vulnerability. In contrast, treatment with the
direct Lp-PLA, inhibitor darapladib added to standard of care prevented necrotic core expansion. Pharmacological
intervention with darapladib exerted favorable effects on coronary atheroma consistent with plague stabilization. These
findings suggest that direct Lp-PLA, inhibition may represent a novel therapeutic approach to reducing residual risk in

patignts with coronary heart disease,
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INTRODUCTION

Atherosclerosis is the main cause of ischemic heart disease. At present, ischemic
heart disease is the leading cause of death worldwide and it is predicted thac
it will continue to be the first in the world in 2030." Alchough for long time
atherosclerosis was regarded as a lipid-driven disease, it is now clear thart it is
an intricate process that involves also the simultaieous and combined effect of
inflammarory and immunological factors®. A critical primary step is the accumu-
lation and oxidation of low-density lipoprotein (LDL) particles. Oxidized-LDL
favors leukocyte recruitment and their activation, as well as cell death. This leads
to generation of complex atherosclerotic plaques.’ These high-risk atherosclerotic
plaques have a particular phenotype that is characterized by a high content of
necrotic core, a thin inflamed fibrous cap (intense accumulation of macrophages)
and scarce presence of smooth muscle cells. In the necrotic core underlying the
thin fibrous cap are commonly found hemorrhage, calcification and intraplaque
vasa vasorum.®’ These lesions have been identified as vulnerable plaques, inferring
to their association with cardiovascular clinical events.

THE PHOSPHOLIPASE A, (PLA,) SUPERFAMILY

This family of enzymes currently comprises 15 groups, a number of subgroups
and five types of enzymes [i.e. the secreted PLA s (sPLA,), the cytosolic PLAs
(cPLA,), the Ca* independent PLAjs (iPLA,), the platelet-activating facror
acetylhydrolases (PAF-AH), and the lysosomal PLA,s].* Of these five, the secreted
PLA_s and the plarelet-activating factor acetylhydrolases {or lipoprotein-associated
phospholipase A, - Lp-PLA,) have been associated wich atherogenesis and its

complications. Therefore, we focus our review on these two enzymes.

Secreted phospholipase A,

The secreted PLA_s hydrolyze the s#-2 position of glycerol-phospholipids to pro-
duce two biologically active lipids, namely arachidonic acid and lysophospholip-
ids.® Our of the ten different members of the sSPLA., group IIA (sPLA, - IIA) is not
only found in atherosclerotic lesions, bur also is closely implicated with a number
of atherosclerosis pathways. It has been linked to hydrolysis of LDL, therefore
it is thought to be a contributor of atherogenesis. Specifically, modified LDL by
sPLA, confers high affinity to proteoglycans, this results in accumulation of LDL

particles that are thereafter cleared by macrophages, thereby increasing foam cell
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formation.” In addition, hydrolyzed LDL particles by sSPLA2 caused spontaneous
LDL aggregation which is proportional to the degree of LDL hydrolysis. Thus,
sPLA2 may play an important role in atherogenesis by modifying LDL particles in
the arterial wall, thereby enhancing their aggregation, retention, and macrophage
uptake.

In different clinical presentation settings, epidemiological studies have linked
increased plasma levels of sSPLA2 IIA and risk of cardiovascular events %, In the
EPIC-Norfolk cohort'?, a total of 991 subjects that were followed during 6 years
were compared to 1806 controls, matched by age and sex. Although the risk of
incident coronary artery disease was associated with increasing quartiles of sPLA,
activity (P<0.001), the combination of sPLA, activity and CRP values was more
useful to detect incident risk of CAD than either biomarker alone. Subjects in the
highest quartiles of sSPLA, activity and CRP had an adjusted odds ratio of 2.89
(95% CI, 1.78 to 4.68; P<0.001) for CAD vs. those with the Jowest quartiles of
both markers.

Lipoprotein-associated phospholipase A,

Lipoprotein-associated phospholipase A, {Lp-PLA,) is produced and secreted by
inflammatory cells involved in atherogenesis,’*!” it is also bound predominantly
to apoB-containing lipoproteins, and highly expressed in the necrotic core of
atherosclerotic lesions.¥2° Although this enzyme was first described as platelet ac-
tivating factor acetylhydrolase (or type VIIA PLA,), it has much broader substrate
specificity.”! Lp-PLA, rapidly degrades oxidatively modified phospholipids in, for
example, modified LDL leading to formation of proinflammarory and cytotoxic
products [i.e. lysophosphatidylcholine (LPC) and oxidized nonesterified fatry
acids (oxINEFAs)].14 222 LPC promotes recruitment and activation of leukocytes,
initiation of apoptosis and impaired clearance of apoprotic bodies.”® A. pathologi-
cal study showed that Lp-PLA, staining in pathelogic intimal thickening plaques
was nearly absent; while in complex lesions such as thin-cap fibroatheromas and
ruptured plaques an intense Lp-PLA, expression within necrotic cores and sur-
rounding macrophages including those in the fibrous cap was shown. The degree
of macrophage apoptosis was greater in thin-cap fibroatheroma and ruptured
plaques compared with pathologic intimal thickening plaques.”” This may imply
that derived cytotoxic compounds from Lp-PLA, play an important role in plaque
vulnerability. These observations, therefore, suggest that Lp-PLA, inhibition may
favorably affect ruprure-prone lesions.

In epidemiclogical studies, increased concentrations of Lp-PLA, predict furure
cardiovascular events. In a study that included 466 patients with stable coronary

254



Phospholipase A2 Inhibitors.

heart disease the prognostic value of Lp-PLA, has been studied.* Patients were
followed-up for a median of 4.0 years. Higher Lp-PLA, levels were associared
with a greater risk of events: the hazard ratio per SD was 1.28 (P=0.009), after
adjusting for clinical and lipid variables and C-reactive protein. Koening et al.,"”
reported the prognostic value of plasma concentrations and activity of Lp-PLA,
in 1051 patients with coronary hearr disease. In multivariable analyses, Lp-PLA,
mass and activity were strongly associated with cardiovascular events after control-

ling for traditional risk factors, severity of CHD, statin treatment, cystatin C, and
N-terminal proBNP

SELECTIVE PHOSPHOLIPASE A2 INHIBITORS

Secretory phospholipase A2 inhibitors

Inicially, scientists from Lilly and Shionogi reported that substituted indoles and
indolizines were the most potent sPLA2 inhibitors, such as the indolizine In-
doxam and the substituted indoles Me-Indoxam and 1 [LY315920 or varespladib
sodium (sodium 2-(1-benzyl-2-ethyl-3-oxamoylindol-4-yl) oxyacetate;A-001).
More recently, some other substituted indoles, 6,7-benzoindoles, and indolizines
derived from LY315920 have been tested.

sPLA, potent inhibitors include: 1. varespladib methyl (1-H-indole-3-
glyoxamide;A-002) with selectivity towards sPLA2- TIA, sPLA2-Vand sPLA2-X; 2.
LY311727 (3-[1-benzyl-3-carbamoylmethyl)-2-ethyl-indol-5-yl]-oxypropylphos-
phonic acid; and 3. LY374388 ([3-aminnooxalyl-1-benzyl-2-ethyl-6-methyl-1H-
indol-4-yloxy]-acetic acid methyl ester).

In the PLASMA study, varespladib methyl (1-H-indole-3-glyoxamide; A-002
Anthera Pharmaceuticals, San Mateo, CA, USA) has been evaluated. This com-
pound has specificity towards sSPLA2-IIA, sPLA2-V, and sPLA2-X enzymes. * The
PLASMA study was a phase II, randomized, double-blind, placebo controlled par-
allel arm dose-ranging study of four doses (50, 100, 250 or 500 mg) of varespladib
methyl in 393 patients with stable coronary heart disease (NCT00455546). The
primary objective was to examine the effects of A-002 on sPLA2 concentration
and activity and on plasma lipoproteins and inflammatory biomarkers following
8 weeks of treatment.

More than 10% of the patients did not reached the primary endpoint, eventu-
ally 348 patients were studied (A-002 n=278, placebo n=70}. Mean sPLA2-TJA
concentration fell by 86-7%, (from 15-7 pmol/L to 2.1 pmol/L}, in the treat-
ment group, vs. 4-8%, (from 15-7 pmol/L to 14-3 pmol/L), in the placebo group
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(p<0-0001). The reductions in sPLA2-IIA concentration in the A-002 groups
were dose dependent. In addition, oxidized LDL and C-reactive protein were
reduced, as well as quantitative and qualitative lipoprotein changes were observed.
Particularly, in the A-002 treatment group, the mean difference from baseline
in. oxidized LDL was -3.8%3223.6 mU/L. "The absolute reduction differed from
placebo only for treatment doses of 100 and 250 mg. Mean C-reactive protein
concentrations reduced from baseline significantly in the A-002 treated group
(p<0.0001), however it was not different as compared to placebo (p=0.477).

Interestingly, in 259 patients that were taking a statin, [the baseline LDL
cholesterol was lower (range 1.9-2.0 mmol/L) than in the total study population
(0.7—4.7 mmol/L)], the mean reduction in LDL cholesterol was similar to thart
seen in the total study population. This drug was in general well tolerated, in
patients taking statins there was no evidence of hepatotoxicity. Only one patient
had a serious adverse event (exacerbation of underlying chronic obstructive pul-
monary disease), in the 500 mg A-002 treatment group.*

The PLASMA 1I is a bio-equivalence study, double-blind, paralle] assignment,
placebo control and randomized (NCT00525954). This study examined the ef-
fects of 2 different doses (250 mg, 500 mg) of A-002 compared with placebo, on
enzyme levels (sPLA, mass) and activity after 8 weeks of treatment. In addition,
the effect of treatment on inflammarory markers of cardiovascular risk (C-reactive
protein [CRP)), lipid levels and lipoprotein subclasses and other soluble biomark-
ers (e.g., ICAM-1, VCAM-1, TNE MCP-1 etc) were assessed. As of this writing,
although the study has been completed, no results have been posted so far.

Another interesting context in which secretory phospholipase A, inhibitors
may play an important role, it is in the setting of an acute myocardial infarction.
The sPLA, has been found in the limits of the infarcted myocardium by immu-
nohistochemistry”. It has been shown that sPLA, producrs, specifically lysophos-
pholipids, are ligands for C-reactive protein. These are related to complement-
mediated tissue damage in acute myocardial infarcrion. 2 The FRANCIS-ACS
Trial is currently enrolling patients with acute coronary syndromes to study the
safety and efficacy of A-002. (NCT00743925). This is a double-blind randomized
parallel group placebo controlled study. Subjects will be randomized to receive
either, 1. A-002 500 mg once daily (QD) plus Atorvastatin (80 mg QD); 2. or
placebo tablets in addition to 80 mg atorvastatin QD.

The primary objective is the comparison of the mean percent changes in LDL
hs-CRP, sPLA2 and other biomarkers between the two groups at 8 weeks. All
enrolled subjects will remain on treatment until all subjects have been treated for
a minimum of 24 weeks or until the occurrence of a Major Adverse Cardiac Event
(MACE). At that point, all active subjects (those who have not early withdrawn
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or those that have nort already had a MACE) will be brought in for a final study
visit. Subjects who complete the final study visit may be eligible to enroll in an
open-label extension study for up to 2 years total study drug exposure.

As of this writing, the varespladib (A-002) is also being tested in the context
of percutaneous coronary intervention (PCI). The sPLA 2 Inhibition to Decrease
Enzyme Release after PCI (SPIDER-PCI trial) is a also double blind (subjecr,
caregiver, investigator, outcomes assessor), parallel assignment, placebo control,
prevention, randomized, safety/efficacy study. The primary endpoint is the in-
cidence of myocardial injury as evidenced by elevation of CK-MB or troponin
I above the upper limit of normal at 8 hours and 18-24 hours post-angioplasty.
Partients in the active treatment group take 250mg tablets BID beginning 3-5 days
pre-angioplasty and for 5 days post-angioplasty.

Key exclusion criteria are: 1. pattents with ST elevation MI or any troponin
elevation (non-STEMI) within preceding 10days; and 2. elevation of CK-MB or
troponin I at baseline.

Selective lipoprotein-associated phospholipase A2 inhibitors

In the past, there was considerable discussion over whether Lp-PLA, primarily had
a pro-inflammatory (generation of lysophosphatidylcholine) or anti-inflammatory
(degradation of PAF or PAF-like lipids) role in atherogenesis. With the advent
of a selective and extremely potent and substrate-competitive inhibitors of this
enzyme, it became clearer that Lp-PLA, had a predominantly pro-inflammarory
role in atherogenesis.’ Two inhibitors are being tested as therapeutical options,
namely darapladib and rilapladib (GlaxoSmithKline, Philadelphia PA).

In animal studies, selective lipoprotein-associated phospholipase A2 inhibitors
(i.e. darapladib) have shown reduced development of advanced coronary athero-
sclerosis in diabetic and hypercholesterolemic swine.®® Specifically, darapladib
treatment resulted in a considerable decrease in plaque area and necrotic core area,
and reduced medial destruction, resulting in fewer lesions with an unstable phe-
notype. The mean plaque area (¢ s.e.m.) in the left anterior descending coronary
artery was 0.178 + 0.046 mm® versus 0.636 + 0.212 mm® in the treated group
compared to the control group. The mean necrotic core area (+ s.e.m.) from the
arterial section with the greatest plaque area was significantly reduced from 0.87
+ 0.33 mm’ to 0.03 £ 0.003 mm? (p =0.015) with treatment. Overall, the mean
medial destruction score for control coronary vessels was 2.4 + 0.027; whereas in
the treatment group, the score was reduced (1.2 + 0.24, p =0.003).

More advanced coronary lesions (i.e. thin fibrous cap atheroma) were found in
the control group as compared to treated group (41 vs. 10%, p=0.05)
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The mean ratio of macrophages to toral intimal and medial area was 1.78 =+
0.44% in the control group, 0.71 = 0.18% in the treated group (p = 0.036).

In a multicenter, randomized, double-blind, placebo-controlled study in 959
patients with coronary heart disease or CHD-risk equivalent subjects receiving
atorvastatin 20 or 80 mg, the effects of 12-week darapladib treatment (40 mg, 80
mg, and 160 mg oral) on Lp-PLAZ2 activity and mass, biomarkers and oxidized
lipids was evaluated (NCT00269048).% Darapladib 40, 80, and 160 mg inhibited
Lp-PLA, activity by approximately 43%, 55%, and 66% compared with placebo
{p < 0.001 at week12), and mass by mass measured in 2 9.6%, 12.9%, and 9.3%
by darapladib 40, 80, and 160 mg, respectively, (p < 0.001 for all doses at week 12
compared with placebo). Sustained dose-dependent inhibition was noted overall
in both atorvastatin groups and at different baseline LDI-C (270 vs. <70 mg/dl)
and HDL-C (<40 vs. 240 mg/dl). Interesting of note, at week 12, there was no
significant interaction between atorvastatin and darapladib on change in Lp-PLA,
activity (p = 0.60). Likewise, there was no interaction between baseline LDL-C
(<70 mg/dl vs. 270 mg/dl) or HDL-C (<40 mg/dl vs. 240 mg/dl) and the change
in Lp-PLA, activity at 12 weeks for all darapladib doses (p = 0.12 and p = 0.13,
respectively).

Although hs-CRP at baseline was low due to intensive background atorvastatin
therapy, treatment with darapladib 160 mg (n = 161) produced a 20.2% (p =
0.003; within group comparison) and a 13.0% reduction with placebo (p = 0.15;
between groups comparison).

Patients treated with darapladib 160 mg (n = 150) had a 21.5% reduction
in interleukin-6 (p < 0.001; within group comparison), it was also statistically
significant compared with placebo (p = 0.028).

The Integrated Biomarkers and Imaging Study-2 trial was an international,
multicenter, randomized, double blind, placebo-controlled study in 330 patients
with angiographically confirmed coronary heart disease (NCT00268996).
°® Ar 12 months, there was no difference in LDL-cholesterol {placebo: 88+34
and darapladib: 84431 mg/dL, p=0.37). The primary endpoint was coronary
atheroma deformability (IVUS-palpography) and plasma hs-CRP. Secondary end
points included changes in necrotic core size (IVUS-radiofrequency), atheroma
size (IVUS-greyscale), and blood biomarkers. The Lp-PLA, activity was inhibited
by 59% with darapladib (p<0.001 versus placebo). After 12 months, there were
no significant differences between groups in plaque deformability (p=0.22) or
plasma hsCRP {»=0.35). hsCRP was 1.0 mg/L (95% CI, 0.8 to 1.2 mg/L) among
those receiving placebo (n=140) and 0.9 mg/L (95% CI, 0.8 to 1.1 mg/L) in
the darapladib group (n=162). However, a significantly higher percentage of
patients, achieved very low levels of hsCRP (<1 mg/L) on darapladib (62%) than
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Distance from distal landmark {(mm)
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O Dense Caleium
O Fibrofatty 0.42 mm?
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1.94 mm?
20%

0.56 mm®

Figure 1. Temporal changes in necrotic core in a patient treated with placebo in the IBIS 2
study

Top: graph displayed the necrotic core (NC) areas in all consecutive cross-sections in this patient, the
increase of necrotic core in placebo treazed patient is apparent at several locations of the pullback, as
highlishted by the arrows. In the entize analyzed region, there was increase in necrotic core volume
of 25.1 mm? after one year, while in the worst 10 mm segment, an increase of 11 mm? in NC was
observed.

Botrom: In these two sequential cross-sections from the same anatomical location, there is evidence
of progression of necrotic core area (depicred in red) at the expense of fibrous tissue (depicted in
green).

Overall, this graph illustrates changes in IVUS virtual histologgy as typically seen in placebo-treated
patients berween baseline and follow-up.
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Figure 2. Temporal changes in necrotic core in a patient treated with an Lp-PLAZ inhibitor
{darapladib) in the IBIS 2 study

Top: graph displayed the necrotic core (NC} areas in all consecutive cross-sections in this patient, a
decrease of necrotic core in darapladib treated patient is apparent at several locations of the pullback,
as highlighted by the arrows. In the entire analyzed region, there was increase in necrotic core volume
of 19.1 mm? after one year, while in the worst 10 mm segment, a decrease of 8.7 mm? in NC was
observed.

Bottom: In contrast to placebo, two cross-sections from the darapladib-treated patient demonstrate
reduction in necrotic core area depicted in red. Of note, concomitant increase in fibrous tissue (in
green) is consistent with plaque stabilization effect.
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did those on placebo (45%) (p<0.008). In the placebo-treated group, however,
necrotic core volume increased significantly (4.5£17.9 mm?, p=0.009), whereas
darapladib halted this increase (-0.5£13.9 mm?, p=0.71), resulting in a significant
wreatment difference of -5.2 mm® (p=0.012). Figure 1 and 2. These intra-plaque
compositional changes occurred without a significant treatment difference in total
atheroma volume (p=0.95).

The Stabilization of Atherosclerotic Plaque by Initiation of Darapladib Therapy
Trial (STABILITY, NCT00799903) is a clinical outcome study of darapladib
versus placebo in patients with chronic coronary heart disease to compare the
incidence of major adverse cardiovascular events (CV death [death due to a car-
diovasacular cause], non-fatal myocardial infarction, non-fatal stroke). Patients
will remain in the study until a specified number of MACE events have occurred.
It is anticipated that patients will be in the study abour 3 years. This study is
currently recruiting participants.

In conclusion, despite of standard of care treatment, patients with coronary
artery disease continue to have recurrent cardiovascular events. Phospholipase A2
inhibition may represent a new approach for the treatment of atherosclerosis if the
benefit of this intervention is confirmed by the results of on-going event-driven
outcomes trials.
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incomplete stent Stent thrombosis is one of the major concerns after drug-eluting stent implantation, Multiple mechanical
apposition, recrotic causes {l.e, stent under-expansion, edge dissection, geographic miss, residual stenosis, incomplete stent
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appesition and a2naurysm) have been postulated, These features are easlly identifiable by Infravascular
ultrasound. However, It is uncertain which of them are inextricably related to stent thrombosis, primarily
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Complementary to greyscale IVUS, tissue characterisation by [VUS radicfrequency data (RFD) analysis has
the potential to add valuable infermation on the pathogenesis of stent thrombosis by providing information
on plague compositien, specifically on the amount of necrotic core and its iocation (superficial or deep).
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Introduction

In current practice, one of the most imporiant concens for the
interventionalist is stent thrombosis, primarily of drug-eluting stents
(DESH®. Among the multiple postulated causes, there Is @ large proup
encompassed in sc-called machanical causes (ie. stent under-
expansion, edge dissection, geographic miss, residual stenosis,
incomplete stent appesition [ISA} and aneurism [extreme ISA]). These
wera also farmerly related to thrombosis of bare metal stents (BMS). In
fact, for this stent type, it has been reported that in 78% of the patients
with stent thrombosis at least one mechanical cause is present using
greyscale intravascufar ultrasound [YUSIE, Furthermore, I1SA af long-
term follow-up seems to be more frequent after sirolimus-eluting stent
(SES) implantation than after BMS Implantation’, Extreme positive
remedelling after DES implantation is one of the main processes
involved in cases with late acquired 1SA. More importantly, 1SA has
recently been linked to thrombotic coronary eventse,
Complementary to greyscale [VUS, tissue characterisation by IVUS
radiofrequency data {RFD) analysis has the potential to add valuable
information on the pathogenesis of stent thrombesis by praviding
infarmation on plague composition, specifically on the amount of
necratic core (NC) and its Tocation {superficial or deep}. Although
IVUS-RFD analysis is a new technigue and there is a long way ahead
o prove its clinicat value in the context of stent thrombosis, in this
report we describe pathological fndings that have been related to
stent thrombaesis that are identiflable by VUS-RFD.

We also describe the current evidence that relates greyscale IVUS
findings with stent thrombosis.

Definitions of the mechanical causes of stent
thrombosis (Figure 1)

Stent under-expansion index, defined as minfmum stent cross-
sectional area (CSA) = mean of proximal and distal reference
areas™e,

Significant residual reference segment stencsis, defined as the
combination of a reference segment minimum lumen CSA <4 mm?
plus a plague burden >70%°.

Geopraphical miss, defined as a mismatch of intended lesion and
ballcon-infured targets with subsecuent stent deployment sites!d.
Unlike previous definition, gecgraphical miss also refers to balinon-
injured areas ieft untreated.

Incompiete stent apposition, defined as the lack of contact of at
ieast one stent strut with the vessel wall, not encompassing a side
branch, This can be detected immediately after stent implantation
{acute or post-stenting ISA} or at follow-up (six months and
beyond - late acquired ISA}. {Figure 2).

Edpe dissection, defined as the presence of a flap in close proximity
0 stent edges,

Aneurysm, defined as an enlargement of both the external elastic
membrane {(EEM] and fumen area »50% of the proximat reference
segrmentts,

Findings on greyscale IVUS during stent implantation
associated with stent thrombosis

Findisgs on IVUS-RFD during stent implantation potentially
associated with stent thrombosis

- Thrombus -

snis Densely calgified o
S esigns :

Pre-precedure
VUS

Adjacent necrotic 7 INUS-derived.:| [ Densely i | T
core-rich lesions "TCFA/FA fesions | | calcified lesions .

SNAI-HA
aInpasid-ald

Post-procedure
NS

o SATHA
21npacaid-1s04

- STENT “THROMBOSIS

Figure 1. This iNustration dispiays the potential use of greyscale IVUIS and IVUS-radiofrequency data (RFD) analysis acrass the different stages of
the intervertiona! procedure and imaging follow-up of the patients. Greyscale IYUS can categorise plague types and the acute result of the
interverttion, as well as provide useful information on some characteristics that have been refated to stent thrombosis such as incomplete stent
apposition (1SA), edge dissection, residual stenosis, under-expansion and thrombus. IVUS-RFD could provide valuable information on the intact

plaque, especially on necrotic core (NC) amount and location.
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e Pl
Figure 2. Paniel A shows a longitudinal view of an IVUS pullback. The
arrow points fo & proxirmal segment that is not apposed to the vesse!
walf, Panel B s the corresponding cress-sectional arca (CSA), The
arrow shows multiple stent struts that are not apposed. Panel Cis a
diagrammatic representation of the fongitudinal view. Notice the fack
of stent apposition signalled by the arrow. Panel D indicates the stent
CSA throughout the segment. An important decrease /n stent area is
seen at the proximal part,

Greyscale IVUS

Incompiete stent apposition has been postulated to be one of the
potential causes of stent thrombosis. Yet, is 1SA truly highly prevalent
in patients with stent thrombosis after DES implantation? Or is stent
thrombosis a rare event among patients with 1SA? This is not clear,
the reported prevalence of ISA post-stentng among DES studies
(siraolimus, paclitaxel ([PES]) and everolimus-eluting stents {EES])
varies from 2.4 to 34.4%1228 0n the cther hand, although late-
acquired 1SA has, by deflnitlon, the same IVUS appearance as post-
stenting 1SA, its postulated mechanisms are completely different
including progressive expansion of the vessel well, thrombus
resolution and lack of tissue growth around the stent strutsi?. In the
fiterature, the incidence ranges from 0.0 to 16.7%:14152L Possible
explanatory reasons for the wide spread of occurrence across all
reported stent studies are the following: 1) leslon-related (caleified,
eccentric, chronic total occlusions or thrombus); i) procedure-
related {absence of postdilatation and VUS-guidance); iil) device-
related (DES »>BMS); and W) corelab-rglated {inter-analyst and
inter-coreiab variability). Of nate, no clinical events related to {SA
have been reported in these trials.

The STHLR trial documented that geographical miss occurred in
855% of Implantations and was an additional risk for ate acute
coronary events following drug-eiuting stent Implantation'®. Thus,
this suggests that angiographic-guided Implantation of DES may be
not satisfactory. In this regard, VUS easlly identifies incomplete
lesion coverage, stent under expansion and ISA, yet remains
infrequently used {approximately 7% of cases in the United
States)?2, Although VUS-guided stenting could potentially improve
stent implantation, the cost-effectiveness of routing IVUS use in this
context has yet to be evaluated. Mare impartantly, whether this
approach would impact the incidence of iate stent-related cfinical
events is unknown. However, we do not think all cases are suitable
for IVUS-guided stenting. In this era of more Iiberal DES use,

Interventionalists frequently have to freat vessels with complex
anatormny (e.g. severe tortuosity), in which even with IVUS-guided
stenting, compiete apposition may not be fully ensured. Thus,
a careful analysis of the coronary anatomy prior to stent Implantation
may help operators to select cases in which IVUS Imaging Is safe and
the information useful,

Clinical studies of patients with stent
thrombosis and intravascular ultrasound imaging
Fujii et al® compared 15 patients treated with SES who experienced
early stent thrombosis with 45 patlents who had ng evidence of SES
thromhosis, [ncomplete stent apposition was found in 13% of
patients with SES thrombesis vs. 16% of controls, The minimurm
stent CSA was 4.3x1.6 mm? In patients with SES thrombosis
compared with 6.2£1.9 mm? in conirois {p<0.001); the stent
under-expansion index was smaller in SES thrombosis (0.65+0.18
v5. 0.85+0.14; p< 0.001), and the residual referance segment stenasis
was 67% In the SES thrombosis group vs. 9% in the controls, n <0.001.
In another case control study of 13 patients (14 DES with early
thrombosis)®?, the minimum stent CSA was also smaller as
compared 1o controls (4.6+1.1 vs, 5.6+1.7 mm? p <0.05), with 11
of 14 stents (79%) having a minimum stent CSAs <5.0mm?
comparéed with 12 of 30 (40%) in the control group (p=0.04}. These
authors also found larger residual reference segment stencsis in
patients with thrombosis,

Mintz gt 2 reported the comparison of 15 cases of DES with early
thrombaosis with 45 cases of DES restenosis. In line with the above-
mentioned reparts, the minimum stent CSA was smaller in DES
thrombosis lesions {3.7£0.8 vs. 4,921.8 mm? p=0.01).
Independent predictors of stent thrombosis were diffuse stent
under-expansion (odds ratio [OR], 1.5; p=0.03) and proximal
location of the site of minimum stent CSA (OR, 12.7; p=0.04).
Siquiera et a2 reported |ate-acquired incomplete stent appasition n
10 out of 195 patients {seven with SES, thres with PES) studied with
IVUS at six months; two out of these 10 patients with late-acquired
ISA had stert thrormbosis at 331 (PES) and 1,152 days {SES).

A report of two cases with DES thrombosis {one SES and one PES)
revealed extensive positive remodelling {increase in vessel volume
of 19,7 and 38.6%) leading to large areas of iate-acquired
incomplete stent apposition in both cases by means of serial
angiography and IVUS?®,

More recently, Cook et al® reported 11 patients with very late DES
thromboses and compared them with 188 contrels that had
undergone routine IVUS follow-up but did not develep stent
thrombosis. Incomplete stent apposition was present at the time of
thrombosis in 77% of patients with very late DES thromboses vs.
12% of controls Imaged during routine follow-up; p <0.0001. The
authors suggested that incomplete stent apposition may play & role
in the pathogenesis of this adverse event.

The: latest report avallable in the literature Is by Alfonso et al* who
reported 268 patients with DES thrombosis out of 1,974 patients
freated with DES during the same perlod, resulting in a two-year
stent thrombosis incidence of 1.3%. Only 12 were included in the
IVUS substudy, Thrombetic ceclusion was seen in all patients by
{VUS. Severe stent under-expansion and significant residual
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reference segment stenosis ware again the common denominators
in this serles, Incomplete stent apposition was detected n 50% of
the patients (three subacute, three late thrombosis), and major side
branches jailed by the stent were seen in 67% of the patients.
According to the Multicentre Ultrasound Stenting in Corcnaries
Study (MUSIC) eriteria®, deployment of the stents was suboptimal in
alt patients with stent thrombosis, In contrast with other studies, the
minimum stent area was not small (33 mm®). After re-intervention,
residlal thrombus was present in all patients {17+7% of stent
vollume post-intervention vs. 51x22% pre-intervention, p= 0.001).
We can therefore conclude that incomplete stent apposition s
highly prevalent ameng patients with DES thrombosis that have
been studied by WUS. In addiion, stent under-expansion and
residual reference segment stenosis were alse constantly associated
with DES thrombosis.

Table 1 summarises the WVUS findings that have been reported
amang patients with stent thrombosls,

Table 1. IVUS findings in patients with stent thrombosis.

EEM CSA, mm? 28.6 Mean?
Increase in EEM volume over time,% 19.7-38.6 Range?
ISA,% 50-100 Range™<
Maximal ISA (SA, mm? 2.0-24 Range?
Maximal ISA length, mm 6.3 Mean®
Caldum arg, ° 350 Mean®
Stent: underexpansion index 0.28-1.00 Range*
Stent asymmetry 0.77-0,90 Range®
Minimum stent CSA, mm? 3.7: 437 4.8 Meand

EEM: external elastic membrane; (SA: cross-sectional area; ISA: incomplete
stent appesition; *Cook et al; "Feres of al; “Alfonso et al; ® Mintz et af
Fujfi et b 'Okabe et at

IVUS Radiofrequency data analysis

Qur knowledge of the pathophysiology of late DES thrombeosis is
derived from pathologic samples?3_ It has been demonstrated that
DES cause substantial delaved healing (the most commaon cause of
late DES thrombosls at autopsy) characterised by the lack of
complete re-endothelialisation and persistence of fibrin when
compared with BMS®L This cannot be assessed by any IVUS
modality due to its Fmited axial resolution (100 pm).

Other proposed pathoiogical mechanisms of coronary stent
thrombosis are stenting of necrotic core-rich plagues with extensive
tissue prolapse and plague disruption in the proximity of the stentec
arterial segmen®4, (Figure 3). IWUS-RFD is able to characterise
necrotic core with high sensitivity and specificiy®. This technigue
also provides geometrical analysis of each frame, allowing us to
have the combined assessment of necrotic core and plague size;
indeed this relationship has been tested in 25 patients with acute
coronary syndromes in wham an increment in plague size wes
followed by an increase in the NC®, Thus, pre-stenting imaging
using IVUS-RFD can give us an insight ot only into the extent of
plague but also on the extent of necrotic core within and beyond the
Intended stenting segment, This latter assessment is impaortant
since stenting has been lately performed, under conventional
angiography guidance, from “normat 1o normal” arterial segments;

270

Figure 3. Greyscale IVUS frame and its corresponding IVUS-
radiofrequency data frames of an IVUS derived thin cap fibre-atherema
(two upper frames). At the bottom, a stented necrotic core-rich plaque
is shown. Notice the presence of stent struts at the lumen in the coler
picture as “dense calcium” on top of a confiuent area of necrotic core.
Virtua! histology color code: green is fibrous, greenish Is fibro-fatty, red
Is necrotic core and white is dense calcium,

however, disruption of adjacent necretic core-rich areas that are
angiographically disease-free could be avoided by VUS-RFD pre-
enting Investigation. In this context, we studied 24 petients in
whom 26 stented segments (by angiography stenting was
performed from “narmal to normal” corcnary segments) using
IVUS-RFD were assessed. We observed that necrotic core rich
areas were left unstented (Smm-proximal edge mean necrotic core
17.0+13.5% and Srmm-distal edge 18.5x15.5%): however, no
stent thrombosis has been cbserved in this smali cohort of patients
at six menths follow-up. It has yet to be determined in a larger
population whether incomplete coverage of necretic core-rich
coronary plagues or disruption of adlacent necrotic core areas by
DES impact on long-term chinical events.

Bifurcation lesions are the preferable location of TCFAs; in clinical
studies this supset of lesions has been related to stent thrombosls?®,
we therefore hypothesised that the evaluation of the location and
amount of the necrotic core is crucial. Thus, not only may the
wifurcation stenting technigue change accordingly, mainly by
avoiding overlapping segments on these NC-rich areas, but also the
stent used to treat these lesions. The desirable objective is a device
that offers: &) mechanical stabilisation, b) promotion of vascular
healing and ¢) reduction of inflammation. Nevertheless, it is worth
mentioning that although related to a different physiopathological
process and other arterial segment —restenosls following carotic
stenting — the dissection of a lipid-rich, inflammatery plague has
been recently associated with reduced risk of restenosis.®
Theoretically, IVUS-RFD enables us to characterise in vivo TCFA -
WUS-derived thin-capped fibro-atheroma (IDTCFA); these lesions
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may pose a distinctive high risk of stent thrombosis, due o the fact
that they contain large amount of necrotic core located superficially.
We have recently developed software to quantify the amount of
necrotic core in contact with the lumen, enabling refinement of our
analysis. Our current definition of an IDTCFA is & lesion fuifilling the
following criteria in at least three CSAs: 1) plaque burden = 40%;
2) confluent necrotic core 210% in direct contact with the lumen
{i.e., no visible overlylng tissue} in the investigated CSA; all
consecutive CSAs having the same marphalogic characteristics are
considered as part of the same IDTCFA fesion3®. In a recent study,
using this refined defintion of TCFA as assessed by IVUS-RFD, in
patlents with ACS who undetwent IVUS imaging of all three
epicardial coromaries, on average, there were two IDTOFAs per
patient, haif of which showed outward remodeliing®s (Figure 3).
Post-stenting analysis by VUS radicfrequency data analysis is
fimited since this technigue iacks proper validation in this respect.
An approach to get around this fimitation could be to perform pre-
stenting and post-stenting IVUS-RFD {0 assess the acute changes
in terms of composition and relate this o the foliow-up findings.
Thus an IVUS-RFD clinical study that investigates the relationship
between plague composition of the intended stent segment
{inciuding its 10 mm proximal and distal segments) and
development of stent thrombosis is still to be scheduled.

Conclusions

Although there are several potential mechanical causes of stent
thrombosis that can be detected during the index procedure by
greyscaie IVUS as well as by repeated imaging at foflow-up, # is
uncertain which of them are inarguably related to stent thrombosis,
primarily due to the low number of patients with stent thrombosis
studied by IVUS in case control studies where causality Is difficult to
assess. A longitudina! and prospective study, adequately powered to
demaonstrate the mechanica! factors potentially identifiable by [VUS
and related to stent thrombosis is still awaited.
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Characterization of Edge Effects With Paclitaxel-Eluting Stents
Using Serial Intravascular Ultrasound Radiofrequency Data
Analysis: The BETAX (BEside TAXus) Study

Héctor M. Garcia-Garcia, Nieves Gonzalo, Shuzou Tanimoto, Emanuele Meliga, Peter de Jaegere,

and Patrick W. Serruys

Thoraxcenter, Erasmus MC, Rotterdam, The Netherlands

Introduction and objectives. At present, the effect of
paclitaxel on tissue structure at the edges of Taxus®
stents is unknown. The objective of this study was to
investigate in vivo the temporal changes occurring at the
edges of paclitaxel-eluting stents using intravascular
ultraseund radiofrequency (IVUS-RF) data analysis.

Methods. The study included 24 patients who had a
total of 26 paclitaxel-eluting stented segments, In all
patients, IVUS-RF imaging was petformed 5 mm
proximally and 5 mm distally to the stent edges 6 months
after stent implantation. For subseguent analysis,
proximal and distal segments were divided inte five 1-mm
subsegments.

Results. In the first 2 subsegments adjacent to the
proximal edge of the stent, the vessel wall had grown to
compensate for plaque growth without affecting the
vessel lumen, while in the remaining three subsegments
there was overcompensation (ie, the vessel wall
increased to greater than the plague size). Consequently,
the lumen hagd increased in size. At the distal edge of the
stent, overcompensation was observed in all five
subsegments and the lumen had increased in size. In
general, proximal and distal growth was dug to an
increase in fibrolipid plague (P<.001 and F<.001,
respectively) along with a decrease in the necrotic core
(P=.014 and P<.001, respectively) and the presence of
dense calcium {P<.001 and P<.001, respectively).

Conclusions. Serial expansive vascular remodeling
was cbserved at proximal and distal stent edges.
Remodeling occurred in response o tissue growth, which
was mainly due to increased fibrofatty tissue.

Key words: Restenosis. Imaging. Drug-eluting stents.
Coronary disease.
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Caracterizacion de los efectos tisulares en los
segmentos adyacentes a los stents liberadores
de paclitaxel segln el andlisis de datos de
radiofrecuencia procedentes de ecocardiografia
intravascular seriada: estudio BETAX (BEside
TAXus)

Introduccion y objetivos. En la actualidad se desco-
nece el efecto de paclitaxel en la composicion tisular en
los segmentos adyacentes (pordes} dei stent Taxus® El
objetivo de este estudio fue investigar in vivo los cambios
temporales que se producen en los bordes del stent libe-
rador de paclitaxel segin un andlisis de los datos de ra-
diofrecuencia procedentes de ecografia intravascular
(EIV).

Métodos. En total participaron 24 pacientes {26 seg-
mentos con stents liberadores de paclitaxel). Se obtuvie-
ron imagenes con EIV de ios 5 mm proximales y los 5
mm distales de los bordes del stent transcurridos 6 me-
ses del implante, Para realizar un andlisis posterior, los
segmentos proximales y distales se fraccionaron en cinco
subsegmentos de 1 mm cada uno.

Resultados. En tos primeros dos subsegmentos adya-
cantes ai sfent del borde proximal, la pared de! vaso cre-
ce para compensar el crecimiento de la placa sin que elio
afecte a la luz, mientras en los siguientes 3 subsegmen-
tos se observd una sobrecompensacion {la pared del
vaso aumentd mas gue el tamafc de la placa). Por lo
tante, aumentd ei tamafic fuminal, £n el borde distal, se
observé sobrecompensacion en todos [os subsegmentos,
seguida de un aumento del tamaro tuminal. En general,
el crecimiento proximal y distal se basé en un aumento
de la placa fibrolipidica {p < 0,001 y p < 0,001 respectiva-
mente}, con una disminucién del nicleo necrdtico (p =
0,014 y p < 0,001 respeciivamenta) y un contenido denso
de calcio (p < 0,001 y p < 0,001 raspectivamenta).

Conclusiones. Se cbservd un remodelado vascular
expansivo vy seriado en los bordes proximal y distal del
stent, para acomodar un crecimiento tisular principaimen-
te debidc al aumento del tejido fibrotipfdico.

Palabras clave: Reestenosis. Técnicas de imagen.
Stents farmacoactivos. Enfermedad coronaria.
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ABREVIATIONS

CSA: cross-sectional area
IVUS: intravascular ultrasound
RFD: radiofrequency data

INTRODUCTION

Stent use has been one of the major breakthroughs in
the treatment of patients with coronary artery disease.!
Together with its many advantages some assoclated pitfalls
are restenosis and stent thrombosis.>® Regarding the
vascular responses after stenting (ie, restenosis and
remodeling). a response-to-injury pattern of wound
healing occurs, mainly characterized by an increase in
smooth muscle cells and extracellular matrix.'®

In the Taxus If stady a significant reduction in lumen
size was observed at the proximal edge in both paclitaxe!
eluting stent and bare metal stent groups., while at the
distal edge the reduction was only present in the bare
metal stent group. This was mainly due to an augment
in plaque size not fully compensated by vessel wall
remodeling."t

Nowadays spectral analysis of the intravascular
ulasound {IVUS) radiofrequency data (RFD) analysis>
is emerging as a tool 1o assess tissue composition in the
coronary arteries. Thus, not only serial geometrical
changes can be analyzed, but also its composition.

However, in stented vessels this can only be performed
at the edges of the stent, because the actual stent area
and its surroundings cannot be analyzed with IVUS-
RFD, due to: @) misclassification of the stent struts as
“dense calcium™ &) lack of proper validation of IVUS-
RFD in this context; and ¢) potential interference of the
superficial stent struts on the backscattering of the tissue
behind them.

We hypothesized that the tissue involved in the increase
of plaque at the edges of the stent, as assessed by IVUS-
RFD. is mainly fibro-fatty tissue. which has been described
as loosely packed bundles of collagen fibers with regions
of lipid deposit and extracellular matrix without necrotic
areas.!

We thus sought in vivo the temporal geometrical and
tissue composition changes at the edge of paclitaxel-
eluting stent as assessed by IVUS-RFD analysis.

METHCDS
Patient Selection

The BEside TAXus® (BETAX) study was a longitudinal
and prospective cohort of non-consecutive patients who
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had 2 clinical indication for coronary intervention and
were treated with Taxus® stent (Taxus” Express™™: Boston
Corporation. Natick. MA, USA) in at least one of their
coronary arteries. Only patients who gave informed
written consent were included in the study. Patients with
stable angina and acute coronary syndromes were
included. Acute coronary syndromes comprise unstable
angina, non-ST segment elevation myocardial infarction
and $T-segment elevation myocardial infarction. IVUS-
RFD imaging was performed at post-stenting and at 6
months, Our local Ethics Committee approved the
protocol.

IVUS-RFD Acquisition and Analysis

Details regarding the validazion of the technique,
on explanted human coronary segments and in vivo
post-atherectomy. have previously been reported.’>*
Briefly. IVUS-RFD uses spectral analysis of IVUS
radiofrequency data to construct tissue maps that are
correlated with 2 specific spectrum of the
radiofrequency signal and assigned color codes (fibrous
[labeled green], fibrofatty [labeled greenish-yellow].
necrotic core [labeled red], and dense calcium [labeled
white]).'>13

IVUS-RFD was acquired using a continuous puliback
{Bagle-Eye™ 20 MHz Volcano Therapeutics, Rancho
Cordova. CA. USA) by a dedicated IVUS-RFD console
{Velcano Therapeutics. Rancho Cordova, CA, USA).
The IVUS-RFD recordings were stored on 2 DVD and
sent 1o Corelab (Erasmus Medical Center/Cardialysis,
Rotterdam. The Netherlands) for offline analysis.

The 5-nun proximal (p} and 5-mum distal {d) segments
adjacent to the stent were subsequently divided into 1-
mm 5 subsegments (ss) (Figure),

The FVUS-RFD sampling rate during pullback is gated
to peak R-wave and is therefore dependent on heart rate.
For instance. during constant heart rate of 60 bpm, data
will be collected every 0.5 mm.

Compositional and geometrical dara were obtained for
every cross-sectionz! area (CSA) and expressed as mean
arcas and percent tor each IVUS-RFD component.

Statistical Analysis

Discrete variables are presented as counts and
percentages. Continuous variables are presented as means
(8D}, A P value (2-sided) less than .05 was considered
significant. Assumptions for normality were checked
after transformation based on a P value >.20 at
Kolmogorov-Smirnov test and by visual assessment of
Q-Q plots of residuals. Accordingly. leg transformation
was performed on the variables with skewed distibution.

The comparison between baseline and follow-up was
performed using paired Student ¢ test.

Statistical analyses were performed with use of SPSS
software version 11.5,
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Figure. A: area changes in geometrical = 0
measurements at the proximal and
distal 5-mm of the Taxus stent. B and -15
C: absolute and relative temporal
changes in plaque compaesition, CSA
indicates cross-sectional area.

RESULTS

Overall, 30 patients were included in this study, but
only 24 (26 stented segments) patients were ultimately
analyzed. Two patients refused angiographic follow-up
and in other 4 patients the IVUS image guality was poor
(non-continuous pullback and presence of IVUS
artifacts}. The baseline characteristics of the patient
population are depicted in Table 1. The mean age was
57.6 (11.2) years, most being male patients (75%) and
66% of the patients presented with stable angina. The
studied vessel was the Jeft anterior descending in 46.2 %,
the left circumflex in 26.9 %. and the right coronary
artery in 26.9 % of the cases. The mean number of stent
per patient was 1.5 (0.7). No stent thrombosis has been
observed so far.

IVUS-RFD Findings. Changes From Baseline
to Follow-up in Geometrical and
Compositional Parameters Within

and Between the Proximal and Distal
Segments.

At baseline, the mean vessel CSA (16.5[4.9]7 vs 11.3
[4.0] mm® P<.001). plaque CSA (7.7 [3.6] vs 5.3 [2.7]
mm? P<.001). and lumen CSA (8.8 [2.6] vs 6.2 [1.7}
mm?*; £<.001) of the entire 5-mm edge segment in the
proximal edge were larger than their counterparts in the
distal segment. The same holds at follow-up for the
measurements of the mean vessel CSA (17.5 [5.9] vs
12.8 [4.0] mm®; P<.001), plaque CSA (8.2 [4.4] vs 5.1
[2.6] mm® P<,001). and lumen CSA (9.3 [3.0] vs 7.7
74.0] mm®% P<.001) (Tabie 2).
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TABLE 1. Demographic, Medication, and Procedure
Characterisitics (n=24)

Age, mean (SD), v 575 (11.2)
BMi, mean (SD), kg/m? 28.1(3.8)
Male18 (75)
Hypartension 0 (41.7)
Diabetes melfitus 6 (25}
Hypercholesterolemia 1041.7)
Current smoker 4{16.7)
Previous cardiac histery 5(20.8)
Previous CABG 0
Previous ACS 3{12.5)
Family history of CAD 11 (45.8}
Clinical presentation
Stable anginz 16 (66.6}
ACS $(37.4)
Medication
Aspirin
Baseline 17 (70.8)
6 Months follow-up 24 (106)
Clopidogre!
Baseline 3(20.8
& Months follow-up 24 (100)
Beta-blockers
Baseline 7 {29.2)
& Months follow-up 19 (78.2)
ACE inhibitor
Baseline 5(20.8)
6 Months follow-up 12 (50}
Caicium channel blocker
Baseline 3(12.5)
& Months follow-up 14.2)
Statins
Baseline 12 (50}
& Months followe-up 21 (87.5)
Studied vessel {n=26)
LAD 12 (46.2)
LCX 7(26.9)
RCA 7(26.9)
Procedure characteristics
Stent length, mean (S0}, mm 18.6(4.1)
Stent diameter, mean (SD), mm 3{041)
Balloon pre-dilatation 110423
Bailoon length/stent iength ratio, mean {SD) 0 97 (0.27)

Stent implantation pressure, mean (SOY, atm 19.6 (3.24)

*ACS Indleates acute coranary syndrome; BMI, body mass Indax; CABS, coronary
artery bypass gratt; CAD, coronary artery disease; LAD, leftanterlor descending;
LCX, left circumflex; RCA, right coronary artery.

Data are expressed as A (%) o moedfan (50),

At the proximal and distal edges. a serial expansive
vascuiar remodeling was observed at follow-up. with a
significant increase in mean vessel CSA of the entire
proximal (P=.031) and trend towards an increase in the
distal segment (P=.06).
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Plague
Burden,
%
45.4 (11.9)
45.1 {12.6)
85
43,5 {(10)
40,2 (10.7)
001
038
<.001

Fiaqua Cross
Seclional Area,
mm?

7.7 {36}
8.2 (4.4)
54
5327
5.1(2.6)
B9
<001
<001

Lumen Cross
Seclignal Area,
mm?
8.8(2.6)
9.3(3
043
6.2{1.7)
7.7{4)
<001
<001
<001

Vessel Dross
Sectional Area,
mm?
165 (4.9)
175 (5.9)
031
11.5 (4}
12.8{4)
063
<001
<0801

Mecyoliz
Core,
%

17 (13.5)
14.2 (13.8)
062
0.8 {12.6)
<001
23
<001

Meciolic
Gore,
mm?
014
0.52(0.86) 18.5(16.5)
<001
<00
<.001

0.26 {0.32}

<01
7(9.3)
13.7 {13.1)
<001
<004

1.7 (11.9) 0.74 (0.69)
<.001

18.7 (13.4) 063(0.77)

Fibrofatty,

Fitrofatty,
mm?
0.52{0.71)
1.02 {1.19)
<001
0.21 (0.33)
0.43 {0.54)
<.00%
<.001
<001

Fihrolle,
Y
57.9(19.3)
56.9(18.4)
49
47.8 (29.2)
53 (28.7)
.18
<.001
<001

Fibrolfe,
mm?
2825
48
14 (1.4}
14 (1.4)
.99
<001
<001

%
5.8(8.2)
<001
11{142)
3.3(6.3)
<001
8
<001

Galcitled,
107 (11.5) 26{2.1)

Calilied,
mm?
0.52 (0.63)
0.32 (0.49)
<0009
.29 (0.48)
409 (0.17)
<001
<001
<.001

Proximal versus distal edge, P

Fallow-up
Proximal versus distal edge, P

Follows-up
P

Fallow-up
Baseling

Baseling
P
Distal Edge

Baseline

TABLE 2. IVUS Virtual Histology Tissue Composition and Geometrical Data in the Entire 5 mm Segments

Proximal edge



Tissue Characterization. of the Edge Effects of Paclitaxel-Eluting Stents

Since plague CSA hardly increases, this remodeling
resulted in a significant increase in mean lumen CSA
was observed (Table 2).

In terms of tissue composition, at baseline, in the
proximal segment as compared to the distal. the
percentage of caleified tissue was not different (10.7%
[11.53%] vs 11.0% {14.29%]: P=.80). the same was true
for the necrotic core (17.0% [13.3%] vs 18.5% [16.5%1-
P=.23): on the contrary significantly larger percentage
of fibrous (57.9% [19.3%) vs 47.8% [29.2%]: P<.001}.
and fibrofatty tissue (11.7% [11.9%] vs 7.0% [9.3%]:
P<,001) were observed.

At follow-up, all tissue types were larger in the proximal
segment than in the distal. calcified (5.8% [S.2%] vs
3.3% [6.3%]: P<.001). necrotic core (14.2% [13,8%] vs
10.8% [12.6%]. P<.001). fibrous (56.9% [18.4] vs 53.0%
[28.7%]. P<.001), and fibrofatty tissue (18.7% [13.4%]
vs 13.7% [13.1%]: P<.001) (Table 2).

Overall, in the proximal and distal segments a
significant increase of fibrofatty tissue was observed.
whereas a decrease of calcified and necrotic core over
the time was present. Fibrous tissue did not show
significant temporal changes (Table 23,

Subsegmental Analysis of Longitudinal
Changes at 5-mm Edge Segment of Proximal
and Distal Edges

The mean absclute difference vessel CSA (follow-
up — baseline) was positive throughout the proximal
and distal segments: this was accompanied by a positive
mean absolute difference in lumen CSA: the most
prominent increase in plaque CSA (although not
significant) was documented in first three proximal
subsegments. (Figure). In particular, at the proximal
edge, in the first 2 millimeters the vessel wall grew to
comnpensate for the plaque growth (1-mm pss. A+0.52
and A+0.54 mm®; 2-mm pss, A+0.63 and A+0.58 mm?:;
vessel arca change and plague area change respectively)
without affecting the lumen size (1-mm pss. A-0.02
mm?*: 2-mm pss, A+0.07 mm? in umen area changs).
while in the following 3 subsegments overcompensarion
was observed, that is the vessel wall grew more than
the plaque (3-mm pss, A+1.98 and A+1.18 mm?%
4-mm pss, A+1.32 and A+0.12 mm*®: 5-mm pss, A+0.54
and A+0.14 in vessel arca change and plague area
change respectively). resulting in an increase in lumen
size (3-mm pss. A+0.81 mm® 4-mm pss. A+1.21 mm®™;
and 5-mm pss. A+0.69 mm®). At the distal edge.
overcompensation was observed in all 5 subsegments.
resulting in an increase in lumen size (1-mm dss.
A+0.88: A+(0.23 and A+1.35 mm®; 2-mm dss, A+0.67;
A+0.04 and A+1.24 mm?: 3-mm dss. A+0.17: A-0.63
and A+1.72 mm?* 4-mm dss, A+CG.51: A-0.36 and
A+142 mm* 5-mm dss. A+0.63: A-0.10 and
A+1.61mm*in vessel. plague and lumen area change
respectively).

At 6-month follow-up, the percentage of fibrofatty
tissue increased in all subsegments, while fibrous tissue
showed a more heterogeneous behavior, with calcified
tissue and necrotic core being decreased throughout the
ten subsegments analyzed. (Figure).

DISCUSSION

The main findings of this study were the following:
a) at the proximal and distal edge, a serial expansive
vascular remodeling was observed. with an increase
in mean vessel area and mean lumen area of the entire
edge from baseline to follow-up: &) in the first 3
subsegments adjacent to the proximal part of the
stent the most prominent increase in mean plaque
arca was observed. This is in line with the results of
Taxus II and IV studies'"'®; and ¢) overall, in the
proximal and distal segment a significant increase
of fibrofatty tissue was observed, while a decrease
of calcified tissue and necrotic core over time was
present.

The serial changes in tissue composition at the edges
of the stent could vary depending on the location
{proximal vs distal edge), the shear stress conditions.!®
the morphological baseline characteristics (degree of
obstruction) of the segment as well as the baseline tissue
composition. Last but not least, the degree of vessel wall
injury after dilatation plays a role.’” In animal and human
pathological studies the response-to-injury process after
stenting has been extensively described.’® Restenosis
occurs secondary to accumulation of smooth muscle
cells and extraceilular matrix. which consists of
proteoglycans, hyaluronan and collagen (Type [ and I).
This extracellular matrix modulates neointimal growth
and remodeling.'? The IVUS-RFD tissue type that
correlates with extracellular matrix is the fibro-fatty
tissue, which happened to be the one that mostly increased
in this study and, positive remodeling was also observed
at both stent edges at 6 months. Serial remodeling has
been proposed as the best approach to evaluate the
geometrical vessel wall changes™. In this regard other
previous Taxus® stent studies have described this
phenomencn at the edges. In particular, in TAXUS II'!
a positive remodeling was only observed at the distal
edge in both slow and moderate release Taxus group due
to an increase in plague size and hardly not change in
lumen size: while in TAXUS IV almost no change was
observed in vessel size at proximal edge and a trend
towards negative remodeling was observed at the distal
edge. It is difficult to put in perspective these three
studies, since they all have different sample size, in
TAXUS IV authors acknowledged potential selection
bias. So, aithough this study has a small sample size. a
more complete characterization of the serial changes
has been achieved.

In the present study. necrotic core rich arcas were
left unstented (proximal edge 17% [13.5%] and distal
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edge 18.5% [16.5%]). however no stent thrombosis
has been observed in this small cohort of patients.
Proposed pathological mechanisms of stent thrombosis
are stenting of necrotic core-rich plagues with extensive
tissug prolapse and plaque disruption in the proximity
of the stented arterial segment.*2® IVGS-RFD is not
only able to characterize necrotic core with high
sensitivity and specificity.' it also provides geometrical
analysis of ecach frame. allowing us to have the
combined assessment of necrotic core and plague size.
Thus, pre-stenting imaging using IVUS-RFD can give
us an insight into the extent of plaque and necrotic
core within and beyond the intended stenting segment.
This latter assessment is important since stenting has
been lately performed from “normal to normal ™ arterial
segments in angiography: however, disruption of
adjacent necrotic core-rich areas that are
angiographically disease-free should be avoided.
Indeed. it has been reported that incomplete coverage
of coronary atherosclerotic plagues with drug-eluting
stents may impact on long-term clinical events,
especially in necrotic-core rich plaques.'? Nevertheless,
in this study, a decrease in necrotic core was showed
at both edges at follow-up. Whether this is related to
the presence of stent or even more to the drug type
eluted on the stent remains to be elucidated.

The limitations of this study are various. firstly only
a small cohort of patients has been included. since the
study was considered mainly exploratory and without
formal statistical hypothesis. Secondly, it would have
been ideal to study completely the stent segment plus
the edge effects. however as mentioned earlier. there is
not validation of the tissue characterization behind the
stent struts which may themselves interfere with the
process of ultrasound backscattering of the tissue located
behind the struts. Six-meoenth follow-up may be a
relatively short period of time to fully evaluate the tissue
changes at the edges of the stent considering the fact
that longer angiographic follow-up has been suggested
to better evaluate the vascular responses at these
locations.

CONCLUSIONS

Serial expansive vascular remodeling was observed at
the proximal and distal edge of the stent. to accommodate
a tissue growth mainly due to an increase in fibrefatty
tissue.
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Assessment of the Absorption Process, Temporal Changes in Strain Values and Tissue Composition
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Assessment of the absorption process following
bioabsorbahle everolimus-eluting stent implantation:
temporal changes in strain values and tissue composition
using intravascular ultrasound radiofrequency data analysis
A substudy of the ABSQORB clinical trial
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KEYWORDS
Bioabsorbable sten, Abstract
fﬁf;_gbfzp KL Aims: The main objective was to use IVUS-backscatter radiofrequency (IVUS-RF) to assess the degradation of

a bicabsorbable stent by measuring serial changes in dense calcium (DC) and necrotic core (NC) as assessed
by intravascular ultrasound-Virtual Histology™ {IVUS-VH) and in the strain as assessed by palpography.
Methods and results: In the ABSORB trial, 27 patients treated with a single bicabsorbable everolimus-
eluting stent (BVS, Abbott Vascular, Santa Clara, CA, USA) were all imaged with [VUS-RF post-stenting and
at B-month follow-up, and 13 and 12 patients were also investigated pre-stenting with IVUS-VH and
palpography respectively.

From pre- to post-stenting, with VH {n=13), there was an increase in mean "DC" (9.8 vs. 254%,
p=0.0002) and “NC" (15.5 vs. 30.5%, p=0.0002). In paipography (n=12), the mean number of frames
with Rotterdam Classification (RGC) IV per cm decreased from 1.22£1.81 to 0.12+0.31 {p= 0.0781)
and the mean cumulative strain values (2!t frames with ROC I-IV scores) changed from 0.50£0,27 to
0.20£0.10% (p= 0.0034},

Comparing post-stenting with follow-up (n=27), VH showed a decrease in "DC” (29.7% vs. 21.1%,
p=0.0001). “NC" also decreased {269 vs, 21.5%, p=0.0027). For palpography (n=25 patients), an
increase in the mean number of frames with ROC 1AV per cm was observed from 0.092:0.26 to 0.22+0.36
(p=0.1563) while the mean cumulative strain values (all frames with ROC I-IV scores) changed from
0.15+0.10 10 0.26+0.12% (p<0.L0001 ).

Conclusions: [VUS-VH changes at 6 months suggest alteration of the BVS with reduction of RF
packscattering by polymeric struts. Strained plagues on the palpograms were aimost abolished following
stent implantation, However, strain values reappeared within & months suggesting an increase in
endoiuminal deformability of the stented vessel,

* Corresponding author: Departrnent of Cardiology, Erasmus Medical Center, Thoraxcenter, Ba583a, Erasmus MG, 's-Gravendifkwal 230, 3015 CE
Rotterdarn, The Netheriands
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Introduction

Metal stent use has been one of the major breakthroughs in the
treatment of patients with coronary artery disease.’ However, the many
advanteges are somewhat counterbaianced by asscciated pitfalls such
as restenosis, the persistent metz| presence that may preclude late
surgical revascularisation of the treated vesse!, and jailing of side
branches2? The advent of a new bioabsorbable everclimus-eluting
stent!® prormises o overcome some of these disadvantages, The in vivo
serlal changes in its structural conformation (polymer degradation
profile) were established in a porcine coronary artery model, Mass loss
was approximately 30% at 12 months with a further reduction to 60%
mass loss by 18 months after implartation*®. However, in human
corcnary areries the hic-absarption process has never been explored.
Hence in the ABSORB trial all clinically available and potentially useful
Invasive coronary imeging technigues to assess bio-abserption of
polymeric struts were used (i.e. echogenicity, intravascular ultrasound
[IVUS] - radicfrequency IRF] data analysis: Virtual Histology™ [VH]
and paipography and optical coherence tomography), Nevertheless,
none of these tachnigues have been specifically designed to assess
bio-absorption. Specifically, WUS-VH112 is a tool developed to assess
the tissue composition of intact native coronary arteries. The analysis of
the actual stent area and its surroundings by WUS-VH identified the
stent struts as “dense calchum” and “necrotic core” (white and red
calour in the VH colour-code), which correspond to 2 specific
backscattered radiofrequency of the polymeric strut structures (highiy
echogenic). Palpography is an IVUS-based ‘echnigue that assesses
the local mechanical deformation of the vessel wall by measuring the
relative alteration of backscattered radiofrequency signals at two
different blood pressure levels, For instance, lipid-rich vulnerable
plagues ha ve greater deformation and higher strain values compared
1o calcific or fibrous plagues.® The main objective was twofold: 1) 1o
use WUS-VH to follow-up the degradation of a hic-absorbable
everofmus-eiting stent by measuring the temperal changes in 'VUS-
WH characteristics at pre-, poststenting and at & months; and i) fo
evaluate the temporal changes in palpographic strain veiues in the
stented segment.

Methods

Study design

The study design for the prospective, open label ABSORB trial has
already been published elsewhere.l? Briefly, this was a single arm
study that enrotied 30 patients at 4 participating sites between March
and July 2006, Patients wera older than 18 years, with a diagnosis of
stable, unstable or sitent ischaemia, All treated lesions were single,
de novoin a native coronary artery of 2.0 mm, shorier than & mm for
the 12 mm stent or 14 mm for the 18 mm stent (only two patients
received an 18 mm stent), with 2 % diameter stenosis 250% and
<100% and a thrombolysis in myocardial infarction (TIMI) flow grade
of 21, Major exclusion criteria were patients presenting with an acute
myocardial infarction, unstable arrhythmias or patients who had left
ventricular ejection fraction <30%, restenctic lesions, lesions located
in the left main coronary arery, lesions involving a side branch
>2mm in diameter, and the presence of thrombus or another
clinically significant stenosis in the target vessel.
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The study was approved by the ethics committee at each participating
institution and each patient gave written informed consent before
inclusion,

Study device

The BVS stent has 2 polymer backbone of Poly-L {racemic)-actic
Acic (PLLA) coated with 2 Poly-D (racemic), L-lactic acid {PDLLA)
polymer that contains and controls the release of the anti-
profiferative drug everofimus. Beth PLLA and PDLLA are fuily
absorbable. The absorption process oceurs via hydrolysis: the long
chains of PLLA/PDLLA become shorter as bonds between the
repeating units are hydrolysed, producing lactic acid which is
metabolised via the Krebs cycle, and smali particles <2 microns
diameter that are phagocytosed by macrophages. The time for
complete absorption of the polymer backbore is predicted from
preciinical studies fc be about 2-3 years whereas the polymer
coating is absorbed in approximately 9 months.

Stenting procedure

Lesions were treated with rouiine interventional techniques that
ncluded mandatory pre-dilatation using a balloon shorter than the
study device and 0.5 mm less in ciameter. The BVS stentwas implanted
at & pressure not exceeding the rated burst pressure {16atm) All
patients were pretreated with aspirin and a loading dose of at least
300 mg of clopidogrel was administered accerding to local hospital
practice. After the procedure, all patients were to receive aspirin
275 mg daily for the study duration (5 years) and clopidogrel 75 mg
daily for a minimum of 8 months. Anticoagulation and glycoprotein
Na/a inhibiter use was according to local hospital practice.

imaging procedure

Pre-stenting IVUS-VH (n=13) and pre-stenting palpography (n=12)
imaging were obtained in a subgroup of patients treated at the
Theraxcenter, Erasmus MC, Rotterdam, The Netherlands, The
purpose of these analyses was 1o observe the acuie changes after the
implantation of the BYS stent. Subsequently, in the entire population
IVUS-RF was obtained post-stenting and at follow-up. Both imaging
techniques were acquired simultaneously with 2 phased array 20 MHz
intravascular ultrasound catheter (EagleEye™ Volcano Corporation,
Ranche Cordova, CA, USA) using automated puflback at 0.5 mm per
second. Four tissue components [necrotic core — red; dense calcium —
white; fibrous — green; and fibro-fatty — light green) were identified with
autoregressive classification systerns 1L Each individual tissue
component was guantified and cofour coded in alt IVUS cross sections
as previously described. in a previcus post-mertem validation study,
RF analysis demonstrated sensitivity and specificity for detection of
necrotic core of 82% and 97%, respectively.l® Al VUS- VH analyses
were performed offine using pcvH 2.1 (Volcano Corporation, Rancho
Cordava, CA, USA) by an independent clinical research organisation
(Cardialysis, Rotterdam, The Netherlands). For each cross section,
poiymeric stent struts were detected as areas of apparent “dense
calcium™ and “necrotic core”. We used the change in guantitative
analyses of these characleristics between implantation and follow-up
as a surrogate assessment of the polymer bio-absorption process.
VUS-based palpography assesses deformability of the plague. The
underlying principle 7s that softer tssue is more readily deformed
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compared with harder tissue when force {(eg, pulsatlle arterial
pressure) s applied.® The deformability of coronary plaque is
guantified using the analysis of radiofrequency signals at different
diastolic pressure levels. The strain is normafised to & pressure
difference of 2.5 mm Hg per frame. This aliows the construction of
a ‘strain’ image in which harder (low strain) and softer {high strain}
regions of the coronary arteries can be identified, with radial strain
values ranging between 0% and 2%.%3 in post-mortern coronary
arteries that were investigated with histclogy and IVUS palpography,
the sensitivity and specificity of palpograghy to detect high strain
values were 88% and 89%, respectively.13

Plague strain values were assigned a Rotterdam Classification (ROC)
score ranging from | to IV {RQC 1: 0% 10 0,6%; ROC 1I: 0.6% to <0.9%;
ROC I11: 0.9% ta <1.2%; ROC IV: »>1.2%) as previously described. 3 Al
[YUS- palpography analyses were performed by an independant clinical
research organisation (Cardizlysis, Rotterdam, The Netherlands),

The clinical and geometrical analysis in the ABSORB study has
already been reportad.!® Thus, in this paper, we exclusively report
changes in tissue compusition and plague deformability.

Statistical analysis

As stated in the main ABSORE Study, the sample size was nat
defined on the basls of an endpoint hypothesis but rather to provide
information about device efficacy and safety. Therefore, the present
substudy should be seen as hypothesis-genarating,

Discrete variables are presented as counis and percentages.
Continugus variables are presented as means = 3D, quartiles and
ranges. A two-sided p-value of less than 0.05 indicated statistical
significance. Due to the exploratory nature of thase analyses, p values
were unadjusted for multiple comparisons in this manuscript.

The density of Mgh-strain spots per 10 mm was defined as the
number of cross-sections with strain values 20.9% (i.e. ROC il or IV}
divided by the number of all analysable cross sections in the region of
interest and normalised for 10 mm.,

Paired comparisons between pre-procedure, post-procedurs and
fallow-up were done by the Wicoxon signed rank test. Statistical
analyses were performed with use of SAS 9,1.

Results

Cverall, 30 patients were included in the ABSORB study. The mean
age was 62+8 years, most being male patients (60.0%;, while 70.0%
of the patients presented with stable angina, 26.7% and 3.3% had
unstable angina and silent ischaemia respectively. The studied vessel
was the left anterior descending in 46.7%, the left circumflex in
30.0% and the right coronary artery In 23.3% of the patients.

Intravascular ultrasound Virtual Histology™

Changes between pre- and post-sienting

In 13 patlents, IVUS-VH was performed pre- and post-stenting
{Table 1 and Flgure 1). The mean percentage of “dense calcium”
increased from 9.8% to 25.4% (p=0.0002) and “necrotic care” went
from 15.5% to 30.5% (p=0.0002). Fiorous tissue, the major
compenent of the vessel wall when expressed as mean area did not
demonstrate statistically significant changes post-stenting, however its

Table 1. Acute changes in IVUS-VH in 13 patients.
G Sheiii PrestentingPost stenting pwalue

Dense caldium (mm?)

0.0002
Mean £ SB (N) 0.42+0.44 (13)  1.23:0.68 {13)
Median 0.27 112
(Q1-23) {0.06, 0.89) {0.87, L54)
Range {min, max) (0,01, 1.14) (0.39, 2.90)
Dense Caleium (%) 0.0062
MeanSh {N) 9.83:9.64 {13) 25.42411.27 {13)
Median 5,19 27.09
(01-03) (4.26, 15.08) {1679, 31.78)
Range (min, max) (0.25, 34.66) (9.9, 46.87)
Fibrous (mm?) 0.1099
MeanaSD (N} 2524037 (13)  2.1241.17 (13)
Median 2.43 237
{02-03) (140, 3.62) (1,05, 2.88)
Range {min, max} {0.17, 4.40) (0.32, 4.08)
Fibrous {%) 0.0002
MearuSD (N} 60.75£13.06 {13) 38.98+10.47 (13)
Medfan 64.40 37.14
(01-03} (5232, 72.71)  (3L73, 45.35)
Range {min, max) [35.31, 76.90) (24,88, 58.28)
Fibrofatty {mm®) 0.0034
MeansSE (N} 0.6340,45 (13} 0.2040.25 (13)
Median 0.67 0.19
01-23) (0,32, 0.94) (0.10, 0.43)
Range {min, max) (0,01, 1.50) 041, 0.81)
Fibrofatty (%) 0.0002
MeansSD (N} 13804831 (13)  5.07£3.92 (13)
Median 13.22 3.76
01-03) (8.76, 14.47) (245, 5.48)
Range {min, max) {4.50, 34.16) (1.44, 14.31)
Necrotic Core (mm?} 0.0002
Mean£SD (N) 0.74+0,62 (13)  1.66+0.86 (13)
Median 0.60 170
{01-03} {0.28, 1.24) (0.89, 2.28)
Range (min, max) (0.03, 1.92) (0.29, 2.88)
Negrotic Core {%) 0.0002
MeanzS0 {N) 15531843 (13) 30.546.16 (13)

Median 14.10 31,56
(G1-03) (5.86, 21.31)  (28.39, 33.62)
Range {min, max) (1.19, 33.01)  (17.50, 41.82)

wnsar,

I —

Figure 1. Serial thanges in the stent struts as assessed by (VUS Virtual
Histology™ (VH). On the left hand side, grayscale VIS images are
shown at pre-, post-stenting and follow-up. In the centraf part, their
corresponding colour code VH images are depicted. On the right hand
side, per-cross section quantification in absolute and reiative terms is
shown. OF note, increases in “dense calcium® (white) and “necrotic
core” {red) are noted after stenting. At foliow-up, a change i the stent
strut appearance in greyscate IVUS is noted and decreases in the
“dense calclum” and “necrotic core” contents fn WUS- VH are
detected. Fibrous - green; and fibro-fatty - fight green.
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relative contribution to the stented vessel wall decreased significartly
(B0.8% vs. 38.0%, p=0.0002). In a similar fashion the percentage of
firo-fatty tissue decreased (13.99% va. 5.1%, p=0.0002),

Changes from post-stenting to follow-up

Querall, In patients {n=27) with post-stenting and follow-up VM,
a significant decrease in “dense calcium” (28.7% vs. 21.1%,
p=0.0001) was shown. In 2] out of 27 patlents, there was
a regression in the “calcified” pattern {Table 2 and Figure 2), The
content of “recrotic core” also decreased (26.9% vs. 21.5%,
p=0.0027}. in turn, both fibro-fatty and fibrous tissue increased in
terms of both mean areas and percentages {Table 2 and Figure 13,

Intravascular ultrasound palpography

CHANGES FROM PRE- TO POST-STENTING

fn 12 patierts, IVUS-palpography was performed pre- and post-
stenting (Figure 3 and 4). The mean number of frames with ROC
HAY per ¢ decreased from 1.22+1.91 to 0.12+0.31 (p=0.0781),
The mean cumuiative strain values in all frames with ROC I-1V
scores changed from 0.50+0.27 10 0.20+0.10% (o= 0.0034).

CHANGES FROM POST-STENTING TO FOLLOW-UP

I patients (n=25} with post-stenting and follow-up patpography,
a slight increase in the mean number frames with ROC [I/IV per cm
from 0.09+£0.26 to 0.22+0.36 {p=0.1563) was shserved, while the
mean cumulative strain values in all frameas with ROC I-IV scores
ingreased significantly from 0.1540.10 to 0.26+0.12% (p<0.0001)
[Figure 3ang 4),

Discussion

In this substudy of the ABSORE clinical tria: the main findings in
IVUS-VH were an imporant increase in “dense calcium”™ and
“necrotic core” Immediately after stent implantation and a
subsequent decrease of these tissue surrogates at & months follow-
up; this decrease potentially reflects echogenic alteration of the BVS
stent siruts, On the palpograms, the almost complete initial abolition
of the high strain regions was decreased six months following stent
implantation: presumably after partial stent absorption the mean
strain values increased again.

- Pro-stonting Poststonting  Follow-up
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Figure Z. Temporal changes in virtual histology tissue types. From top to
bottorn, the mean percentage of “dense calciumn”, “necrotic core”, fibrous
tisswe and fibro-fatty tissue is reported. Thirteen patients were imaged at
pre-, post-stenting and follow-up (red sofid linesl. A further 14 patients
were only imaged at post-stenting and follow-up (black dotted lines).

Figure 3, Sequential changes in high-strain vaiues as assessed by (VUS-palpography. Fanel A shows an intact plaque with a ROC 11} spot at 4
o'clock {white arrow). Pane! B depicts abolition of this high strain spot following stenting (ROC 1). in panel © 2 slight increase in plague

deformability was decumented (ROC H).
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. Prw.mnt\né Po‘at*.tnnling “F‘uw‘iwiuﬁ
s 052027 0.1520.10  0.20+0.12

Fra-stenting .I‘Os.r-atuntlr!g +pllow-Lin

Figure 4. Termnporal changes in strain values, The mean cumuiative strain
values in aff frames with ROC IV scores are shown. Tiweive patients were
imaged at pre-, post-stenting and follow-up (red sofid fines). Another 13
patients were only imaged at post-stenting and follow-up (black dotted
lines). After stenting, abolition of the strain values was noled; however @

higher level of plaque deformabitity was present at follow-up.

Table 2. Changes from post -protedure to 6-months.

Lol nnn e o Post'stenting .t Followstp pvalue
Dense Caleium {mm?) 0.6065
MeansSD (N) 0.97:0.59 {27)  0.88+0.61 (27)
Median 0.89 0.85
(Q1-03) (0,49, 1.25) (0.31, 1.22)
Range (min, max) (0,28, 2.99) [0.17, 2.82)
Dense Calcium (%) 0.0001
MeansSO (N) 29.66415.25 (27) 21.13£11.58 {27)
Median 27.09 18.49
{01-03) {18.22, 38.44)  (10.86, 30.80)
Range (min, max} [9.91, 72,10} [4.66, 4491}
fFibrous (mm?) <0,0001
MeansSD (N} 1,6541.23 (27)  2.42£1.37 {27)
Median 147 2.53
(1-03) (0.69, 2.57) (119, 3.36)
Range {min, max) (0.06, £.08) {0.17, 4.93)
Fibraus. (%) <0.0001
MeanzSD (N) 39.02413.07 (27) 50.20412.55 (27)
Median 37.79 50.71
(01-03) (3070, 42.81)  (40.26, 59.24)
Range {min, max) {1085, 63.69)  (20.26, 68.95)
Fibro-fatty (mm®) 0.0040
MeansSD (N} 0.21£0.23 (27)  0.3820.42 {27)
YMedian 011 0.2z
{01-03) {0.04, 0.33) (0.12, 0.48)
Range {min, max} {0.00, 0.81} {001, 1.72}
Fibro-fatty (%) 0.0096
MeansSD (N) 447336 {27)  7.2246.12 (27}
Median 3.32 472
(01-03) (2.45,5.65) (257, 11.16)
Range (min, max) {0.54, 14.31)  {1.21, 26.,18)
Necratic core (mm?) 0.4815
MeansSD {N) L14£0.86 (27)  1.01:0.73 (27)
Madian 0.89 0.9
(01-03) (033, 1.77) {0.58, 1,23}
Range {min, max} (0,10, 2.88) 0,13, 3.07)
Necrotic core (%) 0.0027

MeanzSD (N) 268546.97 (27) 21.4548.17 (27)
Medlian 25.53 21.80
{Q1-03} {e1.85, 33.11)  (13.81, 28.59)
Range (min, max) {12.30, 41.82) (8.87, 39.70)

In a pravious study by Tamai et ai,'® PLLA stents analysed by
areyscale VUS at 6 months seerned to maintain their scaffolding
praperties and apparently did not exhibit changes in echogenicity as

a sign of blodegradation. In the ABSORE trfal, a reduction of the
stent area was observed suggesting a mitd recoil of the polymeric
stent structures.!® Implantation of polymeric struts resuited in the
appearance in the vessel wall of highly echogenic structures with
radiofrequency backscattering similar to caleific structures
(Figure 1), Indeed, In this study using IVUS-VH, an increase in
absolute “dense calelum” (A0.82 mm2, p=0.0002) from pre- to
post-stenting was observed. This dramatic and sudden change in
“DC" rmay be attributed to the introduction of polymeric struts and
might correspand to the VM fingerprint of the polyrmeric struts.
Following BYS stent implantation, the mean florous tissue area
showed a sfight decrease that falled to reach statistical significance
(from 2.5 to 2.1 mm?, p=0.1099), The mean fibro-fatty tissue area
decreased significantly, although the change is numerically very
small, and might be an artefact. From the ultrasonic point of view,
the Infroduction of these highly echogenic structures might affect
ultrasound penetration and therefore the backscattering of other
tissue compeonents located behind the struts, since potenfially less
acoustic signals are reaching the tissue,

Although we acknowledge that the classification tree of the IVUS
radiofrequency analysis has not been validated for polymetic stent
struts, the radiofrequency backscattering is expected to increase with
the reduction in the echogenicity of the implanted stent. It is
reasonable to assume that the hydrolysis of the polymar which affects
its molecular weight and mass, will alsc alter its acoustic properties.
The BVS stent is constituted of PLLA (backbone) and POLLA
{coating) which are both fully bio-absorbable. During bio-
absorption, the lang chains of PLLA and PDLLA are progressively
shortened and ultimately phagocytosed by macrophages.® At
follow-up, these pseudo-dense calcific structures shrink by nearly
30% (in absolute terms, an 8.6 % reduction in “dense calcium”
from 29.7% to 21.1%), which is consistent with the reduction in
mass of the BVS polymeric struts observed in animals. These
observations are at variance with the previous report by Tamal et al
where no signs of biodegradation were observed.!® A possible
explanation is that the speed of bigabsorption of a palylactic
polymer is greatly influenced by its purity, crystaliinity and relative
compoesition of L and D isomers.

The thanges in the physical properties of an arery can be
daescribed in terms of stiffness, ability to distend and compliance.
These characteristics are dependent on the composition of the
vascular wall.l’ Deployment of a stent against the vessel wall
undoubtedly modifies the physical properties of the endoluminal
surface. The hear-abolition of the high strain values (ROC IH/IV)
immediately post-stenting reflects major changes in deformabillity of
the plaque and the observed reductions in high strain values may
be due 1o a reai decrease in deformability of the scaffolded vessel
wall. Alternatively, it may also reflect an ultrasonic artefact, namely
the incapabiiity of palpography to measure intrinsic changes in
strain of the vessel due to the acoustic oroperties of the stent struts
preventing a proper propagation of radiofrequency signal behind
them. The loss of mass observed over time in the porgine model
may cause the reappearance of high strain values on the
endoluminal surface of the vessel wall. All these observations are
indirect indicators of the modifications in strut structure. Although
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WUS-VH and pelpography have not been validated to detect
change in the Integrity of polymeric stents, they seem to change
acutely and chronically with the introduction and subsequent bio-
absorption of the palymeric struts,

These new imaging technigues allow a better understanding of the
affect of different therapeutic madalities,

Among the many clinical implications of the use of a biobasorbahle
stert, the most relevant pertains to the possibility to aveld potentially
deadly events such as fate stent thrombosis, providing the stent s
fully absorbed in a reasonable pericd of time. Ideally, bio-absarption
must occur after necintimat growth has been modulated. Knowing
that this occurs malnly during the first & months after stent
implantation, we have assessed big-absorption using vVUS
radiofrequency date analysis over this period of time, The results of
the present substudy are unigue findings since the in wivo bio-
absorption rate in diseased human arteries is not known.
Limitations

in the context of stent studies, IVUS radiofrequency data anelysis
faces the following issues: 1) misclassification of the stent struts as
“dense calcium” and “necratic core” in VH; il} with both technigques
~VH and palpography —the lack of proper validation to assess
polymeric stents and; i} the potential interference of the superfisial
stent struts on the bacikscattering from the tissue behing them.
Hawever, these techniques have corrobgrated other observations of
poiymer alteration documented with fight transmission, tn other
words, changes in optical coherence of the struts reported
elsewhere confirm the ultrasonic modifications reported here.

Conclusions

The guantitative assessment of the IVUS-VH changes at 6 months
suggests early strut alteration of the BVS stent with reduction of
radiofrequency backscattering. High-strain plagues seen on the
palpograms were almost abolished following stemt implantation,
However, strain values reappeared at 6 months in some patients
also suggesting an increase in deformability on the fuminal surface
of the stented vessel,
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Case 1

A B8-yearold man was admited 1o our coronary care with troponin
negative Unstable angina. His risk factors included, being an ex-
smoker for a year, treated hypertension and dyslipidaemia.
Medication on admission was aspirin and a statin. ECG showed T-
wave inversion laterally, Ning years previpusly he had a bare metal
stent implanted in his circumflex artery following & {ateral Infarction
the preceding yvear, Anglography done during his acute presenta-
tion revealed an in-stent restenosis in the previously treated cir-
cumflex artery and & diffusely diseased marginal branch. The le#
anterior decending coronary (LAD) was normal and the right coro-
nary artery (RCA) had a non-flow limiting lesion in the mid-vessel
with 3 fractional flow reserve (FFR) of .79, Intravascular ultra-
sound (VUS) of the circumflex artery was performed using a
20 MHz Eagle eye [VUS catheter (Volcana Therapeutics, Ranche
Cordova, CA, USA) The length of the stented segment was 30mm
and had a minimai luminal area {MLA) 4.6 mm?, Neg-Intimal for-
mation was visible throughout the stent (Figure 1), This gave a neo-
intimal hyperplasia (NIH) volume of 80.3 mm?3, The NI on virtuel
histology had 2 tissue composition of necrotic core (NG) 13.68%,
(0.08 mm?, 2.4mm?), calcified tissue 16.8%, (0.10mm?2,
3.0mm?), fibrofatty 5.8%, (0.03 mm?3, 1.04 mm3), fibrotic tissue
63.9%, (0.38 mm?, 11.5 mm?), Distal to the MLA 2t distance of
18mm IVUS revealed an eceentric soft neo-intimal ruptured
plague!? {Figure 1C} within the stent. The necrotic care was 22%
with remnant plague burden of 54% at the plague rupture site
{Figure 1 C". Just distal to ruptured plague the vessel wall was
intact and the plague burden was higher 65% with no necrotic
core in contact with the lumen (Figure 1D").

This ruptured lesion was subsequently managed with a drug eluting
stent (DES) that also covered the MIA, The histological findings of
a similar plagque rupture are illustrated in Case 2.

Figure 1. IVUS pullback, The top panel shows the longitudinal recon-
struction. The double-headed arrow indicates the focation of the stent.
The characters “a” through “d” indicate the position of the cross sec-
tonal panels “A” through "D". Fanel A: proximal part of the stent,
arrows inclicatestent malapposition. Panel B : minimal luminal area
within the stent (MLA 4.6 mm?®). Panel C: eccentric plaque rupture
farrowed), Panel D: directly distal, intact eccentric neo-intimal plague.
Panel C” {magnified frame): IVUS YH of ruptured plaque within the
neg-intima. Panel D" (magnified frame): immediately after the rup-
ture. Panels C and D" show a majority of fibrous tissue. Of note IVUS-
VH analysis included the stents’ struts thal were seen as spots of cai-
cium and necrotic core. Fl, fibrotic tissue; FF, fibrofatty; DC, dense
caicium; NC, necrotic core.
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Case 2

A 43-year-cld obese male underwent percutaneous coronary inter-
vention (PCH with MINI-CROWN bare metal stent (BMS) implanta-
tion in 1998 for a severe lesion in the proximal left anterior descend-
ing caronary artery. He was a heavy smoker with a body mass index
26.4 but no diabetes or hyperlipidaernia, His past history includes
peripheral vascular disease with intermittent claudication, He was
found dead at his friend's house following & party approximately
seven years after stent implantation. At autopsy, the heart showed
biventricular hypertrophy with 2 healed subendocardial infarction in
anteroseptal and lateral left ventricle, The coronary system was left
dominant and middle left circumflex coronary ariery had a 95%
luminal narrowing without evidence of plague rupture. However,
there was an occlusive platelet-rich thrombus at the site of the stent
in the LAD that was implanted just proximal to origin of the first left
diagonal oranch. The histclogical examination revealed a large rup-
tured athercsclerotic plague with an underlying occlusive platelet
thrembus. This ruptured plague was composed of a NC rich in cho-
lesterol cleft and an overlying fibrous cap was infiltrated by foamy
macrophages (Figure 2.

These images are the first reported examples of a plague rup-
fure within the nec-intima induced by a stent and iliustrate pro-
gression In the pathclogical process of atherosclerosis®.

Currently there are concerns about late stent thrombosis in DES
due 1o delayed endothelialisation. However, these two cases of
very late BMS thrombosis highlight that 1t can occur despite full
stent coverage.

References

1. Al-Bergani HS, Fitzpatrick PJ, Waxman S. Angiographic and ultra-
sonic Evidence of Plague Rupture Causing Myccardial Infarction.
Circufation. 1998; 98:1343

2. Rodripuez-Granilic GA. Garcla-Garcla HM, Valgimigli M, Vaina S,
van Mieghem €, van Geuns RJ, van der Ent M, Regar E, de Jaegere P,
van der Glessen W, de Feyer P, Serruys PW. Global characterization of
coronary plague rupture phenclype using three-vassel intravascular ultra-
sound radiofrequency data analysis. European Heart Journal
2006;27(16): 1921-1927.

3. Farb A, Burke AP, Kolodgie FD, Virmini R. Pathological
Mecharisms of Fatal Late Coronary Stent Thrombosis in Humens.
Circulation, 2003; 108: 1701-1706

Online data supplement

M File 1. VLS pullback alang the stent to reves! the ruptured
plague.

AV1 File 2. IVUS-VH superimposed on pullback along the stent to
reveal the ruptured plaque.

Figure 2. Histology of the case (Movat Pentachrome). A, B: Longitudinal section of the stent. The distal part of the stent shows site of plague
rupture and a superimposed platelet-rich adherent thrombus. C: X-ray of stented artery just above the bifurcation of LAD and left diagonal branch.
D: High magnification itnage of the rupture site (*) and overlying platelet-rich thrombus is identified by the black arrow. E: The cross section of
the praximal portion of the LAD stent, (corresponds fo the black lines in panel A and B). Note the presence of a thin-cap fibroatheroma (vulner-
able plaque) within the stent site (*). F, G: The fibrous cap is extremely thin and infiltrated by foamy macrophages with an underfying necrotic

core (NC),
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Chapter 9.1

RATIONALE FOR A CONSENSUS DOCUMENT

Atherosclerotic cardiovascular disease is a leading cause of morbidity and mortality
despite the widespread use of established medical therapies. This has prompted the
search to identify new therapeutic approaches to achieve more effective prevention
of cardiovascular events. Considerable interest has focused on the role of surrogate
markers of therapeutic efficacy in the eatly evaluation of novel anti-atherosclerotic
therapies.

Monitoring changes in the extent of coronary atherosclerosis with intravascu-
lar ultrasound (IVUS) has been increasingly employed in clinical trials to assess
progression and regression of atherosclerosis. This is based on the pivotal role
that atherosclerotic plaque plays in the natural history of cardiovascular disease
and the acceptance of validated arterial imaging approaches including coronary
angiography and carotid intimal-medial thickness by regulatory authorities. The
ability to generate high resolution imaging of the entire thickness of the coronary
artery wall permits evaluation of the entire burden of atherosclerotic plaque.

In order to understand the differences, similarities, limitations and pitfalls of
the IVUS technique among different academic core laboratories, a number of
meetings of representatives from these groups were convened in 2007 and 2008.
This document is the result of those IVUS methodology meetings thar assembled
experts from core laboratories to discuss standards for image acquisition, defini-
tions, criteria, analyses, and primary and secondary endpoints.

EQUIPMENT

Early studies that employed coronary IVUS imaging typically involved the use
of one imaging system in terms of both catheter and console. With technological
advances a number of systems and catheters are now available that permit high
resolution imaging within the coronary arteries. Given that studies often involve
a large network of sites, there is likely to be marked heterogencity in terms of
imaging systems available among instirutions and within each catheterization
laboratory. As a result, there is now a much greater risk that an individual subject
is imaged with different systems at different time points. It is critical that every
possible effort is made to ensure that an individual is imaged with the same equip-
ment (catheters and consoles and pullback devices) for baseline and follow-up
studies.

It is the responsibility of the core laboratory to qualify and specify the systems,
catheters, and pullback devices used in each study. While multivariate analysis

296



Clinical Expert Consensus Document on Standards for Intravascular Regression/Progression Studies

may be used to adjust for differences in cases where different systems are used
within a single study, it remains to be determined whether this has any impact on
the results. Regardless, every effort should be underraken to include only imaging
systems that have been demonstrated to produce high resolution imaging permit-
ting precise measurements to a standard deemed appropriate for use by the core
lab.

Consoles and catheters. Current rotating element IVUS catherers operate at
frequencies berween 30-45MHz (most commonly 40MHz); electronic phased
array catheters operate at a center-frequency of approximately 20MHz. However,
since the transducer manufacturing is difficult and performed under conditions of
extremely high temperatures, the true center frequency of individual ultrasound
elements may deviate from published specifications. It is unknown whether this
has any impact on measurements. Given the higher resolution imaging thar is
generated with higher ultrasound frequency, rotational catheters are more often
used in studies that evaluate the impact of medical therapies on progression of
atheroma volume.

The higher the frequency, the higher the resolution, but the lower the pen-
etration'?. However, recent improvements in transducer design have minimized
the negative impact of higher frequencies on penetration. Improvement in the
resolution of transducers is to be encouraged since it is expected that such im-
provements will decrease variability and improve reproducibility in the core lab
analysis®. Manufacturers should report resolution, beam profile, bandwidth, and
other technical data such as the variability between catheters and consoles and
provide this dara to the core laboratories. Manufacturers should also report the
speed of sound used by the ultrasound consoles to produce the actual images. This
speed of sound setting is important because it is the cornerstone of all dimensional
measuremnents and is necessary to test phantoms and other standardizations. In
the past speed of sound was used to develop an algorithm to correct for in vivo
measurement inaccuracies using the 30MHz BostonScientific catheter connected
to a ClearView console.”.

Measurements made with rotating vs. electronic array transducers or even with
different rotating transducers made by the same or different manufacturers can
vary signiftcantly’. This is the reason thar it is critical that the same equipment
(catheters and consoles and pullback devices) be used for baseline and follow-up
studies. Different clinical sites can use different systems as long as same equipment
and settings are used for each individual patient.

At the start of a study, the core laboratory or sponsor must contract with each
of the IVUS companies to insure that an adequate supply of the same IVUS
catheters be available for the duration of the study and thar technical support for
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existing consoles be maintained until the last patient has completed follow-up.
In situations in which many patients have been imaged without standardizing
baseline and follow-up equipment, a mathematical transformation of the dara
can be considered; however, this should be revealed in the methodology of the
final report. Alternatively, subjects imaged with different systems at baseline and
follow-up can be considered major protocol deviators, a factor to be employed
in subsequent per protocol analyses of data. Where sites have multiple imaging
systems it should also be considered whether the site is designated to use one
specific system at the commencement of the study to facilitate consistency of im-
aging systems for patients at different time points. In addition, it is advisable that
the same “major” machine settings — especially, the “zoom” and frame rate — be
standardized for baseline and follow-up studies. Finally, it is ideal — but, of course,
not practical — that the same technical personnel be involved in the baseline and
follow-up studies.

Experience has taught us that the performance of measurement software sys-
tems be evaluated in an objective and uniform manner. For example, quantitative
coronary angiography (QCA) profoundly altered our approach to the assessment
of percutaneous coronary interventions and strategies aimed to prevent recurrence
and progression. of stenoses. In one study 10 QCA systems at core laboratories in
North America and Europe were validated. Cine films were made from phantom
stenoses of known diameter (0.5 to 1.9mm) under 4 different experimental con-
ditions. The cine films were analyzed by each automated QCA system without
observer interaction. Accuracy and precision were taken as the mean and SD of
the signed differences between the phantom stenoses; and the measured minimal
luminal diameters and the correlation coefficient (1), the SEE, the v intercept,
and the slope were derived by their linear regression. Performance of the 10 QCA
systems ranged widely: accuracy, +0.07 to +0.31mm; precision, +/- 0.14 to +/-
0.24mm; correlation (r), .96 to .89; SEE, +/- 0.11 to +/- 0.16mm; intercept,
+0.08 to +0.31mm; and slope, 0.86 to 0.64.5

We do not have similar accuracy and precision data from various IVUS mea-
surement software, especially ones that use different edge detection algorithms.
Power calculations and study design should be adjusted for the precision of the
off-line IVUS analysis systems and reproducibility of measurements within the
core laboratory in order to avoid the risk of failing to detect small differences
in patient popularions. Phantom studies for all new equipment — hardware and
software — should be performed and reported before the equipment is used in
clinical practice or in clinical trials.

Pullback methodology for image acquisition. Automatic motorized pullback
is mandatory usually at a rate of 0.5 or 1mm/sec. Pullback accuracy is affected by

298



Clinical Expert Consensus Document on Standards for Intravascular Regression/Progression Studies

factors apart from the pullback devices themselves especially comparing sheath-
based versus non-sheath based catheters.” In case of non-sheath catheters, the pit-
falls of automatic pullback include presence of catheter slack ourside the patient
and friction in the coronary artery and guiding catheter during pullback affecting
heterogeneity of pullback speed. Conversely, we believe that sheath-based, me-
chanical catheter systems allow smoother and more uniform pullbacks during
image acquisition and are more precise in terms of length measurement. However,
this is counterbalanced by the appearance of NURD (non-uniform roration dis-
tortion) that is unique to mechanical, rotating, sheath-based transducer catheters.
NURD can occur for a number of reasons and can be difficult to recognize. To
minimize or eliminate NURD, the following are recommended: (1) Straighten
the IVUS catherter. (2) Make sure that the hemostacic valve is not too tight. {3}
Make sure that the guiding catheter is not too small or has too tight of a radius
curve. {4) Select the least tortuous coronary segment for interrogation. If these are
not effective and NURD persists, then the IVUS catheter should be changed.

The method of delivering power to an automatic pullback device potentially
affects accuracy and consistency of the pullback speed. There are 3 different ways
to deliver power and control the pullback device: battery, console that is not
computer-controlled, and computer-controlled console. Tanaka K et al” evaluated
the accuracy of 4 IVUS pullback systems by studying 180 patients (45 in each
group) who had been treated with a single stent of known length ranging from 8
to 33mum. The correlations between known stent length and IVUS-measured stent
length were 0.92 for CVIS, 0.83 for BostonScientific Galaxy, 0.63 for Endosonics
Track-Back, and 0.69 for Volcano Model R-100 research pullback device. At a
pullback speed of 0.5mm/s, the authors reported that a 10% etror would cause a
30mm length of artery to be measured as 27 to 33mm in length. It is important
to make sure that batteries of a battery-powered pullback device are always at
least 20% full to insure uniform pullback speed and to avoid having the pullback
device fail in the middle of a run. Pullback devices should be tested from time to
time either in 2 waterbed or against a single implanted stent of known length in a
straight coronary segment. The pullback device is least accurate at the beginning of
an imaging run (in the distal artery) and most accurate in the proximal artery. It is
recommended that the pullback start at least 10mm distal to the distal anatomical
landmark (fiduciary point) - the most distal side branch accessible for the IVUS
probe. It is also recommended that slack be removed from the IVUS catheter
before starting automatic pullback. Ideally, the same pullback device should be
used at baseline and follow-up

Validation. Core laboratories should take part in validation studies of new
imaging systems to insure that the imaging consoles and catheters employed in
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their studies generate high resolution imaging required for accurate measurement
of disease burden. This is often performed with the use of a phantom model
employing a range of lumen dimensions. This will enable accurate validarion of
new imaging systems for potential use in future studies. Validation data should be
available for review by trial sponsors and regulatory agencies.

IMAGE ACQUISITION

Site Experience and Training. It is important to select experienced IVUS opera-
tors and sites with research experience, infrastructure, and demonstrated recruit-
ment and retention of patients during follow-up. The corelab should be involved
in this selection process. Ideally, participating centers should have enrolled and
followed up patients in other recent IVUS studies. The number of enrolled pa-
tients, quality of the recordings (ratio between enrolled patients and analyzable
IVUS), and the follow-up rate should be considered in site selection. Equipment,
imaging standards, and imaging protocols should be defined prior to the start of
the study. It is advisable that each site perform test runs of their processes prior
to patient enrollment. There should be meetings with the IVUS investigators to
discuss these issues both before the start of the study (before any baseline studies
are acquired) and again before the start of the round of follow-up IVUS studies;
test cases should be discussed at such meetings. Training of the sites is crucial,
especially for sites that are working with the core laboratory for the first time.
While it is possible for the ultrasound companies to provide some support, it is
essential that training be supervised and directed by the core laboratory to insure
that the imaging details required for the study are provided to and followed by the
sites. During the course of the study, feedback to the clinical sites and investiga-
tors is crucial and should not be delayed. An example of a feedback form is shown
in Appendix A.

Selection of patients. The natural history of coronary atherosclerosis involves
progression with an increase in atheroma burden. To insure a cohort with dis-
case progression, patients are selected for inclusion on the basis of established
obstructive disease on a coronary angiogram performed for a clinical indication.
Most groups typically require the presence of at least one lumen stenosis >20%
by angiography. It has been established that such patients have diffuse coronary
artery atherosclerosis thart increases in severity over time. This enables assessment
of therapies that might potentially slow disease progression. Patients with normal
coronary angiograms are typically excluded as this will include some subjects with
either no plaque or minimal discase. Patients with severe left main arterial disease
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or significant lumen stenoses of all three major epicardial coronary arteries are
typically excluded due the high likelihood that they will require intervention dur-
ing the course of the study and not be available for imaging at follow-up.

Selection of Vessel for Imaging. The study vessel should be selected based
on standard angiographic findings. As the imaging resolution of non-invasive
techniques such as computed tomography continues to improve, it will likely
become possible to select the target vessel for invasive imaging on the basis of non-
invasive findings. Some groups mandarte that the vessel selected for IVUS imaging
should include at least one diameter stenosis >20% by visual assessment of the
angiogram and be the longest and least angulared vessel segment. Some groups
require there to be a minimum plaque burden (atheroma area divided by external
elastic membrane area) of 40% by IVUS. Other groups have not employed a
minimal threshold of disease. However, from a practical standpoint, patients with
no angiographic stenosis >20% are typically not randomized in these studies.
Conversely, because the intent of the study is to evaluate the impact of medical
therapies on the natural history of disease progression, vessels are usually excluded
if they have undergone previous revascularization.

Segment length. Given that there is an increase in variability when short seg-
ments are analyzed, a minimum threshold of 10-15mm is typically employed.
However, all groups recommend the acquisition of at least 30mm of analyzable
IVUS length, advising investigators to acquire a segment that is as long as possible.
Increasing measured segment lengths has been one of the facrors contributing to
the reduction in measuremenr variability in more recent studies. In case of dys-
function of the equipment or poor acquisition due to technical difficulties (signal
disappearing, spasm, ischemia, etc) the run should be repeated. Imaging should
always continue until the aorta is visualized. The entire imaging run should be
recorded onto digital media to send to the core laboratory.

Measured pullback lengths of the same segment studied at baseline and follow-
up are not always the same. This is one of the major determinants of reproducibility.
Reasons include not starting the catheter distal enough so that slack is removed
prior to reaching the distal fiduciary point, too small of a guiding catheter or too
tight of a hemostatic valve so that there is resistance to transducer withdrawal,
anatomic considerations such as tortuosity or a bendpoint or a tight proximal
stenosis, problems with the pullback device itself, wrong pullback speed, battery
power being too low, etc. Some groups apply a pre-specified threshold difference
between baseline and follow-up measured segment lengths that automartically
excludes a specific patient in the study with a recommendation that 2 15% dif-
ference in length between baseline and follow-up is the maximum accepuable. If
the difference between baseline and follow-up length is <15%, volumes should be
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calculated using the mean length from the two studies. In other groups algorithms
are applied to normalize the ratio between image number and segment length.
Regardless of the approach, it is imperarive that any pullback that clearly indicates
an erratic rate of pullback or catheter hangup that results in a gross discordance
between the two studies should be excluded from analysis. Accordingly, every ef-
fort should be made by the imaging physician to meticulously observe the images
during pullback to detect any concern that would jeopardize its use for analysis
and to repeat the pullback if required.

Use of Adjunct pharmacology. Today most diagnostic coronary angiograms
are performed without anticoagulation. When performing IVUS imaging, it is
important to give the patient an anticoagulant (unfractionated or low molecular
weight heparin, bivalrudin, etc.) before inserting the IVUS catheter into a coro-
nary artery. Otherwise, there is a risk of thrombosis. It is also advisable to give
intracoronary nitroglycerine (100-200 micrograms) before imaging to avoid
catheter-induced spasm and minimize ischemia; the dose should be limited only
by the patient’s blood pressure.

Option for ECG gating. Motorized transducer pullback is critical for studies
assessing progression and regression of atherosclerosis. However, all motorized
pullback devices assume no cardiac motion. ‘This is, of course, not correct; one
previous study of 59 measurements in 31 patients showed that longitudinal cath-
cter motion between systole and diastole averaged 1.50 + 0.80mm (range 0.5 to
5.5 mm)®. This could result in a non-anatomically correct order (or scrambling) of
the image slices during pullback®. However, at end-diastole the ultrasound cath-
eter always returns to the same longitudinal location inside the coronary artery.
ECG-gated image acquisition makes use of this periodic phenomenon.

ECG-gated IVUS image acquisition'®!! or co-registration of the ECG and
TVUS images to select near end-diastolic beats {Volcano method developed for
VH-IVUS) can resolve motion-induced artefacts allowing analyses using so-called
longitudinal views withour the typical saw-tooth shaped vessel appearance that
makes contour detection difficult or even impossible’®. However, ECG-gated
image acquisition never gained munch enthusiasm since a dedicated workstation
and pullback device were necessary occupying valuable cath lab space and severely
prolonging the IVUS examination possibly causing discomfort for the patient.
Furthermore, there is a lack of convincing data to suggest that ECG gating results
in more accurate assessment of atheroma burden.

To overcome this problem an image-based, retrospective computer algorithm
called the Intelligate® method? has been developed; it is capable of fully automatic
selection of near end-diastolic frames from a non-gated continuous speed pull-
back IVUS. The algorithm has been validated against the hardware ECG-gated
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IVUS image acquisition method and takes on average 20 minutes to complete a
single processing’. This approach eliminates scrambled frames caused by catheter
motion, saw-tooth shaped appearance of the vessel wall when longitudinally
reconstructed, etc. The method has been and is applied successfully in several
studies'*?.%. While there is little difference in mean values, contour detection is
easier in the longitudinal view, and standard deviation of the measurements is
improved. However, there is no data that these improvements influence the final
outcomes of large-scale studies; and mose large-scale studies have not used this
approach.

Safety of the IVUS Procedure. Hausman et al'® reported 2207 patients from
28 centers (including 915 patients studied for diagnostic purposes).'” There were
no complications in 2034 padents (92.2%j. In 87 patients (3.9%), complications
were judged to be unrelated to IVUS imaging. In 63 patients (2.9%) transient
spasm occurred during imaging. In 9 patients (0.4%) complications were judged
to have a “cerrain” relationship to IVUS (five acute occlusions, two dissections,
one embolism, and one dissection). In 14 patients (0.6%) complications were
judged to have an “uncertain” relationship to IVUS (five acute occlusions, three
dissections, and one arthythmia). Major events (acute myocardial infarction
or emergency bypass surgery) occurred in three of nine and five of 14 of these
patients, respectively. The complication rate was higher in patients with unstable
angina or acute myocardial infarction and in patients undergoing intervention (as
apposed to just diagnostic imaging).

Batkoff et al.'® reporred 718 IVUS “examinations” performed atr 12 centers.
There were eight events (1.1%), but no adverse clinical consequences; all occurred
in patients with unstable angina undergoing percutaneous intervention. There
were four cases of transient vessel spasm, two cases of dissection, and two cases
of wire entrapment. Gorge reported 7085 IVUS studies from 51 centers.” Spasm
occurred in 3% of all studies. Major complications (dissection, thrombosis, ven-
tricular fibrillation, and refractory spasm) occurred in 10 (0.14%). There was only
one major event.

The long-term safety of IVUS has been reported by Ramassubu et al* who
studied transplant recipients imaged one or more times with IVUS and followed
by coronary angiography at least one year after the last IVUS exam. Overall,
548 coronary arteries in 226 patients were imaged by IVUS and compared to
130 arteries that were not imaged by IVUS. Subsequent angiographic stenoses
were observed in 19.5% (107/548) of imaged arteries vs 16.2% (21/130) of non-
imaged arteries (p=0.4). The arterial diamerers of non-imaged and imaged arteries
were not significanty different (p=0.07) regardless of the number of IVUS exams
and duration of follow-up. In a subgroup analysis of 31 patients, angiographic
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lumen diameters were measured at baseline (within 8 weeks of transplantation)
and at follow-up (after 2, 3, or 4 IVUS exams). There was a significant decrease in
vessel lumen diameter over time in non-imaged as well as imaged arteries with no
difference in the magnitude of the diameter decrease between the two groups

Guedes et al.*! used quantitative coronary angiographic analysis to compare
IVUS-imaged and non-IVUS-imaged arteries in 525 patients at baseline and art
18 to 24 months. The coronary change score (per-patient mean of minimum
lumen diameter changes for all lesions measured) was -0.06 + 0.23mm versus
-0.05 £ 0.21 mm for IVUS-imaged and non-IVUS-imaged arteries, respectively
{p=0.35). The increase in percent diameter stenosis from baseline to follow-up
was 0.8 £ 6.7% and 1.2 + 7.0% in the IVUS-imaged and non-IVUS-imaged
arteries (p=0.29). New lesions occurred in 3.6% and 3.9% of IVUS-imaged and
non-1VUS-imaged arteries, respectively (p=0.84). When all coronary lesions were
considered, the incidence of lesion progression was not significantly different be-
tween IVUS-imaged (11.6%) and non-IVUS-imaged (9.8%) arteries. Coronary
spasm occurred in 1.9% of IVUS procedures, and there was one case of acute
occlusion with no long-term sequelae.

Thus, IVUS has been performed safely in a large number of subjects enrolled
in research studies with no apparent increase in incidence of adverse effects. There
is no evidence from studies that have employed serial imaging within the coro-

nary arterjes that this approach has any influence in terms of accelerating disease
progression.

STORAGE AND TRANSFER OF IMAGES

Storage of the full dataset is important, and back-up digital storage is advisable
to ensure longevity of the information. Analogue videotape - the medium of the
past - was standardized, but is likely to be unavailable for use with more modern
imaging systems. Accordingly, every effort has been made to store data in a digital
manner. The fack of full standardization of both CD-ROM and DICOM provide
challenges for digital storage of images.

Unfortunately, audio recording has become problematic with the advent of the
CD-ROM. While DICOM allows for audio overlay that is already implemented
in some of today’s consoles, the IVUS community has been advised not to enable
this feature because a DICOM file that includes audio overlay cannot be ‘read’
by all equipment and software analysis packages — especially, equipment and
software used clinically. However, core laboratory view stations should be able to
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read audio overlay. Audio archiving is currently supported in the BostonScientific
DICOM - Basic Voice Audio Waveform Storage.

It is also possible to install 2 DICOM reader on the individual CD-ROM
disks as done by angiographic companies. The IVUS manufacturers should be
encouraged to implement this approach as long as the core laboratories are also
able to override this feature as necessary.

The full pullback should be stored on the digital medium. It is up to the corelab,
not the clinical sites to select the segment of interest. Improvements in electronic
transfer of digital information will allow for immediate submission of imaging
directly from the site to the core laboratory. This already occurs in research studies
that have employed other imaging modalities. While the file size of data to be
transferred is substantial, there are likely to be ongoing developments in terms of
uploading, transfer, and storing of digital data which will result in a more efficient
transmission of images to the core laboratory.

IMAGE ANALYSIS

Paired analysis is highly recommended, preferably during the same session by the
same analyst who is blinded to treatment assignment and where baseline vs follow-
up imaging have been de-identified. If the follow-up recording is not analyzable, it
is recommendable that the baseline recording still be analyzed so thart the patients
are included in baseline population and demographics.

Common language and definitions. We recommend the nomenclature pro-
posed by the American College of Cardiology Clinical Expert Consensus Docu-
ment on Standards for Acquisition, Measurement and Reporting of Intravascular
Ultrasound Studies (TVUS).* A report of the American College of Cardiology
Task Force on Clinical Expert Consensus Documents: (1) external elastic mem-
brane (EEM), (2) lumen, (3) atheroma (or plaque&media) calculated as EEM
minus lumen, and (4} % atheroma area (or plaque area) or atheroma burden
(or plaque burden calculated as plaque&media divided by EEM). Atheroma (or
plaquedcmedia) thickness is also reported variably in some regression/progression
studies.

Corelab personnel gqualifications. The corelab manager is responsible for
training new employees and assessing his/her qualifications and competencies for
corelab functions. After some tutorial sessions on the use of analysis software
and understanding the anatomy and basic principles of the atherosclerosis disease
process, new personnel can begin to analyze IVUS studies under supervision of a
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senior analyst until the new analyst is considered to be able to perform indepen-
dently.

Each corelab should maintain a library of IVUS recordings that can be used to
assess the performance of qualified personnel including reproducibility and inter
and intraobserver variability. These known IVUS recordings should be given to
the new analyst. The total, mean, and standard deviations of the vessel and lu-
men areas should be used for comparison. In addition, frame-level measurements
that are >2 times the standard deviation for the entire reference group should be
discussed.

Corelab personnel performance and continuing education. To maintain the
qualification of personnel, it is necessary to have systematic ongoing training. It
is advisable that each corelab analyst measure known IVUS recordings twice each
year. The region of interest should be the same for all analysts. Similarly, the total
mean and standard deviations of the vessel and lumen areas should be used for
comparison between qualified analysts. In some labs, the results of such quality
control processes are provided for sponsors during the course of the study. Finally,
it is recommended that there be monthly conferences in which interesting and
difficult cases are discussed.

Detection of Disease Borders. Cross-sectional measurements are fundamental
to quantitative IVUS analysis. There are many computed-assisted methods that
help with cross-sectional contour detection of the lumen and EEM. Software
should be carefully assessed by each core laboratory before implementation.
Given that each image needs to be reviewed by an analyst to confirm that the
correct leading edges have been detected, it remains to be determined whether
current automatic software packages provide any benefit compared with manual
planimetry by a trained analyst.

Longitudinal image reconstruction and analysis can be incorporated into both
semiautomatic, and user-defined contour detection can be used interactively with
cross-sectional contour detection; however, every cross-section should still be
checked. Antegrade-retrograde, side-to-side, and systolic-diastolic catheter motion
(greater in the RCA and LCX than in the LAD) causes a saw-tooth appearance to
the longitudinal images. Longitudinal contours can be drawn at the peak, middle,
or valley “of the “saw-tooth” and are analyst dependent; therefore, a standard-
ized protocol is necessary. It is suggested thart longitudinal contour detection be
performed after gating in order to get a smooth appearance of the boundaries.

Selection of Anatomical landmarks and Segment for Analysis. The same
proximal and distal fiduciary points must be used to identify the analysis seg-
ment on baseline and follow-up studies such as clearly identifiable proximal and
distal sidebranches at baseline and follow-up using the proximal part of the distal
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sidebranch and the distal part of the proximal sidebranch. The priority for the
fiduciary point when imaging the RCA should be the aorto-ostial junction, then
the conus branch or a proximal atrial branch, and finally a distal side branch. For
the left coronary system, the carina is the most recommended fiduciary peint.
However, every attempt should be made to continue to image while withdrawing
the catheter into the aorta to permit imaging within the left main arterial segment.
The analysis segment should be chosen using the two fiduciary points that have
the most simjlar lengths between the baseline and follow-up studies.

Analysis segment selection. Atherosclerosis is a diffuse disease. It is recom-
mended to analyze very long proximal segments compared to shorter distal seg-
ments because atherosclerosis is more proximally distributed and events occur
in more proximal segments. Bifurcation segments are interesting for analysis.
However, analyzing bifurcations produces its own challenges. Since sidebranch-
containing cross-sections do not display the artery as a “circle,” some rules are
necessary for defining the contours of the EEM and lumen. (1) The EEM contour
should be interpolated to follow the main vessel cross-sections just proximal
and distal to the sidebranch. (2) The lumen contour should be drawn on top of
the EEM contour at the mouth of the sidebranch. (3) Rules for excluding the
sidebranch-containing cross-sections should follow the rules for excluding cross-
sections containing calcium {see below).

Imaging Artifacts, NURD is unique to mechanical catheter systems and re-
sults from mechanical binding of the drive cable that rotates the transducer®. Any
cross-sections with a recognizable NURD that precludes accurate definition of the
leading edge of the ourter vessel wall border should be eliminated following the
same rules as for calcium. The core laboratory must be also sensitive to any other
artifacts such as side lobes. In the training set of IVUS pullbacks, these artifacts
should be included. Presence of EEM our of view, loss of image due to bubbles,
or any other artefact that prevents complete analysis of a single frame should be
treated as calcium.

Calciwm. Calcium is a strong reflector of ultrasound, shadows deeper arterial
structures including the EEM conrtour, and hampers visualization and analysis of
the vessel wall. At the present time we do not know the relationship between IVUS
calcium detection and IVUS detectable progression and regression. The amount
of calcium in an artery is influenced by the presence of a stenosis, the amount of
plaque burden, and vessel size. On one hand, excluding calcified segments can
make studies less applicable to a general patient population; on the other hand,
excluding calcified segments can provide results with more specific information.
However, from a practical standpoint, patients studied in progression/regression
studies do not have severe stenoses and calcification; therefore, (from experience)
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while only approximately 2% of patients are voided because of calcium, this tends
to be one of the leading reasons for exclusion of patients from studies.

Therefore, we do not know whether calcium segments should or should not
be included in the analysis. However, from a practical standpoint and in order to
calculate changes in the plague volume we are forced to deal with this confound-
ing factor. The issues are as follows. (I) How much calcium precludes accurate
assessment of EEM contours? (2) Which technique should be used to extrapolate
contours behind calcium in either cross-sectional or longitudinal views? (3) When
should individual cross-sections be excluded, and when should entire patients be
excluded because of the extension of the calcium?

Using the longitudinal approach, extrapolation is allowed if there is EEM
shadowing <45° (cross-sectional analysis) or if there is EEM shadowing of 45-90°,
but <5mm in length. Using cross-sectional analysis, a single deposit with an arc
of calcium >45° or multiple small arcs that add up to >180° voids an individual
cross-section, but the length of calcium is not a consideration. When eliminating
cross-sections, the same cross-sections should be eliminared at baseline and ar
follow-up. If after eliminating cross-sections, the “residual” length is less then
10mm, the entire case should be eliminated. It is advisable to document the num-
ber of frames and % of length eliminated due to the presence of calcium.

STATISTICAL APPROACHES

Selection of progression/regression endpoints. A number of endpoints are pos-
sible: (1) nominal change in Percent Atheroma Volume from baseline to follow-up,
(2) nominal change in Total (absolute) Atheroma Volume from baseline to follow-
up, and (3} percent change in Total (absolute) Atheroma Volume from baseline
to follow-up. These endpoints can be reported for the rotul analysis segment and/
or for the most-diseased segment. It is recommended to report all three endpoints
so thar the totality of the data can be used to understand the results, but there is a
preference to use the absolute change in Percent Atheroma Volume (from baseline
to follow-up) as the primary endpoint, largely due to the smaller variability of this
endpoint for analysis. Conversely, even though the most-diseased 10mm subseg-
ments contain the largest mean plaque burden, we do not recommend this as a
primary endpoint because (1) the most-discased subsegment lacks independent
proximal and distal fiduciary points, (2) the minimum lumen area, the maximum
plaque burden, and the most-diseased segment can shift during follow-up, (3)
the length of the worst segment at follow-up can vary considerably due to the
heterogeneity of the pullback speed, and (4) the variability of measurements in-
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creases when the segment length is short. However, if analyzed, the most-diseased
subsegment should contain at least one fiduciary point that is independent of
lumen dimensions or plaque burden.

Selection of remodeling endpoints. Remodeling is conventionally assessed
by comparing lesion site EEM to reference segment EEM. However, for serial
studies involving volumetric characterization within an arterial segment, such a
static definition is not recommended. Instead, remodeling should be assessed as
EEM ar follow-up minus EEM at baseline where an increase in EEM is positive
remodeling, no change in EEM is absence of remodeling, and a decrease in EEM
is negarive remodeling. Furthermore, vessel segments with positive remodeling
should be subdivided as expansive (overcompensatory) where AEEM/Aatheroma
>1 or incomplete where AEEM/Aatheroma is between 0 and 1.0.

Normalization for length. Normalization for segmenc length is very important
for assessing total atheroma volume, but is less importane for assessing percenc
atheroma volume (plaque burden). A common way of normalization is to multiply
the mean atheroma area by the median or mean length for all patients completing
the trial or by use of a fixed adjustment factor. This adjusts for differing segment
lengths across patients, thereby providing equal weighting of each patient in the
calculation of atheroma volume.

EMERGING DEVELOPMENTS

With improved pharmacology it is anticipated that quantitative changes in
atheroma burden will become less and less. Therefore, it is also anticipated that
qualitative changes in plaque morphology or lesion phenotype will become more
important. Examples of technologies that have been developed to assess plaque
composition include virtual histology (VH)-IVUS and integrated backscatter
(IB)-IVUS. Finally, ic is possible that in the future IVUS will be integrated with
other modalities such as optical coherence tomography or spectroscopy that could
also provide qualitative data.
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APPENDIX A. CORELAB FEEDBACK LETTER

To :
Clinic :

From
Subject :

Date

Dear ...,

We received your IVUS recording for ...... trial.

Please find below our summary findings:

[] TVUS pullbacks are of good quality

The recordings are in agreement with the protocol requirements and acquisition
guidelines.

[ ] IVUS pullbacks needs some improvement. You are kindly requested to forward
a new testrun/pullback.

i \

I IVUS pullbacks are non analyzable

The recordings are not in agreement with the protocol requiremenss and acquisi-
tion guidelines.

For further derails see next page.
Yours sincerely,
Corelab Director
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Please tick when applicable:

. All images were obtained using a motorized pullback system.

» ___ DPullback speed of 0.3 mm/sec

* __  Gain-and zoom-settings were carefully optimized before the pullback
is started.

The IVUS procedure was preceded by the administration of 0.2 mg
IC nitroglycerin (NTG) {check angiography views containing plates
indicating NTG injection).

. Pullback started at least Icm distal from the distal target segment and
was performed up to 1cm proximal of the proximal targer segment.
. An angiographic film with AND without contrast injection must be

performed to indicate the IVUS catheter position before pullback.

If IVUS studies recorded on_videotape, an audio commentary is re-
corded in the tape clearly describing the ongoing IVUS examination
in English. The investigator should audio record the following: Posi-
tion of probe, i.e. coronary segment (LAD, LCX, or RCA); Pull-back
speed; Start time of pull-back {time visible at IVUS screen); End of

pullback time.

* __ 'Thelocal time, displayed on the video screen should be filled our in
the Technician’s WorkSheet (not the video recorder time).

. If tape acquisition, the calibration grid was recorded.

. The pullback was continued until the transducer is in the guiding
catheter.

* __ s the EEM our of view in more than 1/3 of the pullback

. Is the EEM out of view in more than 2/3 of the pullback

. The pullback is non continuous in more than 1/3 of the length of the
pullback

. The pullback is non continuous in more than 2/3 of the length of the
pullback

. Is the pullback too dark?

. Is the pullback too brighe?
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Effect of Rosiglitazone on Progression of Coronary
Atherosclerosis in Patients with Type 2 Diabetes and
Coronary Artery Disease: The APPROACH trial.
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ABSTRACT

Context: Rosiglitazone has several properties which may reduce the progression
of atherosclerosis.

Objective: To determine the effect of the thiazolidinedione rosiglitazone on
coronary atherosclerosis as assessed by intravascular ultrasound compared to the
sulfonylurea glipizide.

Design: The APPROACH study was a randormized double-blind controlled study
of rosiglitazone versus glipizide at a dose blindly titrated to achieve an A1C < 7%.
Tt was conducted between 2005 and 2008; mean follow-up was 16 months.
Setting: 92 ambulatory sites located in academic and community settings in 19
countries.

Patients: 672 patients aged 30—80 years with established type 2 diabetes treated
by lifestyle, 1 oral agent or submaximal doses of 2 oral agents who had at least
one atherosclerotic plaque with 10-50% luminal narrowing in a non-intervened
coronary artery during a clinically indicated coronary angiography or percutane-
ous coronary intervention.

Intervention: Up to 15 mg of glipizide and 8 mg of rosiglitazone was provided
to participants.

Main OQutcome Measure: Change in percent atheroma volume (PAV) in the
longest and least angulated non-intervened epicardial coronary artery. Secondary
outcomes were the change in normalized total atheroma volume (TAV,)) and the
change in total atheroma volume in the most diseased baseline 10-mm segment.
Results: PAV did not significantly change in patients allocated to glipizide {0.43%,
95% CI -0.22, 1.08; p=0.19) or rosiglitazone (-0.21%, 95% CI -0.86, 0.44;
p=0.53), and rosiglitazone did not significantly reduce PAV compared to glipizide
(-0.64%, 95% CI -1.46, 0.17; p=0.12). TAV did not significantly change on
glipizide (1.2 mm?, 95% CI -2.7, 5.1; p=0.54), but significantly decreased by 3.9
mm?® (95% CI-7.8, -0.02; p=0.049) on rosiglitazone and rosiglitazone significantly
reduced TAV,, by 5.1 mm? (95% CI -10.0, -0.3; p=0.04} compared to glipizide.
Atheroma volume within the 10 mm most diseased baseline segment decreased by
3.6 mm?® (95% CI -5.3, -1.8; p<0.0001) on glipizide and by 5.3 mm? (95% CI
-7.0, -3.5; p<0.0001) on rosiglitazone; however rosiglitazone did not significandy
reduce atheroma volume within the 10 mm most diseased baseline segment more
than glipizide (-1.7 mm?, 95% CI -3.9, 0.5; p=0.13).

Conclusions: Rosiglitazone did not significantly reduce progression of coronary
atherosclerosis compared to glipizide in patients with type 2 diabetes and coronary
atherosclerosis.

Trial Registration: Clinicaltrials.gov NCT0011683]
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INTRODUCTION

Type 2 diabetes (T2DM) is a strong independent risk factor for cardiovascular
diseases’ and epidemiologic studies have shown that this risk is progressively
related to the degree of hyperglycemia as measured by the A1C 2 Whereas recent
trials of more versus less intensive glucose-lowering with a menu of drugs did
not detect a clear cardiovascular benefic* the obse:vation of reduced myocardial
infarction and all-cause mortality in metformin-treated obese subjects during
active therapy in the United Kingdom Prospective Diabetes Study?, and in all
participants following a further 8.5 years of passive follow-up ¢ suggests that spe-
cific glucose-lowering drugs may have cardiovascular benefits. Prior to completing
long-term cardiovascular outcome studies, such an effect would be supported if
these drugs reduced coronary atherosclerosis.

Coronary atherosclerosis forms the substrate for vulnerable plaque which leads
to clinical coronary events. Coronary atherosclerosis can be directly assessed us-
ing intravascular ultrasonography (IVUS), and progression of IVUS-determined
atherosclerosis has been correlated with an increased risk of coronary events 7%
Furthermore, reductions in IVUS-detected plaque volume have been demon-
strated in response to antihypertensive® and lipid-lowering therapies'®*? thart also
reduce the incidence of coronary events.

Thiazolidinediones (TZDs) have effects on cardiovascular risk facrors, includ-
ing insulin sensitivity,'"" inflammatory biomarkers,'® endothelial function,'”
161513 plaque instability;’® and blood pressure,? that may slow the
progression of coronary atherosclerosis. Active-controlled trials of both thjazo-
lidinediones (rosiglitazone and pioglitazone) in patients with T2DM have sug-
gested a favorable effect of these agents on carotid atherosclerosis™ and in-stent
restenosis®, however, the applicability of these dara to native vessel coronary
disease is uncertain, Moreover, a recent large randomized trial of one TZD (pio-
glitazone) demonstrated that it reduced progression of coronary atherosclerosis in
non-intervened arteries more than glimepiride®. To date, comparable data using
rosiglitazone have not been available.

The Assessment on the Prevention of Progression by Rosiglitazone on Athero-
sclerosis in diabetes patients with Cardiovascular History (APPROACH) trial was
designed to compare the effect of rosiglitazone and glipizide - agents that reduce
glucose through different mechanisms - on progression of coronary atherosclero-
sis. Importantly, the trial was designed to provide comparable glycemic control
between treatment arms and to evaluate the treatment effect on a background of
optimized contemporary therapy for secondary prevention of coronary disease
including statins, anti-platelet agents, and antihypertensive medications.

coagulability,
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METHODS
Study Design & Eligibility Criteria

A detailed description of the APPROACH trial has been previously published.
APPROACH was a prospective multicenter, double-blind, randomized, active-
controlled trial (Figure 1) of 672 patients from 92 centers in 19 countries, who
were aged 30-80 years with established T2DM and who had clinically indicated
coronary angiography or percutaneous coronary intervention (PCI) between
February 2005 and January 2007. Patients were included if they had ar least
one atherosclerotic plaque with 10-50% luminal narrowing in 2 non-intervened
coronary artery, and if their diabetes was treated with either lifestyle approaches
alone (with an A1C >7% and s 10%), or with oral agents comprising 1 oral
agent at any dose, or 2 oral agents where each was prescribed ar <50% of its

1147 Soreened

475 Excluded
=376 Did not meet eligiblity oriteria
=40 Withdraw consent
=8 Adverseevants
n= 1 Protocol viplation
n=52  Cther orinformation not available

572 Randomized
¥ ¥
339 Glipizide 333 Rosigltazone
n=2 Did not receive blinded medication n=2 Did not receive biinded medication
n=6 Died beforefollow-up VUS n=7 Died before foliow-up WUS |
=49 Basefine or follow-up VUS unanalyzable =43 Baseling or follow-Up VUS unanalyzable
n=31 Withdrew consent =30 Withdrew consent
n=8  Withdrew due to adverse event A ¥ =5 Withtrew due to adverse event
n=1  Protocol violation n=8 Protocolviolation
=10 Lostto follow-up n=5 Lostto follow-up
n=3  Other n=1 Other
Y k.
223 Evalusbie baseline 233 Evaluable baseline
and follow-up VUS and foliow-up VUS
{317 Finaivilal status 316 Final vital slatus

Figure 1. Disposition of APPROACH participants
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maximal dose {with an A1C >6.5% and < 8.5%). Exclusion criteria were: ST~
segment elevation myocardial infarction in the prior 30 days; coronary artery
bypass graft surgery; severe valvular heart disease; left ventricular ejection fraction
<40%; any heart failure (New York Heart Associarion class I-IV}); uncontrolled
hypertension (systolic blood pressure >170 mmHg or diastolic blood pressure
>100 mmHg); renal insufficiency (serum creatinine >1.5 mg/dL for men or 21.4
mg/dL for women); and active liver disease. Participant safety was monitored by
an Independent Data Monitoring Committee who periodically reviewed rates of
clinical outcomes according to unmasked therapy. The study protocol and consent
forms were reviewed by the institutional review board at each site and all patients
provided written informed consent. Study design, implementation, and analysis
were performed under the supervision of the steering committee, which was
composed of seven members from external, academic institutions and two from
the sponsor. Data analysis was performed according to a prespecified plan that was
developed with the approval of the steering committee.

Management of Glycemia and Follow-up

Patients were randomized in a 1:1 ratio to receive masked rosiglitazone (4 mg/
day) or glipizide (5 mg/day) in one pill. At the time of randomization the doses of
other oral anridiabetic drugs were reduced by 50% and were discontinued during
a visit 1 month later. At that time and after 2 and 3 months, the dose of masked
study drug was increased if tolerated and if the mean daily glucose level calculated
from the patient’s logbook of capillary tests in the 3 days prior to the visit was 2
126 mg/dl (7.0 mmol/b). If more than 1 titration was required, 2 pills per day were
given. Titration doses of rosiglitazone at the 1%, 2* and 3* titration comprised 4
mg/day (1 pill — unchanged dose), 8 mg/day (as 2 pills with active drug in the
morning and placebo in the evening), and 4 mg bid respecrively; glipizide dosing
at these visits comprised 10 mg/day (1 pill), 10 mg in the morningand 5 mg in the
evening (as 2 pills) and this same dose as the 3" titration respecrively. Open-label
metformin (maximal total daily dose 2550 mg) and then once-daily basal insulin,
or both was added after the first 3 months if needed to maintain a HbAlc < 7%
using a glycemic titration algorithm designed to provide comparable glycemic
control between treatment groups. Nonstudy drugs were reduced before study
drugs in the event of hypoglycemia requiring dose reductions. Unless informed
consent was formally withdrawn, all patients were followed until 18 months from
randomization and clinical status ascertained regardless of whether they continued
to take study medication.
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Intravascular Ultrasound Examination and Image Analysis

The longest and least angulated non-intervened epicardial coronary artery was se-
lected for IVUS examination. After intracoronary administration of nitroglycerin,
an ultrasound catheter (2.5F Adantis SR Pro Imaging 40 MHz) connected to a
Galaxy G2 digital imaging console (Boston Scientific, Narick, MA) was advanced
into the rarget vessel. The imaging transducer was positioned just distal to an iden-
tifiable side branch, and then mortorized pullback of the transducer was performed
at 0.5 mm/s. Follow-up IVUS examination was petformed at study completion in
all patients providing informed consent (irrespective of whether they continued to
take study medication) with imaging of the same coronary artery segment identi-
fied art the baseline examination. If a participant required cardiac catheterization
for a clinical indication between 9 and 18 months, follow-up IVUS examination
could be performed at that time instead of at stady completion.

Intravascular Ultrasound Outcomes

Core laboratory personnel (Cardialysis, Rotterdam, The Netherlands) who were
blinded to trearment assignment analyzed all IVUS images using validated software
(Curad, version 3.1, Wijk bij Duurstede, The Netherlands), that facilitates detec-
tion of luminal and external elastic membrane (EEM) boundaries in reconstruceed
longitudinal planes. In order to obtain a smooth appearance of the vessel wall
structures in the longitudinal views, the Intelligate™ image-based gating method
was applied ¢, The primary IVUS outcome is the change in percent atheroma
volume (PAV) %7 calculated as PAV = (Z[EEMCSA— LUMENCSA] / ZEEMCSA) x
100 where EEM, is the external elastic membrane cross-sectional area (CSA) and
LUMEN,, is the luminal cross-sectional area. A secondary [VUS outcome is the
change in normalized total atheroma volume (TAV, ), calculated as the product of
the mean atheroma area and the median segment length in the entire population as
follows: TAV, = (Z{EEM_,, - LUMEN__,1/N) x overall median segment length.
This calculation adjusts for differing segment lengths across patients, thereby
providing equal weighting of each patient in the calculation of atheroma volume.
An additional secondary IVUS outcome is the change in total atheroma volume in
the most diseased baseline 10-mm segment. This was calculated as the follow-up
— baseline difference in the total atheroma volume within the 10-mm contiguous
segment with the greatest atheroma volume at baseline. Intraobserver variability
was assessed using [VUS recordings from 20 randomly selected patients. Baseline
and follow-up IVUS examinations were each analyzed twice. The mean (SD) dif-
ferences were 0.09 (0.18) mm? for vessel area, and -0.02 {0.23) mm? for lumen
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area. To evaluate variability between IVUS analysis methods, the same patients
were analyzed twice longitudinally and twice cross-sectionally'®. The mean (SD)
differences (in mm?) were 0.10 (0.36) mm? for vessel area and 0.001 (0.46) mm?
for lumen area. Finally, to assess variability between core laboratories, the same
patients were analyzed twice cross-sectionally at different core laboratories (Car-
dialysis, Rotterdam, The Netherlands and MedStar Research Institute, Division
of Cardjology, Washington, DC). The mean (SD) differences (in mm?) were 0.53
(0.37) mm? for vessel area and -0.07 (0.45) mm? for lumen area.

Clinical Cardiovascular Outcomes

Investigators submitted endpoint forms for any event which could potentially
represent a myocardial ischemic event or heart failure. An independent endpoint
committee blinded to treatment assignment prospectively adjudicated these car-
digvascular events, which included cardiovascular and noncardiovascular death,
nonfatal myocardial infarction and stroke, coronary revascularization, hospitaliza-
tion for recurrent myocardial ischemia and heart failure.

Statistical Methods

Continuous variables are expressed as mean and standard deviation, or median
and interquartile range if non-normally distributed, with categorical variables
reported as percentage. IVUS outcomes were analyzed using analysis of covariance
with terms for treatment group, baseline value, geographic region, gender, entry
cardiac procedure (angiography or PCI), and prior oral antidiabetic medication.
The change in PAV for each allocated group was calculated by estimating the
model-adjusted mean change in PAV across the cohort. All p values are 2-sided
and not adjusted for multiple testing, with p-values < 0.05 considered significant.
A worst-rank sensitivity analysis was performed as previously described to assess
the potential influence on the primary endpoint of randomized patients who did
not complete the follow-up IVUS examination due to a cardiovascular event™, For
this analysis, all patients with evaluable baseline and follow-up IVUS examinations
were assigned a rank value based on their change in PAV (ordered from least to
greatest). Patients without a follow-up IVUS as noted above were assigned a rank
value that was worse than that of the patient with the greatest increase in PAV. The
rank value for these patients was first assigned based on a pre-specified hierarchy
determined by the Steering Committee accounting for both clinical severity and
relationship of the event to coronary atherosclerosis as follows (lowest to highest
rank): congestive heart failure, hospitalization for recurrent myocardial ischemia,
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coronary revascularization, noncardiovascular death, nonfatal stroke, nonfatal
myocardial infarction, and cardiovascular death. Within each event category, the
final rank was determined by the time to event, with earlier events assigned a worse
(higher) rank. The worst-rank analysis compared the distribution of rank values
between treatment groups using a univariate Wilcoxon-Mann-Whitney test.

Analysis of the primary IVUS outcome in pre-specified subgroups including
region, angiography versus PCI, prior oral agent use (drug naive, sulfonylurea,
metformin, dual therapy), age (< 60 versus >60), gender, systolic blood pressure
(< 130 mm Hg versus >130), statin use, body mass index, diabetes duration,
and baseline high sensitivity C-reactive protein (hsCRP)}, A1C, HDL, LDL, wi-
glycerides and PAV (< the median versus > the median value) was performed
using ANCOVA with a test for treatment-by-subgroup interaction. The effect
of treatment allocation on time to first occurrence of the various cardiovascular
outcomes was estimated using a Cox proportional hazard mode].

Sample size calculations determined that 206 patients per group with evaluable
baseline and follow-up TVUS examinations were required to provide 90% power
using a 2-sided o of 0.05 to detect a treatment difference between the groups
of 1.6%, assuming a 5.0% standard deviation for the primary IVUS outcorme.
These assumptions were based on prior IVUS studies of lipid-lowering therapies
in patients with diabetes'®. Given prior noncompletion rates among patients with
T2DM in contemporary IVUS studies ranging from 25-35% *'%%*% 3 total sample
size of 634 randomized patients was required under the worst-case assumption of
a 35% noncompletion rate. All analyses were performed using SAS version 9.1
(SAS Institute, Cary, NC). Finally, to ensure the accuracy of the analyses, data
for the primary and secondary endpoints were provided to an external biostatisti-
cian {Dr. Todd A. MacKenzie, Dartmouth Medical School) who independently
repeated and confirmed all of the findings reported herein.

RESULTS

Participants

Of 1147 people who were screened, 672 (68% men) of mean (SD) age 61 (9)
years median diabetes duration of 4.8 years and mean A1C of 7.2 (0.9) % were
randomized to either glipizide (N=339} or rosiglitazone (N=333) from 92 sites in
19 countries (Figure 1). Baseline characteristics by treatment group are noted in
Table 1; by chance, patients allocated to rosiglitazone versus glipizide were slighdy
older and had a slightly higher serum creatinine and lower systolic blood pressure.
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Table 1: Baseline Characteristics of Randomized Patients

Glipizide Rosiglitazone

(N=339) {N=333) Pvalue

Age, mean (SD), years 60.2{9.0) 61.8(84) 0.03
Male, number (%) 223 (65.8%) 233 (70.0%) 0.25
Current smoker, nurber {36) 57 (16.8%) 55 (16.5%) 1.00
Duration of diabetes, median [IQRI, yrs 4601.7-89] 54 [2.2-75) 090
Hypertension, number {%) 272180.2%) 286 {79.9%) 0.52
Dyslipidemia, number (%) 227 {67.0%) 232 (70.0%) 046
Prior myocardial infarction, humber (%) 82 (24.2%) 81{24.3%) 1.00
Presenting condition, rumber (%)

Acute coronary syndrome 130 (38.3%) 128 (38.4%) 1.00

Elective procedure 209 (61.7%) 205 (67.6%)
Baseline procedure, number (%)

Coranary angiography 171 (50.4%) 166 {49.8%) 0.94

Percutanecus coronary intervention 168 (49.6%, 167 {50.2%;)
Medication use, number (%)

Aspirin 279 (82.3%) 280 (B4.19%) 061

Other antiplatelet 195 {§7.5%) 196 (58.9%) 075

Beta-blocker 223 (65.8%) 241 (72.4%) 0.07

ACE inhibitor or ARB 238(70.2%) 237 (71.2%) 0.80

Nitrates 137 140.4%) 125 (37.6%) 048

Statin 262 (77.3%) 248 (74.5%) 042

Fibrate or other lipid-lowering agent 24(7.1%) 34 (10.2%) 017
Weight, rean (SD), kg 83.8(18.5) 8200190 0.22
Body mass Index, mean {SD), kg/m2 28.8(53) 293 (5.5) 0.14
Bloed Pressure, mean {SD}, mmHg

Systolic 131.0(15.9) 1278(16.1) 0.004

Diastolic 763 (10.0) 75.2(102) 0.16
Serum creatinine, mean (SD), mg/dL 0.58 (0.22) 1.02 (0.25) 0.02
A1C, mean [SD), % 7.2(0.9) 71008 0.08
BNP*, median [|CR], pg/mL 25(12-83] 25[11-58] 098
Fasting insulin®, median [IQR], pU/mL 13.0[8.6-18.1] 13.0 [8.6-20.7] 049
LB cholestercl, mean (SD), mg/dL §1.2(35.5) 89.6{35.9) 0.63
HDL cholesteral, mean (SD), ma/dL 42,7 (10.7) 424011 077
Triglycerides, median (IGR], mg/dL 1593 [122.1-204.9] 162.0{122.1-211.5] 0.93
hsCRP. median [IQR], mg/L 54025110 49[22-11.3] 054
MMP-9, median [IQR], ya/L 86.9[43.5-195.1] 88.6[44.1-221.6] 044

*Performed in a subset of patients (BNP N=464; Fasting insulin N=435); Abbreviations: ACE,
angiotensin-converting enzyme; BNP, B-nasriuretic pepride; ARB, angiotensin I recepror blocker;
BMI, body mass index, HbAIc, hemoglobin Alc; HDL, high-density lipoprotein; hsCRE high-
sensitivity C-reactive protein; IQR, interquartile range; LDL, low-density lipoprotein; MMP-9,
matrix metalloproteinase 9. SI conversion factors: to convert fasting plasma glucese to mmol/L,
multiply by 0.0555, low-density lipoprotein and high-density lipoprotein cholesterol values ro
mmoi/L, by 0.0259; triglyceride values to mmel/L, by 0.0113; serum creatinine to pmol/L, by 88.4;
fasting insulin to pmol/L, by 6.945; c-reactive protein to nmol/L by 9.524

As randomization was stratified by the cardiac procedure, 50% of enrolled patients
had diagnostic coronary angiography and 50% had a percutaneous coronary inter-
vention. A total of 38% presented with acute coronary syndrome, and 76% were
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on statins. A total of 229/339 patients (67.5%) allocared to glipizide and 233/333
(70%) allocated to rosiglitazone had an evaluable baseline and follow-up IVUS.
Compared to participants who did not have 2 evaluable IVUS exams, those who
did had a slightly lower diastolic blood pressure (P=0.05), were more likely to be
from South America (P=0.001), were less likely to be on 2 oral antidiabetic agents
{P=0.004), and were more likely to have had a stent inserted (P=0.006). An assess-
ment of vital status at the 18 month final visit was available in 317 {93.5%) patients
allocated to glipizide and 316 (94.9%) patients allocated to rosiglitazone.

Patients were followed for a median of 18.6 months (IQR 18.2-18.9) and a
mean (SD) of 16 (6) months; Patients allocated to glipizide were adherent (took
>80% and <120% of their study medications) at 90.7% of visits and those al-
located to rosiglitazone were adherent at 92.7% of visits. Adverse effects that were
either of interest based on prior studies, that occurred in more than 5% of partici-
pants in cither group, or that significantly differed in frequency between groups
are noted in Table 2. Compared to patients in the glipizide group, those allocated
to rosiglitazone had less hypoglycemia and more anemia. No between-group
difference was noted in the rate of cardiovascular events (all adjudicated) which
occurred infrequently during the trial (Table 3); 5 of the cardiovascular events in
the rosiglitazone group (1 revascularization, 2 nonfatal myocardial infarctions, 1
nonfatal stroke, and 1 cardiovascular death) occurred within 5 days of the baseline
cardiac catheterization and were classified as procedure-related.

Table 2: Major Adverse Events in All Randomized Patiencs

. , Glipizide Rosiglitazone

Patients with an Event, N {%) (N:p 339) (:=333} Pvalue
Evants requiring change or stop in study medication

Peripheral edema 1(<1%) 2(<1%) 062

Hypoglycemia 12 (4%} 0(0%) 00004
Peripheral edema 24 (7%} 25 (99} 048
Severe hypoglycemiz {requiring external assistance) 3 («1%) 0 {0%) 0.25
Hypoglycernia 96 {28%) 27 (8%} <0.000
Bone Fracture 2 (1%} 61{2%) 017
Hemoglebin decrease > 3 g/dl from baseline 10 (3%} 26 {8%) 0.006
Angina pectorls 35{10%)} 31 9%} 0.69
Chest Pzin 17 {5%) 12 (4% 0.45
Cough 22 {6%) 13 (4%) 017
Diarrhea 17 {5%) 12 (4%) 0.45
Dizziness 18 (5%) 17 (5% 100
Fatigue 14 {4%) 18{5%) 047
Headache 23{7%) 15 {5%) 0.24
Hypertension 22 (6%) 14 {4%) 023

Adverse events requiring changes in study drug, reported in = 5% of patients in either group,
significantly differed berween groups, or were of interest based on other studies are listed.
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Table 3: Adjudicated Clinical Cardiovascular Qutcomes in All Randomized Patients

. 5 Glipizide Rosiglitazone
P *
Patients with an event, n (%) (N=339) B=333) value
Composite of aiJ-calfse fieath, ncnfajtal' my.ocardlai mfarctlfm,' nonﬁt.ai stroke, 38(11.2%) 39011.7%) 058
ceronary revascularization, or hospitalization for myccardial ischemia
. N h - . |

Composite of cardiovascular death, nonfatal myocardial infarction, o nonfata 10029% 14.(42%) 031
stroke
All-cause death 7(2.1%) 8(24%) 072
Cardiovascular death 3(0.9%} 4(1.2%) 0.50
Myocardial infaretion

Nonfatal 61{1.5%), 7 (2.1%) 071

Fatal 1{0.3%) 1(0.3%) .39
Stroke

Nonfatal 1(03%) 5(1.5%) 013

Fatal 0 (0%) 0 {0%) -
Coronary revascularization 27 (8.0%) 26 (7.3%) 0.82
Hospitalization for myccardial ischemia 7{2.1%) 11 (3.3%) 025
Congestive heart failure 3 {0.9%; 8 (2.4%) 0.14
*All p-values calculared using Cox proportional hazard medel using time to first event

o HbhAlc (%) Blood Pressure Weight (kg)

T ) Systolic Diastolic 3.0 26
-0.05 31 P=090 P=002 i
2.6
-0.10 2.4
Ty 2.2

-0.15 Y
-0.20
-0.25
0,30
-0.35

7 HDL-¢c {mg/dL)

6.2 .
B
5 0
|

4] P<0.0001 | -2

326 il P=0.002

2 o -6

-7.8
o 10 J 16 -14.2

Figure 2. Effect of rosiglitazone versus glipizide on mean change in A1C, blood pressure, weight,
HDL, and LDL level and on median change in triglyceride level in patients with 2 evaluable
intravascular ulerasound measures. P values refer to differences of the change between groups. Gray bars
depict the change for the rosiglitazone group and black bars depict the change for the glipizide group.

325



Chapter 9.2

Table 4: Post-randomizarion Values and Medication Use at Final Visit

Patients with Evaluable [VUS

Glipizide Rosiglitazone

Measurement [szz 9) (:=233} P
Continuous Variables
Mean A1C{95% Cl) % 6563, 7.0) 70078, 7.1} 0.03
Mean Blood Pressure (95% Cl}, mmHg

Systollc 131,1(129.6,132.6) 130,71129.3,132.2) 0.71

Diastolic 76.7(758,77.7) 754(74.5,76.4} 0.03
Mean LDL (95% CI}, mg/dL. 84.9(80.7,89.1) 95.3(91.0,59.6) 0.0001
Mean HDL {95% (1), mg/dL 4551443, 457) 48.7{475,49.8) <0.0001
Median Triglycerides (5% CI), mg/dL 156.2 {1504, 164.6) 1465 (138.9,151.3) 0.14
Median hsCRP (85% CI), mg/L 18(1.7,21} 0.9 (0.8,1.0) <0.0003
Median MMP-9 {95% CI}, ug/L 56.8(54.2,61.0) 47.9(44.4,50.8) <0.0001
Mean weight (95% ), kg 8351(83.1,847} 840 (835, 84.5) 0.22
Final Visit Medication Use
Aspirin 190 (83.0%) 199 (85.4%) 0.52
Cther antiplatelet 93 (40.6%) 82 (35.2%) 0.25
Beta-blocker 152 (66.4%) 158 (67.8%) 0.77
ACE inhibitor or ARB 166 (72.5%) 176 {75.5%) 0.46
Nitrates 78(34.1%) 761{326%) 0.77
Statin 179 (78.2%) 190 {81.5%) 042
Fibrate or other lipid-lowering agent 27 (11.8%) 35115.0%) 034
Metformin 153 (66.8%) 152 {652%) 0.77
Any insutin 21(9.2%) 14 (6.0%) 022

P values pertain to between-group differences in variables after randomization, and in medicarion use
at the final visit. hsCRE high-sensitivity C-reactive protein; LDL, low-density lipoprotein; HDL,
high-density lipoprotein, MMP-9, matrix metalloproteinase 9; ARB, angiotensin II receptor blocker

The mean (SD) dose of study drug for patients who had a baseline and follow-
up IVUS was 12.3 (4.3) mg for glipizide and 6.8 (1.8) mg for rosiglitazone. Of
these patients, 220 (96.1%) of allocated to glipizide and 220 (94.4%) allocated to
rosiglitazone had their follow-up IVUS done 17 or more months after the baseline
IVUS. During the first 3 months of therapy when rosiglitazone or glipizide was
substituted for other oral agents, HbAlc levels were higher on rosiglitazone. Sub-
sequently A1C levels were the same and the final A1C levels did not differ between
groups however the fluctuations resulted in the average post-randomization A1C
value on rosiglitazone being slightly higher on rosiglitazone versus glipizide (7.0%
versus 6.9% respectively, p=0.01). Figure 2 illustrates the change from baseline in
AlC, blood pressure, lipids and weight for each group, and Table 4 lists the post-
randomization mean or median values for these and other variables, as well the
final use of concomitant medications by treatment group. Compared to patients
on glipizide, those on rosiglitazone had a significantly lower post-randomization
diastolic blood pressure, high sensitivity C-reactive protein, and matrix metal-

loproteinase 9 and significantly higher post-randomization A1C, LDL cholesterol
and HDL cholesterol.
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Effect on Intravascular Ultrasound Endpoints

Table 5 notes the effect of allocated therapy on the primary and secondary IVUS
endpoints. During the course of the study, PAV (the primary outcome) did not
significantly change from baseline in patients allocated to glipizide (0.43%, 95%
CI-0.22, 1.08; p=0.19) or in patients allocated ro rosiglitazone {-0.21%, 95% CI
-0.86, 0.44; p=0.53). Moreover, rosiglitazone did not significantly reduce PAV
compared to glipizide (-0.64%, 95% CI -1.46, 0.17; p=0.12). Similar findings
were noted: a) when the dara were analyzed after adjusting for baseline differ-
ences in age, creatinine and systolic blood pressure {-0.60%, 95% CI -1.43, 0.23;
p=0.15); and b) when the data were analyzed using a worst rank analysis compris-
ing 243 (72%) glipizide and 247 (74%) rosiglitazone patients, in which the 28
patients (14 per group) who did not have 2 evaluable IVUS examinations due to a
cardiovascular event were assigned a rank based on their event as described above
{P =0.20). The key secondary endpoint of total atheroma volume normalized for
median segment length (TAV,) did not significantly change in patients allocated
to glipizide (1.2 mm?, 95% CI -2.7, 5.1; p=0.54) and significantly decreased by
3.9 mm® (95% CI -7.8, -0.02; p=0.049} in parients allocated to rosiglitazone.
Compared to glipizide, rosiglitazone significantly reduced TAV by 5.1 mm’
{95% CI -10.0, -0.3; p=0.04). Atheroma volume within the 10 mm most dis-
eased baseline segment was the other key secondary IVUS endpoint and decreased
from baseline by 3.6 mm? (95% CI -5.3, -1.8; p<0.0001) in partients allocated to

Table 5: Intravascular Ultrasound Endpoints

Glipizide Rosiglitazone Treatment
Mean Value of [VUS - - ,
Baseline  Follow-up Change’ Baseline Follow-up Change' Difference
Measurement (SD)
(95% 1) {95% Ch (95% CI)
Mean (SD) percent 0.43 (-0.22, -0.21 (-0.86, -0.64 (-1.46,
atheroma volume® 406(11.00 4102 1.08) 4041118 40214 044 017}
M i
mf:i"aii?r:;:?;;z;de BE M2 Lol R6L IS 35EE 812098
e M52y (1165) A fvos  (1007) 002 -0.261
Mean (SD) atheroma
wimeinthemost 756026 722(33) S90St nomeg seapon  mloh 176393,
, -1,80) =351 0.45)
diseased 10 mm
segment (mm?)!

SD — Standard Deviagion; CI - Confidence Interval; *Primary IVUS Qutcome; *Key IVUS
secondary Outcomes; fchange from baseline for each allocated group was estimared using analysis of
covariance with terms for treatment group, baseline value, geographic region, gender, entry cardiac
procedure (angiography or PCI), and prior oral antidiabetic medication. *P=0.12; "P=0.049; P=0.04;
4P<0.00015°P=0.02;P=0.01; *¢ similar P values were obtained for these outcomes when reanalyzed
using a non-parametric test on rank-transformed dara.
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Figure 3. Effect of rosiglitazone versus glipizide on the primary outcome of change in percent
atheroma volume according to predefined subgroups in patients with 2 evaluable incravascuolar
ultrasound measures. P values reflect the test for an interaction between the subgroups and allocation
to rosiglitazone versus glipizide. Median values are: BMI 28.9 kg/m?; Diaberes durazion 4.9 years;
HbAlc 7.1%; HDL 42.5 mg/dl; LDL 87.0 mg/dl; Triglycerides 165.0 mg/dl; hs CRP 5.2mg/l; PAV

41.3%.

glipizide and by 5.3 mm?® (95% CI -7.0, -3.5; p<0.0001) in patients allocated to

rosiglitazone; however the effect of rosiglitazone did not significantly differ from
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that of glipizide (-1.7 mm?, 95% CI -3.9, 0.5; p=0.13).
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When analyzed according to prespecified subgroups (Figure 3), there was a clear
interaction between treatment allocation and diabetes duration (P = 0.005) such
that rosiglitazone reduced the PAV more than glipizide in patients with diabetes
duration longer than the median duration of 4.9 years (i.e. a 1.8% decrease versus
a2 0.5% increase in those with a shorter diabetes duration). This analysis also sug-
gested a trend favoring a greater effect of rosiglitazone allocation on patients with
2 higher baseline hsCRP and those who had a stent inserted versus angiography
alone (P = 0.05 and 0.07 respectively).

DISCUSSION

In this 1.5 year study of the effect of rosiglitazone versus glipizide on coronary
atherosclerosis a significant difference in the primary IVUS endpoint of PAV was
not achieved. The observation that the trend towards reduced PAV volume reached
significance within the prespecified subgroups of longer diabetes duration suggests
that rosiglitazone may have an anti-atherosclerotic effect in sicker partients with a
longer history of exposure to hyperglycemia, but should be viewed as hypothesis
generating due to the many subgroups tested. These findings, and the observations
that rosiglitazone significantly reduced the TAV more than glipizide support
the hypothesis that rosiglitazone may reduce atherosclerotic plaque progression.
Whether the rosiglitazone-mediated reduction in diastolic blood pressure, triglyc-
erides, hsCRP and MMP-9 and the increase in weight and LDI, cholesterol were
responsible for these findings remains unknown.

These findings are consistent with those of a similar study in which another
thiazolidinedione (pioglitazone) was compared to glimepiride™. In that 18 month
study PAV significantly increased by 0.73% on glimepiride and nonsignificantly
decreased by 0.16% on pioglitazone, with a significant difference between groups
(P=0.002). Pioglitazone also decreased the TAV by 5.5 mm? versus a nonsignifi-
cant decrease of 1.5 mm? on glimepiride with no significant difference between
groups (P=0.06). Indeed the effects of pioglitazone and rosiglitazone on IVUS
indices and other metabolic and vascular markers were remarkably similar and
are listed in Table 6. The absence of a statistically significant effect of rosiglitazone
in this study may be due to the fact that the PAV in the glipizide control group
only increased modestly whereas the increase in PAV in the glimepiride controls
in the pioglitazone study was greater. These observations and reports of similar
beneficial effects of these 2 drugs on carotid intima-media thickness *"*** and need
for revascularization following percutaneous intervention®, as well as the adverse
effect profile of these 2 drugs suggest that they have similar effects on atheroscle-
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‘Table 6: Comparison of APPROACH ard PERISCOPE

Rosiglitazene (APPROACH) Pioglitazone {PERISCOPE}

Measurement Baseline Change Baseline Change

(5D or IQR} (95% C) (SD or IQR) (95% CI)
Mean (SD) percent atheroma velume 404{11.8) <0.21 (-0.86, 0.44) 406 8.4} -0.16 (-0.57, 0.25)
i?:;f?;;ﬂ;ma]‘zed ORIARCOME 61008 396742002 WUSE8) 556867239
gii:cfilize:;:agi‘;ﬁ:;?:mj) 71.0(300) 530704351 627(28) 20(333,-067)
Mean HbA1c(SD), % 71008 -0.3{-04,-0.2) 74(1.0) -0.55(-0.68,-0,42)
Mean Systolic BP (ST}, mm 127.6(16.9) 24(0.2,48) 127.8{(16.6) 0.1(-14,1.5)
Mean Diastolic BP (S3), mm 747{103) 010112,15) 7570107} -0.9(1.7,-0.01)
Mean Weight {SD), kg 8190179 26(1.8,34) 943 {19.5) 3.6{(28,44)
Mean LDL {SD}, mg/dL 90.5 (36.,6) 2802480 93.5 (30.7) 211558
Mean HDL (S0), mg/dL 424110.8) 6.2 (4.8,7.6) 40.8{11.5) 5.7 (4.4,7.0)
Median TG* [1QR], mg/dL 162.81123.9-215.0] ~142{-23.0,-35) 138 1104-198] -163(-27.7,-11.0)
Median Fasting insulin [IQR], gl/mL 13.0[8.6-20.7] -2.6{-3.5,-0.9) 21,0[16,0-33.0] 5.0 (-7.0,-4.0)
Median BNP [IQR], pg/mi 24[11-56] 5.0(20,11.0} 225[11-52) 8.0(50,105}
Median hsCRP [IOR], mg/L 4.7 [2.2-105] -3.2 (~4.0,-24) 26[1.2-6.5) -1.0(-1.5,-08)

SD — Standard Deviation; CI - Confidence Interval; IQR — Interquartile Range; BP - blood
pressure; PERISCOPE - Pioglitazone Effect on Regression of Intravascular Sonographic Coronary
Obstruction Prospective Evaluation

rosis. However, whether they have similar or different effects on cardiovascular
OutComes rermains uncertain.

Strengths of this study are the large sample size, the use of masked therapies,
high adherence rates, achievement of similar levels of cardiovascular risk factors in
both groups, and careful validated measurements of IVUS indices. These findings
are limited by the fact that 32.5% of patients allocated to glipizide and 30% of
patients allocated to rosiglitazone did not have 2 evaluable IVUS measurements.
Moreover, the observation that patients withour 2 evaluable IVUS measurements
were less likely to have had a stenrt inserted at baseline and were on fewer an-
tidiabetic agents than those who had the 2 IVUS measurements suggests that the
patients who did have the 2 TVUS measurements were those with more advanced
atherosclerosis at baseline. However, the findings of the worst rank analysis which
include 490 of the 672 (73%) randomized participants who received at least 1
dose of blinded medication, and which was similar to the analysis of patients with
the 2 evaluable IVUS measurements suggests that it is unlikely that data from
these individuals would have substantively altered the findings. These findings are
also limited by the observation that rosiglitazone participants had a higher A1C
level and that glipizide-treated parients had a lower LDL level after randomization
despite blinded adjustment of medications designed to achieve similar levels of

Al1C and LDI.
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In summary, this study supports but does not prove the hypothesis that rosigli-
tazone has a greater anti-atherosclerotic effect than glipizide in patients with type
2 diabetes, and suggests that that rosiglitazone may be more anti-atherosclerotic
in patients with more advanced diabetes or higher risk for cardiovascular disease.
Ongoing analyses will evaluate which facrors relate to changes in atherosclerosis
as measured by IVUS and will explore rosiglitazone’s effects on atherosclerosis and
plaque in more detail.
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Meta-Analysis of the Studies Assessing Temporal Changes in
Coronary Plaque Volume Using Intravascular Ultrasound

Gastén A, Rodriguez-Granillo, MD, PhD™* Pierfrancesco Agostoni, MD?,
Hécror M. Garcja-Garcia, MD®. Giuseppe G.L. Biondi-Zoccai, MD®, Engéne Mc Fadden, MD?,
Giovanni Amoroso, MD, PhD®, Peter de Jaegere. MD, PhD*, Nico Bruining, PhD?,

Pim de Feyter, MD, PhD?, and Patrick W. Serruys, MD, PhD*

To assess the temporal effect of statin therapy on coronary atherosclerotic plaque volume
measured by intravascular ultrasound (IVUS), we searched PubMed for eligible studies
published between 1990 and January 2006. Inclusion criteria for reirieved studies were
(1) IVUS volume analysis at baseline and follow-up and (2) statin therapy in 21 group of
patients, All data of interest were abstracted in prespecified structured collection forms.
Statistical analysis was performed with Review Manager 4.2. Random-effect weighted
mean difference (WMD) was used as summary statistics for comparison of continuous
variables. Nine studies of 985 patients {with 11 statin treatment arms) were selected. After
a mean follow-up of 9.8 * 4.9 months, we found a significant decrease in coronary plaque
volume (WMD —5.77 mm’®, 95% confidence interval —10.36 to —1.17, p = 0.01), with no
significant heterogeneity across studies (p = 0.47). Prespecified subgroup analyses showed
similar trends, Studies in which the achieved low-density lipoprotein (1DL) cho]esterol
level was <100 mg/dl showed a trend for plaque regression (WMD —7.88 mm®, 95%
confidence interval —16.31 to 0.35, p = 0.07), whereas studies in which the achneved level
of LDL cholesterol was =100 mg!dl the trend was less evident (WMD —~4.22 mm®, 95%
confidence interval —10.27 to 1.82, p = 0.17). Plague volume remained essennally un-
changed in patients not treated with statins (WMD 0.13 mm?, 95% confidence interval
—4.42 to 4.68, p = 0.96). In conclusion, statin therapy, partlcularly when achieving the
target LDL level, appears to promote a significant regression of coronary plaque volume as

measured by IVUS.  © 2007 Elsevier Inc. All rights reserved. (Am J Cardiol 2007;99:5-10)

We performed a meta-analysis of all clinical studies that as-
sessed intravascular ultrasound (TVUS)-based progression/
regression of coronary atherosclerosis to evaluate whether
eatment with stating can promote coronary plague regression
over time,

Methods

Two trained investizators (GARG and PA) searched
PubMed for eligible studies in peer-reviewed journals pub-
lished between January 1990 and January 2006, Search key
words included “reduc™” or “regres®” or “progress*” and
“IVUS™ or “intravascular ultrasound.” where * denotes a
wildcard, which is a symbol used to search all words be-
ginning with the written root. PubMed was searched using
the method described by Biondi-Zoccai et al.! No language
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Rotterdam; and °Onze Lieve Vrouw Gasthuis, Amsterdam, The Nether-
tands; “Departent of Cardiovaseular Imaging, Otamendi Hospital, Buenos
Ajres. Argenting, “Antwerp Cardiovascular Center Middetheim, Antwerp.
Belgium; and “Haemodynamics and Cardiovascular Radiclogy Service, Poli-
clinico San Donato, Milan, Italy, Manuseript received April 18, 2006;
revised manuseript received and aceepted July 13. 2006,

*Corresponding author: Tel: 54-11-4964-8721; fax: 54-11-4964-8721,

E-mail address; grodriguexgranillo@gmail.com (G.A. Rodriguez-
Granillo).

restriction was used. Cross references were checked, and
experts were contacted to identfy other relevant trials.

Citations initially selected by systematic search were first
retrieved as title and/or abstract and screened independently
by 2 reviewers (GARG and PA). Potentially relevant reports
were then retrieved as complete publications and assessed
for compliance to inclusion and exclusion criteria.

Inclusion criteria for retrieved studies were (1) IVUS
volume analysis in native coronary arteries at baseline and
follow-up and (2) statin therapy in =1 group of patients.

Exclusion criteria were (1) no volumetric output (only
cross-sectional area analysis) and (2) studies in vessels
different from coronary arteries.

All data of interest were abstracted in prespecified struc-
tared coliection forms. Every study used the same IVUS
imaging catheter at baseline and follow-up, All IVUS inves-
tigations were performed after intracoronary administration of
nitrates. Cine runs, before and during contrast injection, were
performed to define the position of the catheter distal to an
identifiable side branch. Using an automated pull-back device,
the ansducer was withdrawn at a continucus speed of 0.3
mm/s, and IVUS data were stored on super-VHS for subse-
quent analysis. Our primary end point of interest was progres-
sion/regression of coronary atherosclerotic burden evaluated
by IVUS volumetric analysis. According to the different stud-
ies included in the analysis, plague volume was calculated as
¥ ey (vessely — lumen,.) X d, where n refers to number
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Table 1
Characteristics of studies included in the meta-analysis
Swudy Year Design n (%)™ Treatment Follow-up Age Men LDL 2t Follow-up
Mean (%) rs) {mp/dD)
GAINY 2001 MC 48 {6) Atorvastatin 12 mos 61 85 86 = 30
ESTABLISH™ 2004 sC 24 (3) Atorvastatin 6 mos 61 86 70 =25
REVERSAL™ 2004 MC 253 (32) Atorvastatin 18 mos 36 71 79 =30
REVERSAL* 2004 MC 249 (32) Pravastatn 18 mos 57 73 110 = 26
Petronic ot al™ 2005 sC 36 (5) Simvastatin 12 mos 63 72 9o
Kawasaki et al 2005 sC 17 (2) Atorvastatin 6 mos 66 71 95+ 15
Kawasaki ot al2 2005 sC 18 (2) Pravastatin 6 mos a7 72 102 =13
Nishioka et al.® 2005 sC 22(H Sratin 6 mos 66 7 106 = 20
Jensen et 212 2004 sC 40 (5) Simvastatin 12 mos 58 100 40 = 10
Yokoyama et al® 2005 SC 204 Atorvastatin & mos 62 90 87 =20
Tani ¢t al.¥ 2005 5C 52(7 Pravastatin & mos 63 75 104 = 20

* Number of patients in treatment arm.
MC = multicenter; SC = single center,

of images, m to image, and d to distance between images. In
case these data were not provided in the published report, the
authors were contacted to obtain these values.

We compared baseline with follow-up plaque volume
in patients receiving statins and control subjects (when
present). In addition. as sensitivity analyses, we stratified
the studies according to achieved low-density lipoprotein
(LDL) cholesterol levels and time to follow-up, seeking an
enlightenment of results.

Statistical analysis was performed with Review Man-
ager 4.2.2 Continuous variables are reported as mean *
8D unless otherwise specified. Random-effect weighted
mean difference (WMD) with 93% confidence intervals
was used as summary statistics for comparison of con-
tinuous variables: this analysis is used when the unit of
measurement of the variable under analysis remains con-
stant across different studies.* The currently recom-
mended inverse variance-weighting method, according to
Dersimonian and Laird, was used for random-effect com-
parison.® Reported values were 2-tailed and results were
considered statistically significant at p <<0.05. Statistical
heterogeneity (1.e.. between-study discrepancy in effect
size estimates) was assessed with the Cochran Q test.
This tesz strongly suggests underlying statistical hetero-
geneity for p values <<0.10. even if other causes of
heterogeneity, such as clinical differences between treat-
ments, follow-up duration, or patient population, are not
dismissed. Appraisal of statistical heterogeneity is piv-
otal 1o meta-analysis because some authorities have ad-
vocated statistical pooling of different trials only in the
presence of statistical homogeneity,? To assess the risk of
small-study bias (including publication bias). we built a
funnel plot by graphically showing the relation between
effect size and statistical weight for each study. A sym-
metric and funnel-shaped plot supports the lack of sig-
nificant small-study bias, whereas a strongly asymmetric
plot suggests the underlying presence of small-study or
publication bias (i.e., where smaller studies reporting
positive outcomes are more likely to be published than
equally small studies reporting negative or nonsignificant
results). Publication bias, if not recognized and acknowi-
edged, can lead to meta-analyses with biased and overly
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optimistic findings and should thus be actively investi-
gated and appraised.?

Results

PubMed querics permitted the retrieval of 977 citations.
Most publications were excluded because they were edito-
rials, reviews. or studics addressing the role of IVUS as an
adjunctive tool to percutameous coronary interventions.
Eighteen publications were assessed for compliance to in-
clusion and exclusion criteria, leading to further exclusion
of 9 studies. One study was not included because only area
measurements and not volume analyses were reported.” One
study did not include a treatment arm.” Three other studies
were excluded because they evaluated IVUS in femoral
arteries and transplant-associated arteriosclerosis.®~* One
study used antihypertensive agents and 3 others used lipid-
lowering therapies different from statins.®—'? Therefore, 9
published studies were selected.'®13-2

These 9 studies included 985 patients. Most studies were
randomized comparisens of a statin versus placebo, aside from
a study by Jensen et al.'s which was a single-arm observational
study. In the randomized Reversal of Atherosclerosis with
Aggressive Lipid Lowering (REVERSAL) trial, the 2 armms
received statins, but different molecules: in a study by Ka-
wasaki et al.'? 2 groups received 2 different stating and 1
received placebo. Thus, overall, 788 patients were allocated o
statin teatment in 11 different groups (Table 1),

All studies used absolute change in plaque volume in a
matched region of interest evaluated at the longest available
follow-up as an imaging end point. apart from a study by
Petronio et al.'? which reported change in plaque volume
adjusted for analyzed vessel length, We contacted the au-
thors to obtain the absolute change in plaque volume.

In the German Atorvastatn Intravascular Ultrasound
(GAIN) study. patients were allocated to atorvastatin in an
increasing dose to achieve a LDL cholesterol level <100
mg/dl or placeba.’* For the Barly Statin Treatment in Patients
With Acwe Coronary Syndrome (ESTABLISH) study, 20
mg/day of atorvastatin versus placebo was administrated.’? In
contrast, the REVERSAL investigators compared an intensive
with 2 moderated lipid-lowering therapy (80 mg/day of ator-
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Stuey Fellowup Bageine MO (random) woioht Wil (random)
o Sub-coetesary N Moan (D) N Mean (SD) -l 2w % and
GAN 40 122.50(70.79) 48 1Z1.30(84.40} 1.98 1.20 [-33.45, 33.93)
ESTABLISH kN 6110 (44,303 z4 €9.60 (42,00 — 2.9% -2.20 {u34.79, 18.39]
Jonzen et al, 40 AL.9CG(Z7.C0} a0 45,80 (3L, 30 —_— 1z.65 -3.70 [-16.53, 9.33]
Nushicka ot &l zz 30.90(15. 60} = 35.$0(12.70) —t z9.93 -4.60 [-13.0L. %.813
REVERSAL (otorva) 253 142.90(208,70} 253 134,40(L15.70} —_— 5.5z “0.50 [+20.07, 19.07]
FREVERSAL Corava) 248 199.60(1LZ.300 249 19¢,50(114,80) —— 5,32 £.10 [+14_88, 25.08]
Howvasai (sorva) 18 155.40¢52. 803 18 155.20(3L.603 j‘—- 4.7 -3-80 [-24.g4, 17.24)
rawassk (prava) 17 164.60(34,50} 17 166,20¢29,50) —— 454 ~1.60 [-Z3_.18, 19.58]
Petronio et al. 6 97,6630, 003 9 119.€0¢43.203 e 7.16  ~30.00 {=d7.18, -AZ.82]
CIET 2 40.00(25. 603 52 47,90 (31.00) 16.05 =7.00 [~17.83, 3.82)
Yokoyama ot al. 29 €6.00¢32.10} z3 $9.30{95.00} 7.00 ©2.50 [~71.10, 13.30]
Yotal (35% GO 788 768 100.00 ~5. 77 1-10.26, —1.17)
Test for heterogenaty; Chit= 979, df » 10 (P = 0.47), 1% = 0%
Test tor overadl eftect Z = 246 (P = 001}

=100 50 ) 50 100

Plogun regrossion  Pque progpession

Figure 1. WMD with 95% confidence interval (CI) of difference in plague volume between follow-up and baseline in the statin amm

Table 2
Stratification of change in plaque volume aceording to length of follow-up

of the Included studies.

Follow-up 6 mos

Follow-up >6 mos

(n = 158} {n = 626)

Study WMD (95% CI) Study WMD (95% CI)
ESTABLISH¥ —8.20 (—34.79 10 18,39} GAIN 1.20 (—3145 t0 33.85)
Nishioka et al® —4.60 (—13.01 10 3.81) Jensen et al= —3,70 {~16.63 to 9.23}
Kawagaki ¢t af** (atorvastatin) —3.80(—24.84 10 17.24) REVERSAL {atorvastatin) —0.50 {(—20,07 to 19,07}
Kawasaki et al® (pravastatin} —1.60 (—23.18 10 19.98} REVERSAL® {pravastatin) 5.10(—14.85 10 25.05)
Tani et al¥? —7.00({—17.8210 3.82) Petronio et al™ —30.00 (—47.15 10 —12.82)
Yokohama et al® —3.90(-21.18t0 13.38) Total —6.67 {(—19.62 to 6.28)
Total =507 (—10.67 10 0.53} p Value 0.31

p Value 0.08

CI = confidence interval.

Table 3

Stratification of change in plague volume according to low-density lipoprotein cholesterol levels at follow-up

Foliow-up LDL Cholesterol Levels <100 mg/dl

Foliew-up LDL Cholesterel Lovels =100 mg/di

(n = 443) (= 341)

Study WM {95% CI} Study WMD (956 CI)
GAIN 1.20 (—31.45 to 33.85) Nishioka st af® ~4.60(~13.01 10 3.81)
ESTABLISH= —8.20 (—34.79 10 18.39) Kawasaki ot al® (pravastatin) —1.60 (—23,18 to 19,95}

Jensen et al® —3.70 (~16.63 10 9.23)

REVERSAL™ {pravastatin}

5.10 (—14.85 to 25.05)

REVERSALM {utorvastatin}

—0.50 (—20.07 10 19.07)

Kawgsaki ct al® (atorvastatin}
Petronio st al™

Yokohami et al

Towl

p Value

—3.80 (—24.84 to 17.24)
—30,00 {—47.18 to —12.82)
~3.90 (-21.18 10 13.3%)
—7.88 (—16.31 to 0.55)

0.07

Tani et aj*” —7.00 (—17.82 t0 3.82)
Total —4.22 (~10.27 w0 1.82)
p Value 0,17

Abbreviation as in Table 2.

vastatin vs 40 mg/day of pravastatin).2! Kawasaki et a9 com-
pared 20 mg/day of atorvastatin with 20 mg/day of pravastatin
with placebe. Petronio et 2l'7 compared 20 mg/day of simva-
statin with placebo. Yokoyama et al'* compared 10 mg/day of
atorvastatin with placebo control. Nishioka et al'® compared
the administration of different statin regimens (10 mg/day of
pravastatin, 10 mg/day of atorvastatin, 5 mg/day of simvasta-
tin, or 20 mg/day of fAuvastatin) with placebo control, Tani et
al® compared 10 mg/day of pravastatin in patients whose LDL
cholesterol level was <140 mg/dl with 20 mg/day in patients
whose LDL cholesterol level was =140 mg/dl versus controls.

Patients in an observational study by Jensen et al'® received
increasing doses of simvastatin to reach a LDL cholesterol
level of <<3.0 mmol/L.

Except for 2 studies.'>16 all investigations excluded pa-
tients presenting with an acute coronary syndrome.

Figure 1 shows WMD in plague volume between follow-up
and baseline with respective 95% confidence intervals at a
mean follow-up of 9.8 == 4.9 months. There was a significant
decrease in coronary plague volume over time (WMD —3.77
mm®, 95% confidence interval ~1036 to —1.17. p = 0.01).
with no significant heterogeneity between studies (p = 0.47).
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Studdy Foltrup Baxbohng WD (rareiom) ‘Waight WD (randarh)
o sub-Category N Mesn (D) N Maan (SD) §5% Q1 % 5%t
ESTABLISH 24 67.00{42.30) 4 61.70{36.40} — 4.27 £.30 1-17.93, 27.93)
Jenzen et al. ag 44,103,086} 42 AT ATII036) — 1T 02 1.70 1-1L.76, 15.163
Rehiokn o al, az B 5002 200 2z 47.70(19.80) m— 14.17 4.80 1-7,63, 17.23)
Kawasaki (atorva) 17 75.10¢14.20} it TE.30(15.10) ad 22,54 -0.20 [=10.0%, %.85)
Kevwasals (orave} 18 736005205 kY] 74.10{1Z.90) um— z5.80 ~0.530 |-9.7L, 8.71)
Tani et al, 52 62.00(36.00) 52 55,00437.00} —+ 1,1z 3.00 [-11.03. 17.031
Yokoyama ot ol Fad 650012550} 23 65.70427.80} — 10,01 ~3.70 [-15.43, 14.08]
Totm! (35% 1} 153 193 -3 100.00 .20 {-3.49, §.08)
Togt for heteroganeky: Chi= 079, df = & (P = 0.59), = 0%
Test tar overoll offoct: Z= 0.50 (P = 0.£61)

A0 50 ) 100

Figure 2, WMD with 95% confidence Interval of difference in
Abbreviation as in Figure 1.

fumnen volume between follow-up and baseline in the

statin arm of the included studies.

Study Foligw-up Basekns VWMD frandom) Welght WMD (rardom)
of sub-category N Weoen (S0) N Mpan (S0) B % BHEQ
QAN 48 2740 (44,50} ig 270, €0(162, 30} e 2.59 1.80 {-53.48, S5,.08)
ESTABLISH 24 140.40 (76,30 24 151.40{76.20} e 3.85 =3.00 1-46,7L. 40,71
Jensen et al, 49 6,00 (55,60} 40 27.90(88. 55} —_— 11.74 ~1.90 [-2€.%2, 232.127
ishioks ef al, 22 93.90(25.70) 2z 0z.80(21.00¢ —- 27.06 L.1g (-12.90, L5, 10%
Warwazakl (atorve} 7 230,60 {43.20} 17 3T 4003 60} ———— 2.47 -2.00 (~25.86, 25.861
Kawesaki (orava} x2 237,60{37.80) ig IS 2054500 ———— 1l.28 =3.60 [~25.15, 21,35
Tomietsl. 52 102.00¢56.051 iz 108.00(62.00} i 14.25 =6.00 {~28.74. AE.7H)
Vokoyamo ot af. ze 134, 2052. 00} F 135,50 (57,90} —_— 7.99 -4.40 [-35.1Z, 26.32)
Tatal (35% C1) 246 Z46 - 100,00 ~1.49 [~10.06, 7.0%)
Test 1or heterogenetty. ChiT = 0,34, df w ¥ (P = 1.00), = {6
Tost for ovorak atieet Z=034 (P=073)

~100 -50 o o 109

Abbreviation as in Figure 1.

BEIWIAD)

109
WD (fired)

Fipure 4. Funnel plot shows no asymmetry, so there is no publication bias
present in the meta-analysis,

According to prespecified subgroup analyses evaluating
studies according to length of follow-up (Table 2), similar
trends were noted in studies with a G-month follow-up and
in studies with longer follow-up. although significant plaque
regression did not occur. possibly due to a smaller sample.
No significant heterogencity (p = 1.00) between studies was
found for the former subgroup analysis. whereas a signifi-
cant heterogeneity between studies was present for the latter
(p = 0.06).

Swdies in which the achieved LDL cholesterel level was
<100 mg/dl showed a strong trend for plaque regression,
Cenversely. studies in which the achieved LDL cholesterol
level was >100 mg/d] showed that the trend toward plaque
regression (Table 3) was less evident. Also, in these sub-
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Figure 3, WMD with 95% confidence interval of difference in vessel volume between follow-up and baseline in the statin arm of the included studics.

group analyses. no significant heterogeneity between stud-
1es {p = 0.23 and 0.76, respectively) was noted.

After 3 mean follow-up of 7.7 £ 2.9 months. plague
volume remained substantially unchanged when evaluating
control groups not receiving statin therapy (7 groups, 206
patients, WMD 0.13 mm®. 95% confidence interval —4.42
to 4.68. p = 0.96). with no heterogeneity between studies
(p = 0.8%).

Figures 2 and 3 show WMD between follow-up and
baseline In lumen and vessel volume, respectively. in pa-
tients receiving statin therapy. There was no significant
change in coronary Jumen volume or vessel volume over
time. The funne! plot showed no evidence of publication
bias (Figure 4).

Discussion

In the present systematic overview, statins were found to
promote significant coronary plaque regression as assessed
by IVUS. Nine studies and 11 statin arms were included in
this meta-analysis in which, after a follow-up of approxi-
mately 10 months, a significant regression of coronary ath-
erosclerotic plaque volume was evident. Our data are further
supported by the substantial statistical homogeneity across
the included studies.

Atherosclerotic plaque regression after onset of an
intensive statin therapy strategy has been previously re-
ported in the peripheral circulation.?*-** Mechanisms in-
volved in such a process are still not fully elucidated.
having been ascribed thus far to changes in LDL and
high-density lipoprotein cholesterol.!!-2%25 Tt has been
suggested that, by decreasing the lipid content of plaques
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and promoting a shift toward a more stable phenotype.
statins may induce a “plaque stabilization” effect. Three
studies included in the present meta-analysis found sig-
nificant differences in surrogates of plaque composition
despite no significant changes in plaque volume.!*!%19
Further, statins have been found to decrease the inflam-
matory burden of plaques and to improve endothelial
function -8

It is likely therefore that the antiatherosclerotic effect of
stating is pleomorphic and effective against the 2 major
mechanisms of atheroscierotic plaque progression,

The results of our meta-analysis are indirectly further
refnforced by a lack of regression in patients assigned to
placebo, In these patients. no substantial modification of
plaque volume was noted over time.

Although IVUS is a highly accurate tool to measure
changes in the vessel wall, factors such as intra- and inter-
observer variabilities, severely caleified vessels, and artifacts
can impair the reproducibility of serial measurements. 20 It is
therefore impertant to establish new standards regarding the
acquisition, analysis, and reporting of IVUS clinical studies.

This merta-znalysis was not based on individual data.
Further, only 1 vessel was interrogated with IVUS and
thus may not be representative of the total burden of the
entire coronary tree. Although no significant heterogene-
ity was present across studies. bias adjudicated to small
triais cannot be fully disregarded. Moreover, minor dif-
ferences regarding IVUS methodology might have influ-
enced our findings.
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Long-term effect of perindopril on coronary atherosclerosis
progression (from the perindopril’s prospective effect on
coronary atherosderosis by angiography and intravascular
ultrasound evaluation [PERSPECTIVE] study).
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Long-Term Effect of Perindopril on Coronary Atherosclerosis
Progression (from the PERindopril’s Prospective Effect on
Coronary aTherosclerosis by Angiography and IntraVascular
Ultrasound Evaluation [PERSPECTIVE] Study)

Gastén A. Rodriguez-Granillo, MD, PhD®, Jeroen Vos, MD*®, Nico Bruining, PhD?,
Hector M. Garcia-Garcia, MD. MSc®, Sebastiaan de Winter, BSc*, Jurgen M.R. Ligthart, BSc",

Jaap W. Deckers. MD, PhD®, Michel Bertrand, MD, Maarten L. Simoons. MD?,
Roberto Ferrari, MD®, Kim M. Fox, MD', Willem Remme, MDP, and Pim J. De Feyter, MD™*,

on behalf of the Investigators of the EUROPA Study

The multicenter EUROPA trial of 12,218 patients showed that perindopril decreased adverse
clinical events in patients with established coronary heart disease. The PERSPECTIVE study,
a substudy of the EUROPA irial, evaluated the effect of perindopril on coronary plague
progression as assessed by quantitative coronary angiography and intravascular ultrasound
(IVUS). In total 244 patients (mean age 57 years, 81% men) were included. Evaluable
paired gquantitative coronary angiograms were obtained from 96 patients randomized to
perindopril and from 98 patients to placebo. Concomitant treatment at baseline consisted
of aspirin (90%), lipid-lowering agents (70%), and B blockers (60%). The primary and
secondary end peint was the difference of minimum and mean Iumen diameters (quanti-
tative coronary angiography) or mean plaque cross-sectional area (IVUS) measured at
baseline and 3-year follow-up between the perindopril and placebo groups. After a median
follow-up of 3.0 years (range 1.9 to 4.1), no differences in change in quantitative coronary
angiographic or TVUS measurements were detected between the perindopril and placebo
groups (minimum and mean luminal diameters =0.07 % 0.4 vs =0.02 % 0.4 mm, p = 0.34;
mean luminal diameter —0.05 % 0.2 vs —0.05 = 0.3 mm, p = 0.89; mean plaque cross-
sectional area —0.18 = 1.2 vs —0.02 % 1.2 mn?, p = 0.48). In conclusion, we found no
progression in coronary artery disease by quantitative coronary angiography and IVUS

with long-term administration of perindopril or placebo, possibly because most patients

were on concomitant treatment with a statin.

(Am T Cardiol 2007;100:159-163)

© 2007 Elsevier Inc. ANl rights reserved.

Several preclinical and clinical studies have shown that
angiotensin-converting enzyme (ACE) inhibitors exert an
antiatherosclerotic effect. '-¢ Recent stzdies have shown that
overall ACE inhibitors decrcase adverse cardiovascular
events.”!2 No data are available of the efficacy of ACE
inkibitors on progression of coronary atherosclerosis. The
purpose of the PERindopril’s Prospective Effect on Coro-
nary aTherosclerosis by IntraVascolar ulwasound Evalua-
tion {PERSPECTIVE), a substudy of the EUROPA wial.
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huis, Locatie Molengracht, Breda, The Netherlands: 9Litle Heart Institute.
Lille, France; “University of Ferrara and Cardiovaseular Pathophysiclogy
Research Centre, Salvatore Maugeri Foundation, IRCCS, Gussago (Bres-
cia), Italy: and ‘Cardiology Department. National Heart and Lung Institute
and Royal Brompton Hospitdl, London, United Kingdom. Manuscript
received December 12, 2006; revised manuscript received and accepted
February 22, 2007,

This study was sapported by Servier, France. Drs. Fox and SImoons
were supported by Servier, Paris, France.

*Corresponding author: Tel: 31-10-463-5071: fax: 31-10-463-2636,

E-mail address: p.jdefeyer@erasmusme.nl (PJ. De Feyter).

was to evaluate the effect of long-term administration of
perindopril on coronary plaque size as assessed by quanti-
tative coronary angiography and intracoronary ultrasound
{IVUS).

Methods

The EUROPA trial evaluated the effect of ACE inhibior
perindopril on the prevention of cardiovascular events in
12,218 patients with stable coronary artery disease. The
methods of the EUROPA trial has been extensively de-
scribed elsewhere.® In the run-in peried. enrclled patients
received oral pezindopril 4 mg/day for 2 weeks in addition
to their normal medication, followed by § mg/day for 2
weeks if the initial dose was tolerated. At the end of the
run-in period, patients were randomly assigned to perindo-
pril 8§ mg/day or placebo for =3 years. The efficacy out-
come was the combined end point of cardiovascular mor-
tality, nonfatal myocardial infarction. and cardiac arrest
with successful resyscitation,

Patients included in the main EUROPA. trial in whom a
coronary angiogram was indicated were eligible for the
PERSPECTIVE study. In addition to EUROPA’s inclusion

351



Chapter 9.4

Enrolled patients
N=277

| 17 pts with side effects,
| 16 pts nonspecifiod stop reason
a4
] )
Perindopril, n=127
]
| | I 1
Matched QCA Matched IVUS Matched QCA Matched IVUS
Baseline-FU, p=96 Baseline-FU, p=75 Baseline-FU, =28 Baseline-FU, =69
Death=2 Death=2 Death=1 Death=1
FU refused=17 FU refused=17 FU refused=8 FU refused=8
Withdrew consent=6 Withdrew consent=6 Cancer=l Leslon not crossed=4.
Intomplete FU=6 Lesion not crosseds3 Incomplete FU=9 Cancer=1
Technical fallure=10 Techalcal fallure=16
Suboptimal IVUS Suboptimal Tvis
quality=14 quality=18

Figure 1. Flowchart of the FERSPECTIVE study. FU = follow-up; pts = patients; QCA = guantitutive coronary angiogram.

and exclusion criteria. vessels anatomically suitable for the
gquantitative coronary angiographic/AVUS substudy were re-
quired.

Institutional ethics committees of all participating cen-
ters approved the study protocol and informed written con-
sent was obtained from ail patients.

Coronary angiograms were obtained at bascline before
medication was started and at follow-up after =3 years. At
least 3 orthogonal projections of the region of interest were
filmed at baseline. and the same projections were repeated at
fellow-up. Quantitative coronary angiographic analysis was
performed by an independent core laboratory (Cardialysis
BV. Rotterdam. The Netherlands) as previously described
with a validated computer-based edge-detection system
(CAAS 1L Pie Medical. Maastricht, The Netherlands).!?
The catheter tip was cleared of contrast for accurate cali-
bration. Interpolated reference diameter, minimal lumen di-
ameter, mean lumen diameter, and diameter stenosis were
measured at the 2 time points using the “worst™ view of an
end-diastolic frame.

A noninfarct—related or percutaneously treated vessel
was selected for investigation,

TVUS was acquired using 20-, 30-, or 40-MHz imaging
catheters after coronary angiography. The catheter was ad-
vanced distally to an anatomically identifiable landmark
allow evaluation of a segment of =30 mm. Cine runs before
and during contrast injection were performed to define the
position of the IVUS catheter before pullback was started.
Using an automated puilback device. the transducer was
withdrawn at a continuous speed of (.3 mun/s until the
ostium. FVUS data were acquired after intracoronary admin-
istration of nitroglycerin and stored on S-VHS videotape. At
follow-up angiography. patients underwent repeat IVUS
examination of the same region of interest by using an
identical IVUS imaging catheter.

Quantitative coronary ultrasound analysis was performed
by an independent core laboratory (Cardialysis BV) using
validated semiautomatic contour detection software {Curad
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3.1, Wijk bij Duurstede, The Netherlards), The IntelliGate
image-based gating method was applied to eliminate motion
artifacts by retrospectively selecting end-diastolic frames. '+
Cross-sectional areas of the lumen and vessel (defined as the
external elastic membrane) were caleulated for each cross-
sectional image. Contours of the vessel and lumen-intima
interface enclosed an arca that was defined as the coronary
plaque-plus-media arca. On the baseline IVUS study a re-
gion of interest was identified using landmarks such as side
branches and the coronary ostium. At follow-up, the same
region of interest was identified using the same landmarks.

The primary end point was the difference in change of
minimum and mean fumen diameters (quantitative coronary
angiography) measured at baseline and 3-year follow-up
between the perindopril and placebo groups. Prespecified
secondary end points were the difference in change of mean
plaque cross-sectional area (square millimeters) and of
plaque volume (cubic millimeters} as measured by IVUS at
baseline and at follow-up between groups. Development of
new lesions {(=20% decrease in minimum lumen diameter)
was another prespecified secondary end point.

Discrete variables were presented as counts and percent-
ages or as medians {interquartile ranges) when indicated.
Continuous variables were presented as means = SDs.

Based on a previous quantitative coronary angiographic
progression/regression trial,'® we calculated a sample of 99
paired subjects to achieve a power of 80%, considering a
type I error probability of 0.05 (2-sided). a difference (be-
tween groups} in minimum lumen diameter of 0.08, and a
within-group SD of 0.20, In this calculation a drop-out rate
of 15% nonanalyzable patients was included. Differences
between groups were assessed by paired and unpaired Stu-
dent’s ¢ test when applicable. For comparison between cat-
egorical variables, chi-square test was used. A 2-sided p
value <<0.05 was required for statistical significance. All
analyses were performed using SAS 6.12 (SAS Institte.
Cary. North Carolina).
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Table 1
Baseline characterstics of population
Perindopril Placebo Difference 959 EUROPA (overall)
{n = 96) {n = 98) CI (n = 12218}

Varlables
Age (yrs) 57593 561 =90 13 -13t03.9 60+ 9
Men 77 (R0) 80¢82) —-14 -1309.6 10,435 (86)
Diabetes mellitus 8(8.3) 8(8.2) 0z —7.6107.9 1,502 (13)
Hypertension* 19 (20) 24 (25) -4.7 =17t 7.0 3312027
Smoker 24 (25) 22(2%) 2.6 941615 1.869 (16)
Hypercholesteralemia® 15 (78) 79 (81 ~25 —141w089 7,737 (63)
Peripheral vascular disease 2z 4(4.1) -2.0 —68t02.9 883 (7.2)
Previous myocardial infarction 44 (46) 33(54) —-82 —23t05.8 7.510(65)
Previgus percutimeous coronary intervention 33(87 92 (94) -7.4 ~161w0 09 3,373 (30}
Previous coronary artery bypass grafts (L0} 1,0 —-1.040 3.1 3,587 (30)
Systolic blood pressure (mm Hg) 133 £ 160 13114 1.5 -27 0358 137 (15)
Diastolic blood pressure (mm Hg) 800176 31 x12 1.8 —-0.3t040 828
Weight ko T9x 12 81 -2.6 —551008 32 (12)
Heart rte 0% 11 67+ 7.8 3 0.4-5.8 68 (10)

Anginal status (CCS class)
I 32 (86) 81(83) 2.8 ~75t0 13 NA {81)
I 12(13) 15(16) —28 —-13t06.9 NA (17}
m 22D 2020 0.0 —4.0t0 4.0 NA(2)
v 000 0(0.0) 0.0 0.0-0.0

Other medications
Platelst jrhibitors 92 (96) 95 (98) -2.1 -7.0102.8 11278 (93)
£ Blockers 55 (58) 62 (64} -6.0 20-7.8 7.335 (62)
Nitrates 393 2017 14.9 3.3-27 5242 (43
Calcium channel blockers 52041 41(35) 6.9 -6.61t021 3.826 (32)
Lipid-lowering agents 93 (73) 86 (74) -5.7 —~18t0 6.5 7.033 (38)

At foliow-up
Systolic blood pressure {mm Hyg) 131 =18 13d=1s -7 ~73tw0 19 NA
Change in systolic pressure (mm Hg) =19 18 28=15 —-4.7 821003 NA
Diastolic blood pressure (mm Hg) 76+ 8.1 =85 -~1.9 —4.2t0 0.4 NA
Change in dizstolic pressure (mm Hg) —34x92 -03+92 -3.2 =57t 0.6 NA

Values are means * SDs or numbers of patients (percentages).
* Blood pressure > 160/%5 mm Hg or antihypertension treatment,
* Cholesterol Jevel 26,5 mmol/L or lipid-lowering therapy.

CI = confidenee interval; CCS = Canadian Cardiovascular Society; NA = not available.

Results

Of 244 patients who were inclzded in PERSPECTIVE and
received randomized treatment, 194 had complete matched
baselire and follow-up angiograms. Reasons for incomplete
angiographic follow-up are presented in Figure 1. Baseline
characteristics of the study population are presented in
Table 1. Coronary risk factors and baseline blood pressure
were well balanced, showing no significant differences be-
tween groups. At baseline and during the study period,
>70% of patients received lipid-lowering treatment, >95%
received platelet inhibitors, and ~60% were on 3-blocker
treatment,

At a median follow-up of 3.4 years (range 1.5 t0 4.3). the
rate of cardiac death, myocardial infarction. and cardiac
resuscitation was not statistically different between the per-
indopril and placebo groups (6. 6.2%. vs 7. 7.1%) and
slightly lower than the event rate reported in the EUROPA
trial (8.0% vs 9.9%) at 4.2 years of follow-up. Follow-up
angiography was performed after a median of 3.0 years
(range 1.9 to 4.1). No significant changes were apparent in
reference diameter, minimal lumen diameter, or diameter
stenosis {Table 2). Differences in minimum and mean lu-

men diameters between baseline and follow-up in the per-
indopril group did not differ from that observed in the
placebo group. There was no difference in the cccurrence of
new lesions between groups. In total 144 matched evaluable
IVUS images were available at follow-up. Thirty-two pa-
dents were excluded due to suboptimal IVUS gquality
{caused by severely calcified vessels, severe image artifacts.
or absence of clear anatomic landmarks). No significant
differences were apparent over time in vessel area, plaque
area, or plaque volume between groups (Table 3).

Discuossion

Patients studied in the PERSPECTIVE substudy were sta-
ble, with a low adverse event rate of ~2% per year. They
received intensive background pharmacologic treatment
with aspirin and statins throughout the study to achieve a
total cholesterel level of 4.8 mmol/L and a low-density
lipoprotein cholesterol level of 2.8 mmol/L. They were
normotensive. with mean systolic and diastolic blood pres-
sures of 132 * § and 77 £ 88 mm Hg, respectively. The
PERSPECTIVE substudy demonsirated no beneficial cffect
on progression of atherosclerosis during 3.5 years of treat-
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Table 2
Quantitative coronury angiographic results
Variable Perindopril Placebe
(n = 96) tn = 98)
Length (mm)
Baseline 32=17 =15
Follow-up 31 =16 31+ 14
Nominal change -072+3 —036=x3
Reference diameter (mm}
Baseline 30906 2,96 £ 0.6
Follow-up 304 =07 293206
Nominal thange —0.05 £ 0.4 -0.03 £ 0.3
Minimal lumen diameter (mm)
Baseline 21905 214 =07
Follow-up 211 =06 2132006
Neominal change —0.07 = 0.4 —0.02 =04
Mean lumen diameter {(mm}
Baseline 292+05 288 =06
Follow-up 28705 283*086
Nominal change —0.05 = 0.2 =005+ 0.3
Diameter stenosis (%)
Baseline 29 + 13 2=>15
Follow-up 29x17 27 =15
Nominal change 042212 —0.56 = 13
Development of new lesions (%a)* 12(12.5) 7
* At least 205 decrense in minimal fumen diameter,
Tabie 3
Intravaseular ultrasound results
Mean Cross-Sectional Perindoprit Placebo
Area (mm?) (n =75 (n = 6%}
Length (mm}
Baseline 31*+14 31+ 15
Foliow-up 31214 1+ 15
Vessel
Baseline 15545 15847
Follow-up 15344 159 x46
Nominai change -02x20 0117
Lumen
Baseline 9.1+133 96 =39
Follow-up 9.1 %33 98=x41
Nominal change 0115 02=x17
Plague
Baseline §4 =27 62+23
Follow-up 62 %26 61 =25
Nominal change 0216 ~0.1x1.2
Plague volume (mm™)
Baseline 192 = 115 190 = 108
Follow-up 190 = 114 186 = 105
Nominal change —2=x355 -4 x37

ment with perindopril versus placebo as assessed with quan-
titative coronary angiography and intracoronary ultrasound.
There are several reasons to explain the lack of effect of
penindopril on coronary plaque size in our substudy. First, it
is noteworthy that there was no progression of atheroscle-
rosis in the placebo and perindopril groups of whom >70%
had received statin therapy before and during the study. This
is in keeping with previous studies demonstrating no pro-
gression of coronary artery disease as assessed by guanti-
tative coronary angiography or intracoronary ultrasound in
patients with intensive lipid-lowering treatment.!5-!7 Be-
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cause there was no progression of disease in the 2 groups.
we could not demonstrate an effect of perindopril on plague
size because a potential effect would have become evident
only if perindopril had induced regression of plague size.
Thus far. plaque regression has been shown to decrease only
by aggressive lipid-lowering treatment afier intensive treat-
ment with statins.'* Second. the number of patients studied
in the PERSPECTIVE substudy was lower than anticipated
to demonstrate an effect of perindopril. We had calculated a
sample of 99 paired subjects based on an SD of 0.2 mm in
the quantitative coronary angiographic measurements, but
the actual SD in the study was 0.5 mm, which would require
an even larger sample to demonsirate an effect; in addition,
a rather large proportion of patients was excluded from
analysis due to poor image quality.

Third, we cannot exclude the possibility that perindopril
induced a change in the histologic composition of the
plaque. which was not assessed in this study. However, it
appears more likely that the beneficial clinical effect of
perindopril found in the EUROPA study was related to an
improvement in endothelial function and the effect that may
have had on plague stability rather than on absolute plague
size. This latter effect will be addressed in 2 scparate sub-
studies of the EUROPA trial.!®=° Fourth, another mecha-
nism may have played a role in which perindopril decreased
cardiovascular events and could not be detected by IVUS.
Fifth, it may be speculated that perindopril has ne effect on
coronary plaques compared with a beneficial effect of ACE
inhibitors on carotid plaques shown in the Study to Evaluate
Carotd Ultrasound Changes in Patients Treated With
Ramipril and Vitamin E (SECURE) study.!! However,
other reasons may also explain difference in outcome be-
tween these 2 studies. In the PERSPECTIVE study. the
follow-up peried was shorter. the populadon was at lower
risk {(adverse events rate 6% vs 14%), and intensive lipid-
lowering medical therapy was more frequent than in the
SECURE smdy.

The present study has a number of limitations, A sub-
stantial number of patients was excluded from IVUS anal-
ysis due to suboptimal image quality and severe calcifica-
ton precluding accurate plaque size assessment This
resulted in a rather small study sample, Larger studies may
be required, using IVUS as a primary end point, 10 conclu-
sively determine the efficacy of ACE irhibitors on progres-
sion of atherosclerosis. Different IVUS catheters with dif-
ferent specifications were used over a 3-year period, which
may have induced small varations in measurements and
thus may have obscurcd potential subtle changes in plaque
measurements, although measurements obtained with the
varjous 30-MHz catheters were adiusted aceording to a
previously reported mathematical algorithm.?!

Appendix
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substudy: BELGuM: Prof. W, van Mieghem. Zickenhuis
Cost Limburg. Genk: Dr. P.H.F. Materne, CHR de la Cita-
delle, Litge: Prod, V, Legrand, CHU Sart Tilman, Ligge:
Dr. G.R. Heyndrickx, Onze Lieve Vrouwe Ziekenhuis,
Aalst.



Long-term effect of perindopril on coronary atherosclerasis progression

GERMANY: Prof. R. Simon, Klinik fiir Kardiologie, Kiel:
Prof. Dr. W. Rutsch, Klinik Charité der Humboldt Univer-
sitat. Berlin: Dr. B.R. Winkelmann, Herzzentmum Ludwig-
shafen. Ludwigshafen.

seamy: Prof. C. Macaya. Hospital Clinico San Carlos,
Madrid: Dr. A.R. Cequier. Hospital de Bellvitge, Barcelona:
Dr. I.M. Augé, Hospital de Sant Pau, Barcelona:; Dr, R. Bros
Caimari, Ciutat Sanitaria de Beilvitge, Barcelona.

FRANCE: Prof. J.P. Bassand, Hopital Jean Minjoz, Besan-~
con. GREECE: Dr. V. Voudrs, Onassis Cardiac Surgery Cen-
ter, Athens.

PORTUGAL: Prof. R. Seabra-Gomes, Instiute Do, Linda-
A~Velha.

SWITZERLAND: Dr. M. Picper, Herzzentrum Bodensee,
Kreuzlingen.

THE NETHERLANDS: Dr. F. Kiemenei}, Onze Lieve Vrouwe
Gasthuis. Amsterdam; Dr. M.I, Suttorp, Sint Antonius Ziek-
enhuis, Nieuwegein: Prof. LI, Pick, Academisch Medisch
Centrum, Amsterdam.

. Homig B, Kohler C, Drexler H, Role of bradykinin in mediating
vascular effects of angiotensin-converting enzyme inhibitors in hu-
mans. Circulation 1997.95:1115-1118,

2, Candido R, Jandelcit-Dahm KA, Cao 7. Nesterolf SP, Bums WC, Twigg
SM, Dilley R, Cooper ME, Allen TI. Prevention of accelerated athero-
sclerosis by anpiotensin-converting eruzyme inhibidon in diabetdc apoli-
poprotein E-deficient mice. Circularion 2002:106:246-253.

3. Powell J8, Clozel JP, Muller RK. Kuhn H, Hefd F. Hosang M,
Baumgarmer HR. Inhibitors of angiotensin-converting enzyme prevent
myointimal proliferation after vascular injury. Seience 1989:245:186—
188.

4. Hayek T. Hamoud 8, Keidar S, Paviowky E, Coleman R, Aviram M,
Kaplan M., Omapatrilat decrcased macrophage oxidative status and
atheroscierosis progression in atheresclerotic apolipoprotein E—defi-
cient mice. J Cardiovase Pharmacol 2004:43:140--147.

5. Lonn E, Yusuf 8, Dzavik V. Doris C, Yi Q. Smith S, Moore-Cox A,
Bosch J, Riley W, Teo K. Effects of rumipril and vitamin E on
atheresclerosis; the study to evaluale earotid ultrasound chunges in
patients treated with ramipril and vitamin E (SECURE), Circulation
2001;103:915-923,

6. Hosomi N, Mizushige ¥. Ohyama H. Takahashi T, Kitadai M, Ha.
tanaka Y, Matsuo H. Kohno M, Koziol JA. Angiotensin~converting
enzyme inhibition with enulapril slows progressive intima-media
thickening of the common carelid artery in patients with non—insulin-
dependent diabetes mellitus. Stroke 2001;32:1539-1545,

. Yusuf 3, Sleight P, Pogue J, Bosch J. Davies R, Dagenais G. Effects
of an angiotensin-convering-enzyme inhibitor, ramipril, on cardiovas-
cular gvents in high-risk patients, The Heart Quicomes Prevention
Evaluation Study Investigators. N Engl S Med 2000:342:145-153,

8. Fox KM. Efficacy of perindopril in reduction of cardiovascalar events

among patients with stable coronary artery discase: randomised. dou-

blg-blind, placebo-controlled, multicentre trigd (the EUROPA study).

Lancer 2003362782788,

~1

9. Braunwald E, Domanski MJ, Fowler SE, Geller NL, Gersh BJ. Hsia J.
Pfeffer MA, Rice MM, Rosenberg YD, Rouleau JL. Angiotensin-
converting-enzyme inhibition in stable coronary artery disease. NV Engf
J Med 2004:351:2058 -2068,

10, Naccarslla F. Nacewrelli GV, Maranga 8S. Lepera G, Grippe MC.
Melandri F, Gari M. Pazzaglia 8. Spinelli G, Angelini ¥, et al, Do
ACE inhibitors or angiotensin II antagonists reduce total mortality and
arrhythmic mortality? A critical review of controlled clinical trials.
Curr Opin Cardiol 2002;17:6-18.

1. Garg R, Yusul 8, Overview of randomized wials of angiotensin-
converting enzyme inhibitors on mortality and morbidity in patents
with heart failure. Collaborative Group on ACE Inhibitor Trials, JAMA
1995:273:1450-1456.

12. Flather MD, Yusul §, Kober L, Pfeffer M, Hall A, Murray G, Torp-
Pedersen C, Ball S, Pogue ), Moye L, Braunwald E, Long-term
ACE-inhibitor therapy in patients with heart failure or left-ventricuiar
dysfunction; a systematic overview of data from individual patients,
ACE-Inhibitor Myocardial Infarction Collaboratve Group. Lancet
2000;355.1575-1381.

13. Reiber JH, Serruys PW, Kooljman CJ. Wiins W, Slager CJ, Gerbrands
13, Schuurbizrs JC, den Boer A, Hugrenholtz PG, Assessment of short-,
medium-, and leng-term varictions in arterial dimensions from com-
puter-assisted quantitation of coronary cineangiograms. Circulation
1985:71:280-288.

14, De Winter SA. Hamers R, Degertekin M, Tanabe K, Lemos PA,
Serruys PW, Roelandt JR, Bruining N. Retrospective image-based
gating of intracoronary witrasound images for improved quantiatve
analysis: the inteiligate method. Catheter Cardiovase Intery 2004:618
8494,

15, Effect of simvastatin on coronary atheroma: the Multicentre Anti-
Atheroma Study (MAAS). Lancer 1994;344:633—-638,

16. Nissen SE, Tuzcu EM, Schoenhagen P, Brown BG, Ganz P, Vogel
RA, Crowe T, Howard G, Cooper CJ, Brodic B, Grines CL, DeMaria
AN, Effect of intensive compared with moderate lipid-lowering ther-
apy on propression of coronary atherosclerosis: o randomized con-
trolied trial. JAMA 2004:291:1071-1080.

17. Balk EM, Karas RH, Jordan HS, Kupelnick B, Chew P, Lau 1. Effects
of statins on vascular structure and function: a systematic review, Am J
Med 2004:117:775-790.

I8. Nigsen SE, Nicholls 83, Sipahi I, Libby P. Raichlen JS, Ballantyne
CM. Davignon J. Erbel R. Fruchart JC, Tardif JC, et al. Effect of very
high-intensity statin therapy on regression of coronary athgrosclerosis:
the ASTERQID trial. JAMA 2006:295;1556-1565.

19. The Scientific Commitee of the PERTINENT Sub-Study on behalf of
the EUROPA-PERTINENT Investgators, PERTINENT—perindo-
pril-thrombosis, inflammation, endothelial dysfunction and neurchors
meonal activation trial; 4 sub-study of the EURQPA study, Cardiovase
Drugs Ther 2003;17:83-91,

20. Bow ML, Remme WJ, Luscher TF. Grobbee DE. PERindoptil-Function
of the Endothelium in Coronary Artery Discase Trial: the PERFECT
study—sub study of BUROPA: rationnle and design. Cardiovase Drugs
Ther 2002:16:227-236,

21. Bruining N, Hamers R, Teo TJ. de Feijter PJ, Serruys PW, Roclandt
JR, Adjustment method for mechanical Boston scientfie corporaton
30 MHz inravascular ultrasound <atheters connected to a Clearview
console. Mechanical 30 MHz TVUS catheter adjustment. o J Cardro-
vase fmaging 2004;20:83-91.

355






CHAPTER 9.5

Effect of perindopril on coronary remodelling: insights from
a multicentre, randomized study.

Rodriguez-Granillo GA, de Winter S, Bruining N, Ligthart ], Garcia-Garcia HM,
Valgimigli M, de Feyter P on behalf of EUROPA/PERSPECTIVE Investigators.

Eur Heart ]. 2007;28:2326-31.






Effect of perindopril on coronary remodelling: insights from a multicentre, randomized study.

Effect of perindopril on coronary remodelling: insights
from a multicentre, randomized study

Gaston A. Rodriguez-Granillo’2*, Sebastiaan de Winter!, Nico Bruining', Jurgen M.R. Ligthart!,
Héctor M. Garcia-Garcial, Marco Valgimigli', and Pim J. de Feyter' on behalf of the EUROPA/
PERSPECTIVE Investigators

"Department of Interventional Cardiology, Thoraxcenter, Erasmus MC, Rotterdam, The Netherlands; and *Department of
Cardiovascular imaging, Otamendi Hospital, Azcuénaga 870, C11154AB Buenos Aires, Argentina

Recefved 8 February 20077 rovised 3 May 2007; acgepted 18 May 2007; online publish-ahcad-of-print 31 August 2007

Sec page 2299 for the editorial comment on this article (doi:10.1093/eurheartj/ehm276)

KEYWORDS
ACE-inhibitor;
Progression;
Remadelling;

Atheroscleresis;

Regression;
EUROPA

Aims This study sought to evaluate the effect of perindopril in coronary remodelting.

Methods and results in this sub-study of a double-blind, multicentre trial, patients without clinical evi-
dence of heart failure were randomized to perindopril 8 mg/day or placebo for at teast 3 years and IVUS
investigation was perfoermed at both time-points. Positive and negative remodelling were defined as a
relative increase (positive remedelling) or decrease (negative remodelling) of the mean vessel cross-
sectional area (C5A) =2 50 of the mean intra-observer difference. A total of 118 matched evaluable
WVUS (711 matched 5 mm segments) were available at follow-up. After a median follow-up of 3.0
(inter-quartite range 1.9, 4.1} years, there was no significant difference in the change of plague C3A
between perindopril (360 seaments) and placebo (351 seements} groups, P = 0.27. Conversely, the
change in vessel CSA was significantly different between groups (perindopril —0.18 + 2.4 mm? vs.
placebo 0,19 + 2.4, P = 0.04). Negative remedelling occurred more frequently in the perindopril than
in the placebo group (34 vs, 25%, P = 0.01). in addition, the placebo group showed a larger, although
net significant, mean remodelling index (R1) than the perindopril group (1.03 £ 0.2 vs, 1.00 £ 0.2,
P=0.,06). The temporal change in vessel dimensions assessed by the Rl was significantly correlated
with the change in plague dimensions (r = 0.48, P < 0,0001),

Conclusion In this sub-anatysis of a multicentre, controlled study, long-term administration of perindo-

pril was associated with a constrictive remodelling pattern without affecting the {umen.

Introduction

By preventing encroachment of the lumen and hence coron-
ary flow, cutward {positive) remodelling of coronary vessels
was initially regarded as beneficial.” Notwithstanding,
several studies have shown increased tevels of inflammatory
markers, larger lipid cores and pronounced medial thinning
in positive remedelled vessels; being all factors related to
the tendency of plagues to underge rupture.>>
Angiotensin-converting enzyme (ACE) inhibitors have
demonstrated their efficacy in reducing mortality in both
high- and {ow-risk patients.>” In parallel, ACE-inhibitors
inhibit progressive left ventricular remodeliing, a criticat
factor that determines life expentancy.®’ More recently,
ALE-inhibitors have shown to be effective in reversing vas-
cular remodelling in the peripheral circulation.'®
Atherosclerosis is a highly dynarnic and multifocal disease,
and coronary remedelling occurs diffusely within a vessel,
even in seemingly healthy references.’? Accordingly,

* Corresponding author. Tel/fax: +-54 11 49648721
E-mail address: grodriguezgranilio@gmail.com

longitudinal studies have been recognized as the gold-
standard for remodelling assessment.'”

Driven by the significant regression of coronary atherosclero-
sisinduced by lipid-lowering therapies, '* the PERindopril's Pro-
spective Effect on Coronary aTheroscleraosis by IntraVascular
ultrascund Evaluatien (PERSPECTIVE) trial evaluated the
effect of long-term administration of perindoprit on coronary
plagque progression as assessed by angiography and intravascu-
lar uitrasound (IVUS) and demonstrated that the clinical
benefit of ACE-inhibitors cannot be attributed to their effect
on plague size.'” We performed a post hoc analysis of the
PERSPECTIVE study to assess the effect of perindopril in cor-
onary remodelling, in addition, we evaluated the effect of
perindoprii on a surrogate of plague composition.

Methods

The EURCPA was a multicentre, randomized, double-blind, placebo-
controtled study that evaluated the effect of perindopril on prevention
of cardiovascular events in patients with coronary artery disease on
12 218 patients. PERSPECTIVE was a sub-study of the EUROPA trial
that sought to explore the effect of perindopril on atherosclerasis
progression/ regression using coronary angiography and [YUS,
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The methodology of the EUROPA trial has been extensively
described elsewhere,” In brief, patients were eligible if they were
aged =18 years, without clinical evidence of heart failure and
with evidence of coronary heart disease documented by previous
myocardial infarction {3 months before screening), percutaneous
or surgical coremary revascularization (=6 months before screen-
irg}, or angiographic evidence of at least 70% narrowing of one or
more major cororary arteries.

in addition, for the [VUS sub-analysis patients required anatomi-
cally suitable vessels for the angiography/IVUS sub-study.

1n a run-in period, enrclled patients received 4 mg/day oral peri-
ndopril for Z weeks in addition to their normal medication, followed
by 8 mg/day for 2 weeks if the initial dose was tolerated. At the end
of the run-in period, patients were randomly assigned to perindoprit
8mg/day or placebo for 3 years,

The institutional ethics committees of all participating centres
approved the study protocol and informed written consent was
obtained from ail patients.

Intravascular ultrasound acquisition

IVUS was acquired using 20, 30, and 40 MHz imaging catheters fol-
lowing caronary angiography. The catheter was advanced distal to
an anatomically identifiable landmark, allowing the evatuation of
a segment of at least 30 mm. Cine runs, before and during contrast
injection, were performed to define the position of the IVUS cath-
eter before the puilback was started. Using an automated pullback
device, the transducer was withdrawn at a continuous speed of
0.5 mm/s until the ostium, {YUS data were acquired after the intra-
coronary administration of nitroglycerin and stored on S-VHS video-
tape. The videotapes were digitized on a computer system,
transformed into the DICOM medical image standard and stored on
an WUS Picture Archiving and Communications System (PACS).
After & 3-year follow-up peried, patients underwent repeat cathe-
terization and IVUS examination of the same region of interest
{RO1) using an identical frequency IVUS imaging catheter.

Intravascular ultrasound analysis

Quantitative corcnary uttrasound analysis was performed by
an independent core laboratory (Cardialysis BY, Rotterdam,
The Nethertands) using validated semi-automatic contour detection
software (Curad, version 3.1, Wijk bij Duurstede, The Netherlands).
The inteltiGate™ image-based gating method was applied to
eliminate catheter-induced image artifacts, by retrospectively
selecting end-diastolic frames. '

In erder to avoid the significant impact of inter-cbserver variabil-
ity,” contour detection was performed by a single experienced IVUS
analyst who was blinded for the randomization allocation and time-
point of the study. Longitudinat and cross-sectional views were used
to determnine the contours.

The contours of the external elastic membrane (EEM) and the
lumen-intima interface enclosed an area that was defined as the
coronary plague plus media area. Plaque burden (PB) was defined
a5 [(EEMgrea — LUM@Nrea) /[EEMyreal x 100, Direct measurements
flumen and vessel cross-sectional area (CSA)] were also determined.
in the baseline VUS study, a ROl was identified using identifiable
landmarks such as side-branches and the coronary ostium. At
3-year follow-up, the same matched RO! was identified using the
original anatomical landmarks to determine the lumen and vesset
dimensional changes over time and conseguently to calculate the
impact on plaque changes. In order to assess more precisely the
heterogenecus remodetling pattern within a vessel, the ROIs were
subsequently subdivided in matched 5 mm sub-segments indepen-
dently of the tength of the pullback in the original IYUS study
Segments with a PB < 10% were excluded,

Coronary remodelling was assessed using continuous and categori-
cal variables. The remodeiling index (R1) was defined as EEMyrqq 3t
follow-up divided by the EEMy.., at baseline.
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Finally, we evaluated the number of segments presenting positive
remodelling (defined as a relative increase in vessel C5A >2 5D from
the mean relative intra-cbserver difference) and negative remodet-
ling (defined as a relative temporal decrease >2 SD from the mean
relative intra-abserver difference).

IVUS tissue characterization

We used a computer-aided, in-house developed gray-scaie value
analysis programme for plaque characterization.'® Using the mean
gray level of the adventitia as a threshold, plaque was classified
as more {hyperechogenic) or less (hypoechogenic) bright in relation
10 the adventitia, Upper and calcified tissue was defined as tissue
that has a mean gray value higher than the mean adventitial inten-
sity plus two times it standard deviation. The echogenicity soft-
ware calculated the distribution of the gray-values present in the
adventitia layer, When this distribution was not normal (severely
calcified vessels), the data were excluded for IVUS analys’s since
the acoustic shadowing obscures the media-adventitia interface
thus introducing serious inaccuracy in the contour detection.

Statistical analysis

Discrete variables are presented as counts and percentages.
Continuous variables are presented as means £+ SD or medians
(inter-quartile range) as indicated. Pearson correlation coeffici-
ents were performed in order to estimate correlations between
measuremnents.

Differences between groups were assessed by paired and unpaired
Student’s {-test when applicable. Fisher's exact test was used for
categorical variables. A two-sided P-value ~<0.05 was required for
statistical significance. Al analyses were performed using SPSS
version 13.0 software (Chicage, IL, USA).

Results
Study population

A total of 118 patients who had completed IVUS investi-
gation at baseline and follow-up were included in the study.
Populations were well matched (Table 7). The mean age
was 56.6 4 8.9, 100 (83.3%) were male, 11 (9.2%) had dia-
betes mellitus, 59 (49.2%) had history of prior myccardial
infarction and 30 (25.0%) had hypertension. With regards
to concomitant baseline medication, 115 (95.8%) were on
aspirin, 67 (55.8%) were receiving beta-blockers, 32 (26.7%)
were receiving nitrates, 46 (38.3%} were on calcium channel
blocker therapy and 91 (73.8%} were on Lipid-lowering
therapy. Coronary risk factors and baseline blood pressure
were well balanced between groups (Table 1).

At & median follow-up of 3.0 (range 1.9, 4.1} years, the
rate of adverse events was minimat. Coronary revasculariza-
tion [2 (3.3%) vs. 4 (6.9%), P=0.38] and acute myocardial
infarction [1 {1.7%) vs. 3 (5.2%), P= (.30} rates were not
statistically significant between perindopril and placebo
groups. No deaths, strokes or admissicns for heart failure
were reported.

IVUS intra-observer variability

Fifteen cases (678 frames) were re-analysed by the same
cbserver yielding minor differences between the 2 measure-
ments. Retative differences for lumen, vessel, and plaque
CSA were 1.43 +4.2%, 1.01 + 3.4%, and 3.50 £ 8.5%, res-
pectively. In addition, lumen (~2=0.99, P < 0.0001),
vessel (= 0.95, P< 0.0001), and plaque (= 0.87, P<
0.0001) CSA measurements were highly correlated.
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Table 1 Study population Table Z  Intravascular ultrasound quantitative analysis
Perindopril Placebo P-value Mean Treatment Placebo P-value
{n =60} [n = 58) cross-sectional (= 360) {n=351)
area (mm?)
Baseline chargcteristics
Age (years + SD) 579+ 9.2 55.2+ 85 Q.09 Vesset
Male sex 50 (83.3) 50(86.2) 0.67 Basetine 15.60 4 5.0 15.82 £ 5.1 0.57
Diabetes 4 (6.7) 7021 032 Foliow-up 15.42 + 4.8 16.01 £4.9
Hypertension 12 {20.0) 18(31.0y 0.7 Nominal change —0.18 + 2.4 0.19£2.4 004
Smoking 15 (25.0) 11{1%.0) 043 Relative change —1.18 £17.0 120+ 15,7
Hypercholesterolemia 51 (85.0) 47 {81.0)  0.57 P-value 0.15 0.13
Family history of CHD 16 (26.7) 1729.3)  O.75 sompared
Previous Mi 32 (53.3) 27 (46.6)  0.47 with baseline
Previous PTCA 53 (88.3) 57 (98.3)  0.03 Lumen
Previous CABG 1{1.9) 0.0 033 Baseling 9.21 4 3.9 9.76 4.1 0.07
Systolic BP 130.6 + 142  132.4--13.6 (.48 Follow-up 9,17 + 3.9 6.96 + 4.4
Diastolic 8P 789169  79.2x7.5 078 Nominal change —0.04+ 1.9 020424 0.4
BAl 6.5x2.6 274131 09 Relative change  —0.42 & 23.4  2.03 +26.6
Heart rate 6854101 657471 0.9 Povalue 2.70 012
Anginat stetus
ccs 50833 4576 0.4 o e
CCS i 8 (13.3) 12{20.7)  0.29 piaque
ggg :{j g :gg; 10 E;g} &fg Basetine 6.3942.8 6.06+£2.6 010
Other medications . - Foliow-up 6.25 £ 2.7 6.05+2.8
Platelet inhibitors 58(36.7)  57(98.3) 0.58 hominat 2:::25 e oo : w0
Beta-biockers 32 (53.3) 35(60.3)  0.45 Povalise o oos
Nitrates 20 (33.3) 12120,7)  0.13 od : .
Ca-channel blockers 26 (43.3) 20(34.5)  0.33 compar :
Lipid lo\;vering agents 46 (76.7) 45 (77.6) 0.9 qu{‘j";g‘u’:da:ﬁ ‘(’;f)
~year s )
Atsaysyti?ic gli’m * 120.2 £ 165 1311 £ 141 0.66 Baseling 41294131 3901128 (.02
Diastolic 87 765485 790484 0.12 Follow-up 40.81£13.4 38554143
Other medications Nominal change  ~0.48 £ 8.1 -0.47 = 9.5 0.98
Platetet nhibitors 53(88.3)  52(89.7) 0.82 Relative change  —1.16£22.9  -1.20429.9
Beta-blockers 37 {61.7) 36 (62.1) 097 P-vaiue 0.2¢ 0.36
Nitrates 12 {20.0) 1(19.0y  0.89 compared
Ca-channet blackers 20 (33.3) 21(36.2) 0.75 with baseline
Lipid lowering agents 52 (86.7) 47 (81.0) 0.4 Hyé?:ecin‘yosemdty 507426 566224 029
seling 87 420 66 =12, B
Hypercholosterslemia defined as cholesterol >6,5 mmol/L or on Followsup 5.96 + 2.4 5.56 £2.5
lipid-lowering therapy. Nominal change —-0.30 + 1.7 =011 £1.7 0.12
Bloed pressure (BP} >160/95 mmHg or recelving antihypertensive Relative change —5.19+32.2 —1.90434.5
treatment. P-value 0.001 0.23
CCS, Canadlan Cardiovascular Society. compared
with baseline

Intravascular ultrasound measurements

A total of 118 matched evaluable IVUS (711 matched 5 mm
segments) were available at follow-up. Fifty-eight patients
were excluged from the final analys’s {29 from each group)
due te sub-optimal IVUS quality (due to severely calcified
vessels, severe artifacts or absence of clear anatomical
landmarks). Quantitative IVUS results are shown in Table 2.

In the perindopril group, the temporal change in mean
plague CSA compared with baseline was ~0.15 + 1.7 mm?
(P=0.11)., For the placebo group, the change was
—-0.01 + 1.7mm* (P=0.95), with a P-alue of 0.27
between groups. The temporal change in mean vessel CSA
was —0.18 + 2.4 mm? in the perindopril group and 0.19 =
2.4mm?* in the placebo group, with a P-value of 0.04
between groups. With regards to plague hypoechogenicity,
no significant difference was present between sroups (peri-
ndopril —0.30 + 1.7 mm? vs. placebo —0.11 + 1.7 mm?,
P=0,12). Both groups showed a highly hetero-
geneous remodelling pattern atong the coronary segments

(Figure 1). Nevertheless, the placebo sroup showed a
larger mean R! than the perindopril group (1,03 = 0.2 vs.
1.00 £ 0.2, P=0.06). Of interest, negative remodelling
was present in 124 (34.4%} segments in the perindopril
group and in 86 (24.5%) segments in the placebo group. Con-
versely, positive remodelling was observed in 102 (28.3%)
segments in the perindopril group and in 110 (31.3%) seg-
ments in the placebo group, with a significant &%) differ-
ence between groups (P=0.01). These changes are
depicted in Table 3.

Linear regression analysis

The temperal change in vessel dimensions assessed by the Rl
was significantly correlated to the change in plaque dimen-
sions (r = 0.48, P < 0.0001). The degree of such correlation
was higher in the perindopril group than in the placebo
group (r=0.38, P<0.0001 and r=0.36, P-<0.0001,
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Hemondelling indes

Plagque CRA differcnce

Figure 1 Linear regression scatter plot hetween the remodelling index and
the difference in plague cross-sectional arca, See online supplementary
material for colour version of this figure.

Table 3 Freguency of 3 mm segments with different remodetling
patterns with perindopril and placebo, respectively

Perindopril, n Placebo, R P-value (x2
(%) {n=360% (%} (m=1351) across group)
Newtral 134 (37.2) 155 (44.2) Q.01
Positive 102 (28.3) 113 (31.3)
remedelting®
Negative 124 (34.4) 86 (24.5)

remodeliing®

*Defined as a relative increase fn vessel CSA =2 5D from the mean rela-
tive intra-observer difference.

Defined as a relative temporat decrease 2 SD from the mean relative
intra-observer difference,

respectively). As expected, the change in hypoechogenic
content was highly related to the change in plague
(r=0.93, P= 0.001) and vessel {r = 0.45, P < 0.001) CSA.

A strong relationship was found between changes in
plague and changes in vessel size (perindopril r=0.62,
P < 0.0001 and placebo r=0.35, P < 0.0001). Such relation
became stronger with increasing levels of PB at baseline
(Figure ZA). In parallel, the placebe group showed a signifi-
cant inverse relationship between the change in plague and
lumen CSA that was stronger at earlier stages of the disease
(Figure 2B).

Discussion

The impertance of coronary remedelling as a factor that has
a major impact in the maintenance of lumen dirnensions has
been undoubtedly established.” Recently, several investi-
gators have linked this originally deemed protective com-
pensatory response of the vessel to the presence of a
more unstable phenotype and plaque rupture.?>'? Conver-
sely, a paradoxical negative remodelling pattern has been
associated with a fore stable clinical presentation and
lesion phenotype.*?° To date, most studies have assessed
corcnary remedelling at a single time-point and focally
within the vessel, using proximal and distal references as
surrogates of vessel size before it becomes diseased.
However, coronary athercsclerosis is commonly a diffuse
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disease and finding a healthy reference is hard to attain.
Moreover, such diffuse pattern implies a heterogeneous
behaviour of atheresclerctic disease within a single vessel.
Yet, although the assessment of coromary remodelling
using serial determinations is highly required it has been
scarcely exploited. 2"

The findings of the present longitudinal in vive study offer
several insights towards the better understanding of the
long-term effect that ACE-inhibitors have on coronary
atherosclerosis.

Overall, ne significant differences regarding the temporal
changes in plaque and lumen size were present between
patients assigned to perindopril and placebo. Nevertheless,
there was a significant difference between groups regarding
the change in vessel size.

Negative remodelling occurred more frequently in the
perindopril group than the placebo greup. It is noteworthy
though that, as a result of a parallel non-significant plaque
regression effect, this slight constrictive effect had no
impact on the lumen size. Similarly, the placebo group
showed a larger mean Rl than the perindopril group and &
trend towards an enlargement of the coronaries with no
change in plaque size, resulting in a non-significant increase
of the umen area.

The observed effect of perindopril on vessel remodelling
might potentially be owed to the reduction in metalloprotei-
nase levels induced by ACE-inhibiters,? since these enzymes
have a central role in the pathophysictogy of vessel remodel-
ling.™ Lipid lowering therapy with statins has recently
shown to promote negative remodelling. The pathophysiol-
ogy of such finding might be attributed to the inhibition
of matrix metalloprotesnase production.” Statins and
ACE-inhibitors thus have a common inflammatory target
related to coronary remodeiling and plaque stabilization.

Contrasts with histopathology

Coronary remodelling has been long believed a vessel
response to accommodate increasing burden of plaque
without affecting the lumen patency.” In his study, Glagov
made a static assessment of the correlation between
ptaque and vessel size in explanted left main coronary
arteries. Qur results are in Une with the study of Glagov
with respect to the fact that coronary remodelling is a
phenomenon that occurs from very early stages of the
disease and is mainly driven by the progressive accumulation
of plaque within the vessel wall. Nevertheless, in our
study, the strength of the relationship between changes in
plague CSA and changes in iumen CSA decreased with
increasing levels of stenosis at basetine (Figure 7). Conver-
sely, Glagov established that the positive correlation
between vessel size and plaque size was stronger in sections
with stenoses <20% and that an abrupt drop in lemen area
was evident only after the obstruction reached 30-40%." In
brief, our results contradict Glagov's in the sense that
control group patients showed higher remodelling capacity
(and lumen manteinance) when the baseline severity of
the disease was higher. it is noteworthy, however, that
Glagov’s seminal investigation was performed in the left
main coronary artery, a coronary segment with a more
benign plaque composition,? whereas it has previously
been shown that the remodelling pattern of plaques
is highly related to the underlying composition of plaques.®
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Figure 2 Bar graphs fliustrating (4) the relationship between A plaque size and A vessel size and (8) the relationship between A plague size and A {umen size.

See online supplementary material for colour version of this figure.

It should be emphasized as well that statins, which have been
shown to have a significant effect on plaque™ and vessel®®
size, are currently administrated in an almost unrestricted
fashion te cardiovascular patients, whereas two decades
age they were limited to patients with hypercholesterglemia.
Finally, it is worth mentioning that, although there was no sig-
nificant difference between groups regarding the change of
hypoechogenic tissue, the administration of perindopril
induced a significant beneficial shift in the echogenicity of
plaques compared with baseline.

The findings of the present study confirm that coronary
atherosclerosis is a highly dynamic disease. Moreover, the
constrictive, yet lumen-preserving, effect shown has pre-
viously been associated with a more stable phenctype of
lesions and better clinical presentation, suggesting that
this pattern is associated with plaque stabilization.

Study fimitations

A substantial number of vessels were excluded from the
analysis due to sub-optimal image quality, principally due
to the presence of severely calcified vessels. Nevertheless,

we want to emphasize that this was essential to have a
highly accurate assessment of the vessel contours. Only a
single coronary artery was assessed by IVUS potentially
being not representative of the entire corcnary tree. More-
over, different IVUS catheters and consoles were ysed
over a 3-year pericd, potentially influencing the results.
Nevertheless, individual serial assessments were performed
using identical IYUS catheters. To correct for any dimen-
sicnal discrepancies, the results of the 30MHz catheter
were adjusted using a previously reported mathematical
algorithm.*® Larger studies in higher risk patients using
IVUS as primary endpoint might conclusively determine the
role of ACE-inhibitors in atheroscierosis natural history.

Conclusion

Qur findings convey the relationship between plague pro-
gression and coronary remedelling. In this study, perindopril
was associated with a censtrictive remodelling pattern
without affecting the umen, suggesting that this pattern
is associated with plague stabilization.
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SUMMARY

Invasive coronary imaging techniques have improved our understanding of ath-
erosclerosis and have helped us to evaluate the effectiveness of new drugs and
new intravascular devices. Rapidly, we have adopted them and integrated into our
clinical-decision-making process in the catheterisation laboratory. Greyscale IVUS
has been so far the most useful invasive imaging technique. Using greyscale IVUS,
some lipid-lowering drugs showed to decrease plaque size, thereby these drugs
have been widely included as part of standard of care’-2. Moreover, IVUS-guided
stenting, following strict criteria of implantation, proved to decrease the resteno-
sis rate’ and more recently it has been published that this approach apparently
decreases stent thrombosis’. The recent introduction of tissue characterization by
means of radiofrequency data analysis (Virtual Histology™) offers a more derailed
evaluation of the atherosclerotic plaque. This technique brings the possibility to
go beyond plaque size evaluation to a more sophisticated approach which is to
assess changes in tissue types. In IBIS 2 study’, after 12 months and despite high
adherence to standard-of-care treatment, the necrotic core continued to expand
among patients receiving placebo, while Lp-PLA2 inhibition with darapladib
prevented necrotic core expansion.

However, the lack of high resolution of IVUS has hampered its broad clinical
application. Therefore, new light-based imaging techniques have been introduced.
Oprtical Coherence Tomography (OCT) and the new swept source OCT (SS-OCT
ot frequency domain OCT) have gained sympathy among interventionalists due
to the sharp and informarive images especially at the luminal side of the vessel
wall. During stenting, OCT offers the possibility to assess stent apposition in
great detail and can identify the presence of vessel injury due to stent implanra-
tion. Ar follow-up, the tissue coverage of individual struts can be imaged with
OCT. This is of increasing interest in drug-eluting stents in which the neocintimal
proliferation is inhibited to such extent that might not be visualized with conven-
tional intracoronary imaging techniques such as IVUS. Regarding plaque type
characterization by OCT, although less complete due to its lack of penetration,
this technique holds promise due to its ability to provide very detailed informa-

tion about plaque composition, presence of macrophages and thickness of the
fibrous cap.
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INTRODUCTION

So far, only significant lesions in the coronary angiogram have been treated either
by percutaneous cornary intervention (PCI) or coronary bypass artery grafting
(CABG); while normal-looking coronary segments in angiography have been
regarded as “disease-free” and mild/moderate stenoses as “non-treatable” neither
by PCI or CABG; from these non-significantly diseased areas may potentially rise
acute coronary events. In response to this, many imaging coronary techniques
have been developed to study these areas to better understand the pathophysiol-
ogy of atherosclerotic disease and to assess the performance of medical interven-
tions that may ultimately have an important impact on the prevention of acute
myocardial infarction and death. This review aims at describing the usefulness
of virtual histology (VH) to study intact plaques as well as the performance of
coronary interventions. Likewise, a review on the applicability of optical coher-
ence tomography (OCT) in coronary plaques and interventional procedures is
here reported.

INTRAVASCULAR ULTRASOUND RADIOFREQUENCY ANALYSIS: VIRTUAL
HISTOLOGY

1. Description of the technique

Technologically speaking, the main difference between greyscale IVUS and Vir-
tual Histology is that greyscale IVUS imaging is only formed by the envelope
(amplitude) of the radiofrequency (RF) signal. The frequency and power of the
signal commonly differ berween tissues, regardless of similarities in the amplitude.
Figure 1. IVUS-Virtual Histology (TVUS-VH, Volcano Corp., Rancho Cordoba,
USA) involves spectral analysis of this data to construct tissue maps that classify
plaque into four major components (fibrous - green, fibro-fatty — light green,
necrotic core - red and dense calcium - white). ¢ These tissue-maps have been
validared ex-vive by comparison with histology, the overall predictive accuracies
were 93.5% for fibrous, 94.1% for fibro-fatty, 95.8% for necrotic core and 96.7%
for dense calcium with sensitivities and specificities ranging from 72 to 99%. 7
In the past, Virtual Histology was acquired using exclusively the In-Vision
Gold console and 2 20 MHz Eagle Eye™ Gold catheter (Volcano Corporation,
Rancho Cordova, USA). Currently, the Volcano s3 Imaging System is used, one
of his components, the Virtual Histology System, is intended to perform spectral
analysis of RF ultrasound signals of vascular features. Two types of catheters can
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Figure 1: Schematic diagram of virtual histology (IVUUS-VH) and optical coherence tomography
{OCT). Lefz: The ultrasound signal is generated in a piezoelectric crystal that transmits and receives
sound waves, Ultrasound reflected by the tissue deforms crystal generating radiofrequency (RF)
signal {a). Greyscale IVUS is derived from the amplitude (4) of RF signal, discarding informarion
beneath the peaks of the signal. FIVUS-VH analysis uses several additional spectral parameters to
identify four plaque compoenents (). Plaque components that are identified are dense calcium
(white), fibrous {green), fibro-fatry {greenish-yellow) and necrotic core (red} ().

Right: the electromagnetic spectrum encompasses the foilowing regions: x-rays, microwaves and light
{¢). The visible part of the spectrum ranges from 0.4 to 0.77 pm. The wavelengths used for OCT are
indicated. Since the speed of light is much faster than thar of sound, it is needed to use correlarion or
an interferometer to measure the backscartered light. The interferometer splits the light source into
two arms — a reference arm and a measurement arm- (f). The measurement arm is directed into the
tissue through the image wire and collects the backscattered light (g). The light coming back from
both arms is recombined 2t 2 detector (4) in which the interferegram — the sum of the two signals

- is penerated. The optical properties of the tissue can be deduced by comparing the back-reflected
oprical intensity of the two arms (7). Panel £ and / correspond to the same anatomical region. Please
note that the shape of the calcified regions is similar.

be used with this system, the 20 MHz electronic catheter or 2 45 MHz mechanic
catheter. The VH classification tree for the 45 MHz is under development. An
automarted pullback device is used, usually the pullback speed is set at 0.5 mm/s.
IVUS-VH acquisition is ECG-gated at the R-wave peaks. Table 1.
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Table 1. Technical specifications for virtual histology and optical coherence tomography

Virtual Histology M3 M4
Frame Rate, fps Heart rate 20 100
#Lines/frame, n | 2% 240 450
Pullback speed, mm/s 05410 30 20
Scan diameter, mm 10 6.8* 83*
Lateral resolution, um 346um at 2.3mm 2530 25-30
Axial resolution, um 138um at2.3mm 15-20 15-20
Catheter profile, 31 14 26
Technology VUS Time-damain OCT Swept-source OCT

* In saline
2. Study of intact plaques

i, Virtual histology and necrotic core distribution

Identification of subclinical high-risk plaques is potentially important because they
may have greater likelihood of rupture and subsequent thrombosis. In 55 patients,
the mean necrotic core percentage ~ in nonculprit vessels - was significantly larger
in patients with acute coronary syndrome (ACS) when compared with stable
patients (12.2£7.0% vs. 7.4£5.5%, p=0.006). In addition, stable patients showed
more fibrotic vessels (70.9£9.3% vs. 63.9+9.1%, p=0.007)%. However, not only the
amount of necrotic core content is larger in patients with ACS, bur it appears that
NC is also unevenly distributed. In 51 patients, the overall length of the studied
vessels (i.e. non-culprit), subsequently divided into 10 mm segments, was 41.5£13
mm. The percentage of necrotic core resulted to be increased in the first {median:
8.8%; IQR: 5.7-18) vs. the third (median: 6.1%; IQR: 3.2-12) (p=0.036) and
fourth (median: 4.5%; IQR: 2.4-7.9) (p=0.006) segment. At multivariable regres-
sion analysis, distance from the ostium resulted to be an independent predictor of
relative necrotic content [beta=-0.28 (95%CI: -0.15, -0.41)], rogether with older
age, unstable presentation, no use of statin, and presence of diabetes mellitus®.

ii. Plaque characterization

There is a continuous debate regarding how coronary atherosclerosis lesion pro-
gresses. Some believe that atherosclerotic lesion progression starts with pathologic
intimal thickening (PIT) in which lipid accumulates in areas rich in proteoglycans
(lipid pools), but no trace of necrotic core is seen. Others believe that the earli-
est change of atherosclerosis is the fatty streak, also called as intimal xanthoma.
The earliest lesion with a necrotic core is the fibroatheroma (FA), and rhis is the
precursor lesion that may give rise to symptomatic heart disease. Thin-capped
fibroatheroma (TCFA) is a lesion characterized by a large necrotic core containing
numerous cholesterol clefts. The overlying fibrous cap is thin and rich in inflam-
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Figure 2: Plaque classification using OCT and IVUS-VH. OCT: optical coherence tomography:
VH: virtual histology; NC: necrotic core; AIT: adaptive intimal thickening; PIT: pathological
intimal thickening; FC: fibrocalcic; FI: fibrotic; CaFA: calcified fibroatheroma; FA: fibroatherema;
CaTCFA: calcified thin cap fibroatheroma; TCFA: thin cap fibroatheroma.

marory cells, macrophages and T lymphocyrtes with few smooth muscle cells. A
study done by Burke er al*. identified a cut-off value for cap thickness of <65
microns for vulnerable coronary plaque definition.

Virtual Histology can potentially identify all above-mentioned plaque types
including thin-capped fibroatheromas. The progression of the disease can also be
followed-up. Figure 2 outlines the virtual histology plaque and lesion types that
are proposed based on the above pathologic data.

Our group evaluated the incidence of IVUS-derived thin-cap fibroatheroma
(IDTCFA) using IVUS-VH "'. IDTCFA was defined as a lesion fulfilling the
following criteria in at least 3 consecutive frames: 1) necrotic core 210% without
evident overlying fibrous tissue, 2) plaque burden 240%. In this study, 62% of
patients had at least one IDTCFA in the interrogated vessels. ACS patients had
a significantly higher incidence of IDTCFA than stable patients (p= 0.018).
Finally, a clear clustering pattern was seen along the coronaries, with 66.7%
of all IDTCFAs located in the first 20 mom. This distribution of IDTCFAs is
consistent with previous clinical studies, with a clear clustering partern from the
ostium demonstrating a non-uniform distribution of vulnerable plaques along the
coronary tree ', Rioufol et al., reported that patients presenting with ACS had
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Figure 3. IVUS-derived thin cap fibroatheroma by and virtual histology and iis corresponding
optical coherence tomography image (OCT). Righr: Virtual histology image is color coded: red —
necrotic core, white — dense calcium, green — fibrous and greenish — fibro-fatry. There is an arez of
confluent necrotic core (NC} thart is in direct contact with the lumen (CL). Lgff: OCT image shows
an area with low reflectivity behind a thin cap. These characteristics have been correlated with a
fibrous cap overlying a necrotic core rich area (arrow).

a significantly higher prevalence of plaque ruptures even in non-culprit vessels,
supporting the concept of a multi-focal process **. Of note, the plaque burden
and the mean necrotic core areas of the IDTCFAs detected by IVUS-VH were
also similar to previously reported histopathological dara (55.9% vs. 59.6% and
19% vs. 23% respectively) '%

We have developed a software to quantify the amount of necrotic core in
contact with the lumen, enabling refinement of our analysis. Our current defini-
tion of an IVUS-derived TCFA is a lesion fulfilling the following criteria in at
least 3 frames: 1) plaque burden = 40%; 2) confluent necrotic core > 10% in
direct contact with the lumen (i.e. no visible overlying tissue) '*. Using this refined
definition of TVUS-derived TCFA, in patients with ACS who underwent IVUS
of all three epicardial coronaries, on average, there were 2 IVUS-derived thin
cap fibroatheroma per patient with half of them showing ourward remodeling *°.
Figure 3.

The frequency and distribution of TCFA identified by virtual histology in-
travascular ultrasound in acute coronary syndrome (ACS = 103 pts) and stable
angina pectoris (SAP =107 pts) in a 3-vessel [VUS-VH study have been recently
published by Hong et al.'® There were 2.5 £ 1.5 in ACS and 1.7 + 1.1 in SAP
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TCFAs per patient, p <0.001). 76 patients with ACS and 58 with SAP had
multiple ID-TCFA (p = 0.009). Presentation of ACS was the only independent
predictor for multiple ID-TCFA (p = 0.011). Eighty-three percent of ID-TCFA
were located within 40 mm of the coronary.

The potential value of these VH IVUS-derived plaque types in the predic-
tion of adverse coronary events is currently under evaluation in an international

multicentre prospective study (PROSPECT study).

Important technical considerations about Virtual Histology

—  Provides information of four tissue types: fibrous, fibro-fatty, necrotic core
and dense calcium.

—  Evaluation of the layout of these four different tissue types gives informa-
tion of different plaque types.

—  As Virrual Histology is an IVUS derived technique, its axial resolution is
limited. This precludes assessment of “thin” fibrous cap.

—  Virtual Histology does not provide informartion on thrombus and inflam-
martion.

iii, Virtual Histology and plaque rupture

Our group described the ruptured plaque profile in 40 patients referred for cardiac
catheterization 7. There were 13 with stable angina, 12 with unstable angina, and
15 with acute myocardial infarction. Ruptured plaque was identified in 26 patients
and, as expected, was more frequent in patients with acute myocardial infarction
and unstable angina. Patients with ruptured plaques have larger body mass index
when compared with those without plaque rupture and were more likely smokers
and patients with ruptures had more diffuse calcification and necrotic core area.
Of norte, the location of plaque ruptures in this study mirrors the pathological
findings '*. In our study, the proximal left anterior descencing coronary artery was
the most common site of plaque rupture. In a pathological series of 79 ruptures,
Burke et al.'® have found 74% in the proximal left anterior descending.

Similarly, in the report by Hong et al., the frequency and distribution of rup-
tured plaques identified by IVUS-VH in acute coronary syndrome (ACS = 105
pts) and stable angina pectoris (SAP =107 pts) in a 3-vessel IVUS-VH study were
reported'. There were 76 ruptured plaques (55 in ACS and 21 in SAP). Twelve
patients with ACS and 1 with SAP had muldiple ruptured plaques (p <0.001). Pre-
senration of ACS was also the only independent predictor for multiple ruptured
plaques (p = 0.013).
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iv. Coronary embolization

Two studies have evaluated the usefulness of IVUS-VH plaque composition to
predict the risk of embolization during stenting 2. In one of them, 71 patients
with STEMI that underwent primary PCI within 12 hours of the beginning of
the symproms were included. After performing thrombectomy with an aspiration
catheter, IVUS-VH of the infarct-related vessel was performed. The stent was
then deployed without embolic protection. ST segment re-elevation was used as
a marker of distal embolization during stenting. Eleven patients presented with
ST segment re-elevation after stenting. Total plaque volume was similar in both
groups, but the NC volume was significancly higher in the group of patients with
ST segment re-clevation (32.9 + 14.1 mm?® vs. 204 + 19.1 mm?, p < 0.05). On
receiver-operating characteristic curves, NC volume was the best predictor of ST
re-elevation after stent deployment. The cur-off point for NC volume that was
best predictive for ST re-elevation was 33.4 mm?, with a sensitivity of 81.7% and
a specificity of 63.6%. The second study included 44 patients who underwent
elective coronary stenting. Small embolic particles liberated during stenting were
detected as high-intensity transient signals (HITS) with a Doppler guidewire. Pa-
tients were divided into the tertiles according to the HITS counts. Dense calcium
and NC area were significantly larger in the highest tertile. In the multivariate
logistic regression analysis, only necrotic core area was an independent predictor

of high HITS counts (odds ratio 4.41, p = 0.045).

v. Virtual histology as imaging tool to assess temporal changes in coronary
atherosclerotic plagues beyond plaque size

Lipoprotein-associated phospholipase A, (Lp-PLA)) is expressed abundantly
in the necrotic core of coronary lesions and products of its enzymatic activity
may contribute to inflammartion and cell death, rendering plaque vulnerable to
rupture.

IBIS 2 study compared the effects of 12 months of treatment with darap-
ladib (oral Lp-PLA, inhibitor, 160 mg daily) or placebo on coronary atheroma
deformability (IVUS-palpography) and plasma hs-CRP in 330 padents with
angiographically documented coronary disease. Secondary end points included
changes in necrotic core size (IVUS-VH), atheroma size (IVUS-greyscale), and
blood biomarkers. Background therapy was comparable between groups, with
no difference in LDL-cholesterol at 12 months (placebo: 88+34 and darapladib:
8431 mg/dL, p=0.37). In contrast, Lp-PLA, activity was inhibited by 59% with
darapladib (p<0.001 versus placebo). After 12 months, there were no significant
differences between groups in plaque deformability (=0.22) or plasma hsCRP
(p=0.35). In the placebo-treated group, however, necrotic core volume increased
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significantly, whereas darapladib halted this increase, resulting in a significant
treatment difference of -5.2 mm? (p=0.012). These intra-plaque compositional
changes occurred withourt a significant treatment difference in total atheroma
volume (p=0.95}.

Despite adherence to a high level of standard of care treatment, the necrotic
core continued to expand among patients receiving placebo. In contrast, Lp-PLA,
inhibition with darapladib prevented necrotic core expansion.

3. Clinical indings in the stent studies

Stent thrombosis is one of the major concerns after drug-eluting stent implanta-
tion. Multiple mechanical causes (i.e. stent underexpansion, edge dissection, geo-
graphic miss, residual stenosis, incomplete stent apposition and aneurism) have
been postulated. These features are easily identifiable by greyscale intravascular
ultrasound. However, it is uncertain which of them are inextricably related to
stent thrombosis, primarily due to the low number of such partients studied by
IVUS in case control studies.

Our knowledge of the pathophysiology of late DES thrombosis is derived
from pathologicsamples™ . It has been demonstrated that DES cause substantial
delayed healing (the most common cause of late DES thrombosis at autopsy)
characterized by the lack of complete reendothelialization and persistence of fibrin
when compared with BMS?. This cannot be assessed by any IVUS modality due
to its limited axial resolution.

Other proposed pathological mechanisms of coronary stent thrombosis are
stenting of necrotic core-rich plaques with extensive tissue prolapse and plaque
disruption in the proximity of the stented arterial segment™-*

Complementary to greyscale IVUS, tissue characterization by IVUS-VH
analysis has the potential to add valuable information on the pathogenesis of stent
thrombosis by providing information on plaque composition, specifically on the
amount of necrotic core and its location (superficial or deep)®. However, the
clinical utility of IVUS-VH analysis in this context has yet to be demonstrated.

i. Characterization of Edge Fffects

Virtual histology technique provides both geometrical and compositional analysis

of each frame, allowing us to have the combined assessment of necrotic core and

plaque size; we studied 24 patients in whom 26 stented segments (by angiogra-

phy stenting was performed from “normal to normal” coronary segments) using

IVUS-VH were assessed. ¥ The objective of this study was to investigate in vivo
o

the temporal changes occurring at the edges of paclitaxel-eluting stents using
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IVUS-VH. Serjal expansive vascular remodeling was observed at proximal and
distal stent edges. Remodeling occurred in response to tissue growth, which was
mainly due to increased fibrofatty tissue.

We also observed that necrortic core rich areas were left unstented (Smm-prox-
imal edge mean necrotic core 17.0£13.5% and 5mm-distal edge 18.5£16.5%);
however, no stent thrombosis has been observed in this small cohort of patients
at 6 months follow-up. It has yet to be determined in a larger population whether
incomplete coverage of necrotic core-rich coronary plaques or disruption of adja-
cent necrotic core areas by DES impact on long-term clinical events?.

ii. Serial changes in patients stented with a fully absorbable stent

We assessed the feasibility and safety of a bioasorbable everolimus-eluting stent
(BVS). In a prospective, open-label study we enrolled 30 patients with a single
de-novo lesion that was suitable for treatment with a single BVS. The serial as-
sessments of intravascular ultrasound assessments with virtual histology showed a
significant decrease at 180 days in the dense calcium area, whereas we measured
significant increases in fibro-fatty and fibrous areas. These two observations sug-
gest on the one hand the first signs of the expected bioabsorption of struts, and on
the other hand thar the tissue growth documented at follow-up inside and outside
the stent struts consists of fibrous and fibro-fatty tissues.

Clinical usefulness of Virtual Histology

— In the IBIS 2 study, the inhibition of Lp PLA, halted necrotic core progres-
sion.

~ The potendial value of VH IVUS-derived plaque types in the prediction of
adverse coronary events is currently under evaluation in an inrernational
multicentre prospective study (PROSPECT study).

— Necrotic core rich plaques have been related to distal embolization during
percutaneous coronary interventions.

OPTICAL COHERENCE TOMOGRAPHY

1. Introduction

Greyscale intravascular ultrasound allows evaluation of coronary atherosclerosis
but its limited resoludon (axial 150-200 pm, radial 200-400 pm) precludes the
visualization of certain microstructures (such as the thin fibrous cap or the fine
strut coverage)® 2. Optical Coherence Tomography (OCT) is a light-based imag-
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ing modality can be used to study tissues in vivo with near-histologic, ultrahigh
resolution®. This has provided new insights into the interaction between the stent
and the vessel wall and has allowed a more precise characterization of atheroscle-
rotic plaques.

2. Technical principles of OCT

Current clinically available OCT systems use time-domain (TD) technology (M2
and M3 OCT Imaging Systems - LightLab Imaging, Inc., Westford, MA, USA)
while newer systems that are currently under development for clinical application,
are based on frequency domain technology also called swept-source — SS; i.e. M4
OCT LightLab Imaging). Time-domain OCT uses low-coherent near-infrared light.
Figure 1. A wavelength around 1300 nm is selected because it minimizes the energy
absorption in the light beam caused by protein, warer, hemoglobin and lipids.

While IVUS uses backscattered ultrasound, OCT uses reflected light to create
high-resolution cross sectional images of the vessel. Since the speed of light is
much faster than that of sound, an interferometer is required to measure the
backscattered light. The interferometer splits the light source into two “arms” —a
reference arm and a measurement arm, which is directed into the tissue. When the
back-reflected optical intensity of the two arms (interference signal) is measured
and compared, the optical properties of the tissue can be deduced. Figure 1. The
intensity of the back-reflected light can be measured and quantified digitally in
grayscale, enabling the creation of a digital image. The imaging depth of TD-
OCT is approximately 1.5-2.0mm with an axial and lateral resolution of 15pm
and 25um, respectively. Table 1.

The M2 and M3 OCT Imaging Systems use identical console and PC-based
operating system, however M3 permits imaging at a higher frame rate {20/sec
vs. 15.6/sec for the M2) with a faster maximum pullback speed (3.0mm/sec vs.
2.0mm/sec). Table 1.

The new generation of OCT (SS-OCT or frequency domain OCT) uses a
swept frequency laser as light source rather than using a broadband light source as
in conventional TD-OCT. The echo-time delay and amplitude of light reflected
from the tissue microstructure at different depths are determined by processing
the interference between the tissue sample and a fixed reference mirror to create
the OCT images®" *. These new technology allow a dramartically faster image
acquisition (up to 40 mm/s), and an increased scan diameter. The latter permits
imaging of larger arteries.
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3. Techniques for image acquisition

Red blood cells represent a non-transparent tissue causing multiple light scat-
tering and substantial signal attenuation. Figure 4a. Therefore, for an adequate
OCT image acquisition blood must be removed from the vessel. In the past with
the M2 system, this was achieved with proximal occlusion of the vessel with a
low-pressure balloon and distal flush delivery (occlusive technique)®. However,
recently the increase in the pullback speed (i.e. with the use of M3} has made
possible the OCT acquisition while the blood is removed by continuous contrast
flush trough the guiding catheter without the need of occluding the vessel (non-
occlusive technique)*®#. The M2 and M3 systems use an imaging wire thar has
a maximum outer diameter of 0.019” (with a standard 0.014” radiopagque coiled
tip) and contains an optical fiber core covered by a protective sheath (ImageWire™
LightLab Imaging Inc., Westford, MA, USA). In the new swept-source systems
(i.e- M4 LighcLab Imaging) the optical probe is integrated in a rapid-exchange

Figure 4. Optical coherence tomography images of common stent findings, Panel 2 depicts
a frame with insufficient biood clearance. Pane! & shows a newly placed stent. Stent struts are
recognized as bright structures that span 360 degrees with shadowing, Panel ¢ illustrates an
incomplete stent apposition site. Of note, stent struts are not apposed to the vessel wall (arrows).
Panel  shows the relationship of a stent and the ostium of 2 sidebranch (arrowhead). Pane! ¢ depicrs
a frame with tissue prolapse. Dotted line denotes the space berween twe struts. A mass of tissue is
protruding into the lumen (asterisk). Parel fillustrates a stent with neointimal kyperplasia which

is the signal-rich area berween the stent struts and the lumen (arrows). Panel g shows an overlapped
segment. Two layers of stent can be seen along the circumference (arrowheads). Pane! 4 illustrares an
uncovered strut (no tissue is ar the endoluminal side of the strur - arrow). In contrast, some other
struts are covered by neointimal zissue (arrowheads).
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catheter (crossing profile 2.6 F) that can be delivered in the coronary artery over
any convenrtional 0.014”guidewire.

Our current settings for OCT acquisition using M3 Light Lab system are: 1.
continuous contrast injection (usually Visipaque ™ at 37 degree Celsius) at a flush
flow rate of 3 mL/sec; 2. use of automatic injection (Medrad injection system); 3.
pullback speed 3 mm/sec and 4. frame rate 20/sec.

4. Safety of intravascular OCT

The applied energies in intravascular OCT are relatively low (output power in the
range of 5.0-8.0 mW) and are not considered to cause functional or structural
damage to the tissue. Safety concerns thus seem mainly dependent on the need of
blood clearance for image acquisition. One study evaluated the safety and feasibil-
ity of OCT in 76 patients using the occlusive technique. Vessel occlusion rime was
48.3 +13.5 seconds. The most frequent complication was the presence of transient
events, such as chest discomfort, brady- or tachycardia, and ST-T changes on
electrocardiogram, all of which resolved immediately after the procedure. There
were no major complications, including myocardial infarction, emergency revas-
cularization, or death. Furthermore, acute vessel occlusion, dissection, thrombus
formation, embolism, or vasospasm along the procedure-related artery, were also
not observed®. In our experience, the introduction in the clinical practice of the
non-occlusive technique has led to an important reduction in the procedural rime
and in the rate of chest pain and ECG changes during image acquisition. This rate
is expected to be even lower with the arrival of the new systems with high speed
pullbacks that allow coronary imaging in few seconds.

Optical coherence tomography allows examination of the vessel wall in a

microscopic manner.

—  TIts excellent axial resolution (15-20 pm) permits precise measurement of
the thickness of the fibrous cap.

— Some investigators have reported macrophage detection in the fibrous cap.

— Although very detailed information can be obtained, its shallow penetra-
tion prevents from fully assessment of the coronary plaques.

5. Clinical application

i. Stent evaluation

Mostly, stent struts can be identified in OCT as highly reflective surfaces with
shadowing behind. Figure 4b. Due to its high resolution OCT can be a very valu-
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able tool for the evaluation of the acute and long-term impact of catheter-based
intervention on plaque structure and vessel architecture. This is of increasing
interest in drug-eluting and new-generation coronary stents such as bioabsorbable
stents. Drug-cluting stents (DES) have been shown to significantly limit neointi-
mal growth to such extent that the neointima tissue might consist of only a few
cell layers that cannot be accurately visualised with [VUS¥. The high resolution of
OCT might offer the possibility to assess stent apposition and neointima growth
patterns’® ¥,

A.  Stent apposition

Classically in IVUS studies, incomplete stent apposition is defined as separation
of at least one stent strut from the vessel wall with evidence of blood flow be-
hind the strut (Figure 4¢) and not related with a bifurcation (Figure 4d). In the
DES era, the assessment of stent apposition has become critical due to reported
observations suggesting an association between incomplete stent apposition and
thrombosis®. OCT has demonstrated to be more accurate than IVUS for the
detection of incomplete strur apposition to the vessel wall. In a study in porcine
coronary arteries in vivo, microanatomic relationships between stents and the
vessel walls could be clearly identified only by OCT*. Bouma et al., imaged 39
patients (42 stents) showing that incomplete stent apposition was more often ob-
served with OCT than with IVUS® However, to avoid misclassification of struts
as malapposed some considerations should be taken into account. Most DES are
constituted by a metal body covered by a polymer. Since OCT can image only the
endo-luminal surface of the strut due to limited penetration through the metal,
strut and polymer thickness must be considered in assessing apposition for each
type of DES design. Only if the distance from the endo-luminal surface of the
strut to the vessel wall is longer than the sum of the metal and polymer thickness,
it can be considered that the struc is malapposed. The thickness of the meral and
polymer differs for each stent type. Therefore the cut-off point to establish malap-
position must take into account the type of stent. The strut thickness for the most
commonly used DES has been reported previously®. OCT has demonstrated its
value to assess malapposition in the clinical practice. Tanigawa et al., reported that
in overlapping segments in DES 40% of struts were malappposed despite high
pressure dilatation with appropriate size balloons* The authors hypothesized that
this could be related with the delayed reported endothelization and increased risk
of stent thrombosis in those segments. The same group evaluated the usefulness
of OCT 1o assess the struts apposition in heavily calcified lesions showing malap-
position even after high pressure ballon dilatation and rotational atherectomy®.
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B. Stentexpansion

OCT can be useful for the in vivo assessment of acute stent recoil one of the
features identified as a contributor to inadequate stent expansion. Our group
reported OCT findings during stepwise post-dilatation of a Cypher stent showing
a change in stent diameter from 3.5 at 22 aun to 2.94 at 5 atm*. This could be
clinically relevant as final stent area is known to be an important predicror for
restenosis and subsequent clinical events. Stent asymmetry, another of the features
related with stent thrombosis, can be assessed with high precision with OCT.

C.  Identification of vessel injury after stenting

Due to its higher resolution OCT can also identify more often than IVUS acute
complications after stent implantation such as edge dissection and tissue pro-
lapse®. Edge dissection appears in OCT as a disruption in the vessel continuity
with a visible flap (Figure 5). High-pressure stenting techniques have proved to be
useful for stent deployment optimization but this strategy can often create cerrain
degree of vessel damage in the stent edges””. Although animal and post-mortem
information correlated vessel injury and in-stent restenosis*® #, some IVUS stud-
ies have shown that non-flow-limiting edge dissections may not be associated with
an increase in acute or long-term events or the development of restenosis™ ',
However some data suggested that intracoronary imaging may be helpful to assess
which of these residual dissections could be more prone to acute vessel occlusion.
Nishida et al., reported that the area stenosis by IVUS at the site of the dissection
was predictor for the incidence of in-hospital major cardiac adverse events™,

Figure 5. Edge dissection. In this patient a drug eluting stent was placed proximally in the left
anterior descending. At the proximal edge of the stent a 4-mm dissection was noted in the optical
coherence tomography images (a through e). In panel a, stent struts can still be seen (arrows) from
1 10 5 O'clock, while at 9 O'clock a dissection flap is noted (asterisk). At the proximal end of the
dissection a calcified plaque can be seen (head arrows in panels 4 and é).
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Tissue prolapse can be identified in OCT as protrusion of tissue between the
struts (Figure 4e). The clinical relevance of the detection of this feature after
stenting remains controversial. Pathological examinations have associated stent
thrombosis with the prolapse of necrotic core between stent struts and is not able
to provide tissue characterization®. However, greyscale IVUS study in diabetic
patients undergoing PCI did not show higher incidence of stent thrombosis in
patients with plaque prolapse®. This might be relatzd with the resolution of grey-
scale IVUS that is not able to detect small amount of tissue protruding between
the stent struts. In this scenario a high resolution technique as OCT could provide
very valuable information for a better understanding of the clinical implications
of this phenomenon.

OCT has also demonstrated to be able to visualize the cuts in the atherosclerotic
plaque made by the blades of a curting balloon*. This can help to identify if the
amount of cutting in the plaque has been enough and may help in the selection of
the better technique to use this device.

D. Stent apposition at follow-up

Stent apposition at follow up can be assessed with OCT using the same criteria
previously exposed for incomplete stent apposition at baseline. IVUS studies in
patients with late stent thrombosis after DES implantation have shown a high
prevalence of incomplete stent apposition® *. The incomplete stent apposition
at follow-up can be persistent or acquired (not present after stent implantation).
Several mechanisms have been proposed as cause of late acquired incomplete
stent apposition: 1) Expansive vessel remodelling i) Chronic stent recoil. iii)
Dissolution of thrombus jailed between the stent and the vessel wall in patients
undergoing primary PCI for acute myocardial infarction, and iv) the resolution
of an intramural haematoma created by vessel dissection during PCI has been also
postulated as the origin of late incomplete stent apposition®. It has been reported
that the prevalence of malapposed struts by OCT is higher in sirolimus-cluting
stent (SES) than in bare metal stents (BMS)*® ¥ In another study that evaluated
57 SES at 6 months follow up, 79 out of the 6840 struts visualized by OCT

showed malapposition and were more often located in areas of SES overlap®.

E. Struts coverage folfowing DES implantation

Endothelial struts coverage has been identified in pathology as the most powerful
histological predictor of stent thrombosis®¢*. Finn et al., reported thar a stent with
a ratio of uncovered to toral stent struts per section >30% has an odds ratio for stent
thrombosis of 9 (95% CI, 3.5 to 22) . Angioscopic studies have shown a correla-
tion between the neointimal grade and the presence of thrombi® %, DES inhibits
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neointimal proliferation to such extent that it may not be detectable by IVUS®-7,
The higher resolution of OCT allows the visualization and measurement of tiny
layers of tissue covering the stent struts® ® (Figure 4f). A study in carotid rabbit
model evaluated the usefulness of OCT to identify struts coverage after stenting.
No differences in the mean neointimal thickness measured by histology and OCT
were found (the intra and interobserver reproducibility of neointimal thickness
measurements by OCT was excellent, R*=0.90 and 0.88 respectively)”™®. Recently
several OCT studies evaluating the struts coverage in DES in humans at different
time intervals have been published. Xie etal., compared the neointimal coverage at 3
months follow-up in 16 patients treated with BMS and 24 patients that underwent
SES implantation. The neointimal thickness per strut and the percentage of neonti-
mal thickness area per cross section were higher in the BMS group than in the SES
group {351+ 248 vs 31+ 39 pm; p < 0.0001; 45.0£14% vs 10.0 +4%; p < 0.0001,
respectively). The frequency of uncovered struts (figure 4h) and malapposed struts
was higher in the SES group than the BMS group (15% vs 0.1%; p < 0.0001 and
15% vs 1.1% p < 0.0001 respectively). There was no significant difference in the
incidence of stent thrombus between the 2 groups (14% vs 0%; p= 0.23)%%. These
results were confirmed in another similar study that compared BMS with SES.
The percentage of uncovered struts in SES was significantly higher than in BMS
while the neointimal thickness was lower in SES than in BMS*. Matsumoto et al.,
studied 34 patients (57 SES) with IVUS and OCT at 6 months follow-up. The
authors reported that 64% of the struts were covered by thin neointima undetect-
able by IVUS (median neointima thickness 52.5 pm, 25 and 75th percentiles 28
and 147.6 um respectively}. Overall 89% of the struts were covered by tissue but
only in 16% of the stents all the struts were covered®. A study evaluated the strut
coverage in SES at 6 and 12 months follow-up. Forty-six SES (6561 struts) were
studied in 36 patients. The authors reported that only 4 SES at 6 months (18.2%)
and 10 SES at 12 months (41.7%) were fully covered by tissue. The analysis showed
a significant increase in the average thickness of the tissue covering the struts from
42428 pm at 6 months to 88£32 pm at 12 months’’. Yamamoto et al., evaluated
the Jlong-term follow up of SES in 21 patients. Overall the frequency of uncovered
struts was 5% and 81% of the patients presented uncovered struts at 2 years follow-
up. The presence of uncovered struts was more frequent at side branches and at
overlapping segments. They found 3 patients with thrombi by OCT examination
but no clinical stent thrombosis was observed”.

Some data suggest thar OCT might be able to provide details on the character-
istics of the neointimal tissue such as the presence of neovessels™. Neovasculariza-
tion adjacent to stent struts is a common finding in experimental animal models
but the incidence and significance in human is unknown.
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Some considerations must be taken into account when studying struts cover-
age by OCT. Until now OCT can not distinguish if the tissue covering the struts
is neointimal tissue or fibrin. Furthermore, different types of neointimal tissue
can be present and may have different functionality’™. Thus, the presence of tissue
covering the strut does not warrant that the normal endothelial function in the
area is restored. Pathological and functional studies are needed to understand the
real meaning of the OCT findings in strut coverage.

F. Assessment of restenosis

OCT can be very useful in the evaluation of the causes that contribute to resteno-
sis after DES implantation such as incomplete coverage lesion or gaps between
stents’.

Stent fracture (with subsequent defect of local drug delivery) has also been
related to restenosis in DES and could be visualized with OCT’®. Non-uniform
distribution of stent struts could affect the drug delivery and therefore have an
influence in restenosis in DES. This has been confirmed in pre-clinical” and IVUS
studies. The maximum interstrut angle has been identified in IVUS as predicror
of intimal hyperplasia cross-sectional area’. OCT allows the assessment of strut
distribution in vivo with high accuracy. A study with phantom models showed
how the strurt distribution of SES and paclitaxel eluting stents (PES) assessed by
OCT were significantly different, suggesting that SES maintained a more regular
strut distribution despite expansion”.

Another field of clinical use for OCT might be the assessment of the perfor-
mance of DES in complex coronary interventions such as bifurcations. Buellesfeld
et al., reported the 9-month OCT follow-up in a case of crush-stenting with PES.
Crush stenting results in three layers of metal in the segment of the main vessel
proximal to the stented side branch. There has been concern that this could release
a higher dose of drug locally with the potential adverse effect of delayed endothe-
lization. In this report, OCT imaging showed the overlapping struts layers in the
crushed segment completely covered by tissue. Furthermore, OCT allowed clear
visualization of the struts located in the ostium demonstrating a non-uniform
distribution and different patterns of tissue coverage®. The effect of overlapping

stents eluting different drugs in the development of endothelial coverage might
also be studied with OCT.

G. Evaluation of future DES

Fully biodegradable stents has emerged as one of the most promising future
stents because they may avoid the potential long-term complications of metal-
lic drug-eluting stents such as late and very late stent thrombosis and the need
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for prolonged dual anti platelet therapy. The ABSORB trial recently published,
showed the feasibility of implantation of the bioabsorbable everolimus-eluting
coronary stent (BVS: Abbott Laborarories, IL, USA), composed of a poly-L-lactic
acid backbone, coated with a degradable polymer /everolimus matrix. In a subset
of 13 patients, OCT was performed after stent implantation and at 6 months
follow up. In that scenario OCT allowed not only a very precise characterization
of the stent apposition and coverage but also demonstrated structural changes in
the bioabsorbable DES along time. At baseline 738 struts were visualized while
at follow up only 671 could be identified. The difference in number of struts can
be explained presumably due to complete stent bioabsorption. Furthermore, the
optical properties of the remaining struts changed from baseline to follow up
probably related with the partial absorption process®'. At present OCT appears as
the best available tool for the assessment of the absorption of the stent struts.

Assessment of the relationship between coronary devices and vessel wall by

optical coherence tomography

—  OCT offers the possibility to study in great detail incomplete stent apposi-
tion. This has been related in IVUS studies with stent thrombosis

—  Coverage of each of the struts can also be examined.

—~  Dissection, thrombus and tissue prolapse are clearly visible.

—  OCT-guided stent implantation is still not in practice, due to lack of infor-
mation that supports it use.

ii. Plague characterization

Acute coronary syndromes caused by the rupture of a coronary plaque are com-
mon initial manifestations of coronary atherosclerosis. The detection of the lesions
with high risk of rupture (the so called “vulnerable plaques™) would be of main
importance for the prevention of future ACS. In the last years there has been a
growing interest in this field and a lot of different techniques have been developed
to evaluate diverse aspects involved in plaque vulnerability. Among them, OCT
has emerged as one of the most promising due to its ability to provide unique
information about the plaque composition, the presence of macrophages and the

thickness of the fibrous cap.

A. Plague composition

The propensity of atherosclerotic lesions to destabilize and rupture is highly
dependent on their composition. In comparison with histology OCT, has dem-
onstrated to be highly sensitive and specific for characterizing different types of
atherosclerotic plaques. Yabushita et al., analyzed 357 diseased carotid and coro-

384



Virtual Histology and Optical Coherence Tomography: from Research to a Broad Clinical Applicazion.

Figure 6. Optical coherence tomography images of intact atherosclerotic coronary plaques,
Panel a shows a normal-looking vessel wall. Pare! & depicts a red thrombus inside the lumen. Its
OCT signature is the shadowing behind the mass (asterisk). Pare/ ¢ illustrates a ruptured plaque.

The cavizy is at 2 O’Clock {arrowhead). Some disrupted tissue is adjacent to it (arrows), From 7 to 9
O’clock a poor-signal region with low reflectivity is seen, suggesting a thin fibrous cap fibroatheroma.

nary segments ex vivo and classified them as fibrous, fibrocalcific and lipid-rich
plaques. Fibrous plaques were characterized as homogeneous, signal-rich regions;
fibrocalcific plaques as signal-poor regions with sharp borders; and lipid-rich
plaques as signal-poor regions with diffuse borders. The comparison with his-
tology showed a sensitivity and specificity ranging from 71-79% and 97-98%
for fibrous plaques, 95-96% and 97% for fibrocalcific plaques, and 90-94% and
90-92% for lipid-rich plaques®. Ex-vivo validations have also shown that OCT
is superior to conventional and integrated backscatter IVUS for the characteriza-
tion of coronary atherosclerotic plaque composition®*. In vivo, OCT is able to
identify most of the architectural features identified by IVUS and may be superior
for the identification of lipid pools*’. Several authors have evaluated the OCT
appearance of coronary plaques in different groups of patients reporting higher
prevalence of lipid-rich plaques in ACS than in patients with stable angina® and
no differences in the culprit plaque imaged by OCT between diabetics and non-
diabetics patients® and men or women with ACS?. According to histological and
IVUS examinations, the percentage of lipid-rich plaque by OCT has been found
to be higher in plaques with expansive remodelling®.

FHowever, a study comparing OCT to histopathology reported a lower sensitiv-
ity for plaque components. Misclassification occurred in 41% of lesions predomi-
nantly due to a combination of incomplete penetration depth into the vessel wall
and the inabiliry to distinguish calcium deposits from lipid pools™.

B. Plaque rupture and intracoronary thrombus identification

Plaque rupture with subsequent thrombosis is the most frequent cause of ACS.
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OCT can identify intracoronary thrombus (figure 6b) and plaque rupture {figure
6¢) with high accuracy®®. Recently, Kubo et al evaluated the ability of OCT for
the assessment of the culprit lesion morphology in acute myocardial infarction
in comparison with IVUS and angioscopy. They found an incidence of plaque
rupture by OCT of 73%, significantly higher than that detected by both angios-
copy (47%, p= 0.035) and IVUS (40%, p =0.009). Intracoronary thrombus was
observed in all cases by OCT and angioscopy but was identified only in 33% of
patients by IVUS*. Furthermore, Kume et al., demonstrated that OCT might
be able to distinguish berween white and red thrombus. Red thrombus appears
in OCT as high-backscattering structure with signal-free shadowing (figure 6b)
while white thrombus appears as a low-backscartering structure®. OCT could
be helpful to identify the culprit lesion in ACS and might provide additional
information about the underlying cause that lead to the plaque rupture.

C. Measurement of the fibrous cap

Autopsy studies of sudden cardiac death victims have shown that the most
frequent cause of the coronary occlusion is rupture of a thin-cap fibroatheroma
(TCFEA) plaque. Such lesions are characterized by a large necrotic core with a thin
fibrous cap usually < 65 microns in thickness. While conventional intracoronary
imaging techniques such as IVUS-VH do not have enough resolution to evaluate
in detail the fibrous cap, OCT has demonstrated in correlation with histological
examinations that it is able to provide accurate measurements of the thickness of
the fibrous cap? ¥. Therefore, it could be useful for the in vivo detection of TCEA
(Figare 3). In the study with IVUS, OCT and angioscopy in acute myocardial
infarction patients by Kubo et al., the incidence of TCFA was 83% and only
OCT was able to estimate the fibrous cap thickness (mean 49+21pm). Two stud-
ies have reported that the plaque colour by angioscopy is related to the thickness
of the fibrous cap as measured by OCT with yellow plaques often presenting thin
caps®™ %, It has been suggested that the ability of OCT to measure changes in
the fibrous cap thickness could be useful to assess the effect of statins in plaque
stabilization ' !9, Furthermore, recent data suggest that new OCT technology
(such as polarization-sensitive OCT) could be able to assess the collagen content
and smooth muscle cell density in the fibrous cap'®. This could provide very
valuable information about the mechanical stability of the fibrous cap enabling
the identification of lesions at high risk of rupture.

C. Macrophages detection

Intense infiltration by macrophages of the fibrous cap is another of the features
of the vulnerable plaques. An ex-vivo study by Tearney et al., demonstrated OCT
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could be able to quantify macrophage within the fibrous cap™®. In vivo, it has been
demonstrated that unstable patients present a significantly higher macrophage
density detected by OCT in the culprit lesion than stable patients. Furthermore,
in the same population, the sites of plaque ruprure demonstrated a greater mac-
rophage density than non-ruptured sites'*.

Raffe] et al., reported that macrophage density in the fibrous cap detected by
OCT correlated with the white blood cell count, and both parameters could be
useful to predict the presence of TCFA®,

COMBINED ASSESSMENT USING VIRTUAL HISTOLOGY AND OPTICAL
COHERENCE TOMOGRAPHY

i. study of intact plaques

OCT can provide very valuable information for the detection of high-risk plaques
in vivo especially measuring the thickness of the fibrous cap. However due to its
limited penetration OCT can not provide a full analysis of large plaques. Further,
histological examinations have demonstrated that OCT may not be sufficient to
discriminate lipid pools from calcium deposits™. On the contrary, other techniques
such as IVUS and IVUS-VH analysis can image the complete plague thickness
and can identify the presence of necrotic core but its limited axial resolution does
not allow the evaluation of the fibrous cap. Thus, the combination of the IVUS-
VH and OCT appears promising to better characterize such plaques. Indeed,
Sawada et al., reported how the combined use of IVUS-VH analysis and OCT
improved the accuracy for TCFA detection. 56 patients with angina (126 plaques)
were included. Of the sixty-one plaques diagnosed initially as TCFA by IVUS-VH
analysis criteria only 28 had a thin fibrous cap as measured by OCT, so they were
considered as definite TCFAs. In addition, eight OCT-derived TCFA did not have
necrotic in the IVUS-VH analysis mainly due to the misreading in OCT caused
by dense calcium'®. This data suggests that the combination of the information
provided by different methods could be essential for better identification of high-
risk coronary lesions. {figure 3).

We have evaluated the in-vivo frequency and distribution of high-risk plaques
(i.e necrotic core rich) at bifurcations using a combined plaque assessment with
IVUS virtual histology and optical coherence tomography (figure 2). A total of
30 patients (103 bifurcations) were imaged. 27 fibroatheromas (26.2%) and 18
thin-cap fibroatheromas (17.4%) were found. Overall the % of necrotic core
decreases from proximal to distal rim (16.8% vs. 13.5% respectively p=0.01)
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ABSTRACT

Aims: to assess the inter and intra observer reproducibility for strut count, strut
apposition and strut tissue coverage measurements with optical coherence tomog-
raphy (OCT).

Methods and results: Ten drug-eluting stents (244 frames, 1712 struts) imaged
with OCT 9 months after implantation were analyzed by 2 independent analysts.
One of the analysts repeated the analysis of 5 stents {120 frames, 795 struts)
one week later. Offline analysis was performed with the proprietary LightLab
Imaging software. The number of struts was counted and lumen and stent area
contours were traced. Tissue coverage thickness was measured at 360 degrees of
vessel circumference and in front of every individual strut. The number of malap-
posed struts was determined. There was good agreement for strut number count
(Kendall’s Tau-b 0.90 for inter and 0.94 for intraobserver variability}. The relative
difference for lumen area, stent area and tissue coverage measurements was around
1%. There was complete inter and intraobserver agreement for malapposed struts
classification (4 out of 1708 struts, Kappa=1).

Conclusions: In a corelab setting, the inter and intra observer repreducibility for
strut count, strut apposition and strut tissue coverage measurements with OCT
is excellent. This emphasizes the value of OCT as a tool for the clinical long-term
assessment of stents.

CONDENSED ABSTRACT

The present study sought to evaluate the reproducibility of quantitative OCT
for stent assessment in a detailed analysis on per strut Jevel. Ten drug-eluting
stents (244 frames, 1712 struts) imaged with OCT 9 months after implantation
were analyzed by 2 independent analysts using the LightLab Imaging proprietary
software, One of the analysts repeated the analysis of 5 stents (120 frames, 795
struts) one week later. There was very good agreement for strut number count and
malapposition classification and a higher reproducibility of OCT measurements
emphasizing the value of this technique as a ool for the clinical long-term assess-
ment of stents.

Key words: oprtical coherence tomography, stent analysis, reproducibility
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Reproducibility of quantitative optical coherence tomography for stent analysis.

ABBREVIATIONS

OCT: optical coherence tomography
DES: drug-eluting stent
ROL: region of interest

INTRODUCTION

Optical Coherence Tomography (OCT) is a light-based imaging modality that can
provide in vivo high-resolution images of the coronary artery{(1). This technique
offers the possibility to identify coronary stents and individual stent struts(2).
Further, it is able to provide detailed information abour struts apposition and tis-
sue coverage. This is of special interest in drug-eluting stents (DES) in which the
neointimal proliferation is inhibited to such extent that might not be visualized
with conventional intracoronary IVUS(3). Animal studies demonstrated good
correlation between intracoronary OCT and pathology for neointimal thickness
measurements (4,5). However, no criteria have been established for the quantita-
tive analysis of stents on a per strut level with OCT. The objective of the present
study was to assess the inter and intra observer reproducibility for strut count,
strut apposition and strut tissue coverage measurements with OCT.

METHODS

Study population

Ten stents (244 frames, 1712 struts) were analyzed in 8 asymptomatic patients
undergoing an intracoronary OCT study 9 months after sirolimus (Cypher Select,
Cordis, Johnson & Johnson, Miami, FL; 40%) or biclimus-eluting (Biomatrix
111, Biosensors, Morges, Switzerland; 60%) stent implantation. The target vessel
was the LAD in 50%, the LCX in 20% and the RCA in the 30% of the cases.

OCT acquisition

The OCT acquisition was performed using a commercially available system for
intracoronary imaging (LightLab Imaging Inc, Westford, Massachusetts, US).
The ImageWire (LightLab Imaging Inc, Westford, Massachusetts, US) consists
of an optical fiber core (125 pm) covered by a protective sheath with a maximum
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outer diameter of 0.019”. Tt was positioned distal to the region of interest using a
double lumen catheter (Twin Pass catheter, Vascular Solutions Inc) that had been
previously placed in the artery over a conventional guide wire. The automated
pullback was performed at 3 mm/s while the blood was removed by the con-
tinuous injection of iso-osmolar contrast (Iodixanol 370, Visipaque™, GE Health
Care, Ireland) at 37° Celsius through the guiding catheter. The data was stored on
CD for offline analysis.

OCT guantitative analysis

The analysis was performed with the proprietary LightLab software for off-line
analysis (LightLab Imaging, Westford, Massachusetrts, US). The data was imported
in the workstation using the LightLab database format.

Z-Offset correction

The Z-Offset was adjusted in the catheterization laboratory before image acquisi-
tion while holding the ImageWire between two fingers. The Z-Offset is set prop-
erly when the ImageWire sheath is alighed with the yellow fiducials in the OCT
image. During image acquisition, the optical fibers can stretch, especially at the
beginning of the pullback. This may produce changes in the size of the Z-Offset
along the pullback that can affect the accuracy of the measurements. Therefore,
the Z-Offset was checked and modified if necessary in all the pullbacks before
performing any measurement. To correct the Z-offset in saved pullbacks a frame
in which the ImageWire sheath was in direct contact with the vessel wall was
selected. In this frame the Z-Offset was corrected aligning the ImageWire sheath
and the vessel wall with the yellow fiducials. This value of the Z-Offset was applied
at the beginning of the pullback. If needed, the Z-Offset was recalibrated again
along the pullback. The corrected Z-Offset was the same for both analysists.

Definition of the region of interest and frame selection

The region of interest {ROI) comprised the stented region and the reference seg-
ments. The ROI was systematically analysed in longitudinal intervals throughout
the pullback. The stented region was defined as the region comprised between
the first and the last frame with circumferentially visible struts. The reference
segments were defined as the 5 mm proximal and distal to the stent. Frames were
excluded when they presented severe artefacts such as incomplete blood clearance
or non-uniform rotation distortion. When a frame was not analyzable an alterna-
tive frame located within the 2 proximal or distal frames was selected for analysis.
No overlapping stent segments were included in the analysis.

402



Reproducibility of quantirative optical coherence tomography for stent analysis.

Lumen gnalysis

The lumen contour was obtained with an automared detection algorithm avail-
able in the LightLab proprietary software and additional manual corrections were
performed if necessary.

Stent analysis
Strut defipitions; stent struts can show different appearances in OCT. In the present

study structures were considered struts according to the following definitions.
a) Highly reflective surfaces (metal) with cast dorsal, radial shadows.

b) Highly reflective surfaces without dorsal shadowing.

c) Sector shaped shadows with sharp defined borders radial to the lumen.

Stent area

The stent contour was traced using a multiple point detection function. A support
point for the contour was set in the middle of the endoluminal border of each
stent strut. A semi-automated contour was then applied linking the points.

Struts coverage definitions and measurements

The tissue coverage area was calculated as stent area minus lumen area. Assessment
of tissue coverage thickness was performed using a new function of the software
which provides 360 degrees measurements, at 1 degree incremental, around the
circumference of a given cross sectional image, developed in collaboration by
Cardialysis-Cleveland, Cardialysis-Rotterdam and Lightlab (Figure 1). This also
permits the measurement of the tissue located in front of every strur that was
defined as strut coverage. The mean, maximum and minimum tissue coverage per
strut were calculated.

Malapposition definitions and measurements

Malapossition was defined as separation of at least one stent strut from the vessel
wall. To evaluate apposition by OCT, especially with DES, some considerations
must be taken into account. Most DES are constituted by a metal body covered
by a polymer. Since OCT can show only the endoluminal surface of the strut due
to limited penetration through the metal, strut and polymer thickness must be
considered in assessing apposition for each type of stent design. For the present
study a strut was considered malapposed if the distance from its endo-luminal
surface to the vessel wall was higher than the sum of the metal and polymer
thickness (Figure 2).
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Figure 1: Tissuc coverage measurement. A. Sirolimus eluting stent 9 months after stent
implantazion. B. The figure shows the lumen contour (white) and the stent contour {green). The
tissue coverage area was calculated as stent area minus lumen area. The tissue coverage thickness was
measured in 360 poings {represented by the white chords). C. Magnification of 2 struts showing all
the measurements (white chords) of the tissue coverage in front of every strut. For every strut the

minimurg, maximun and mean steut coverage was caleulared.

Reproducibility design

The reproducibility for the struts count and the malapposition and tissue coverage
thickness measurements were tested independently.

Strut count reproducibility

In order to assess the interobserver variability for the struts count, two experienced
observers analyzed independently 100 cross sections and counted the number of
struts in each one. To test the intraobserver variability one of the two observers
repeated the analysis of 50 randomly selected cross sections one week later.
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S Stent S
ot al@pposition length -

Figure 2: Malapposition. A. Example of a malapposed strut in a sirolirus eluting stent at 9 months
follow up. B. Magnification of the malapposed strut. The yellow line represents the lumen contour
and the white line corresponds to the stent contour. The distance from the endoluminal surface of
the strut to the vessel wall (red arrow) was 440 pm (higher than the sum of the metal and polymer
thickness for this type of stent).

Strut apposition and tissue coverage reproducibility

Two experienced observers analyzed independently 10 stents in order assess the
interobserver variability for the struts apposition and tissue coverage measure-
ments. One of the observers repeated the analysis in 5 of the cases one week later
to evaluate the intraobserver variability.

Statistical analysis

The agreement of the number of struts counted in the same frame was estimated
by calculating the Kendall’s Tau-b rank correlation coefficient with its 95% con-
fidence interval.

The inter and intraobserver reproducibility for lumen, stent and tissue coverage
measurements were tested at 3 levels: per stent, per frame and per strur.

On a per stent level the mean and minimum lumen and stent area and the mean
lumen and stent diameters were compared. The mean tissue coverage area and the
mean, minimum and maximum tissue coverage thickness and strut coverage were
also compared. The lumen, stent and tissue coverage volume were calculated by
Trapezoidal rule. In the proximal and distal reference, the mean luminal area,
diameter and volume were compared.
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On a per frame level the luminal and stent areas and diameters were compared
as well as the tissue coverage area and the mean, minimum and maximum tissue
coverage thickness and strut coverage. In the frames corresponding to the proximal
and distal edge, the mean luminal area and diameter were compared.

On a per strur level the mean, minimum and maximum tissue coverage in
front of every strut were compared.

The reproducibility was calculated by estimating the residual standard devia-
tion in an ANOVA model. The true value is expected to be within 1.96 times
the calculated reproducibility of the single measurement for 95% of the observa-
tions. In addition the agreement between both observations has been expressed in
Bland-Altman plots. The Bland-Altman plot depicts the differences of each pair of
observations versus their mean values with reference lines for the mean difference
of all paired observations and its 95% confidence limirts, the so-called limits of
agreement.

The Kappa coefhcient for the agreement between observers for strurs classifica-
tion as incompletely apposed was tested for being not equal to zero.

RESULTS

A total of 244 frames and 1712 struts were evaluated for the interobserver re-

producibility and 120 frames, 795 struts were evaluated for the intraobserver
variability.

Strut count reproducibifity

Interobserver variability

There was complete agreement in the number of struts between the two observers
in 55% of the cross sections, difference of 1 strut in 319, difference of 2 scrurts
in 9% and difference of more than 2 struts in only 5% of the cross sections. The
correlation between both observers was high, i.e. Kendall’s Tau-b was 0.90 (95%
confidence interval 0.85 — 0.94).

Intracbserver variability

There was complete agreement in the number of struts in 72% of the cross sec-
tions, difference of one strut in 24% and difference of 2 struts in 4% of the cross
sections. ‘The correlation between both observations was very high, i.e. Kendall’s
Tau-b was 0.94 (95% confidence interval 0.91 — 0.97).
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Lumen, stent and tissue coverage measurements reproducibility

Stent level

The results for the inter and intraobserver reproducibility at the stent level are
summarized in Tables 1 and 2 respectively.

Table 1. Interobserver reproducibility at stent level. N=10 stencs. Min: minimum, Max:
maximum. ObsL: observer 1 Obs2: observer 2. 2* Reproducibility defined as residual standard
deviation. 22 Bland-Alrman limits of agreement defined as mean + 1.96 SD of absolute difference,

Limits of
Table1 Diffarence Agreement s>
Relative
Observa- {obs1/  Reproduci-
Observation1  tion2 Absolute 0bs2) bility™ Lower Upper
Stent Mean Stent Area (ram?) 544+16 54715 Q0202 1.0 0.1043 -0.32 0.28
Mean Luminal Area (mm?) 471£15 470£15 00000 1.0 00173 «0.05 0.05
Mean Tissue Coverage 06005 06305 -003+01 03 0,0780 -8.25 0.20
Arca (mm?)
Min StentArea (mm?®) 3.89+1.2 3B4£11  005%02 1.0 0.1549 -0.38 048
Min Luminal Area (mm?) 324+10 326211 001200 1.0 0.0158 -0.05 0.02
Mean Tissue Coverage 0.08 0.1 008£01 000100 0.9 0,0100 -0.03 0.02
Thickness (mm)
Min Tissue Coverage Q.00£00 000£0.0  0.00x00 0.0000 0.00 Q.00
Thickness {mm)
Max Tessue Coverage 033101 033200 001200 1.1 0.0179 -0.04 0.06
Thickness (mm)
Mean Strut Coverage (mm] 008101 00801 00100 09 0.0066 0.02 0,01
Min Strut Coverage (mm) 000100 00000 0.00£0.0 0.0 0.0067 0.02 0.02
Max Strut Coverage (mm) 03101 032201  000£00 1.0 0.0158 -Q.05% 0.04
Mean Stent Diameter (mm)  260£04 261204 001200 1.0 0,0253 -0.08 0.07
Mean Luminal Diameter 24104 24104 000£00 1.0 0,0038 -0,01 0.01
(mm)
Stent Volume (mm®) 101.58%482 102152 -058x%27 1.0 1.8894 -5.97 481
483
Luminal Volume (mm®) 9176480 91671478 009105 1.0 0.3347 -0.87 1.05
Tissue Coverage Volume 13494116 14131103 -065%25 0.9 17454 -557 427
{mm?)
In-stent Obstruction 1373£103 1446450 -073+22 0.9 1.5341 -455 349
Volume (%)
Oistal  Mean Luminat Area (mm®) 41315 414+14 00000 1.0 0.0085 -0.03 0.02
reference
Mean Luminal Diameter 220£03 220503 00000 14 0.0067 -0.02 0.02
{mm)
Luminal Volume {(mm®) 1839711 1840111 -0.02%01 1.0 0.0452 016 0.12
Proximal Mean Luminal Area (mm®) 533124 527+23 006201 1.0 0.1051 -0.23 0.35
reference
Mean Luminal Diameter 255106 2541085 001+£00 10 00198 -0.04 007
{mm)
Luminal Volume {mm’?) 2305+86 228785 01704 1.0 03030 -0.67 1.01
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Table 2. Intraobserver reproducibility at stent level. N=5 stents. Min: minimum. Max: maximum.
Obsl: observarion 1, Obs2: observation 2. # Reproducibility defined as residual standard deviation.
232 Bland-Altman limits of agreement defined as mean = 1.96 SD of absolute difference.

Table2 Limits of
Difference Agreementia
Refative Reproduci-
Observation 10bservation 2 Absolute (Obs1/0bs2) bilityse Lower  Upper
Stent Mean StentArea{mm® 595117 580+16 00501 1.0 0.0621 -0.11 0.21
Mean Luminal Area 497+1.6 498116 001200 1.0 0.0186 -0.06 0.05
{mm®)
Mean Tissue Coverage  0.80£0.7 076+08 00401 13 0.0518 -0,09 0.17
Area (mn’)
Min Stent Area (mm”®) 40110 38809 013+02 1.0 0.1487 -0.24 0.49
Min Luminal Area 314406 31406 000%00 1.0 0.0077 -0,02 0.02
(mm?)
Mean Tissue Coverage 030z 0.1 00901 000x00 11 0.0060 -0 8.02
Thickness {mm)
Min Tissue Coverage 0.00+0.0 0.00+£00 000400 0.0000 0.00 0.00
Thickness (mm)
Max Tissue Coverage 037207 035102 002100 11 0.0161 -0.02 0.05
Thickness {mm)
Mean Strut Coverage PARETIN 011207 000400 1.1 0.0029 -0.01 0.01
(mm)
Min Strut Coverage 0.00+0.0 00000 000%£00 0.0000 0.00 0.00
(mm)
Max Strut Coverage 035402 03402 00100 11 0.0122 -0.01 0.04
(mm)
Mean Stent Diameter 272+04 271+04 Q0100 1.0 00138 -0.02 0.05
(mm)
Mean Luminal 248+04 248+04 000200 10 0.0043 ~0.01 2.01
Diameter (mm)
Stent Volume (mm®) 112,26 +580 11137+573 085+15 10 11265 -2.00 378
Luminal Volume (mm®) 9863582 9874%583 -0.11+05 1.0 0.3502 -117 0.54
Tissue Coverage 1805152 17032160 102216 1.1 1.2617 ~2.18 4.23
Volume (mm?)
In-stent Obstruction 16814138 1607+138 074x1.1 1.1 0.8790 ~1.44 2.93
Volume (%)
Distal Mean Luminal Area 39314 38314 00000 10 00039 001 001
reference  (mm?
Mean Luminal 219+£03 219103 000+00 10 0.0023 -0.01 o0
Diameter (mm)
Luminal Volume (mm?*  17.14x86 1714186 001100 1.0 0.0239 -0.08 0.07
Luminal Volumes [mm®) 17.68+9.2  1769+92 001400 1.0 0.01%6 -0.07 0.04
Proximal  Mean Luminat Area 58645 57948 007102 1.0 0.0628 -0.07 0.21
reference  (mar’)
Mean Luminal 260£12 258112 0.02+00 1.0 0.0121 -0.01 0.04
Diameter (mm)
Luminal Volume [mm”} 1861+ 144 1838+1742 023203 1.0 0.2035 027 072
Luminal Volume? (mm®) 1846£153 18232151 023202 1.0 01977 -0.21 067
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Frame level

The results for the inter and intraobserver reproducibility at the frame level are
summarized in Tables 3 and 4 respectively. Figures 3 and 4 show the resules for
the lumen, stent and tissue coverage area and mean neointimal thickness for inter
and intraobserver reproducibility respectively.

Table 3. Interobserver reproducibility at frame level. N=244 frames. Min; minimum, Max:
maximum. Obsl: observer 1 Obs2: observer 2. * Reproducibility defined as residual srandard

deviation, # Bland-Altman limits of agreement defined as mean x 1.96 SD of absolute difference.

Limits of
Table 3 Difference Agreement®?
Relative
Ohserver [Ohs1/ Reproduci-
Observer1 2 Absolute Obs2} bility Lower  Upper

Stent Stent Area (mm?) 567+17 571%17 -0.03+02 1.0 0.16%4 -0.50 044

Luminal Area (mm?) 495117 495+17 00001 10 0.0380 -0.10 o

Tissue Coverage Ar¢a 056107 055:06 003202 09 0.1400 <04 036

(mm?)

Mean Tissue Coverage 007103 007200 00000 09 00177 005 0.05

Thickness (mm)

Min Tissue Coverage 0.02£00 002+£00 Q0000 04 0.0132 -0.04 0.03

Thickness (mm)

Max Tissue Coverage 0501 015201 000%00 1.0 0,0207 -0.05 0.06

Thickness (mm)

Mean Strut Coverage 00807 008x01 -0.01£00 09 00099 -0.03 0,02

(mm)

Min Strut Coverage (mm)  0.03+071 004201 00100 06 0.0125 -0.04 0.03

Max Strut Coverage {mm} 0.14£0.7 074101 000200 10 0.0141 -0.04 0.04

Stent Diameter {mm) 266104 26604 -001£01 10 0.0409 -0.12 0.10

Luminal Diameter(mm) 247104 247+£04 000100 1.6 0.0090 -0.02 0.03
Distal Luminal Area (mm?} 434%16 435+16 -0.01+00 1.0 0.0148 -0,08 0.03

reference
Luminal Diameter (mm)  2.28+04 228+04 00000 10 00077 002 002
Proximal Luminal Area {mm®) 525£21 520420 005%01 10 0.0944 -0.21 030
reference
Lumiral Diameter (mm) 25405 253405 Q01+00 10 0.0180 004 0,06

Strut level

Tables 5 and 6 show the inter (A) and intracbserver (B) reproducibility for the
measurements at the struc level. Figure 5 shows the variability for the mean strut

coverage.
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Table 4. Intraobserver reproducibility at frame level. N=120 frames. Min: minimum. Max:
maximum. Obsl: observarion 1. Obs2: observation 2. * Reproducibility defined as residual standard
deviation. 2* Bland-Altuman limits of agreement defined as mean = 1.96 SD of absotute difference.

Limits of
Table 4 Difference Agreement3?
Relative
Observer Observer (Obs1/ Reproduci-
1 2 Absolute Obs2} bility2 Lower  Upper

Stent Stent Area {mm®) 628+17 623+x17 005:£02 1.0 01224 .27 0.38

Luminal Area (mm?) 533£18 534x18 -0.01+01 1.0 0.0596 Q17 0.16

Tissue Coverage Area 075209 070109 005:0. 1.6 01821 -0.22 032

{rma’}

Mean Tissue Coverage 009101 G08+01  0.00+00 12 0.0117 -0.03 0.04

Thickness (mm)

Min Tissue Coverage 80301 003x01 00000 1 0.0197 -0.06 Q.05

Thickness (mm)

MaxTissue Coverage 017202 01702  0.00£00 11 0.0168 -0,04 0.05

Thickness (mm)

Mean Strut Coverage 01001 00103 G.00x00 13 0.0083 .02 0.02

(mm)

Min Strut Coverage 005+01 00501 000100 11 0.0781 -0.05 0.05

{mm)

Max Strut Coverage 017102 0161202 0.00£00 1.1 0.0125 -0.03 0.04

(mm)

Stent Diameter (mm) 280+04 279204 001100 10 0.0272 -0.06 0.08

Luminal Diameter (mm) 25704 257%04 000400 10 0.0131 ~0.04 0.04
Distal Luminal Area {mm®) 398+16 35816 0.00x00 1.0 0.0109 -0.03 0.03

reference
Luminal Diameter (mm} 22004 22004 000+00 10 00041 001 o
Proximal Luminal Area (mm®) 586+38 579x37 007zC1 1.0 0.0826 012 0.27
reference
Luminal Diameter (mm} 260:09 258+09 002x00 1.0 0.0164 -0.02 0.05

Malapposition classification reproducibility

The observers had complete agreement for the classification of malapposed struts
(4 out of 1712 struts malapposed, Kappa coefhicient 1). The intraobserver analysis
show the same result (4 out of 795 struts malapposed, Kappa coefficient 1)

DISCUSSION

Due to its high resolution OCT can be a very valuable tool for the evaluation
of the acute and long-term impact of stent implantation. OCT offers the pos-
sibility to assess stent apposition in great detail and allows the visualization and
measurement of the tissue covering the struts even if this consists on tiny layers
as it is frequently observed in DES(3). As the use of OCT is increasing rapidly,
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Figure 3: Interobserver reproducibility. Bland-Altman plots for the interobserver variability for
mean lumen (A), stent {B) and rissue coverage area (C) and mean rtissue coverage thickness (D).

Table 5. Interobserver reproducibility at strut level. N=1712 struts. Min: minimum. Max:
maximum. * Reproducibility defined as residual standard deviation.
22 Bland-Altman limics of agreement defined as mean £ 1.96 SD of absolute difference.

Table 5 Difference Limits of Agreement»a
Relative
Dbserver1 Observer? Absolute (Qbs1/0bs2) Reproducibility?  Lower Upper
Min Coverage Strut 0.09+0.1 0310£01 -001+00 09 0.0179 -0.05 .04
{mm}
Mean Coverage Strut 01001 011£01  -001£00 09 00174 -0.05 0.04
(mm)
Max Coverage Strut 011100 o110 00100 0.9 0.0175 -0.05 0.04
(mm)

standardization of the methodology to measure and report stent apposition and
tissue coverage is needed as well as data about the reproducibility of these mea-
surements. Qur results show that the methodology described in the present study
allows analysis of stents by experienced analysts in 2 highly reproducible way.
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Figure 4: Intraobserver reproducibility. Bland-Altman plots for intraobserver variability for mean
lumern {A)}, stent (B) and tissue coverage area (C) and mean tissue coverage thickness (D).

Table 6. Intraobserver reproducibility at strut level. N=795 struts. Min: minimum. Max:
maximum.  Reproducibility defined as residual standard deviation.
22 Bland-Altman limits of agreement defined as mean + 1.96 SD of absolute difference.

Table§ Difference Limits of Agreement»2
Relative
Observer1 Observer2 Absolute [Obs1/Obs2) Reproducibility? Lower Upper
Min Coverage Strut 013203 013+031  000£0.0 1.1 0.0161 -0.04 0,05
(mm)
Mean Coverage Strut 0.14%0.1 013031 00000 1.} 0.0153 -0.04 0.04
(mm)
Max Coverage Strut 014401 014x07  000%00 1.0 00154 -0.04 0.04
{mm}

Stent struts can have different appearances by OCT. The reproducibility of
struts count has not been previously reported. Our data suggests that the inter and
intraobserver variability for strut count is low when applying strict struc definitions.
For the intraobserver variability, only in 4% of the cases the difference between
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Figure 5: Strut coverage measurement reproducibility. Bland-Altman plots for the inter (A) and

intrachserver {B) reproducibility for mean strut coverage measurements,

the 2 observations was more than one single strut while for the interobserver in
only 5% of the cases the difference was higher than 2 scruts.

High accuracy and precision for diameters measurement in vitro using propri-
etary software from LightLab has been reported(6). Tanimoto et al reported a low
interobserver variability for lumen and stent area measurements with OCT using
dedicated computer-assisted contour analysis(7). However, no specific study to as-
sess the reproducibility of strut apposition and strut tissue coverage measurements
by OCT has been reporeed.

Recently several OCT studies evaluating the struts apposition and tissue
coverage in DES in humans at different time intervals using proprietary off-line
software provided by LightLab Imaging have been published(8-11).

In most of these studies, the operator manually traced the stent and Jumen
area, to derive the tissue coverage area. Stent struts apposition and tissue coverage
are usually individually measured at 1-mm intervals. However the way of report-
ing the tissue coverage varies between studies. Some authors report just tissue
coverage thickness without detailed methodology (8,12). Other studies report
the minimum, maximum or average tissue coverage but the selection method,
the number of measurements and calculations method was not specified (9,10).
The methodology used in the present study provides 360 data points for tissue
coverage thickness for each cross section. Further the mean, the minimum and the
maximum tissue coverage is reported for each individual strut. The mean tissue
coverage per strut is derived from all the measurements at equidistal intervals
along the strut.
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Prati et al reported high inter and intraobserver reproducibility for neointima
thickness measurements with OCT in carotid rabbit model (r2 0.88 and 0.90
respectively)(4). Another study in humans comparing tissue coverage between
SES and BMS reported 6 + 8 um and 8 + 8 pum incra and incerobserver variability
for the measurement of tissue coverage(8). However the authors did not specify if
the measurements correspond to mean, minimum or maximum tissue coverage,
how many measurements were performed per strut or in which part of the strut
measurements were taken. In the present study we observed absolute differences
around 10 pm for the maximum and minimum strut coverage in repeated mea-
surements. Those differences are in the limit of resolution of the technique. The
absolute differences for tissue coverage area were 0.06 + 0.02 mm? and 0.04 +
0.02 mm? for the intra and interobserver variability respectively. Similar results
were found when comparing stent and lumen area. A very good reproducibility
for lumen measurement was expected as the automatic contour detection was
used and not modified by the analyst in the majority of cases. The differences
found in the present study are smaller than the ones reported previously by Xie
et al for area measurements with OCT (0.3 £ 0.5 mm? and 0.2 = 0.4 mm? for
the intra and interobserver variability respectively). There are no reports on the
reproducibility of lumen, stent and tissue coverage volumes derived from OCT.
We found absolute differences around 1 mm? for the intra and 0.65 mm? for
the interobserver variability for tissue coverage volume. Similar values (0.99 and
0.55 mm? for the intra and interobserver respectively) were obtained for the stent
volume. As expected, the lumen volume variability was even lower (around 0.10
mm?) as it was derived from automaric contour detection.

The higher resolution of OCT makes this technique superior to IVUS for the
detection and measurement of tissue covering the stent struts. An IVUS study
reported 62% of inter-observer agreement for the presence of neointimal tissue
with discrepancy between observers in very thin neointimal layers and when
the neointimal area was <2 mm?® (13). In the present study evaluating DES, a
very good agreement was found between observers for the measurement of tis-
sue coverage even when the mean tissue coverage area was less than 1 mm?. An
increased variability in the classification of individual struts was observed when
the tissue coverage was below 50 pm. This may be related to the image resolution
bur also to software limitations. Automatic algorithms for detecting stent coverage
from OCT datasets are under development(14). This could help eliminating the
remaining small observer-related variability found in our study.

Kubo et al reported a good intra and interobserver agreement (Kappa=0.90
and 0.75 respectively) for malapposed struts classification in sirolimus eluting
stents(15). Those results are in line with our study in which the agreement between
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observers for malapposed struts was excellent (kappa=1} even when applying cus-
tomized cut-off points for each stent. However our results are limited by the small
number of malapposed strues found in our population.

Clinical implications

The evaluation of strut apposition is essenrtial in the evaluation of new stents de-
signs as IVUS data have suggested a possible relation between apposition and the
risk of stent thrombosis in DES(16,17). However interpretation of malapposition
as assessed by OCT requires caution. Due to the high image resolution, malap-
position of stent struts is a relatively common finding by OCT(8) but its clinical
implications remain poorly understood. Incomplete endothelial struts coverage
has been identified in pathology as the most powerful histological predictor of
stent thrombosis(18,19). Pathological data in human suggests that neointimal
coverage of stent struts could be used as a surrogate marker of endothelialization
due to the good correlation between strut coverage and endothelialization. Animal
data suggest good correlation between mean neointimal thickness measured by
histology and OCT (4). The present study confirms that the tissue covering the
strut can be measured with high reproducibility. However, the clinical relevance
of uncovered struts as detected by OCT is not clear as some studies have reported
presence of uncovered struts at follow-up not associated to clinical events(15).
Further investigation and studies with longer follow up are needed in this field.

Although OCT has proved to be a highly informative imaging technique in
assessing stents, standardization of the analysis of such images is not yet in place.
In addition, OCT is a rapidly evolving imaging technology, and there is lack
of large stent trials with long-term clinical follow-up linking OCT findings and
clinical events. Thereby this methodology of analysis is prone to changes in the
future in order to adjust to the new clinical needs.

CONCLUSIONS

In a corelab setting, the inter and intra observer reproducibility for strut count,
strut apposition and strut tissue coverage measurements with OCT is excellent.
This finding emphasizes the value of OCT as a tool for the clinical long-term
assessment of stents.
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OBJECTIVES This study sought to evaluate the in vivo frequency and distribution of high-risk
plaques (i.e., necrotic core rich) at bifurcations using a combined plaque assessment with intravascular
ultrasound-virwal histelogy ((VUS-VH)} and optical coherence tomography {OCT).

BACKGROUND Pathological examinations have shown that atherosclerotic plaque rich in necrotic
core is prone to develop at bifurcations. High-risk plaque detection could be improved by the combined
use of a technique able to detect necrotic core ((VUS-VH) and a high-resolution technigue that allows the
measurement of the fibrous cap thickness {OCT).

METHODS From 30 patients imaged with {VUS-VH and OCT, 103 bifurcations were selected. The
main branch was analyzed at the proximai rim of the ostium of the side branch, at the in-bifurcation
segment and at the distal rim of the ostium of the side branch. Plaques with more than 10% confluent
necrotic core by VUS-VH were sefected and classified as fibroatheroma {FA) or thin-cap fibroatheroma
(TCFA} depending on the thickness of the fibrous cap by OCT (>65 or =65 um for FA and TCFA,
respectively).

RESULTS Twenty-seven FA (26.2%) and 18 TCFA {17 4%} were found out of the 103 lesions studied.
Overail the percentage of necrotic core decreases from proximal to distal rim (16.8% vs. 13.5%
respectively, p = 0.01), whereas the cap thickness showed an inverse tendency {130 = 105 pm vs, 151
* 68 um for proximai and distal rim, respectively, p = 0.05). The thin caps were more often located in
the proximal rim (15 of 34, 44,1%), followed by the in-bifurcation segment (14 of 34, 41.2%), and were
less frequent in the distal rim (5 of 34, 14.7%).

CONCLUSIONS The proximal rim of the ostium of the side branch has been identified as a region
more likely to contain thin fibrous cap and a greater proporticn of necrotic core.  {J Am Coll Cardiol Img
2009;2:473-82) © 2009 by the American College of Cardiclogy Foundation

From the Thoraxcenter, Erasmus Medical Center, Rotrerdam, the Netherlands.
Manuscript received Seprember 30, 2008; sevised manuseript received November 10, 2008, accepred November 16, 2008,
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#igh-risk atherosclerotic plaques (L.e., ich in
.. necrotic core) are proce to develop at bifur-
cations because of the specific shear stress
Zconditions present in these regions (1,2).
Stented bifurcations lesions represent a complex lesion
subset at bigh risk of restenosis and thrombosis (3,4).
These phenomena may reflect certain procedural as-
pects such as incomplete stent apposition, underex-
pansion, or gap regions (5,6), bur may also be asso-

See page 483

ciated with specific compositional and morpholog-
ical plague features in these regions. Thin-cap

ABBREVIATIONS
AND ACRONYMS

ACS = acute coronary syndrome

AIT = adaptative Intimal
thickening

CaFA = caldified fibroatherama

CaTCFA = caldfied thincap
fibroatheroma

FA = fibroatheroma

IVUS-VH = Intravascular
ultrasound-virtual histology

LAD = [eft anterlor descending
artery

LCX = left drcumflex artery

MAMP = matrix
metalloprotelnase

NC = necrotlc core

OCT = optleal coherence
tomegraphy

PIT = patheloglcal Intimal
thickeaing

RCA = right corenary artery

TCRA = thin-cap fibroatherama

fibroatheroma {TCFA) has been described
as the plaque with an increased risk of
rupture (7). Such lesions are characterized
by a large necrotic core with a thin fibrous
cap, usually <65 um in thickness (8).
Recently, it has been reported thar TCFA
detection could be improved by the com-
bined use of intravascular ultrasound-—
virual histology {IVUS-VH) and optical
coherence tomography (OCT) (9).
IVUS-VH wuses spectral analysis of
IVUS radiofrequency data to identify 4
dssue types in the atherosclerotic plaque,
among them necrotic core (10). Optical
coherence tomography is a high-resolution
imaging modality that uses reflected near-
infrared light, allowing a very predse vi-
sualization and measurement of vascular
microstructures such as the fibrous cap
(11}. To our knowledge, in vivo character-
ization of necrotic core rich plaques at
bifurcation regions has not been explored.
The objective of the present study was
therefore to evaluate in vivo the frequency
and distribution of high-risk plaques at

bifurcation lesions using a combined plaque assess-
ment with TVUIS-VH and OCT.

METHODS

Study population, All of the patents admirted to
our hospital between January 2005 and March 2008
in whom IVUS-VI and OCT were performed in
the same vessel were investigated for bifurcations
adequately visualized by both imaging techniques.
The indication for the TVUS-VH and OCT was
the assessment of intermediate, nonflow-limiting
lesions by angiography or post stent implantation
assessnent. Only regions located more than 5 mm
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beyond the stent were included. All patents gave
written informed consent.

WUS-VH acquisition. The IVUS was performed us-
ing the Eagle Eye 20 MHz catheter (Volcano
Corp., Ranche Cordova, California) with an auto-
matic condnucus pullback at 2 rate of 0.5 mm/s.
Grayscale images and radiofrequency data required
for VH analysis were acquired during the same
pullback. The VH processing was performed offline
with peVH 2.1 software (Volcano Corp.} that
permits semiautomated contour detection and pro-
vides the compositional structure of the vessel. The
IVUS-VH uses spectral analysis to classify the 4
different components of the atherosclerotic plaque
and gives a color-coded map distinguishing be-
tween fibrous tissue (green), fibrofatty tissue (light
green), necrotic core {red), and dense caicum (white).
OCT acquisition. The OCT acquisition was per-
formed using a commercially available system for
intracorenary imaging and a 0.019-inch ImageWire
(LightLab Imaging, Westford, Massachusetts).
Red blood cells represent 2 nontransparent tissuc
causing multiple light scattering and substantial
signal attenuation. Therefore, for adequate OCT
image acquisition blood must be temperarily re-
moved from the vessel, In 77% of the cases this was
achieved with the occlusion technique in which a
proximal, low-pressure (0.4 awn) occlusion balloon
{(Helios, Goodrnan Inc., Nagoya, Japan) is inflated
with simultaneous distal fush delivery {lactated
Ringer solution; flow rate 0.8 ml/s) to remove blood
from the vessel lamen. Images were acquired during
a pullback rate of 1.0 mmv/s. The possibility to
increase the pullback speed up to 3 mmy/s in the new
OCT system permitted 23% of the cases to be
acquired exclusively using a nonccclusive technique
in which the blood was removed by the continuous
injection of contrast {Iodixanol 370, Visipaque, GE
Health Care, Cork, Ireland) through the guiding
catheter. The nonocdusive technique reduces the
procedural ime and the incidence of chest pain and
electrocardiographic changes during image acquisi-
tion without affecting the image quality (12).
Bifurcation selection and analysis. Simultaneous vi-
sual assessment of IVUS-VH and OCT pullbacks,
in 2 contiguous screens, allowed the selection of all
bifurcations that could be identified with both
techniques (13). To ensure proper matching be-
tween 2 imaging medalities that have different
lateral resolutions (20 pm for OCT and 300 um for
IVUS) and depth penetration, a strict selection of
the frames was followed. Only the main branch was
analyzed. The lesion analysis included: 1) proximal
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Prosimal Fim of the

stitiih of the SB'CS

Digtal rim of the-.
stium of the SB CS

Figure 1. Bifurcation Selectton and Analysis

Bifurcatlons that could be 'dentified In both Intravascular ultrasound-virtual histology ({[VUS-vH) and optical coherence tomography (OCT)
pullbacks were Incleded. A strict selection of the analyzed cross-sections {CS) was followed to ensure correct matching between the 2
tachniques, Plagues were analyzed only In the maln branch, The leslon analysls Included: 1) preximal fim of the ostium of the side
branch (SB) CS (first frame proximal to the take-off of the SBY; 2} in-blfurcation CS {frame with the larger ostlal diameter of the SB); and
3} distal fim of the ostium of the SB C5 {first frame distal to the take off of the 58).

rim of the ostium of the side branch cross-section
(first frame proximal to the take-off of the side
branch); 2) in-bifurcation cross-section {frame with
the larger ostial diameter of the side branch); and
3) distal rim of the ostium of the side branch
cross-section (first frame distal to the take of of
the side branch) (Fig. 1). In cach bifurcation the
plaque location in relation to the flow divider was
analyzed (Fig. 2).

Plaque type classification. Two experienced observ-
ers jointly analyzed the TVUS-VH dara and the
OCT measurements in the selected frames to char-
acterize the plaque type according to the following
hierarchical dassification {7,14,15) (Figs. 3 o 3):

1. Adaptive intimal thickening (AIT): intimal

thickening of <600 pm for <20% of the

|

circumference.

‘ Figure 2. Location of the Plaque in Relation to the Flow Divider

—

i To describe the plague location In relation to the flow divider, the vessel cross-section was divided In 4 quadrants according 1o the pesi-
tion of the slde branch. Quadrants 1 and 4 correspond ta the ostlum of the side branch, whereas quadrants 2 and 3 correspond to the
| part of the vesse! wall located In front of the ostlum of the side branch, (A) Grayscale IVUS, (B) Virtual histology. (€ OCT. Abbraviztions

as In Flgure 1.
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: Figure 3. Plaque Classification Algorithm

AT = adaptive Intimal thickening; CaFA = caicified fibroatheroma; CaTCFA = calelfied thin-cap fibroatheroma; CNC = confluent necrotic
core; DC = dense calclum; FA = fibroatheroma; FC == fibrocalcl FF = fibrofatty; FT = fibrotlc; OCT = optics! coherence tomegraphy:
PIT = pathologlcal intlmal thickening; TCFA = thin-cap fibroatheroma; VH = virtual histclogy.

Figure 4. Low-Risk Plaques

Matched Images of grayscale IVUS (A), virtual histology (B), and OCT (C) for the 4 types of plaques considered at low risk. 1: adaptive
Intimal thickening, 2; patheloglical Intimal thickening, 3: fibrocalcific plaque, 4: fibrotlc plague. Abbreviatlons as in Flgure 1.
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© Figure 5. High-Risk Plagues

Matched Images of grayscale {VUS (A), virtual histology (B}, and OCT (<) for the 4 types of plagues considered at high risk of rupture.

1: fibroatheroma, 2: calclfied fibroatheroma, 3: thin-cap fibroatheroma, 4: calcified thin-cap fibroatheroma. Abbreviations as In Figure 1.

2. Pathological intimal thickening (PIT): intirnal
thickening =600 wm for more than 20% of the
circumference with more than 15% of fibrofatty
tissue, and no confluent necrotic core or dense
calcium.

3. Fibrotic plaque: plaque consttuted predomi-
nantly by fibrous tissue without confluent ne-
crotic core (NC) or dense calcium,

4, Fibrocalcific plaque: more tharn 10% of conflu-
ent dense calcium without confluent NC.

5. Fibroatheroma (FA): plaque characrerized by
the presence of more than 10% confluent NC
covered by a fibrous cap thicker than 65 um.

6. Calcified fibroatheroma (CaFA): fibroatheroma
that contains more than 10% of confluent dense
calcium.

7. IVUS/OCT-derived thin-capped fibroathe-
roma (T'CFA): defined as the presence of more
than 10% confuent INC at the lurmen covered
by a thin fibrous cap (<65 um).

8. IVUS/OCT-derived calcified thin-capped fi-
broatheroma (CaTCFA): TCFA that contains
more than 10% of confluent dense-caleium.

FAs and TCFAs are considered high-risk plaques
in American Heart Association and Virmani classifi-
cations {7,16). The necrotic core was considered

confluent when it was forming a major pool This
definition was used to avoid misclassification as high-
risk plaques of lesions with Isolated islets or individual
pixels of necrotic core, which can be ardfacts. The
presence of confluent NC >10% at the lumen was
measured using dedicated in house developed software
(MATLAB MathWorks, Natick, Massachusetts) (9).
A validation with pathology of a similar algorithm was
reported in the CAPITAL (Carotd Artery Plaque
Virtual Histology Evaluation) study (14). The diag-
nostic accuracy of IVUS-VH compared with histology
in different carotid plaque types was 99.4% for TCFA,
96.1% for CaTCFA, 85.9% in FA, 85.5% for fibro-
calcific, 83.4% in PIT, and 72.4% for CaFA. To
overcome the limitations of IVUS-VH in the fibrous
cap evalvaton, the cassification used n our study
combines the information about plaque composition
provided by IVUS-VH and the measurements of
fibrous cap as assessed by OCT (9). The thinnest part
of the fibrous cap was measured by OCT in all the
plaques that contain more than 10% of confluent NC
to distinguish between FA and TCFA. The fibrous
cap measurement by OCT was guided by the
TVUS-VH to avoid misclassification between lipid
pools and calciurn. The cap was measured in the area
where the NC was closer to the umen, The repro-
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dueibility of fibrous cap measurements has previously
been reported (12}, If different morphologies were
present along the lesion, the highest degree plaque was
established as the definite plaque type.

Statistical analysis, Statistical analyses were per-
formed using SPSS 12.0.1 for Windows (SPSS
Inc., Chicago, Illinois). Continuous varables are
expressed as mean = SD, Categorical variables are
expressed as percentages. The bifurcation (lesion)
was the unit of analysis without corrections for
correlated observations in the same subjects. To
compare continuous variables between lesions, ¢ test
or analysis of varfance was used. To compare
continuous variables between different segments of
the bifurcation, paired samples # test or Wilcoxon
signed ranks test for 2 dependent samples was used.
Comparison among groups for categorical variables
was made with the chi-square methed.

RESULTS

Clinical and procedural characteristics, One hundred
and three bifurcations were selected in 32 pullbacks
performed in 30 patients. The mean age was 60 *
7 years, and 73% were male. Regarding cardiac risk
factors, 48.3%, 6.9%, and 72.4% had hypertension,
digbetes mellitus, and hyperlipidemia, respectively,
and 27.6% were smokers. Seven percent had prior
myocardial infarction, and 43.3% had undergone a
prior percutaneous coronary intervention. The dlin-
ical presentation was stable angina in §6.7%, unsta-
ble angina in 10%, and acute myocardial infarction
in 3.3%. The investigated vessel was the left ante-
rior descending artery (LAD) in 34%, left circum-
flex artery (LCX) in 33% and right coronary artery
(RCA) in 33% of the cases. The type of bifurcations
studied were LAD/diagonal, LAD/septal branch,
LCX/marginal, and RCA/right ventricular branch
in 21.4%, 12.6%, 33%, and 33% of the cases,
respectively. The indication for IVUS-VH and
OCT was assessment of intermediate, non—fiow
limiting lesions by anglography in 40% of the cases
and post-stent implantation assessment in the re-
maining 60% of cases, All studied lesions were
considered nonsignificant by anglographic criteria
and had a lumen area >4 mm® by IVUS. Overall
the mean vessel and lumen area and plaque burden
were 13.9 = 3.7 mm?, 7.7 = 2.2 rom?, and 43.2 =
13%, respectively, Table 1 shows the number of
quadrants containing plague and the location of the
thickest part of the plaque in reletion to the side
branch.

426

Table 1. Number of Quadrants Containing Plague and
Location of the Thickest Part of the Plague in Relation to the
Flow Divider
Number of guadrants containing plaque
1 25/103 {24.3%)
2 33/103 (32.0%)
3 297103 (28,29}
4 16/103 {15.5%)
: Location of the thickest part of the plague
Quadrant 1 28/103 {27.2%)
Quadrant 2 8/103 (17.5%)
Quadrant 3 26/103 (25.2%}
Quadrant 4 3171032 (30.1%;)

Frequency of plague type. The plaque type was
analyzed in 103 lesions and 293 cross-sections.
Eighr distal and 8 proximal rims could not be
analyzed because of ardfacts, Overall, the frequency
of cach plagque type per lesion was: ATT 20 (19.4%),
PIT 16 (15.5%), fibrocalcific 15 (14.6%), fibrotic 7
(6.8%), FA 8 (7.8%), CaFA 19 (18.4%), TCFA 10
(9.7%), and CaTCFA & (7.8%). In the analyzed
cross-sections the distribution was as follows: AIT
76 (25.9%), PIT 53 (18.1%), fibrocalcific 42
{14.3%), fibrotic 28 (9.6%), FA 18 (6.1%), CaFA
42 (14.3%), TCFA 21 (7.2%), and CaTCFA 13
{4.4%).

NC and cap thickness distribution. The NC and cap
thickness distribution in the proximal fm, in-
bifurcation, and distal rim cross-sections are shown
in Figure 6. Overall, the roean NC area and mean
percentage of NC decreased from proximal to
distal, whereas the mean cap thickness showed an
inverse tendency.

High-risk plaque distribution and compositional and
geometrical analysis. The distribution of the differ-
ent plaque types in relation to the location is shown
in Table 2. Figure 7 shows the number of cross-
sections with high-risk plaque morphology in the
proximal rim, in-bifurcation, and distal rim, The
thin caps were more often located in the proximal
im {15 of 34, 44.1%), followed by the in-
bifurcation (14 of 34, 41.2%), and were less fre-
quent in the distal rim (5 of 34, 14.7%). The
location of the thin cap in the 18 lesions classified as
TCFAs was as follows: In 4 cases the thinning of
the cap extended from the proximal rim into the
distal rim, in 7 cases the thin cap was located in
the proximal rim and in the in-bifirrcation; in 3
TCFAs the thinning of the cap was located only in
the in-bifurcation and, in 3 cases only in the
proximal rim; there was 1 TCFA that presented the
thin cap at both rims whercas the cap at the
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Figure 6, Necrotic Core and Cap Thickness Distribution

Neacrotle core (NC) area {A), necrotlc core percentage (B}, and
<ap thickness (C) distribution in the preximal rim of the ostium
of the side branch, in-bifurcation, and distal rim cross-sections,

in-bifurcation frame was thicker. There were no
cases in which the thin cap was located only in the
distal rim. The mean cap thickness in proximal rim,

In Vivo Assessment of High-riskk Coronary Plaques

in-bifurcation, ard distal rim in TCFAs is shown in
Figure 8.

The vessel area and the plaque burden was

significantly greater in the subgroup of lesions
considered high risk (FA, CaFA, TCFA, and
CaTCFA) than in the rest of lesions {16.5 = 3
mm® vs. 14.1 = 3 mm?, p = 0.002 and 55 £ 9% vs.
42 = 12%, p < 0.001 for vessel area and plaque
burden, respectively), whereas the lumen arca was
not significantly different (6.8 = 2mm®vs. 7.1 £ 2
mm?, p = 0.39), Table 3 shows the plaque burden,
NC percentage, and cap thickness in FA, CaFA,
TCFA, and CaTCFA.
Plague type in relation to the dlinical presentation, As
exploratory analysis, patients with acute coronary
syndromes {ACS) had a significant higher propor-
tion of lesions with high-risk morphology plaques
than stable patients (17 of 23 [73.9%)] vs. 28 of 80
[35%], p = 0.002). Spedfically the number of
lesions with TCFA morphology was 6 of 23
(26.1%) vs. 12 of 80 (15%), p = 0.2, for ACS and
stable patients respectively, and the number of
lesions with FA morphology was 11 of 23 (47.8%)
vs. 16 of 80 (20%), p = 0.01, for ACS and stable
patients respectively.

DISCUSSION

To our knowledge this is the first in-vivo study
evaluating the frequency and distribution of high-
risk plaques at bifurcations in coronary arteries
using a combined plaque assessment with IVUS-VH
and OCT. The main finding is that the thinning of
the fibrous cap occurs more often in the proximal
rim of the ostium of the side branch. The NC
shows also a differential distribution along the
bifurcation being higher ar the proximal fim.,

Multi-modality plaque assessment. The detection of
plaques at potentially high risk of rupture could
prevent future occurrence of acute coronary syn-
dromes. At present, multiple techriques are avail-
able that evaluate different aspects of the athero-
sclerotic plague, such as its structure, composition,
or mechanical properties (17). The combined infor-

Table 2. Distribution of the Different Plaque Types in the Proximal Rim of the Ostium of the Side Branch, In-Bifurcation, and Distal Rim Cross Sections

1

AIT PIT FC FT FA CaFA TCFA CaTCFA Total
Proxlmal rim 21 (221%) 19 (20%) 13 (13.7%) 5{53%) 8 (8.4%) 14(14.7%) 10 (10.5%) 5{53%) 95
In-bifurcation 24 (23,39 18 (17.5%) 15 (14.6%) 12(11,7%) 5 (4.9%) 15 (14.6%) & (7.8%) & {5.8%) 103
Distat rim 31 (32.6%) 16 (16.8%) 14 (14.7%) 11(11.6%) 5(5.3%) 13 (13.7%;) 34(3.29%) 2(2.1%) 85

N = 293 cross-sections,

thickening; TCFA = thin-cap fibroatheroma.

AT = adaptative intimal thickening: CaFA = calcified fibroatheroma; CaTCFA = catclfied thin-cap fibroatheroma; FA = hibroatheroma; FC = filracalels FT = fibrotie; PIT = pathelagical intimal i
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Number of plaques

FA and CaFA
#TCFA and CaTCFA

Distal

.
Proximal In-bifurcation
i rim

nm

Figure 7. Distribution of the High-Risk Plaques in the Proximal Rim of
the Ostium of the Side Branch, In-Bifurcation, and Distal Rim
Cross-Sections

Number of cross-sectlons with high-risk plaque morphology i the proximal
rim, In-bifurcation, and distal rim. Abbreviations as in Flgure 3,

mation provided by the different methods is essen-
dal for better identification of high-risk coronary
lesions. In this study, a combined approach with
IVUS-VH and OCT was used. The IVUS-VH
allows the detection and quantification of NC, one
of the main components of high-risk plagues.
However, the limited axial resolution of IVUS
(approximately 200 pm) does not permit an accu-
rate evaluation of the fibrous cap. On the contrary,
OCT has a very high resolution (10 to 20 um),
allowing a very precise measurement of the fibrous
cap. Sawada et al. (9) recently reported thar the
combined use of IVUS-VH and OCT improved
the accuracy for TCFA detection, They studied 126
plaques in 56 patdents with angina. Of the 61
plaques diagnosed as TCFA by TVUS-VH criteria,
only 28 had a thin fibrous cap, as measured by

Cap thickness

p=0.03 l

p=0.05

(um)

g

T ]
Proximal rim

In-bifurcation  Distal rim

Figure 8. Cap Thickness Distribution in Thin-Cap Fibroatheromas

Mean cap thickness In the proximal rim of the ostlum of the side branch,
in-bifurcation, and distal rlm cross-sections in thin-cap fibroatheremas,
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OCT. In addidon, 8 OCT-derived TCFA. did not
have NC in the VH analysis, mainly because of the
misinterpretation in the OCT analysis caused by
dense caldum. This source of error in plaque
characterization by OCT has previously been de-
scribed and indicates the difficulty in identifying
TCFAs using only OCT (18). To avoid this mis-
classification in our study, the measurement of the
fibrous cap in OCT was guided by IVUS-VH. At
the present stage neither modality independently is
sufficient for detecting the highest risk plaques; the
comabined approach scems 1o be mandatory for the
accurate diagnosis of TCFA in vivo.

Highr-risk plaque frequency, distribution, composition,
and geometrical analysis. The in vivo frequency of
TCFAs at bifurcations is not known, In our study, in
which a highly selected population was included, 18 of
103 bifureadons presented TCFAs (17%). Consider-
ing that the number of bifurcations in the complete
coronary tree is approximately 15 (19), the frequency
of TCFAs per heart would be approximately 2.5, This
1s in agreement with reported pathological data (1),
The bifurcation left main/LAD has been studied with
IVUS-VH showing that the plague burden and the
amount of necrotic core are higher in the LAD than
in the left main artery. However, plaque morphelogy
in the different segments of other bifurcations has not
been previously evaluated in vivo. The present study,
which extended the assessment of bifurcation lesions
beyond the left main artery, showed that the amount
of necrotic core Is higher at the prosdmal rim of the
ostiumn of the side branch with a thin fibrous cap more
often identified in the proximal rim. The fibrous cap
thickness is determined by the balance between matrix
synthesis by the smooth muscle cells and matrix
degradation by metlloproteinases (MIMP) produced
by macrophages (20). It has been shown that the
distribution of inflammatory cells in atherosclerotic
plaques relates to the direction of the flow with higher
concentraton of macrophages and MMP activity in
the upstream or proximal part (21). One of the
mechanisms that have been proposed for the differ-
ential distribution of the high-risk plaques along the
artery is the influence of endothelial shear stress.
Bifurcations are geometdeally imegular regions in
which disturbed laminar flow ocours, generating ab-
normal endothelial shear stress pattesns that may play
2 role in plague destabilization. Previous swdies
showed that atherosclerosis develops preferentially at
low shear stress locations such as the outer wall of
bifurcations (2). However, in our data the thickest part
of the piaque did not show a preferental location for
this region.
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| FA [n = 8)

( Table 3. PB and NC Percent and Cap Thickness in FA, CaFA, TCFA, and CaTCFA

CaFA {n = 19) TCFA {n = 10) CaT¢FA (n = 8) p Value
PB (%) N7=xN 537210 5426 618 x5 013
NC {%5) 201 =53 27126 3340+8 3178 0.002 |
: Cap thickness {um) 165+ 59 17488 49 =15 51x13

<0.007 ‘

\ NC = newrotic core; PB =~ plaque burden; other abbreviations a3 In Table 2,

l

Different pathological and IVUS studies have
confirmed that plaque rupture occurs usually at sites
of significant plaque accumulation associated with
positive remodeling (2,22). This is in agreement
with our data showing that the vessel area and the
plaque burden were higher in high-risk plagues
compared with stable lesions. In line with patho-
logical serles, TCFAs in our study were located in
arcas with nonsignificant lumen compromise, with
a mean luminal area of 6.8 = 2 mm?® (8). Similary,
NC in TCFAs in this population is concordant
with previously published pathological findings (8).
High-risk plagues in relation to clinical presentation.
Although the comparison between ACS and stable
patients in this study was exploratory, patients with
unstable clinical presentation showed a high-risk
profile of plaque types at bifurcations with a higher
proportion of TCFAs and FA. This is in agreement
with previous data regarding T'CFA detection with
IVUS-VH showing that ACS patients present a
significantly higher prevalence of IVUS-derived
TCFA than stable patients (10).

Study limitations. Currentdy VI-derived necrotic
core rich plaques can only be considered as allegedly
high-risk lesions because it has not been shown

whether they are associated with a higher incidence
of clinical events at follow-up. In the present study,
OCT and VH were restricted 1o 1 or 2 vessels;
therefore, and unlike pathological studics, this does
not allow us to draw conclusions on the incidence of
TCFA in bifurcations within the complete coronary
tree. No comparison with nonbifurcation lesions
was performed. Still the detailed plaque assessment
combining 2 imaging modalities has given the first
insight into the distribution of these allegedly high-
risk lesions at bifurcations,

CONCLUSIONS

This study has given unique, in vivo data on the
localization of plaque occurring at bifurcation le-
sions. Further, the proximal rim of the ostium of
the side branch has been identified as a region more
Lkely to conmuin thin fibrous cap and a greater
proportion of necrotic core.

Reprint requests and correspondence: Prof, Patrick W.
Serruys, Thoraxcenter, Ba583a, Gravendijkwal 230, 3015
CE Rotterdam, the Netherlands. E-maif: p.av.j.c.serruys@

erasmusme. vl
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Feasibility of combined use of intravascular

ultrasound radiofrequency data analysis and
optical coherence tomography for detecting
thin-cap fibroatheroma
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Aims To evaluate the feasibility of the combined use of virtal histology (VH)-intravascular ultrasound (IVUS) and optical
coherence tomography (OCT) for detecting in vivo thin-cap fibroatheroma (TCFA).
Methods In 56 patients with angina, 126 plagues identified by VIS findings were analysed using both VH-IVUS and OCT.

and results WUS.derived TCFA was defined as an abundant necrotic core (>>10% of the cress-sectional area) in contact with
the tumen (NCCL) and %plaque-volume >40%. CCT-derived TCFA was defined as a fibrous cap thickness of
<65 um overlying a low-intensity area with an unclear border. Plaque meeting both TCFA criteria was defined as
definite-TCFA, Sixty-one plaques were diagnosed as [VUS-derived TCFA and 36 plaques as OCT-derived TCFA.
Twenty-eight plagues were diagnosed as definite-TCFA; the remaining 33 IVUS-derived TCFA had a non-thin-cap
and eight OCT-derived TCFA had a non-NCCL {in discord with NCCL visualized by VH-VUS, mainly due t©
misreading caused by dense calcium). Based on IVUS findings, definite-TCFA showed a larger plague and vessel
volume, %plagque-volume, higher vessel remodelling index, and greater angle occupied by the NCCL in the lumen
circumference than nen-thin-cap [VUS-derived TCFA.

Conclusion Neither medality alone is sufficient for detecting TCFA. The combined use of OCT and VH-IVUS might be a feasible
approach for evaluating TCFA.

Keyweords Thin-cap fibroatheroma » VH-IVUS « OCT e Necrotic core » Vessel positive remodelling

introduction core, a thin fibrous cap (<65 um), and macrophage infittra-

Acute coronary syndrome (ACS) commonly results from plaque
rupture, ™ and occasionally results from erosion or calcified
nodules.” The pathologic features of plaque prone to rupture

fion into the cag::.z‘3 This entity is usually known as thin-cap
fibroatheroma (TCFA),

The accurate detection of TCFA is vital for the dlagnosis of vul-
nerable patients. New imaging modalities, such as virtual histology

are a positively remodelled vessel, including a large necrotic (VH)-intravascutar  ultrasound  (IVUS) and optical coherence
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tomography (CCT), were developed to precisely evaluate coron-
ary plagues. Radicfrequency data analysis by VH-IVUS allows for
atheresclerotic plaques to be classified as one of the four different
types (fibrous, fibro-fatty. dense calcium, and necrotic core), and is
especially useful for guantifying the necrotic core® VH-IVUS
cannot Visualize the thin fibrous cap, however, because of its
limited resolution (=100 km). OCT, on the other hand. can
pravide a high resolution image (10-20 um), but its penctration
is limited (<2 mm33"" OCT can visualize the thin fibrous cap,
but is not able to detect a large and deep lipid core, Thus, it is dif-
ficult to diagnose TCFA using each modality alone, The combined
use of these complementary imaging modalities, VH-IVUS and
OCT, might result in more effective detection of TCFA.

The aim of this study was to elucidate the feasibility of the com-
bined use of VH-IVUS and OCT o detect in vive TCFA and to
clarify the lesion characteristics of TCFA.

Methods

Patient and lesion population

Between August 2005 and March 2007, 402 patients with de novo
ischaemic heart disease underwent coronary angiography in our hospi-
tal. Angina pectoris was idemtified as a significant corenary stenosis
causing apparent myocardial ischaemiz based on symptoms or electro-
cardiographic $T-T changes during an angina attack. To ensure safety
during the OCT procedure, 121 patients were excluded because
they had ST-segment clevation indicating an acute myocardfal infarc-
tion or unstable angina pectoris warranting emergency percutaneous
coronary intervention (PCH. Ancther 160 patients were excluded
because 39 patients had chronic total occlusion, 20 patients had
heavily calcified lesions that required rota-ablation, five patients had
significant left main discase. and 96 patients had tortucus lesions
expected to cause difficulty in advancing the IVUS and OCT catheters.
Furthermore, we excluded six patients because they had vessels with a
diameter =40 mm by angiography, which was too large to occlude
blood flow. In the remaining 115 patients, 59 did not consent to the
invasive intra-coronary examination, and the remaining 56 allowed us
to perform the VH-IVUS and OCT examination. We ldentifled
plaques based on the IVUS findings and analysed cach plague using
both VH-IVUS and OCT.

We assessed patient characteristics, including age, sex, body mass
index, presence of coronary riskfactors (hypertension, hyperlipidaernia,
diabetes mellitus, smoking), and medication. Hypertension was defined
as systolic blood pressure =140 mmHg, diastelic blood pressure
=90 mmHg, or use of anti-hypertensive drugs. Hyperlipidaemia was
defined as a present or past history of low-density lipoprotein—choles-
terct lovel =140 mg/dl, or use of statin. Diabetes mellitus was defined as
a fasting blood sugar =126 mg/dl and haernoglobin Ale 26.4%, or use
of anti-diabetic medications {insulin or oral hypoglycaemics).

Binary examinations were performed if the patient experienced 2
severe angina attack or consented to 2 6 month follow-up study
{21 patients), This study was approved by the Ethics Committee of
Kebe University.

Quantitative corcnary arteriography
measuremnent

Coronary angiogram was performed after intracorenary injection of
nitroglycerin (250 pg). and the severity of stenosis was measured with
a quantitative coronary arteriography cardievascular measurement
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system (CMS-Medis Medical Imaging Systerns, Leiden). We assessed tra-
ditional lesion types using the American Heart Association/American
College of Cardiology's classification, and mapped the plague location
{proximal, mid, or distal vessel} angiographically. Because some
plaques were completely undetectable by angiography, information
from the VLIS was used to determine the plague location,

Intravascular ultrasound procedure and
guantitative coronary ultrascund
measurement

A 29Fr 20 MHz IVUS catheter (Eagle-Eye™: Volcano Therapeutics,
Inc., Ranche Cordova, CA, USA} was inserted into the coronary
artery more than twe-thirds distal, and subsequently pulled back
with the ald of moterized pullback system (0.5 mm/s). The IVUS
images obtained were digitized for quantitative and qualitative analysis
according to the criteria of the American Coliege of Cardiclogy's Clini-
cal Expert Consensus Document on IVUS.™® A 3D roconstruction of
volumetric gray-scale VUS data was performed using a semi-
automated quantitative coranary ultrasound cardiovascular measure-
ment system (CMS-Medis Medical Imaging Systems). If the patient
required PCl, we obtained the [VUS data before the PCH procedure.
Plaques in the same artery were considered to be separate lesions if
the reference segment between them was >5 mm; otherwise, they
were considerad to be part of a single lesion,

WUS data recorded on CD-ROM for off-line analysis were used to
caleulate the lesion length, tumen volume, vessel volume, and plaque
volume {vessel volume—lumen volume) based on manual counter-
detection of both the lumen and vessel interfaces Tn each tross-
sectional frame. We then used these data to catculate Splague-volume
{plague volumeivessel volume x 100} and remodelling index {vessel
cross-sectional arca of minimum lumen  sitefavoraged  roferonce
vessel cross-sectional area).

Virtuzl histelogy analysis and definition of
intravascular ultrasound-derived thin-cap
fibroatheroma

Raw radiofrequency data of these lesions were stored on a DVD for
off-line quantitative analysis, and plagques were classified by version
20 VH software into fibrotic, fibre-fatty, dense calcium, and necrotic
core components. Plaque components were represented as a ratio
of plaque volume (%fibrous, %fibro-fatty, %dense-calcium, %necrotic-
core). Using a previcusly reported definition, we defined WUS-
derived TCFA as a lesion meeting the following two criteria Tn at
least three consecutive frames: (1) focal necrotic core-rich lesions
(Saneerotic-core > 10%) without evident overlying fibrous tissue and
{2) %plague-volume > 40%.

An independent investigator at the Erasmus Medical Center guan-
dfied the arex of the mecrotic core In contact with the lumen
[NCCL) as well as the major confluent NCCL area and angle occu-
pied by the NCCL in the lumen circumference using a program
implemented in MATLAB™ (MathWorks, Natick, MA, USA). The
angle formed by the connected necrotic core pixels on the border
of the lumen was measured with respect to the [umen centre of
gravity (Figure 1),™

Optical coherence tomography examination
and definition of optical cocherence
tomography-derived thin-cap fibreatheroma

After the IVUS procedure, OCT examination was performed as pre-
viously described® Briefly. an overthe-wire type occlusion balloon
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Overall Blue area; Red line:
Yonecroticecore major NCCL. 28.3%  angle of the major NCCL. 9°
o Purple plus bluc aren  yYhite and red line;
31.1% Total NCCL, 30.5%

angle of the total NCCL, 357

Figure 1 An oample of selective guantfication of the necrotic core in contact with the lumen (NCCL). (A) The original virtual
histology-intravascular ultrasound cross-sectional area. (8) The blue area was selectively quantified as the major confluent NCCL areas and
blue phus purple arcas indicate total NCCL areas. (€) Measurement of the angle occupied by the total NCCL (white and red line) and the
angle oceupied by the major confluent NCCL (red line).

Tabie | Clinical characteristics

Patients without definite-TCFA Patients with definite-TCFA P-value

Number {n}) 32 24
Age {year) €81+ 8.7 701 +82 NS
Male {n) 18 17 NS

Body mass index (kg/ml) 237428 246428 NS

Risk factor (n}

Hypertension 25 19 NS
Myperlipidemia 24 17 NS
Diabetes mallitus 18 11 NS
Smoke 10 g NS
Agute coronary syndrome (n) 2 3 N§
Diseased vessel (1/2/3) 9/19/4 10/5/5 NS
Statin {n} Al 007
{Month) 15.0 (6.8, 34.5) 9.0 (6.3, 17.0) 0.09
ARB/ACE! (n) 21 19 NS
(Month) 22.0 {15.0, 96.0) 150 (120, 22.5) NS
Total cholesterol {mgfdL} 1771 £238 1931 £ 40.2 047
LDL—cholestersl {mg/dL) 993 1174 1128 4 351 NS
HDL—cholesterol {mg/dL} 542+ 21.6 521 + 128 NS
Triglyeeride {mg/dL) 132.6 1- 100.0 154.0 + 930 NS
Fasting blood sugar (mg/dl) 1151 £ 360 1184 +40.2 NS
HemoglobinAte (%5) 82412 59409 NS
hs-CRP (mgfdl} 0.12 0N 0.15 £ 0.20 NS

Data are expressed mean vaive £ 5D or medan (257, 75" pereentite), P < 0,05 was considered statistically slgnificant.
ARB, anglotensin receptor blocker; ACEL anglotensin converting enzyme Inhibltor: hs-CRP, high-sensitive Cereactive proteln,
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catheter (Helios™, Lighttab Imaging lnc., Westford, MA USA) and an
OCT imaging, probe (ImageWire™™, Lightlab Imaging Inc) were
inserted into the coronary artery more than twe-thirds distal, The
entire vassel length was imaged with an automatic puilback device at
Tmmfs, and OCT data were recorded on 2 CD-ROM for off-line
analysis.

An QCT image of a signab-poor lesion with an unclear border was
disgnosed as a lipid core and a signat-rich homogenous lesion overtying
lipid eontent was diagrosed as a fibrous ¢ap.”™ ! The thinnest part of
the fibrous cap was measured three times and the average vakue calcu-
lated. Because the previcus histopathology report revealed thar 95% of
the fibrous cap thickness near a rupture site was <65 wm,'® a lesion
whose fibrous cap thickness at the thinnest part was <65 wm was
diagnosed as OCT-derived TCFA

Comparison of virtual histology-intravascular
ultrasound and optical coherence
temography images and definition of
definite-thin-cap fibroatheroma
We compared the VH-IVUS and OCT images of identical lesions using
the locations of side branches, longitudinal plaque distribution, or cal-
cification as fandmarks. if the plaque met the criteria of both the IVUS-
derived TCFA and QCT-derived TCFA, we diagnosed it as
definite-TCFA, If IVUS-derived TCFA did not have a thin fibrous cap
(<265 wm) by OCT measurement, we diagnosed it as non-thin-cap
WUS-derived TCFA If YH-IVUS did not detect an NCCL that was
detected by OCT-derived TCFA, the plaque was diagnosed as
nen-NCCL OCT-derived TCFA

To assess intra- and Inter-observer variability, all VH-IVUS and OCT
data were read by two independent observers. The first observer
repeated a blind aralysis of all the data at two separate time points
{with at least T month interval between the two analyses). If there
was discordance of gither the IVUS- or OCT-derived TCFA diagnosis
between the two observers, a consensus diagnesis was obtained with
repeated off-line readings.

Seatistical analysis

This is a pilot study that compared the data between VH-VUS and
QCT. Because a previous study demonstrated that plague volume,
vassel remodelling, necrotic core volume, and ¢ircumference were
assaciated with an unstable plague type™'® we hypothesized that
the factors indicative of thin fibrous cap in IVUS-derived TCFA were
$iplague-volume. remodelling index, and angle occupied by NCCL in
the umen circumference, Thus, the sample size was based on the pre-
liminary data obtained in our laboratory and was determined on the
basis of the following assumptions: A type-t error of Q.05 (two-sided);
power of 80%: difference in the %plaque-volume, remodelling index,
and the NCCL angle between definite TCFA and non-thin-cap VUS-
derived TCFA of 8.0%, 0.1, and 30°, respectively, and a standard devia-
tion of BG, 012, and 35, respectively, Thercfore, the minimum
required sample size was 23 leslons in each group. We stopped
recruitment at 20 months, because the power of these data was
beyond 99.9%. Because of the limited sample size of non-NCCL OCT-
derived TCFA (cight lesions), the data for this group were considerad
exploratory.

Statview version 5.0 ($AS, Cary, NC, USA) was used for the data
analysis, Qualitative data are presented with frequendies and quanti-
tative data are shown as rnedians (25th and 75th percentiles) or
mean £ 32 when indicated.  Comparison  of lboratory data
between the two groups was performed using the unpaired t-test
If the data were not normally distributed, as determined by
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Kolmogorov—Smimov aralysis, the data were aralysed using 2
Mann—Whitney test. A two-sided Prvalue of <0.05 was considered
statistically significant,

Angiographical data, gray-scale IVUS and VH-IVUS data were ana-
lysed using randome-cffects generalized least-sguares regression in
order to account for repeated measurements on individual patients,
Wald's test was used for assessing differences in means between
plague type categorics. Fitted models were used in calculating pre-
dicted means and their 95% confidence intervals (Cls), For the
values in Toble Z, a model with two categories of plague types
{definite-TCFA and non-TCFA) was fit. For the values displayed in
Tables 3 and 4, a separate model with four categories of plague
types (definite-TCFA and the three subcategories of nen-TCFA
plaque  typesy was fit  Predicted means and  Cls for
definite-TCFA in Tebles 3 and 4 occasionally differ slightly from
those in Table 2, because scparate models were used, An adjusted
P-value of <0.0167 {(0.05/3, Benferreni's correction for multiple
comparisens) was used as the threshold for significance to aveld
an inflated type-l error because three pairwise planned comparisons
were made,

To assess the inter- and intra-observer varability, the results
were compared using the w-test of concordance for the
categorical data and Bland—Altman plot was fulfilled for continucus
variables.

Results

Feasibility of virtual
histology-intravascular vitrasound

and optical ccherence tomography
examinations

In 36 patients, 82 diseased vessels were observed with VH-[VUS
and OCT without any complications. We identifled 126 plaques
in the 82 diseased vessels. The average procedure time of
VH-IVUS and OCT, including preparation of both devices, was
18.7 £ 44 min. The mean evaluation length by VH-IVUS was
486 £ 163 mm and that measured by OCT was 445+
12.8 mm. The average balloon ocelusion time for one-time QCT
imaging was 49.8 £ 114 s.

identification of intravascular uitrasound-,
optical coherence tomography-derived
thin-cap fibroathercema, and
definite-thin-cap fibroatheroma

Of 126 plaques, VH-IVUS cbservations identified 61 plaques
(48.4%) as IVUS-derived TCFA, and OCT examination diagnosed
36 plaques (28.6%) as OCT-derived TCFA, Twenty-eight (22.2%)
of the plaques met both criterfa for TCFA and were diagnosed
as definite-TCFA. The remaining 33 IVUS-derived TCFA (262%)
were diagnosed as non-thin-cap [VUS-derived TCFA (mean
fibrous cap thickness by OCT was 99.0 # 13.3 um) and the
remaining cight OCT.derived TCFA (6.3%) were diagnosed as
non-NCCL OCT-derived TCFA. The positive ratic of VH-IVUS
for detecting definite TCFA was 45.9% and that of OCT was
77.8%. A summary of the lesion diagnoses is shown in Fgure 2
and representative cases of non-thin-cap VUS-derived TCFA,
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Table 2 Comparison of angiographical data, gray-scale intravascular ultrasound, and virtual histology-intravascular
ultrasound data between non-thin-cap fibroatheroma and definite-thin-cap fibroatheroma

Non-TCFA {n = 98)

Left antarior descending artery 40

Left circumflax artery 16
Right coronary artery 42
Type of lesion
A/B1 84
82/C 14
Location of lesion
Proximal 21
Mid 56

Distal 21
Quantitative coronary arteriography data
242 (230, 2.35)

1.84 (1,62, 2.05)
343 (30,6, 38.0)

Reference vessel diameter (mm)
Minirum lumen diameter (mm}
%Area-stenosis (%)

Gray-scale IVUS measurements
Plague volume (mmfem)
Vessel volume {mm’/em)
Plaque length (mm)
%Plaque-volume (%}
Remodelling-index

71.2 (532 89.3)
139.9 (109.0, 176.5)
12,8 {11.1, 14.6)
48.6 {468, 50.4)

YH measurements

%Fibrous 621 (603, 65.7)
Fibro-fimy 134 (118, 143)

%Dense-calcium 88 (7.3, 104

%Necrotic-core 153 (137, 16.9)

Definite-TCFA (n = 28)

1,06 {103, 1.08)

P-vatue (vs. definite-TCFA)
12
4

12 N§

2
3 NS
15
12
1 0002
2,53 (230, 2.76) NS
184 (1,62, 2.08) NS
451 (382, 52.1) 0007
961 (73.7, 118.4) 0.0001
1621 (1247, 200.0) 0.004
17.5 (144, 208) NS
565 (533, 59.7) <0.0001
121 {147, 1.25) <0.0001
568 (52.6, 61.0) 0.
135 (107, 164) NS
$.9 (7.0, 104 NS
200 (17,0, 23.0) 0.006

Data are expressed predieted means and thelr 95% Cis, For the values in this tble, 2 model with two tategories of plaque types (definlte-TCFA and non-TCFA) was fit, An
adjusted Pvalue of < 0.0167 (Bonferroni's correction for multiple comparlsons) was consldered signiflcant.

non-NCCL OCT-derived TCFA, and definite-TCFA are shown in
Figure 3A--C, respectively.

Baseline characteristics and laboratory
data

At least one definite-TCFA was identified in 24 patients (42.9%}
but net in the other 32 patients {57,1%). The baseline character-
isties and laboratory data for these two patient groups were sum-
marized in Table 1. There were no differences in age. sex, body
mass index, or cardiac risk factors between the two groups. In
the present study. five (8.9%) patients had ACS that did not
warrant emergency PCl and most of our swdy population
(91.1%) had stable angina, Among the five ACS patients, three
had at least one definite-TCFA.

Although patients without definite-TCFA tended to take statins
for a longer duration and thelr total cholesters! level tended to be
lower than that in patients with definite-TCFA (P = 0,07, both),
there were no significant differences in the lipid profiles, blood
sugar profiles, and high-sensitive C-reactive-protein between the
WO groups,

Comparison of non-thin-cap
fibroatheroma and definite-thin-cap
fibroatheroma

The summarized angiographical data, gray-scale IVUS, and
VH-IVUS data for non-TCFA and definite-TCFA are shown
in Table 2. There were no differences in lesion type, reference
diameter, and minimum  lumen diameter between the two
groups, but definite-TCFA showed significantly higher %area-
stenosis and tended to be located in the proximal part of the
vessel (P=0007 and P=0002, respectively). Based on the
gray-scale {VUS analysis, plaque volume and vessel volume of
definite-TCFA were significantly higher than those of non-TCFA
{P=0.0001 and P~ 0.004, respectively). Alse, the values for
%plague-volume and the wvessel remodelling index of
definite-TCFA were significantly higher than those of non-TCFA
(P < 0.0007, both). VH analysis showed that the Z%necrotic-core
of definite-TCFA was significantly higher than that of non.TCFA
and %fibrous of definite-TCFA was significantly lower than that
of non-TCFA (P = 0.006 and P = 0.01, respectively).
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Table 3 Comparison of angiographical data, gray-scale intravascular ultrasound, and virtual histology-intravascutar
ultrasound data between non-thin-cap intravascular ultrasound-derived thin.cap fibroatheroma and definite<thin-cap

fibroatheroma

Non-thin-cap IVUS-derived
TCFA (r = 33)

Definite-TCFA
(n=28)

Pwvalue (vs.
definite-TCFA)

Quantitative coronary arteriography data
Reference vessel diameter (mm}
Minimum lumen diameter {mm)
%Ares-stenosis (94)

240 (219,267
152 (171, 2.12)
354 (28.6, 48.1)

252 (231, 274}
184 (162, 2.05)
451 (382, 52.1)

Gray-saale VUS measurements
Plaque volume (mm’/cm)
Vessel volume {mm/cm)
Plaque length (rmm}
%Flaque-vatume (%)
Remodelling index

VH measurements
SFibrous
Y%Fibro-fatty
%Dense-calcium
%MNecrotlc-core
Major NCCL arca (mm?)
Total NCCL angle (degree)
Major NCCL angle (degree)

653 (393, 914)
1326 {89.1, 176.2)
134 (105, 16.4)
481 (459, 51.1)

140 (1.08, 1.13)

589 (55.1, 62.7)
123 (9.5, 15.1)
105 (7.9, 13.)
186 (157, 21.4)
0.62 (046, 0.54)
54.6 (35.6, 73.5)
130 (15, 215

96.3 (75,6, 1179)
162.0 (127.4, 196.9)
174 (144,205
565 (534, 59.7)

57.0 (53,1, 60.9)
13.5 (107, 164)
99 (7.3, 12.8)
200 (17.0,22.9)
145 (077, 139
894 (63.6, 1124
29.0 (202, 26.4)

121 {147, 1.25)

0.001
0.01
NS
0.0001
0.0005

NS
N§
NS

NS
0.003
0.0003
0.005

Data are expressed predicted means and their $5% Cls. For the values In this wble, a model with four categories of plaque types (definlte-TCFA and three subgategories of
non-TCFA plaque types) was fit. An adjusted Pvalue of <0.0167 (Bonferronl's correction for multiple comparisons) was considered significant.

NCCL, necrotic core contact whh lumen,

Table 4 Comparison of angiographical data, gray-scale intravascular ultrasound, and virtual histology-intravascular
ultrasound data between non-necrotic core in contact with the lumen optical coherence tomography-derived thin-cap
fibroatheroma and definite-thin-cap fibroatheroma

Quantitative coronaty arteriography data

Reference vessel diameter {mm)
Minimum tumen dlameter {mm}
%Aren-stenosis (%)

Gray-scate [VUS measurements
Plague volume (mmfem)
Vessel volume {mm?cm)

Plaque tength (mm)
%sPlaque-volume (%)

Remodel

ting Index

VH measurements
Y%Fibrous
94Fibro-fatty
#Dense-calclum
HMecrotie-core

TCFA (n = 8)

Nonr-NCCL OCT-derived

326 (2.85, 3.60)
2.50 (210, 2.90)
388 (257, 47.8)

1225 (87.8. 157.2)

232.5 {4715, 285.7)
193 (13.6, 24.9.4)
529 (47.0, 58.8)

49.8 (426, 36.9)
128 (7.4, 18.7)

193 (143, 24.3)
17.3 (118,227

Definite-TCFA (n = 28)

252 (231, 274}
184 (162, 2.05)
451 (382, 52.1)

96.3 (75.6, 117.9)
1620 (127.4, 196.4)
174 (144, 20.5)
565 (334 59.7)

57.0 (53.3, 60.9)
135 (107, 16.4)
9.9 (7.3, 126)
206 (17.0, 22.5)

P-value {vs. definite-TCFA)

0.002
0.004
NS

0.0

o
NS

Data are expressed predicted means and their $5%0s. For the values in this table, 2 model with four cateportes of plague types (definite-TCFA and three subtategarics of
non-TCFA plaque types) was fit. An adjusted Pvalue of <0.0167 (Bonferrenls correction for multiple comparisens) was considered slgnificant.
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Summary of lesion diagnosis

VH l\'L’Sc.\':mm:;mcl/

»

T

i TVUS-derived TCFA 61 (48.4%0) )

/ \

»

\DCT EXANLRHI

‘-

S N

-

{ IVUSderived TCFA Deflutte-TCFA 28 (32.2%0) {7 OCT-derived TCFA M

Figure 2 Among 126 lesions in 56 cases, virtual histology-intravascular ultrasound (VH-IVUS) diagnosed 61 tesions {48.4%) as IVUS-derived
thin-cap-fiberatheroma (TCFA) and optical coherence tomography {OCT) revealed 36 iesions (28.6%} as OCT-derived TCFA, Twenty-eight
lesions (22.2%) met the criteria of both IVUS-derived TCFA and OCT-derived TCFA and were diagnosed as definite-TCFA: 33 lesions were
diagnosed as non-thin-cap [VUS-derived TCFA and eight lesions as non-NCCL OCT-derived TCFA.

Comparison of nen-thin-cap intravascular
ultrasound-derived thin-cap
fibroatheroma and definite-thin-cap
fibroatheroma

The summarized angiographical data. gray-scale VUS, and
VH-IVUS data for non-thin-cap [VUS-derived TCFA and definite
TCFA are shown in Table 3. There were no differences in angiogra-
phical data between the twe groups. Definite-TCFA, however, had
a significantly larger plaque volume. wvessel volume, %plagque-
volume, and vessel remodelling index than non-thin-cap IVUS-
derived TCFA (P=0.001, P =001, P=10.0001 and P =0.0005,
respectively). Although there were no significant differences in
the ratio of plaque components in the VH-IYUS analysis,
definite-TCFA had a significantly larger major confluent NCCL
area and a larger total angle occupied by NCCL in the lumen
circurnference compared with non-thin-cap VUS.derived TCFA
(P = 0003 and P = 0.0003. respectively).

Comparison of non-necrotic core in
contact with the lumen optical eoherence
tomography-derived thin-cap
fibroatheroma and definite-thin-cap
fibroatheroma

The summarized angiographical data. gray-scale IVUS, and
VH-IVUS data for non-NCCL OCT-derived TCFA and definite
TCFA are shown in Table 4. The sample size of non-NCCi. OCT-
derived TCFA was small, thus we considered these data explora-
tory, but non-NCCL OCT-derived TCFA had a significantly
larger %dense-calcium and vessel volume, and smalter vessel remo-
delling index than definite-TCFA (P=001, P=001 and

P = 0,003, respectively). Furthermore, non-NCCL OCT-derived
TCFA had a larger reference diameter and minimum lumen dia.
meter than definite-TCRA (P = 0.002 and P = (.004, respectively).

Intra- and inter-observer variabiticy

The estimated limit of agreement for the intra- and inter-cbserver
variability in the VH-VUS and OCT measurements was reasonable
based on the Bland—Altman plot {%anecrotic—core by VH-IVUS:
intra-cbserver; mean differance: G.03%., upper two-standard devis
aticn (25D} 1.63% and lower 2SD: —1.68%, inter-cbserver
mean differencer  0.10%, upper 250 2.00% and lower
25D: —1.90%, fibrous cap thickness by OCT; intra-observer;
mean difference: 0.6 wm, upper 28D; 122 um and lower 25D:
—13.4 um. inter-cbserver; mean difference: 1.9 pm, upper 25D:
13.8 wm and lower 250: —17.7 um}.

There was {ittle intra~ or inter-observer disagreement in the
diagnosis of IVUS-derived TCFA (intra-observer; rk = 0.87, 5%
Cl, 0.79-0.96, inter-observer; « = 0,81, 95% C! 0.71-0.91) and
in the diagnosis of OCT-derived TCFA (intra-observer; k = 0,87
0.77-0.26, inter-abserver; x = 0.77, 0.65-0.90).

Patient follow-up

In 21 patients with binary anglography (11 patients with
definite-TCFA and 10 patients without definite-TCFA; 13 lesions
were definite-TCFA and 32 lesions were non-TCFA; average
span 2050 & 68.0 days), four lesions required PCl because of
increasing plaque size and a constricting iumen, and three of
these were definite-TCFA, A representative case of definite-TCFA
progression is shown In Figure 4.
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(A) Non-thin-cap IVUS-~derived TCFA

“oplague-volume; 47.6%
Yonecrotic-core;  15%

Angle of the majer NCCL 15.3°
Angle of the total NCCL 35.8°

Cap thickness; 90 ptm

“oplague-volume: 57.6%. Cap thickness?; 50 1m
Yonecroticcore; 2%,
Yodense-calcium: %

) Definite-TCFA

5

%plaque-volume; 55.8% Cap thickness: 40 pm
“enecroticcore; 22%
Angle of the major NCCL 24.8"

Angle of the total NCCL 100.3°

Figure 3 (A) A representative case of non-thin-cap VUJS-derived thin-cap fibroatheroma (TCFAL. Virtual histology-IVUS shows 47.6%
of %plaque-volurme, 15% of Z%necrotic-core. The angle of the major NCCL was 15.3°, and that of the total NCCL was 35.8°, OCT shows signal-
poor lesions with an overtying signal-rich band in the upper right quadrant, A signal-poor lesion indicates a lipid pool and signal-rich band indi-
cates a fibrous cap. The fibrous cap thickness was 90 pum. (B) A representative case of non-NCCL OCT.derived TCFA. QCT identified a
fibrous cap thickness of 50 wm which covers the low intensity area. but VH-IVUS did not identify the NCCL. (C) A representative case of
definite-TCFA. Virtuat histology-IVUS shows %plaque-volume of 55.8% and %necrotic-core of 22%, The angle of the major NCCL was
24.8°, and that of the total NCCL was 100,3%, Its minimum fibrous cap thickness was 40 um.

Discussion 1 imaging modalites, including IVUS,” VH-IVUS,Y angioscopy.™®

: elastogmphy.19 and 'chermogmph)f.20 have been used to detect
Pathology studies have demonstrated that acute coronary events | TCFA. The sensitivity or specificity of these modalities for the
mast commonly arse from the disruption of TCFA Several | detection of TGFA in vivo, however, has not been satisfactory.
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(A)

¢ ¢ap Uuckiess 640 ¢,
Plaque volnme 688 o on. Vessel velume 178 min® cm,
aplikie-tolmye 58.4%s, * anccrotic~¢ore 28 %o, Angle of the fotad NCCL 131 97

B}

Hbeot ¢ap Huckness 40 a.
Plague volune ™97 mum® en Vel volume 1250 nun®-eni.

Ulceration

“oplaghie-valiuiie 63 3o, *anedtoliceore 33 2o, Angle of the total NCCL 133.™

Figure 4 (A) Coromary angiography (CAG) revealed 50% stenosis in the mid-eft anterior descending artery in july 2006, VH-IVUS reveated a
68.8 mm®/cm plaque volume, 117.8 mm™fem vessel volume, 38.4% %phgue-volume, and 28% %necrotic-core, The fibrous cap thicknass of this
lesion was 60 wm by OCT measurement and this lesion was diagnosed as definite-TCFA. (B) After 6 months, because the patient experienced
chest pain at rest with nereased frequency. we performed CAG. The CAG revealed 90% stenosis at the site of the previous definite-TCFA
lesion, VH-IVUS revealed an increase in plaque volume {68.8-79.7 mm/cm), vessel volume (117.8- 1250 mm>/cm), plagque-volume
(58.4% — 63,8%), and %necrotic-core (28%— 33%). OCT revealed ulceration of the fibrous cap.

VH-IVUS for spectral analysis of radio-frequency data has the
potential 1o detect TCFA, VH-IVUS s highly accurate for identify-
ing plague components both in vitr and in vie’ Rodrigucz-
Granillo et al™ were the first to focus on the distribution of
plaque components using YH-IVUS studies. They defined iVUS-
derived TCFA based on pathologic data and demonstrated that
the mean plagque volume and mean %necrotic-core of VUS-
derived TCFA were simifar to previously reported histopathologic
TCFA data Thus, the ability of VH-IVUS to produce real-time
assessment of plaque morphology has been established and
might be useful for identifying TCFA. Because the maximum resol-
ution of VH-IVUS is 100 wm, however, it is difficuit 1o assess the
thin fibrous cap (<65 pm).

Optical coherence tomography is a new imaging modality for
detecting vulnerable plaque. OCT provides z high-resolution
wmage and is able to evaluate detailed plague morphology in
vivo.8™ T OCT, therefore, seems to have the potential to visualize
the thin fibrous cap and detalled structures. The penetration of
QCT is limited (<2 mm}, so that it is frequently difficult to defin-
cate large Upid plaques, Manfrini et ai* reported that OCT could
be unreliable to differentiate areas with heterogenous compaosition
because of its low signal penetration. In our study, eight OCT-
derived TCFA lesions were not identfied as an NCCL by
VH-IVUS analysis. This discrepancy might be because of the pen-
etration limitation of OCT. These lesions had a larger reference
diameter, minimum lumen diameter, and minimum vessel volume

than definite-TCFA (P = 0.002, P = 0.004, P == 0.0, respectively),
and had severely calcified components compared with
definite-TCFA (P=0.01). When a target vessel or plaque is
large, the optical signal might be attenuated by the plaque and
failed to identify plague morpheology. It might also be somatimes
difficult to discriminate between lipid and calcified lesions
because both these appear as low-intensity images, usually differ-
entiated in OCT by an unclear border (lipid) or a dear border
(calcium). In this regard, large calcified lesions are likely to be mis-
diagnosed as TCFA by OCT examination. Therefore, it is difficult
1o detect TCFA using only one modality. Using a combination of
complementary tools such as VH-IVUS and OCT might be a feasi-
ble approach for more accurate detection of TCFA

Although the positive ratio of VH-IVUS for detecting
definite-TCFA was 45.9% and that for OCT was higher than
VH-IVUS (77.8%), OCT has several procedural limitations and is
only used in selected hospitals. IVUS is now routinely used for
PCl procedures, Thus, it Is important to determine the criteria
for TCFA by VH-IVUS. Previous IVUS and pathological studies
showed that positive vessel remodelling Is associated with an
unstable clinical presentation and characteristic pathelogic lesion
types. %23 Kolodgie et al” reported that whether the necrotic
core is circumferential might be ¢riteal for determining the instabil-
ity of a plaque, and they demonstrated that proximal corcnary
lesions with greater than 50% diameter stenosis with an necrotic
core circumference >120" strongly suggests the presence of
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plague with a vulherable morphology. in the present study,
definite-TCFA identified by both modalities tended to locate in
the proximal part of the vessels, areas with a higher %area-
stenosis, %plague-volume and more positively remodelied lesions
in comparison to non-TCFA. These data are compatible with pre-
viously reported histopathologic data®®? Furthermore, the major
confluent NCCL area of definite-TCFA was farger and its NCCL
occupied a larger drcumference of the lumen than non-thin-cap
IVUS-derived TCFA. Thus, %plaque-volume, vesset remodelling
index, confluent major NCCL area, and degree of NCCL cireum-
ference were the identifying factors for definite-TCFA by VH-IVUS,
One of the clinical implications of the present study was to identify
the VH-IVUS indices useful for diagnosing definite-TCFAL

Limitations

Because padents excluded from the study were those with high
risk-ACS, we eould not reach any conclusions about the general
prevalence of definite-TCFA. Further, we could observe only
limited vessel areas, as the VH-IVUS and OCT procedures have
several limitations for imaging certain lesions, such as severely cal-
cifled tortuous lesions or other complex lesions. Thus, our study
results do not represent an unbiased sampling of all coronary
arteries, and the detection rate of TCFA in our study patients
might be underestimated.

There were three cases of definitesTCFA with progression
requiring PCL 1t Is unclear whether the detected definite-TCFA
will cause acute coronary events and was a true vulnerable
plaque. Although the frequency of the progression was too low
to reach any statistical significance, definite-TCFA tended to pro-
gress more compared with non-TCFA. Cur findings, therefore,
should be confirmed with a larger study population and the sub-
sequent course of the lesions observed as well,

in the present study. 61 plagues were identified as IVUS-derived
TCFA by VH-IWUS examination. This identification was based on
the eriteria of a previous published report.’ This high prevalence
of high-risk plaque, however, was at variance with previousty pub-
lished in vivo and in vitro studies. ™ which might be because of inac-
curate VH determination by in vitro testing, Further, we selected
cut-off values of VUS-derived TCFA criteria as %plaque-volume
>40% and %necrotic-core >10% because pathologic TCFA s
very unlikely to be present In segments with <<40% occlusive
tesion, and nearly 90% of ruptured plague comprised > 10% necrotic
corein the plague area.® We did consider that the necrotic core size
of 10% was too low, because the average ¥%necroticcore of
definite-TCFA was 20.0 + 6.8% and that of non-TCFA was 153 +
8.6%. This data is In line with the previous pathologic findings in
this subset of lesions and also in previous VH-IVUS studies?™
Thus, TCFA might be over-diagnosed if based on the current defi-
nition of IVUS-derived TCFA. Our study population was too smalk,
however, 1o establish new criteria for defining IVUS-derived TCFA.

Although we could perform the VH-IVUS and OCT procedures
within 20 min and without complications, the combined use of
VH-IVUS and OCT is laborious and costly. A new device with
both IVUS and OCT functicns to enzble the simultaneous use of
both modalities should be developed.
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Conclusions

This is the first study to evaluate TCFA using a combination of two
new imaging modalities, VH-IVUS and OCT, Neither modality
alone is sufficient for detecting TCFA. The combined use of
these complementary imaging modalities, VH-IVUS and OCT,
however, shoutd be considered a feasible approach fer more
precise detection of TCFAL

Conflict of interest: none declared.

Funding

Funding to pay the Open Access publication charges for this article will
be pravided by Dr junya Shite.

References

1. Falk E Shah PK, Fuster V. Coronary plaque disruption. Circulaton
1995:92:657-671.

2. Kelodgie FD, Virmanl R, Burke AP, Farb A, Weber DK, Kutys R,
Finn AV, Gold HK. Pathologic assessment of the vulnerabie
hurnan coronary plaque. Heart 2004;90:1385-1391.

3. Virmani R, Burke AP, Farb A, Kolodgie FD. Pathology of the vul-
nerable plaque. f Am Coll Cardiol 2006:47:C13~C18,

4. Arbustinl E Dal Beflo B, Morbini P Burke AP Bocclareli M.
Specchia G, Virmani R, Plaque erosion 7s a major substrate for cor-
onary thrombosis in acute myocardial infarction. Heart 1999:82:
269-272.

5. Virmani R, Kelodgie FD, Burke AP, Farb A, Schwartz 5M, Lessons
from sudden coronary death a comprehensive morphclogical
classification  scheme for atherosclerotic  lesions. Arterioscler
Thromb Vasc Biol 2000;20:1262-1275.

6. Nair A, Margolis MP, Kuban BD, Vince DG. Automated coronary
plaque characterization with intravascular ultrasound backscatters
ex vivo validation. Eurefntervention 2007:3:113-120,

7. Nasu K, Tsuchikane E, Katoh ©. Vince DG, Virmani R, Surmely JF,
Murata A, Takeda Y, tto T, Ehara M, Matsubara T, Terashima ™,
Suzuld T. Accuracy of in vivo corenary plaque morphology assess-
ment: a validation study of in vive virtual histology compared with
in vitro histopathology. | Am Coll Cardie! 2006:47:2405-2412,

8. Matsumeto D, Shite }, Shinke T, Ctake H, Tanine Y, Ogasawara D,
Sawada T, Paredes OL. Hirata Ki Yokoyama M. Neointimat cover-
age of sirolimus-eluting stents at 6-month follow-up: evaluated by
optical coherence tomography. Eur Heart | 2007;28:961-967.

2. Jang IK, Bourma BE, Kang DH, Park 54 Park SW, Scung KB, Choi KB,
Snishkov M, Schienderf K, Pomerantsev E, Houser SL, Aretz HT,
Tearney GJ. Visualization of coronary atherosclerotic plagues in
patients using optical ccherence tomography: comparison with
intravascular ultrasound. | Am Coll Cardiol 2002:39:604—805.

10. Yabushita H, Bouma BE, Houser SL, Aretz T. Jang 1K
Schlendorf KH, Kauffman CR. Shishkov M, Kang DH, Halpen EF,
Tearney G). Characterization of human atherosclerosis by optical
coherence tomography. Greulation 2002:106:1640—1645,

11. Jang 1K, Tearney GJ, MacNeill B, Takano M, Moselewski F, Iftima N,
Shishkov ™M, Houser §, Arctz HT, Halpern EF, Bouma BE. In vivo
characterization of coronary atherosclerotic plague by use of
optical coherence tomography, Grevation 2005:411:1551- 1555,

12. Mintz GS, Nissen $E, Anderson WD, Bailey SR, Erbel R
Fitzgeraid P, Pinte F. Rosenfield K Siegel RJ, Tuzuc EM,
Yock PG, American College of Cardiclogy Climical Expert Consen-
sus Document on Standards for Acquisition, Measurement and



13,

14

17

Feasibility of Combined Use of Intravascular Ultrasound Radiofrequency Dara Analysis

Reporting of Intravascular Ultraseund Studies (IVUS), A report of
the American College of Cardiology Task Foree on Clinical Expert
Consensus Documents, { Am Coll Cordial 2001:37:1478--1492,
Rodriguez-Granilo  GA, Garcla-Garcla HM. Mc Fadden EP,
Valgimigll M. Aold |, de Feyter P, Serruys PW, In Vive intravascular
ultrasound-derived thinecap fibroatheroma detection using radio-
frequency data analysis, | Am Coll Cardiol 2005;46;2038-2042.
Garcia-Garcia HM, Goedhart D, Schuurbiers JC, Kukreja N.
Tanimoto §, Dacmen } Morel MA, Bressers M. van Es GA,
Wentzel J], Gijsen F, van der Steen AF, Serruys PW. Virtual his-
tology and remodeling index aliow in vivo identification of alleg-
edly high-risk coronary plaques in patients with acute corenary
syndromes: 2 three vessel intravascular uitrasound rediofrequency
data analyss. Eureintervention 200652338344

. Burke AP, Farb A, Malcom GT, Liang YH, Smialek |, Virmani R

Coronary risk factors and plaque morphology in men with
coronary discase who died suddenly. N Eng | Med 1597:336:
12761282

. Burke AP, Kolodgie FD, Farb A, Weber D, Virman! R. Morphologi-

cal predicters of arterlal remedeling in coronary atherosclerosis.
Circulation 2002:105:297--303.

Yamagishi M, Terashima M, Awano K, Kijima M. Nakatani S,
Daikeku S, Ito K. Yasumura Y, Mivatake K. Morphology of vulner.
able coronary plague: Insights from follow-up of patients examined

18.

20.

21

23

by intravascular ultrasound before an acute coronary syndrome.
J Am Coll Cardiol 2000;35:106-111.

Ohtan’ T, Ueda Y, Mizote |, Oyabu }, Okada K, Hirayama A,
Kedama K Number of yellow plagues detected In a coromary
artery Ts assoclated with future risk of acute coronary syndrome:
detegtion of vulnerable patients by angioscopy. / Am Coll Cardiol
2006:47:2194-2200,

. de Korte CL, Scharr JA. Mastik F, Serruys PW, van der Steen AF,

Imtravascutar elastography: from bench to bedside. | Interv Cardiol
2003;16:253-259.

Madjid ™M, Willerson JT, Casscells SW. Intracoronary thermo-
graphy for detection of high-risk vulnerable plaques. | Am Coll
Cardiol 2006:47:C80-C85.

Manfrini O, Mont E, Leone O, Arbustini E. Eusebl V, Virmani R,
Bugiardini R. Sources of error and interpretation of plague mor-
phology by optical coherance tomography. Am J Cardiol 2006:98:
156-159,

. Schoenhagen P, Ziada KM, Kapadia SR, Crowe TD, Nissen SE

Tuzcu EM. Extent and direction of arterial remodeling in stable
versus unstable coronary syndromes: an intravascular ultrasound
study. Crculation 2000:101:598-603.

Varnava AM, Mills PG, Davies ML Relationship between coronary
artery remodeling and plague vulnerability. Circulation 2002:105:
939-943.

443






Summary and Conclusions






Summary and Conclusions

Undoubtedly, intravascular ultrasound (IVUS) is a highly accurate tool for the
serial assessment of the natural history of coronary atherosclerosis, and for the
evaluation of the effect of established and emerging drug therapies on the progres-
sion of atherosclerosis.

The existing and furure application of IVUS is connected to the study of the
different applications of the analysis of radiofrequency data, both for the im-
provement of plaque characterization, and for the assessment of the mechanical
properties of plaque.

‘This thesis provides important data regarding the internal and external valida-
tion of both the spectral analysis of radiofrequency data and optical coherence
romography for the assessmenc of the intact plaque composition and the perfor-
mance of stents.

INTERNAL VALIDATION

We compared the ability of OCT and IVUS-RF to classify plaque and assessed the
performance of a combination of the two modalities to identify different plaque
types. In this work we present the first comparison between IVUS-RF and OCT,
using histology as a benchmark (chapter 2.1).

The reproducibility study of IVUS-RF demonstrated that the geometrical and
compositional output of IVUS-RF has acceptable reproducibility, and that non-
uniform pullbacks, which can occur when using phased array catheters devoid of a
covering sheath, remain an issue of concern, and this should be taken into account
during the conducrance of longitudinal studies (chapter 2.2).

DISTRIBUTION OF PLAQUE COMPOSITION ALONG CORONARY ARTERIES

In pathological studies and in clinical studies (using angiography and IVUS}, it has
been demonstrated that local factors play a role in determining the progression and
stability of plaque throughour the coronary tree. This thesis extensively addressed
the non-uniformity of plaque composition along the coronary tree (chapters 3.1-
3.5). We established that plaque compeosition is unevenly distwibuted along the
left coronary artery. There is a progressive increase in necrotic core starting from
the proximal segment of the left anterior descending, followed by a steady decline
towards those segments which are more distally locared along the vessel.

In chapter 3.4, we found thar atherosclerotic plaque located at the ostium
of the left anterior descending artery had a larger plaque burden, eccentricity
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and maximum plaque thickness than distal left main plaques. In addition, larger
calcified necrotic core content was found distal to the circumflex take-off. Lesions
were predominantly located in the outer wall of the carina, and such locations
were associated with larger necrotic core content. Overall, these results confirm
the key role of flow dynamics in the genesis and progression of atherosclerosis. In
chapter 3.3, we replicated these observations and extended the analysis to other
bifurcations. The bifurcation sites of LM-LAD had greater necrotic core at just
and distal segments of the bifurcation, while non-LLM bifurcations showed greater
necrotic core in proximal segment of bifurcation.

RELATIONSHIP OF CARDIOVASCULAR RISK FACTORS AND CORONARY
PLAQUE COMPOSITION

In chapter 4, we found after multivariate adjustment that in non-culprit vessels,
patient demographics (age, male gender), anthropometric measurements (waist
circumference), and clinical risk factors (systolic blood pressure) are all related
to plaque composition (larger necrotic core area). Accordingly, necrotic core, as
assessed by IVUS-RE, could be viewed as a novel in sicu/in vivo biomarker, poten-
tially reflecting the long-term impact of cardiovascular risk on plaque phenotype.

HIGH-RISK PLAQUES

The so-called IVUS-derived TCFA (IDTCFA) is common in non-culprit lesions
of patients undergoing percutaneous intervention in another vessel; frequency
is higher in patients with ACS compared to stable patients, and the diseribution
of IDTCFA lesions along the coronary vessels is clearly clustered. These findings
were further confirmed in a 3-vessel population.

We exploted in vive the relationship between plaque composition and coronary
remodelling. Necrotic core size was significantly larger in coronary lesions that
demonstrated positive remodelling, than in those who experienced vessel shrink-
age. In addition, the fibrotic burden of the plaque was significantly and inversely
correlated to the remodelling index.

In a prospective 3-vessel IVUS study, patients with a least one plaque rupture
in the coronary tree had a larger body mass index, and overall worse IVUS-derived
characteristics, when compared to patients withour evidence of plaque ruprure.
In addition, plaque ruptures sited had a worse phenotype than the most diseased
sites of the same vessels.
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FOCAL TREATMENT OF CORONARY HIGH-RISK ATHEROSCLEROTIC PLAQUES

Treatment of asympromaric, non-obstructive coronary lesions may be a desirable
pursuit, but the pre-emptive strike may be a risky, time-consuming and an expen-
sive underraking. Importantly, at present there is no evidence to support this focal
treatment. We described in chapter 6 the current available options.

SYSTEMIC TREATMENT OF CORONARY HIGH-RISK ATHEROSCLEROTIC
PLAQUES

In chapter 7, we described the results of IBIS 2, which to me is the most important
piece of this thesis. This study demonstrated that necrotic core expansion occurs
despite contemporary cardiovascular therapies, even in the absence of an increase
in overall plaque size. This unabated necrotic core expansion could be responsible,
in part, for the recurrent cardiovascular events in high-risk patients. Lp-PLA,
inhibition with darapladib halted this process, and therefore may represent a new
approach for the treatment of atherosclerosis. Firstly, however the benefit of this
intervention needs to be confirmed by the results of future event-driven outcomes
trials.

NOVEL INVASIVE IMAGING OF CORONARY STENTS

We investigated the IVUS-RF usefulness for the study of edge restenosis in metal
stents. Serjal expansive vascular remodelling was observed at proximal and distal
stent edges. Remodeling occurred in response to tissue growth, which was mainly
due to increased fibrofatty tissue. We used also IVUS-REF to assess the serial changes
of lesions treated with bioabsorbable stents, IVUS-RF changes at 6 months sug-
gest alteration of the BVS with reduction of RF backscattering by polymeric
struts. Strained plaques on the palpograms were almost abolished following stent
implantation. However, strain values reappeared within 6 months suggesting an
increase in endoluminal deformability of the stented vessel. Chapter 8.

PLAQUE PROGRESSION/ REGRESSION

In chapter 9, we described the use of IVUS to assess in vivo, the effect of established
and novel medical therapies on plaque size and composition. In a meta-analysis
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of clinical studies that assessed IVUS-based progression/regression of coronary
atherosclerosis to evaluate whether treatment with statins can promote coronary
plaque regression over time, we found that statin therapy, in particular when
achieving the target LDL-C <100mg/dl level, appears to promote a significant
regression of plaque volume in coronary artery segments as measured by IVUS.

Additionally, we evaluated the effect of ACE-inhibitors on coronary athero-
sclerosis. Qur results suggests that in patients with established CAD, and stable
angina without overt heart failure, the clinical benefit obrained with perindopril
treatment during a period of 3 years cannot be attributed to an effect on coronary
plaque size.

Thiazolidinediones (TZDs) have effects on cardiovascular risk factors, including
insulin sensitivity, inflammatory biomarkers, endothelial funcrion, coagulability,
plaque instability; and blood pressure, that may slow the progression of coronary
atherosclerosis. Active-controlled trials of both thiazolidinediones (rosiglitazone
and pioglitazone) in patients with type 2 diabetes have suggested a favourable
effect of these agents on carotid atherosclerosis and in-stent restenosis, however,
the applicability of these data to native vessel coronary disease is uncertain. The
APPROACH study supports, but does not prove the hypothesis that rosiglitazone
has a greater anti-atherosclerotic effect than glipizide in patients with type 2
diabetes.

COMBINING DIFFERENT IVUS-RF AND OPTICAL COHERENCE TOMOGRAPHY

In chapter 10, the combined use of IVUS-RF and optical coherence tomography
is described. Greyscale intravascular ultrasound allows evaluation of coronary ath-
erosclerosis but its limited resolution (axial 150-200 um) precludes the visualiza-
tion of certain microstructures (such as the thin fibrous cap or fine strut coverage).
Optical coherence tomography (OCT) is a light-based imaging modality can be
used to study tissues in vivo with near-histologic, ultrahigh resolution. This has
also provided new insights into the interaction berween the stent and the vessel
wall, and has allowed a more precise characterization of atherosclerotic plaques.
OCT can provide very valuable information for the detection of high-risk
plaques in vivo, especially by measuring the thickness of the fibrous cap. How-
ever due to its limited penetration OCT can not provide a full analysis of large
plaques. Further, histological examinations have demonstrated that OCT may not
be sufficient to discriminate lipid pools from calcium deposits. On the contrary,
other techniques such as IVUS and IVUS-VH analysis can image the complete
thickness of the plague and can identify the presence of necrotic core, bur their
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limired axial resolution does not allow the evaluation of the fibrous cap. Thus, we
showed that the combination of the IVUS-VH and OCT appears promising to

better characterize such plagues.

CONCLUSION

I believe thart this thesis is of value to better understand the exrent, discribution,
morphology and composition of coronary atherosclerosis in our patients.

We have provided important data regarding the accuracy of an in vivo tissue
characterization technique (IVUS-RF and optical coherence tomography). The
combination of the IVUS-RF and OCT appears promising to better characrerize
high-risk plaques. Nevertheless, these findings must be interpreted cautiously
until conclusive data by prospective natural history studies is supplied.

Several systemic treatments have proved to be effective in reducing plaque size,
however, perindopril and rosiglitazone, which were tested in this thesis, did not
meet the primary endpoint.
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Ongetwijfeld is intravasculaire echografie (intravascular ultrasound - IVUS) een
zeer nauwkeurig hulpmiddel voor de seriéle beoordeling van het natuurlijke be-
loop van coronaire atherosclerose en voor de evaluatie van het effect van verschil-
lende conventionele en moderne medicinale behandelingen op de progressie van
atherosclerose.

De huidige en tockomstige toepassing van IVUS is gekoppeld aan her onder-
zoek naar de verschillende toepassingen van de analyse van radiofrequentiedata,
zowel voor een betere plaque typering als voor de beoordeling van de mechanische
eigenschappen van plaques. In her algemeen kan een dergelijke inzichtelijke
analyse van de radiofrequentiedata potentieel zinnig zijn voor de opsporing van
hoogrisico plaques en voor het vervolgen van de natuurlijke ontwikkeling van
deze plaques in prospectieve natuurlijk beloop studies.

Dit proefschrift bevat belangrijke data over de interne en externe validatie van
spectrumanalyse van radiofrequentiedara ter beoordeling van de plaquesamenstel-
ling in vive.

INTERNE VALIDATIE

Wij vergeleken OCT en VH-IVUS wat betreft classificatie van plaque en beoor-
deelden de prestatie van een combinatie van de ewee modaliteiten ter identificatie
van de verschillende plaquetypes. In dit werk presenteren wij de eerste vergelijking
tussen VH-IVUS en OCT, met histologie als maatstaf (Hoofdstuk 2.1).

De reproduceerbaarheid van IVUS-VH toonde aan dat de geometrische en
compositionele output van IVUS-VH acceptabel reproduceerbaar is, en dat non-
uniforme uitzonderingen, in het bijzonder aanwezig bij het gebruik van gefaseerde
array katheters zonder omhullende mantel, een punt van zorg blijven waarmee
rekening gehouden moet worden bij longitudinale studies (Hoofdstuk 2.2).

DISTRIBUTIE VAN PLAQUESAMENSTELLING IN DE CORONAIRE ARTERIEN

Bij plaqueprogressie en -stabiliteit in de coronaire vaatboom lijken plaatselijke
factoren een rol te spelen. Dit werd zowel in pathologische als in klinische studies
aangetoond met behulp van angiografie en IVUS (het laatste ter detectie van
plaqueruptuur). De non-uniformiteit van de plaquesamenstelling in de coronaire
vaatboom wordt in dit proefschrift uitgebreid behandeld (Hoofdstuk 3.1 - 3.6).
Wij hebben met name vastgesteld dat de plaquesamenstelling niet gelijk is
verdeeld over de linker coronaire arterie. Er is sprake van een progressieve toename
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van necrotische kern die begint vanaf de proximale helft van de linker hoofd-
coronaire arterie naar het meest proximale segment van de linker arteria anterior
descendens of circumflexa, gevolgd door een gestage afname langs die segmenten
die meer distaal in het vat zijn gelokaliseerd.

In Hoofdstuk 3.6 zagen wij dat atherosclerotische plaques die gelokaliseerd
zijn in het ostium van de linker arteria anterior descendens presenteerden met
een grotere plaquelast, excentriciteit en maximale plaquedikte dan plaques in de
distale linker hoofdvaten. Bovendien werd distaal van de circumflexa oorsprong
een grotere gecalcificeerde en necrotische kerninhoud gezien. De laesies waren
voornamelijk in de buitenste wand van de carina gelokaliscerd. Een dergelijke
locatie ging gepaard met een grotere necrotische kerninhoud. De sleutelrol van
How dynamica in de genese en progressie van atherosclerose worde door deze
resultaten nog eens bevestigd.

VERBAND TUSSEN CARDIOVASCULAIRE RISICOFACTOREN EN CORONAIRE
PLAQUESAMENSTELLING

In hoofdstuk 4 zagen wij dat de demografische gegevens van de patiént (leeftijd,
mannelijk geslacht), antropometrische maten (tailleomvang), klinische risicofac-
toren (systolische bloeddruk) in niet-culpritvaten na multivariate correctie gerela-
teerd zijn aan de plaquesamenstelling (grotere necrotische kerninhoud). Hiermee
in overeenstemming kan de necrotische kern, vastgesteld met IVUS-RE, gezien
worden als een nieuwe in situ/in vivo biomarker, die mogelijk de lange-termijn
gevolgen van het cardiovasculaire risico op het plaquefenotype weerspiegelt.

KWETSBAAR PLAQUE

In hoofdstuk 5 werd een prospectieve 3-taks IVUS- studie besproken waarin
pati€nten met ten minste één plaqueruptuur in de coronaire vaatboom een hogere
body mass index en in het algemeen ernstiger IVUS-afgeleide kenmerken hadden,
vergeleken met patiénten zonder bewezen plaquerupruur. Bovendien hadden deze
plaquerupturen een ongunstiger fenotype dan de meeste aangedane locaties in
dezelfde vaten.

Aangetoond is dat de thin-cap fibroatheroom (TCFA) laesies met grote
avasculaire, hypocellulaire, lipide kernen, het meest prevalente substraat van pla-
queruptuur zijn. Onderzoek bij een groot aantal slachtoffers van plotse hartdood
lijkr erop te wijzen dat geruptureerde TCFA de aanleiding was voor 60% van
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acute coronaire trombi. Dezelfde studie toonde dar plaquerupruur in TCFAs
ook zonder klinische consequenties kan optreden. De mogelijkheid om TCFA te
identificeren zou de natuurlijke ontwikkeling van deze laesies kunnen ophelderen
en middelen aanreiken om de effecten van farmacologische of andere interventies
te beoordelen.

Wij hebben tevens gevonden dat de IVUS-VH bevindingen, vergelijkbaar
met [VUS-afgeleide TCFA (IDTCEFA), vaak voorkwamen in niet-culpritlaesies
van patiénten die in een ander vat percutane interventie ondergingen. Bovendien
was de prevalentie van IDTFCA significant hoger bij patiénten die presenteerden
met ACS vergeleken met stabiele patiénten., De distributie van IDTCFA laesies
in de coronaire vaten was duidelijk geclusterd. Deze bevindingen werden verder
bevestigd in een populatie met 3-taks lijden.

Wij verificerden in vivo het verband rtussen plaquesamenstelling en coronaire
remodellering. De necrotische kerngrootte was significant groter in coronaire
laesies met positieve remodellering dan in die met negatieve remodellering (‘shrin-
kage’).

Verder was de fibrotische last van de plaque significant en omgekeerd evenredig
gecorreleerd aan de remodelleringsindex.

FOCALE BEHANDELING VAN CORONAIRE HOOGRISICO
ATHEROSCLEROTISCHE PLAQUES

De behandeling van asymptomatische, niet-obstructieve coronaire laesies mag
dan een wenselijk streven zijn, maar het aanpalkken van deze laesies is een mogelijk
riskante, langdurige en dure kwestie. Een focale behandeling wordt echter op dit
moment niet door bewijs ondersteund. In hoofdstuk 6 worden de op dit moment
beschikbare opties beschreven.

SYSTEMISCHE BEHANDELING VAN CORONAIRE HOOGRISICO
ATHEROSCLEROTISCHE PLAQUES

In hoofdstuk 8 worden de resuitaten van IBIS 2 beschreven, volgens mij het
belangrijkste onderdeel van dit proefschrift. Deze studie toonde aan dat ondanks
de moderne cardiovasculaire therapien necrotische kernexpansie optreeds, zelfs
als er in het algemeen geen toename van plaquegrootte is. Deze onverminderde
necrotische kernexpansie kan, voor een deel, verantwoordelijk zijn voor de recidi-
verende cardiovasculaire events bij hoogrisico patiénten. Lp-PLA, remming mert
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Darapladib stopte dit proces en is daarmee mogelijk een nieuwe benadering voor
de behandeling van atherosclerose, indien de gunstige effecten van deze interventie
bevestigd worden door resultaten van toekomstige event-driven resultatentrials.

PLAQUE PROGRESSIE / REGRESSIE

In hoofdstuk 9 wordt het gebruik van IVUS beschreven om iz vive het effect van
conventionele en nieuwe medische therapieén op plaquegrootte en samenstelling
te beoordelen. In cen meta-analyse van klinische studies die ITVUS-gebaseerde
progressie/regressie van coronaire atherosclerose bepaalden om te zien of een
behandeling met statines de regressie van coronaire plaque in de tijd bevordert,
vonden wij dat statinetherapie, met name bij het bereiken van het doelniveau
LDL-C<100 mg/dl, cen significante regressie van plaquevolume in coronaire
arteriesegmenten (gemeten door IVUS) bevordert.

Daarnaast evalueerden wij het effect van ACE remmers op coronaire athe-
rosclerose. De resultaten lijken erop te wijzen dat bij patiénten met vastgestelde
CAD, stabiele angina zonder manifest hartfalen, het klinisch gunstige effect van
Perindropril behandeling tijdens een periode van 3 jaar niet kan worden toege-
schreven aan cen effect op de coronaire plaquegrootte.

Thiazolidinediones (TZDs) hebben effect op cardiovasculaire risicofactoren,
zoals insulinegevoeligheid, inflammaroire biomarkers, endotheliale functie, co-
agulabiliteit, plaque instabiliteit en bloeddruk, die de progressie van coronaire
atherosclerose kunnen vertragen. Actief-gecontroleerde trials van zowel thiazoli-
dinediones (rosiglitazone en pioglitazone) bij patiénten met T2DM suggereerden
een gunstig effect van deze middelen op carotis atherosclerose en in-stent restenose.
De toepasbaarheid van deze gegevens op natieve vat coronarialijden is niet zeker.
De APPROACH studie ondersteunt de hypothese dat rosiglitazone een groter
anti-atherosclerotisch effect heeft dan glipizide bij patiénten met type 2 diabetes,
en suggereert dat rosiglitazone meer ant-atherosclerotisch is bij patiénten mert
gevorderde diabetes of met een hoger risico voor cardiovasculair lijden. In lopende
analyses worden de factoren in verband met veranderingen in atherosclerose, ge-
meten door middel van IVUS, geévalueerd en zullen de effecten van risoglitazone
op atherosclerose en plaque nader worden onderzocht.
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COMBINEREN VAN VERSCHILLENDE INVASIEVE BEELDVORMENDE
TECHNIEKEN

In hoofdstuk 10 wordt het gecombineerde gebruik van meerdere beeldvormende
technieken besproken. Met greyscale intravasculaire echografie is evaluatie van
coronaire atherosclerose mogelijk, maar de beperkre resolutie (axiaal 150-200
pm,) sluit visualisatie van bepaalde microstructuren (zoals de thin fibrous cap of
de fine strut coverage) uit. Optical Coherence Tomography (OCT) is een beeld-
vormingsmethode op basts van lichr, die gebruike kan worden om weefsels in vivo
te bestuderen met bijna-histologische, ultrahoge resolutie. Dit heeft tevens nicuwe
inzichren opgeleverd over de wisselwerking tussen de stent en de vaatwand en heeft
een nauwkeuriger typering van atherosclerotische plaques mogelijk gernaake.

OCT kan zeer waardevolle informatie leveren voor in wivo detectie van hoog-
risico plaques, met name bij het meten van de dikte van de fibreuze cap. Vanwege
de beperkte penetratie van OCT kan geen volledige analyse verricht worden van
grote plaques. Verder hebben histologische onderzoeken aangetoond dat OCT
mogelijk niet voldoende kan differentiéren tussen lipide pools en kalkafzettingen.
Daarentegen kunnen andere technicken zoals IVUS en IVUS-VH analyse de
complete plaquedikte afbeelden en de aanwezigheid van necrotische kern iden-
tificeren. De beperkee axiale resolutie maakt een beoordeling van de fibreuze cap
onmogelijk. Wij hebben hiermee aangetoond dat de combinatie van de IVUS-VH
en ACT veelbelovend lijke om dergelijke plaques te typeren.

CONCLUSIE

Wij zijn van mening dat het in dit proefschrift gepresenteerde werk van waarde is
voor een beter begrip van de omvang, distributie, morfologie en samenstelling van
atherosclerose in levende patiénten.

Wij hebben belangrijke gegevens gepresenteerd met betrekking tot de nauw-
keurigheid van een iz vive weefselryperingtechniek (IVUS-VH). Eén van onze
bevindingen was dat wij een potentieel iz wvive surrogaat van thin cap fibroa-
theroom hebben geidentificeerd, de meest prevalente voorloper van plaquerup-
tuur. Desondanks moeten onze bevindingen voorzichtig worden geinterpreteerd
totdat definitieve data uit natuurlijk beloop studies vrij worden gegeven.

Verscheidene systemische behandelingen hebben bewezen effectief te zijn ter
verkleining van de plaque. Perindopril en rosiglitazone, die in dit proefschrift
werden getest, bereikten het primaire eindpunt echter niet.

459



Samenvatting en Conclusies

De combinatie van IVUS-VH en OCT lijkt veelbelovend te zijn voor een
betere typering van hoogrisico plaques.
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importantly as friends, is the yardstick I use to judge myself as a person. In other
words, | measure my success by the number of friends I have.

As a testimony to my friendly relationship with all the fellows with whom I
have had the’ privilege to work as colleagues, I am proud to say that I have col-
laborated on one or more manuscripts with everyone whose stay has overlapped
with my own at the Thoraxcenter to date.

Dirck van Essen, you were such a great office mate. I spent my first 2 years in
the Z120, at a desk next to you. You may think everything was easy then, bur
unfortunately that was not the case. You asked for coffee every 10 minutes. That
meant that either Keiichi or I was supposed to get up and go to the coffee machine
to get it for you! This was a sort of exchange for the favours you did for us by
translating the letters we got in Dutch. Through you I learnt the Dutch sense of
humour; you showed and told me many nice jokes. Some of you may find serange
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my comment about Dutch humour; they do have a sense of humour, believe me!
Dirck thanks for all your support.

Dennis, thanks for reminding me every time I see you of the “nicest” Mexican
words, also for reminding me of things about my country such as food, people,
places, etc. I was surprised to discover your broad knowledge of Mexico.

Elco, it has been always been a pleasure to talk with you. You have an adventur-
ous spirit. Through your stories about all your adventures (i.e. paragliding and
camping), I learnt that there are other ways of enjoying life.

Paul and Parrick, the newcomers to the Thoraxcenter. Paul and Partrick thanks
for helping to improve my Nederlands while writing the reports in the cath Lab.
You are pair of nice and fun guys.

John de Vries, thanks for all your support. You have facilitated my clinical
research and clinical activities considerably, providing me with all the help T too
frequently requested. But also thanks for many other things such as the copies of
the latest movies and TV series and the good tips you gave me that have enabled
me and my family to better enjoy this country.

Anne-marie, thanks for all your patience and help. Often I felt protected by
you; you were always telling me what was not compatible with the Dutch/Tho-
raxcenter standards. That helped me to better survive without standing out as the
newcomer. At the beginning, I, together with Keiichi spent hours and hours in the
cath lab rooms collecting the crossing time, and there you were also crucial.

Gio, it is a pity you left the Thoraxcenter, although I understood, it was for a
good reason. [ had the opportunity to spend time with you outside the Thoraxcen-
ter, during business dinners or at congresses. You were, both at the Thoraxcenter
and ourside, simply great. I really wish you all the best in your new position and
thanks a million for being there all the time to support me.

Sander, 1 could not enjoy more working with a person like you. You have the
intelligence and curiosity that complements very well what we (the fellows) do at
the Thoraxcenter. I will never forgetr our close collaboration to devise the video
where we show our theoretical approach to treating CTOs using magnetic naviga-
tion. You have shared your enormous collection of music, movies and TV series
and you have also shared with me how your personal life outside the Thoraxcenter
is. I learnt about your American girlfriend and your trip to Australia. You have
been above all a good friend to me. Chap, thanks for all.

Jurgen, I could write a book describing my admiration and respect for you.
Sometimes I see you as a father figure, sometimes as my best friend, sometimes as
my brother, sometimes I simply think you are a PERSON in every sense of the
word. Now I feel it a privilege to have the opportunity to write some words o
you, words that have no other motivation than to thank you for being YOU all
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this time. [ really hope that soon you will have a similar moment in front of your
compurer writing the acknowledgements section of your own PhD thesis. Thanks
for being part of the history of my life. Karen, you are such a hard worker and
perfect partner for Jurgen. I hope that you find in this new facet of your career
many more satisfactions.

Emile Onderwater, you were there at the beginning of my time at the Tho-
raxcenter. I never understood why you left us. You always had solutions for all
our problems, and we went to you many times asking for help to speed up the
acquisition of data from the Thoraxcenter database. Thanks for all your help.

The nurses of the Thoraxcenter, Marjo de Ronde, Caroline, Kim, Marianne,
Tieneke, Sandy, Mercedes, Elsa, Bas, Evelyn and Nico. You have raught me a
lot during the procedures and above of all helped me to better serve as a doctor
to our patients by translating English to Dutch or making understandable my
Nederlandspaans to the patients.

To the staff members of the Thoraxcenter, thanks for your help. Peter de Jaegere,
I really like your efforts to greet me in Spanish. It is unforturate that I have not
yet had the opportunity to work with you on research projects or in the cath
lab. Professor Pim de Feyter, the perfect example of a gentleman. I wish I could
be able to handle all situations in the way you do, with such a calm but firm
determination, without losing control of yourself. You have had always the right
words to stimulate all of the fellows. It is going to be difficult to fill the big space
you will leave at the Thoraxcenter. Martin van der Ent, I will always remember
the very first days of my stay in Rotterdam, I spent many hours with you and
Prof. Serruys in the cath lab collecting information during the CTO procedures.
At Cardialysis, we have spent also many hours during lunch time talking about
Dutch life. Robert and Eric, [ was already at Thoraxcenter when you started with
your training in interventional cardiology. Rapidly, you have become corner
stones at the Thoraxcenter. I have had the opportunity to work with you during
some procedures and can say that [ have enjoyed them. Evelyn, [ respect your
work tremendously. Today, while writing these notes (26 March 2009), I though
to myself that it has been interesting the way we have worked so far, as if we were
working together but in parallel simultaneously.

Eugene McFadden, you were at the Thoraxcenter when I came. You were and
you have been to me just like one more fellow. You were always extremely support-
ive to me and all my colleagues. After you left the Thoraxcenter, you continued
working at Zuiderzickenhuis, so we had the opportunity to have some dinners

463



Acknowledgements

with you. We always enjoy your company and the way you make us remember the
old good times when we were all together working at the Thoraxcenter.

My fellow colleagues, this is a long list. T arrived on the 4 Aug 2004, so [ have
seen several generations of fellows, who fortunately became also my friends. When
I came, Gaston, Andrew, Marco, Carlos, Jiro, Angela and Kelichi were here as
tellows with Prof. Serruys. At that moment, the group had a very good relation-
ship with the fellows of Prof. Pim de Feyter, Francesca Pugliese, Patrizia Malaguti
(Marco’s wife), Bob, Nico, Alessandro, and Filipo.

To Gaston and Ines, when I arrived in Holland, you were very important pillars
for me. You represented a natural connection with my roots, we spoke the same
language and we had the same philosophy of life. I visited your house hundreds of
times; I enjoyed very much Gaston’s cooking. This is true. Ines did not cook much
at that moment, although she was a wonderful host. How many hours I spent
with Gaston, working hard, but mostly laughing a lot; Gaston (che!) you have
such an enjoyable sense of humor. Of course, you were much younger then, but
scientifically you have been always big. I still vividly remember the day we were
discussing the criteria to define IDTCFA. We basically followed our common
sense, we decided 3 consecutive frames to avoid scoring artefacts as IDTCFA,
thereafter we realized that that was also the shorter length a real TFCA can have.
At that moment, we never thought of confluency, but in the rotal amount of NC
per cross-section, again following our instinct, we came up with the 10% NC,
afterwards we also learnt that this value fit with previous pathological descriptions.
Then, the definition of IDTCFA was born. After all the analyses, the overall num-
bers were in line with pathological descriptions, so together with Prof. Serruys,
we thought that whar first was only intuition, made a lot of sense. Gaston and
Ines, we still miss you. Now you are back in Argentina, where you have formed a
complete family with a beautiful daughter, Morita (Sunday, July 6®, 2008). Mil
gracias por ser sobretodo unos grandes amigos.

Together with Marco and Patrizia, we also had several nice evenings. Marco and
Patrizia were both good cooks. What I enjoyed the most was the aglio, olio, e
peperoncino pasta. I will never forget the day when Patrizia was robbed in The
Hague. First we thoughe that maybe she dropped the wallet on one of the streets,
so we walked and walked, searching in every corner for her wallet. Around 3 AM,
we went to the train station to take the train back to Rotterdam, bur Patrizia
convinced us to go back to The Hague’s mains square to keep on looking for her
wallet. By 5 AM, we gave up and came back to Rotterdam. Patrizia, you were not
only a very good friend, but also a very good dancer. Marco Valgimigli: my friend,
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my adviser, my “confidant”. T admire you very much for your scientific skills, you
are one of the most brilliant persons I have ever met. As a person, you are also a
nice chap. I remember once, I do not remember anymore why, we were talking
about the feeling of being a father, I rold you that being 2 father was the best thing
can happen to a person. Now, that you are also a father of a beautiful boy, Ricardo,
you called me back to tell me that I was definitely righe. I am happy that the roads
of our life have crossed.

Jiro Aoki and Asaro, you were always very kind to me. Asaro, I have many nice
memories of you. 1. the day you went by yourself biking to Amsterdam and all
the nice stories you told us. 2. your farewell dinner at your house where we ate
delicious traditional Japanese food prepared by you. 3. we shared with you all
the excitement of the preparation of your trip back to Japan. You took the Tran
Siberian train from where you sent us a beautiful picture that I still have. Thanks
for being such a good friend. Jiro, you were one of my first Japanese colleagues.
You are very intelligent and mentally strong; you bore lots of responsibilities while
you were here and succeeded always to get the best of all of them. Thanks for
being a good friend.

Keiichi, my best Japanese friend (this is nothing against all the others). I was your
officemate during 2 years. I enjoyed every second. You were always supportive, at-
tentive and overall a good person. You have a wonderful family, Junko, Yoshi and
Kohei. Your children were classmates of my son at the Blijberg school. Further,
they also spent together many nice days outside the school. We did together the
first papers on magnetic navigation.

I have vivid memories of the day, you asked me about how to create the cumula-
tive curve to illustrate the steady trend of stent thrombosis in the Rotterdam-Bern
population. After a while, the famous curve was born. I especially remember the
last days of your stay in Rotterdam, how many hours you spent on the Rotterdam-
Bern study. I saw you and Sophia Vaina working a lot on this. This was the project
that during 2 years, you were dreaming of doing, something that you liked, some-
thing that you were interested in, and the main reason you came to Rotterdam as
you mentioned in the email where I was copied on Qctober 7%, 2006; you initiated
this, you devised it and you convinced also Stephan Windecker to get involved.
Just before you left Thoraxcenter, the manuscript was sent to the Lancer. When
the reviewer’s comments came from the Journal, which by the way happened to
be many and challenging to address, you were in Japan. What followed, needless
to say, is the saddest thing I have ever lived through during my stay in Rotterdam.
The details of this story will remain there for the future, as something that has
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marked our lives. After a while, I visited Japan and then I had the opportunity
to see you again. You and your family went to Hiroshima to meet me. You never
told me, but I think you and your family went specifically to see me; you travelled
~ 6 hours on Nov 22, 2006, we had dinner in a typical Japanese restaurant; a
restaurant where you have to be shoeless and seat on the floor. The next day, vou
were going back to your home town. I truly appreciated this.

Andrew Ong, unfortunately we did not have much time rogether. I still have the
barbecue you gave us.

Joost Daemen, initally we worked quite 2 lot together and there are some
manuscripts as a result of that. We spent also very much time together abroad.
One time together with my family, we were in New York. We went together to the
Central Park and also to get every day our meals. I still remember when art the cash
desk the employee of the CVS pharmacy asked you where you bought your colour-
ful scarf. It became clear to me that these colourful clothes can only be bought in
Holland. Actually, this is the same sort of comment, Filippo Cademartiri wrote in
his thesis about Nico Mollet’s colourful trousers. Thanks for ail.

Sophia Vaina, my neighbour during some years in Teilingerstraat. I really appreci-
ated you a lot. I liked your determination to get a proper clinical training and the
ways you used to achieve it.

Neville Kukreja, “big guy”, 1 really enjoyed the time we worked together. 1 was
a fan of your unique black sense of humour. The most unbelievable story we
had together was at Harvard Square in Boston. There we took a cab in order to
go back to our hotel. As expected, I let you speak to the taxi driver. So in your
British accent, you gave him indications how to get our hotel. After a rather long
drive, we asked the taxi driver where we were going to. He told us that he was
heading to the place indicated by Neville. Then, we realized that he was taking
us to a complete different place, in other words, there was a misunderstanding
in the avenue name, and I dare to say today that that was due to the differences
in pronunciation between Neville and the taxi driver. When we discovered that,
you started discussing and arguing with him. At certain point, we were just going
rounds, the taxi driver would not let us go out of the taxi, if we did not pay the
quite expensive fee. You were determined not to pay, because he made the mistake
of not making sure to get the correct address. Eventually, I suggested you to call
911, so you called them, we were getting instructions what to do from the 911
operator, because nothing worked out, the police was sent to chase the taxi that
we were in. They came close to us and asked the taxi driver to pull over. Finally,
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the deal was that the taxi would take us back to Harvard square and we did not
pay anything. What an odd situation! Although what I just mentioned is nor a
good background to say thanks for helping me to improve my English in every
way, you really did.

Anne-Louise was a Danish colleague. You have had always an excellent taste to
pick your houses. The one in Denmark was extremely beautiful and the one now
in Bergen is even more beaurtiful. I have been always envious about that. I was
always puzzled as to why you did and said things in a contradictory manner. Let
me clarify what I mean. On one hand, you saw life so simply, but on the other
hand your emotional life was so complex. I would like to thank you for your
friendship and I wish you all the best. Finally, if you ever decide to move to a
Spanish speaking country, I could help you to improve your Spanish.

Steve Ramcharicar, the way [ will always remember you is asking: “Hector, how are
you?” and before letting me answer you say: “Good, eh, I am also good”. In other
words, you greeted and answered yourself without letting the other people talk.
We have had a sort of bumpy relationship, sometimes we argued, sometimes we
laughed. From my perspective, the end result is positive, our friendship prevails.

I wish you all the best.

Shuzo-san, only after few days in Holland, your wife had to be admitted to the
hospital due to some pregnancy complications. Eventually, everything was OK
and your first daughter was born. You were above of all 2 fair man. Because of this,
I saw you struggling many times when you saw injustice, either inside or outside
the hospital. We have had the opportunity to work together in the BETAX study

where you were very supportive.

Carlos van Mieghem, my current neighbour in the Ommord wijk. It does not
seem like it, but I think you are one of the fellows with whom I have spent the
most hours working shoulder to shoulder. I say: it doesn’t seem like it, because
we only produced one manuscript together. I was happy to learn that your dream
came true; you were asked 1o go to work to Aalst! [ wish you all the success you
deserve.

Emanuele Meliga, the most snob Italian colleague I have ever had. I really got
to like you very much, although I never understood why you wore long knee-
high, striped colourful toe socks. Through you I learnt a lot about Italian cuisine,
especially in the last months when you were always cooking for all of us (Nieves,
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Koen, Yoshi and Nick). We were also roommartes at the Z120, when I moved to
Cardialysis, you moved your office to Cardialysis as well. You could not cope with
boredom, so you needed to be teasing Nieves and myself. Most of the memories
I have abour you is laughing for usually simple things, making fun of everybody.
Professor Serruys should ask you how you mimic him (of course you did that
always in a positive manner, “you know...”).

Scientifically, we did together the entire DELFT saga, which became the core
of your PhD thesis. I have to say that we got a lot support from the Italian mafia,
they agreed on pooling their patients.

Last but not least, I met your beautiful wife, Sylvia, and as I write, you are
becoming the parents of a beautiful boy (April 15%, 2009).

Lele, I really would like to thank you for your friendship, for being a good
partner in work, but mainly for being a good partner in crime. I wish you all the
best in your personal life and scientific career.

Yoshi-sama, as a researcher, you are really a master, almost a genius. But I think
that what makes you special is that above of all, you are a very good friend. You are
patient and listen carefully to everybody. This may have to do with your Japanese
culture. If I have to move again, 1 will not hesitate to ask for your help. You
proved yourself to be a skilled builder of IKEA furniture. However, 1 will only
do it in combination with your other half, ] mean together with Nick. You are a
box full of surprises. Nobody doubts of your dancing skills (all sort of music, even
salsa), your cooking skills (Japanese curry with steam rice) and you even resulted
to be a good “pusher” {do not get it wrong!), I mean when you needed to push
aside your one-day acquired car from the Erasmus bridge, you did it successfully.
Thus, having all these good qualities, I do not understand why you have not got
a beaurtiful Dutch woman.

Yoshi-san, you know what, we really enjoy your presence, your talking, and
your uninterested help. Thanks for being my friend.

Nieves Gonzalo (la tia!), since you came was clear to me that we could work
together. You are not only such a hard worker, but also an intelligent woman. The
language undoubtedly played a role in our close research relationship, but we have
also the same scientific curiosity. Fortunately, our friendship went beyond the hos-
pital environment and I was next to you in important moments of your life (e.g.
when you met Koen), but also in sad occasions. This strengthens our friendship
considerably. One example of this last, it is that your friends became my friends
and my friends were also your friends {Ceci, Poncho, Vera -- in two words. .-, Paul
Vazquez and his family) and got to know through you all the nice people of the
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Clinic Hospital in Madrid (Javiet, Fernando, Roxana, Pilar, Camino, Manel and
Carlos Macaya). I am sure you will be a corner stone at your new hospital. Thanks
for being always there. Before finishing, il may give you some advice, just make
sure you learn how to cook Spanish food other than tortilla de patata, in other
words, take advantage of this time at your mother’s house, so next time we visit
you in Madrid, we can enjoy your cooking.

Nicolo, Nico, Nick, Guey, etc...Guy, you know you are a special friend. It has
been precious your friendship. Thanks to you, I realized I was unintentionally
acting like the Godfather towards the entire community of fellows. You have
confronted me many times with myself, in other words, you made me conscious
of my acts. This has helped me to become a better person, because somerimes you
do unconsciously good or bad things. Thanks to your generous presents, my son
is now playing guitar (now I wonder who is really the Godfather). A word about
your beautiful woman, whose name is Lisa. Together guys, you form a wonderful
couple. I will never forget the day I tried ice in your house (actually it was snow
brought by Lisa from Montreal) and maple syrup.

The new Fellows at Thoraxcenter, Joanna W., Giovanna, Carl, Scot, Shin, Tak-
ayuki, Juan Luis. Joanna, I still have to learn how to reply to the vast number
of emails you are able to send in a short period of time, all marked “in red”.
Giovanna, thanks for being such a good person. I hope you have a successful stay
in Rotterdam. I cannot wait to see all of what we have started consolidated in
many manuscripts. But, more urgently, I cannot wait much longer to try some of
your delicious Italian dishes. Carl, I started enjoying playing squash with you. 1
also wish you a wonderful career here in Rotterdam. I hope in the near future we
can collaborate on some research projects. Scor, it has been nice to work with you
on the InfraReDx project. I am pretty sure this is only the beginning of a fruitful
research relationship between us. I am already looking forward to working with
you on more projects. Eun-Seok Shin, I could not like you more, you are not only
a wonderful person, but also an extremely hard worker and intelligent woman. We
share the same scientific curiosity; therefore I think we will be working for a lot
time rogether. Takayuki-sama, (Taka-nieves) you are extremely kind to everybody.
We worked closely on the Terumo trial and it has been always a pleasure. We have
some other lines of connection. Your daughter is my son’s classmarte. Thanks for
the nice pictures you gave me after the school performance where my son was
disguised as a small dog. Shen, I have been learning how to treat you. You are in a
positive way, different to all my other colleagues It may be the age difference, or
your large clinical experience in the field of Interventional Cardiology. Your short
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stay has been extremely successful in the sense that you came here to get some
experience in research, and in a short period of time, you have learnt to use many
different imaging softwares and I can even say that you have mastered them by
now. You have got involved in many interesting projects with many fellows. This
emphasizes your capability to work in a team. I really hope this experience gives
you enough background to boost research in your hospital in Beijing. Juan Luis, it
has been short time that I know you. I can see already that you are not the typical
Spanish sort of person. You have not told me, burt I discovered that you are able
to speak English, Iralian, German and I think you also speak some Portuguese, I
have heard that in less than a month you started to speak you first Dutch words.
Being polyglot is of course not the main quality of your Spanish countrymen. We
(Apostolos, Carl and myself} will remember always the circumstance in which
you got the corneal erosion. Chris, after Sophia Vaina you were the second Greek
colleague that I had. I empathized quite a lot with you. I share the way you see life
in general, but in particular the way you face working situations. We have pro-
voked already many situations to create the opportunity to work in some research
projects with you. I hope at some point we can do it. Here I have to mention that
I also feel lot of sympathy for your Eline. Apostolos, after only this short period
of time, I can see you are also determined to be successful here at Thoraxcenter.
Hope you find your way to get your echocardiography projects done.

Professor Patrick W. Serruys always reads this section in order to get ideas to write
the speech that he gives at the end of the PhD ceremony, or at least this is what he
has been doing for the last 5 years. As I am aware of that, I have to pick the right
words and describe only the things that I want him to mention. While reading
this text, I think that he will feel a challenge and try to write something from
scratch, which of course will be a surprise for me during the ceremony. Butif I do
not write some hints here, it can be also risky; he can consider mentioning things
that will make me uncomfortable at that moment. However, I am going to be fair
and sincere, and write here a message that conveys above of all my immeasurable
graticude to him.

I would like to thank you for your patience but also for your impatience, for
your thoughtfulness, but also for your thoughtlessness, for your unconditional
support, but also for your conditional support, for teaching me how to work hard,
but also for teaching me how to enjoy life. This dualism is what ultimately has
given to our relationship a great balance. I sincerely hope our working relationship
last for many years.

I would like also to take the opportunity and write some words of gratitude
to Danielle Serruys. You have always been extremely kind and sensicive towards
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me and my family. Your encouragement has helped me overcome many difficult
situations I have encountered during my stay in Rotterdam. You have graciously
offered me dinner many times at your house. For all of this, I would like to thank
you sincerely.

Paul Cummins, the most Irish of my coworkers and the most catholic as well
(Marie-angele, do not take me wrong). You are such a great chap; I do really enjoy
working next to you. You know that, since you loaded the video in YouTube from
the Buddy Guy’s Blues Bar, Chicago, I am more famous now than before. I think
I have not told you that my son enjoyed the video as well.

Nico Bruining, I would like to thank you for all you have taught me, mostly
indirectly, I mean through Gaston. The other opportunity was in the meetings we
have had to discuss the guidelines for progression/regression studies. I have always
enjoyed the time I have spent with you outside of work. One nice memory was
when we went to see the red bulls in Chicago. Thanks for being a good friend to
me.

ACKNOWLEDGEMENTS TO THE PEGPLE FROM CARDIALYSIS

Marie-angele, of all the people I have met in a professional capacity, I can say that
you are the person who stands out because of your ever-present willingness to
help. You have been, all this time, somebody I could always count on. You have
listened many times when I have had problems. You know that listening helps
already a lot; being listened to is the beginning of the cure, the beginning of the
solution of a problem. I remember the day of my birthday, 27* January 2008,
when we (Prof. Serruys, Gerrit-Anne, you and me) were at the revolving roof
top restaurant in NY city, the View Restaurant at the New York Marriot Marquis
Hotel at Times Square. From that day on, you keep a picture of all of us in your
office. Thanks for being such a great colleague and ream partner.

Gerrit-Anne, I got to know you a lot during 2-week trip to US in the months of
Octuber and November 2008. We visited many cities together and had all our
dinners together. Then we talked abour everything but work. I could see the way
you see life and how you got through all the same sort of situations [ am currently
going through. You told me that you were also working, while trying to sort out
your PhD. In my case, [ have currently 2 chiefs, [ am finishing up a PhD, getting
the BIG registration and working at Cardialysis. This may sound simple, when
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you do not consider that one of my chiefs is Prof. Serruys at Thoraxcenter and he
is also part of the board of Directors at Cardialysis. Gerrit-Anne, a great deal of
the credit for my success in this multi-task sort of position is you. You have made
this time smoother, I can say a bit less traumatic. Thanks for being always there.

Peter-Paul, since day one, you have been always supportive and kind to me. I like
from you especially your optimism. Thanks for all your help.

Yvonne and Marjorie, thank you for making my stay in Cardialysis easier. Some-
times you even talk to me in Spanish, so I can feel like working at Home. Yvonne,
you specially understand quite well my background, because you know Mexico
and the Mexicans very well. I was surprised to see all you have visited in Mexico.
I am pretty sure that you have been to many more places in Mexico that I have
been to. Thanks both of you for your help and assistance.

The other 3 people thar are very important for me at Cardialysis are the 3 senior
IVUS analysts, Ali, Jamal and Ravindra. You have taught me so much, but more
importantly you have been so partient in so doing. Today I know, figuurlijk gespro-
ken, that I do not have one right hand, but four. I enjoy very much working with
you. I hope we can continue to be such a good team.

Koen Commisaris, gracias Koen for being a good collaborator and friend. Thanks
also for being so helpful during our last verhuizen. More importantly, I would like
to thank you for teaching me some interesting concepts about brewing.

Dick Goedhart, thanks for all your patience and help. I do really admire your en-
ergy to finish up statistical analysis during late evenings and even on weekends.

I wish I could have the opportunity to thank many other colleagues from Cardi-
alysis such as Bianca Backx, Monique Schuijer, Janette Symons, Marco Bressers,
Jessica, Tessa, Anouk, Barbara, Frits, Richard, Angelien, Claudia, Eline, Ana,
Witteke, Rene, and Ad.
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Todo empezé en 2003, cuando siendo residente del 2° afio de Cardiologfa In-
tervencionista, escribi a Rotterdam, preguntando por los requisitos que se nece-
sitaban para venir al Thoraxcenter. Cuando recibi contesracién de mi e-mail de
Anja, me ijé como meta, venir a este centro. Me platicaban que era un sitio de
excelencia, donde se trabajaba bastante, aunque no me lo podia ni imaginar en
ese entonces. A través de Mauricio Lépez, me enteré un poco de la experiencia
de Manuel Sabate. Mauricio mismo me decia que me vendria a las grandes ligas
de la investigacién en Cardiologia Intervencionista, otra vez no comprendia del
todo lo que eso significaba. La decision principal de venir, la tomé, basado en dos
hechos fundamentales: primero, que yo queria estar en el mejor lugar para hacer
investigacién clinica en Cardiologia Intervencionista; y segundo, queriz estar en
Europa {nunca antes habfa estado en este continente). El primer paso que di,
fue convencer al Intituto Nacional de Cardiologia “Ignacio Chévez” (INC) que
necesitaba exponerme a este ambiente, que si me quedaba en México, me quedaria
incompleto, que era una necesidad personal. Afortunadamente, el Doctor Fause
Attie aceptd.

Se llegd el dia de la entrevista con el Profesor Patrick W. Serruys, durante el
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de trabajo. Y finalmente todo estaba listo para que me viniera al Thoraxcenter.
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