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Aims Positive coronary arterial remodelling has been shown to be associated with unstable coronary syndromes and ex vivo
histological characteristics of plaque vulnerability such as a large lipid core and high macrophage content. The aim of
this study is to evaluate the in vivo association between coronary artery remodelling and underlying plaque charac-
teristics identified by optical coherence tomography (OCT). OCT is a unique imaging modality capable of characteri-
zing these important morphological features of vulnerable plaque.

Methods
and results

OCT and intravascular ultrasound imaging was performed at corresponding sites in patients undergoing catheteriza-
tion. OCT plaque characteristics for lipid content, fibrous cap thickness, and macrophage density were derived using
previously validated criteria. Thin-cap fibroatheroma (TCFA) was defined as lipid-rich plaque (two or more quad-
rants) with fibrous cap thickness ,65 mm. Remodelling index (RI) was calculated as the ratio of the lesion to the
reference external elastic membrane area. A total of 54 lesions from 48 patients were imaged. Positive remodelling
compared with absent or negative remodelling was more commonly associated with lipid-rich plaque (100 vs. 60 vs.
47.4%, P ¼ 0.01), a thin fibrous cap (median 40.2 vs. 51.6 vs. 87 mm, P ¼ 0.003) and the presence of TCFA (80 vs.
38.5 vs. 5.6%, P , 0.001). Fibrous cap macrophage density was also higher in plaques with positive remodelling
showing a positive linear correlation with the RI (r ¼ 0.60, P , 0.001).

Conclusion Coronary plaques with positive remodelling exhibit characteristic features of vulnerable plaque. This may explain the
link between positive remodelling and unstable clinical presentations.
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plaque

Introduction
The coronary arterial wall appears to respond to atheromatous
plaque growth by a dynamic process of geometric remodelling
that spans the spectrum from outward expansion (positive remo-
delling) to vessel shrinkage (negative remodelling). It has been

hypothesized that positive remodelling occurs in most instances
as the initial response to underlying intimal plaque growth, limiting
the encroachment of the plaque into the vessel lumen and thereby
minimizing luminal stenosis. Paradoxically, this beneficial response
is associated with lesions that present with unstable coronary syn-
dromes. Autopsy studies have shown that positive remodelling is
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associated with underlying lesions with histological characteristics
of plaque vulnerability such as a large lipid core and high plaque
macrophage content.1,2

Intravascular imaging modalities such as intravascular ultrasound
(IVUS) and angioscopy do not have the ability to accurately image
some of the critical components of high-risk plaque such as fibrous
cap thickness and macrophage content. Optical coherence tomo-
graphy (OCT), however, is a unique high-resolution imaging
modality capable of characterizing these important morphological
features of atherosclerotic plaque. Using histological controls, the
OCT characteristics for components of coronary plaque such as
lipid content, fibrous cap thickness, and fibrous cap macrophage
density have been validated.3 –5 The aim of this study was to evalu-
ate the in vivo association between coronary artery remodelling
measured by IVUS and underlying plaque characteristics identified
by OCT.

Methods

Study population
Consecutive patients scheduled for cardiac catheterization undergoing
percutaneous coronary intervention at Massachusetts General Hospi-
tal were screened for the study. Consenting patients with an identifi-
able culprit lesion in a native coronary artery amenable to
percutaneous coronary intervention were subsequently enrolled. Sub-
jects were excluded if they had significant left main coronary artery
disease, congestive heart failure, renal insufficiency with baseline
serum creatinine .1.8 mg/dL (.133 mmol/L), required emergency,
or primary angioplasty or had severe stenosis or extremely tortuous
or heavily calcified vessels precluding intravascular imaging. IVUS was
performed prior to OCT in all cases. Demographic and clinical data
were collected prospectively. The institutional review board approved
the study, and all patients provided written informed consent before
participation.

Lesion identification
The culprit lesion or plaque responsible for the patients clinical syn-
drome was determined using coronary angiography6 and corroborated
with information from the patient’s electrocardiogram, nuclear or
echocardiographic stress test, and ventriculogram. Non-culprit
(remote) lesions or plaque within the same vessel that were angiogra-
phically mild or moderate (30–70% stenosis) were also imaged. Only
focal (,25 mm) non-bifurcating lesions in the native coronary arteries
that had not undergone previous percutaneous intervention were
imaged.

Intravascular ultrasound and OCT image
acquisition
All IVUS and OCT imaging were performed before percutaneous
coronary intervention and after the administration of 100–200 mg of
intracoronary nitroglycerin. IVUS imaging was performed using
a 40 MHz rotational IVUS catheter (Boston Scientific, Natick, MA,
USA). The catheter was advanced distal (.10 mm) to the target
lesion up to a distal fiducial landmark documented by contrast angio-
graphy and motorized pullback at 0.5 mm/s was then performed from
this point to the aorto-ostial junction. IVUS images were recorded
onto 0.5 inch high-resolution super-VHS videotapes for subsequent
offline analysis.

The technique of intravascular OCT imaging has been previously
described.4 Prior to introduction into the body, the Z-offset was
adjusted to calibrate the imaging catheter to the fiducial marks on
the OCT monitor and the intensity of the sheath reflection was
used to calibrate detection sensitivity. Using a 0.014 inch guide wire
through a 7F guide catheter, a 3.2F OCT catheter was advanced
under fluoroscopic guidance to the culprit or remote site. Images
were obtained at discrete fixed locations at 4 frames/s (500 angular
pixels � 250 radial pixels), during intermittent saline flush (5–10 mL)
through the guiding catheter to transiently displace blood. Images
were acquired at the area of greatest stenosis or ulceration within
the plaque and at its proximal and distal segments and stored digitally
for subsequent analysis. The position of the OCT catheter imaging tip
at each imaging site was confirmed and documented with contrast
fluoroscopy.

By using fluoroscopic reference axial landmarks such as the
aorto-ostial junction, proximal and distal side branches, and areas of
calcification in combination with the constant imaging pullback speed
of the IVUS catheter and the documented precise site of OCT
imaging of each plaque, OCT and IVUS image locations of all target
sites could be determined and co-registered for analysis.

Intravascular ultrasound image analysis
Two independent operators blinded to the OCT image data analysed
the IVUS images. IVUS plaque measurements of external elastic mem-
brane cross-sectional area (EEM CSA) and lumen CSA were per-
formed according to established and validated standards.7,8 For every
patient, the target (culprit and or remote) lesion site and a proximal
reference defined as the site with the least amount of plaque
,10 mm proximal to the lesion without any intervening major side
branch were selected for measurement. The remodelling index (RI)
was defined as the ratio of the lesion EEM CSA to the proximal refer-
ence EEM CSA. Positive remodelling was defined as an RI . 1.05,
absence of remodelling as an RI of 0.95–1.05, and negative remodelling
as an RI , 0.95.9

Optical coherence tomography image
analysis
All OCT images were analysed by two independent investigators
blinded to IVUS image analysis data using previously validated criteria
for OCT plaque characterization.3,5 Images with significant signal
attenuation precluding satisfactory evaluation of plaque morphology
were excluded from the analysis. The lipid content of a plaque was
semi-quantified as the number of involved quadrants on the cross-
sectional OCT image. For each plaque, the cross-sectional image
with the highest number of lipid quadrants was used for analysis. We
have demonstrated previously, using histological controls and the
same two investigators, a sensitivity and specificity of 92 and 94%,
respectively, to detect lipid-rich plaques using this OCT system. For
all images of culprit plaque with an OCT-determined lipid pool, the
overlying fibrous cap thickness was measured at its thinnest part.
The average of three measurements was taken for each image. For
each culprit plaque, the smallest fibrous cap thickness measurement
from the three imaging locations was used for subsequent analysis.
Histopathological studies show that thin-cap fibroatheroma (TCFA)
with evidence of rupture have a large lipid core occupying .34% of
plaque area and a fibrous cap thickness ,65 mm.10 Therefore, if
lipid was present in two or more quadrants within a plaque, it was con-
sidered as a lipid-rich plaque and TCFAs were defined as lipid-rich
plaque with a fibrous cap thickness measuring ,65 mm (Figure 1).
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Fibrous cap macrophage density was evaluated in all plaques with
a lipid pool using a previously validated technique with which we
have demonstrated that the OCT-derived macrophage density of
plaque fibrous caps correlated strongly (Pearson’s correlation coeffi-
cient r ¼ 0.84, P , 0.0001) with macrophage density quantified
histomorphometrically by CD68 immunoperoxidase staining in the
corresponding histological samples.5 For each OCT image, the
fibrous cap was outlined using automatic bimodal histogram segmenta-
tion with the threshold set at the nadir of the bimodal histogram dis-
tribution computed from the pixel values within the plaque.11–13

Lateral boundaries of the cap were marked at the interface between
the lipid pool and the adjacent fibrous tissue. Measurement of

macrophage content within the fibrous cap was performed on raw
OCT data and was expressed as the normalized standard deviation
of the OCT signal within the fibrous cap as previously described.5

For each individual plaque, the value of the highest macrophage
density was used for subsequent data analysis. The presence of
plaque rupture or thrombus was also evaluated.

Statistical analysis
Continuous variables were reported as means with standard error of
means unless otherwise stated. Unpaired t-test and the one-way
ANOVA test were used for the analysis of continuous variables with

Figure 1 Optical coherence tomography with corresponding IVUS images of coronary plaque from three subjects. (A and D) A ruptured
plaque from a subject with an acute coronary syndrome. The optical coherence tomography image (A) demonstrates a lipid-rich plaque
(lipid pools denoted by L, fibrous plaque denoted by F) with evidence of fibrous cap rupture (asterisk). The fibrous cap of this lesion at its
thinnest point measured 43 mm. There is a high optical coherence tomography signal with signal heterogeneity within the fibrous cap overlying
the lipid pools consistent with high macrophage content. The macrophage content derived from the raw optical coherence tomography signal
normal standardized deviation was 6% for the lesion. The corresponding IVUS image shows a luminal defect suggestive of cap disruption;
however, clear imaging of the rupture site or the lipid pools with overlying fibrous cap is not evident. Intravascular ultrasound-derived remodel-
ling index was 1.05. (B and E) A thin-cap fibroatheroma from a subject with an acute coronary syndrome. The optical coherence tomography
image demonstrates a lipid-rich plaque (lipid pools denoted by L) with an overlying fibrous cap of variable thickness. In the inferior quadrant of
the image, the cap is thick (asterisk) with marked attenuation elsewhere (arrowheads) measuring 39 mm at its thinnest. There is a high optical
coherence tomography signal with signal heterogeneity within the fibrous cap consistent with high macrophage content. The macrophage
content derived from the raw optical coherence tomography signal normal standardized deviation was 7.9%. The intravascular ultrasound
image (E) demonstrates the full extent of the plaque (P); however, detailed morphology of the lipid pools, fibrous cap, and inflammatory infil-
trate is not possible. The lesion demonstrated positive remodelling with an intravascular ultrasound-derived remodelling index of 1.16. (C and F)
An optical coherence tomography image (C) of a fibroatheroma demonstrating a lipid pool (L) involving only one quadrant underlying a thick
fibrous cap (arrowhead) with fibrous tissue (F) comprising the other quadrants. High optical coherence tomography signal with signal hetero-
geneity at the lipid–cap interface (arrow) demonstrates macrophage infiltration. The macrophage density derived from the raw optical coher-
ence tomography signal normalized standardized deviation was 4.6%. The intravascular ultrasound image clearly demonstrates the entire
eccentric plaque (P). There is a superficial echo-lucent area (asterisk) suggestive of lipid corresponding to the lipid pool seen on the optical
coherence tomography image. Overlying this is an echo-dense line corresponding to the fibrous cap. However, detailed morphology of this
area is not evident. Intravascular ultrasound-derived remodelling index was 0.93. The interrupted lines indicate guide-wire artefact. Distance
between calibration marks is 500 mm for optical coherence tomography images and 1 mm for IVUS images.
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normal distribution and Mann–Whitney and Kruskal–Wallis tests were
used for the analysis of continuous variables with skewed distribution.
The x2 test was used for the analysis of categorical variables. Correlation
between continuous variables was estimated using Pearson’s correlation
coefficient. As the distribution of fibrous cap thickness was skewed to the
right, natural logarithmic (ln) transformation, which normalized the dis-
tribution, was used for the correlation analysis.

All analyses were performed using SPSS version 14 (SPSS Institute
Inc.). A P , 0.05 was required for statistical significance.

Results
Of 69 lesions or plaque with complete IVUS data that were imaged
with OCT, 15 were excluded from the analysis due to OCT signal
attenuation (as a result of poor blood clearing or a large burden of
intramural thrombus). A total of 54 lesions from 48 patients were
analysed for the study. Forty-one (75.9%) were culprit plaques and
13 (24.1%) remote plaques. Twenty (37%) lesions demonstrated
positive remodelling, 19 (35.2%) negative remodelling, and 15
(27.8%) absence of remodelling.

Baseline characteristics
The mean age of the cohort was 59 years and 40 (83.3%) were
male. The clinical demographics of the patients in relation to
lesion remodelling category are presented in Table 1. There
were no significant differences in all demographic characteristics
between the groups. Although there was a trend toward positively
remodelled lesions in patients with acute coronary syndrome
(ACS), this finding was not statistically significant.

Remodelling categories and intravascular
ultrasound measurements
At the reference site, there were no significant differences
between remodelling categories with respect to EEM area, lumen
area, and plaque area. At the lesion site, positive remodelling
was related to larger EEM, lumen, and plaque area (Table 2).

Remodelling categories and plaque
characteristics
The associations between OCT plaque characteristics and remo-
delling categories are summarized in Table 3. Lipid-rich plaques
comprised 100% of positively remodelled lesions compared with
60% of lesions with absent remodelling and 47.4% of negatively
remodelled lesions (P ¼ 0.01). A higher plaque lipid content was
more often associated with positive remodelling than with
absent or negative remodelling (P ¼ 0.031 for trend). Plaque that
exhibited positive remodelling had a thinner fibrous cap than
those plaques with absent or negative remodelling (median 40.2
vs. 51.6 vs. 87.0, respectively, P ¼ 0.003).

The macrophage density of the fibrous cap of plaque with
positive remodelling was higher than that in plaques with
absent and negative remodelling (6.9 vs. 5.7 vs. 3.9, respectively,
P , 0.001).
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Table 1 Baseline clinical demographics and remodelling

Characteristics RI P-value

>1.05 (n 5 20) 1.05–0.95 (n 5 15) <0.95 (n 5 19)

Age in years, mean (SEM) 57.5 (2.5) 59.2 (2.1) 58.5 (1.3) 0.90

Male sex, n (%) 19 (95.0) 12 (80.0) 15 (78.9) 0.30

ACS, n (%) 18 (90.0) 9 (60.0) 14 (73.7) 0.12

Smoking history, n (%) 16 (80.0) 15 (100) 14 (73.7) 0.11

Dyslipidaemia, n (%) 15 (75.0) 8 (53.3) 16 (84.2) 0.13

Diabetes, n (%) 4 (20.0) 2 (13.3) 4 (21.1) 0.81

Hypertension, n (%) 12(60.0) 9 (60.0) 9 (47.4) 0.67

Culprit lesion, n (%) 15 (75.0) 10 (66.7) 16 (84.2) 0.49

ACS, acute coronary syndrome; n (%), number (percentage); RI, remodelling index; SEM, standard error of mean.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 2 Intravascular ultrasound measurements
stratified by remodelling index

IVUS
measurement

RI P-value

>1.05
(n 5 20)

1.05–
0.95
(n 5 15)

<0.95
(n 5 19)

Reference

EEM area (mm2) 16.5 (0.9) 15.6 (1.2) 15.8 (0.9) 0.80

Lumen area (mm2) 9.5 (0.6) 9.2 (0.9) 8.9 (0.5) 0.80

Plaque area (mm2) 13.7 (0.9) 11.6 (1.2) 9.9 (0.6) 0.69

Lesion

EEM area (mm2) 18.7 (1.0) 15.6 (1.2) 12.6 (0.7) 0.001

Lumen area (mm2) 4.5 (0.6) 4.0 (0.4) 2.7 (0.2) 0.011

Plaque area (mm2) 13.7 (0.9) 11.6 (1.2) 9.9 (0.6) 0.011

Area stenosis (%) 55.9 (4.1) 42.6 (4.5) 68.5 (2.8) 0.010

Values are mean (standard error of mean) unless otherwise stated. IVUS,
intravascular ultrasound; EEM, external elastic membrane; RI, remodelling index.
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Rupture was noted in 11 (24.4%) plaques with a non-significant
trend towards a higher incidence of rupture in positively remo-
delled lesions (Table 3).

Remodelling index and plaque
characteristics
When the RI was compared with plaque lipid content, a higher
lesion lipid content was associated with a higher mean RI
(Figure 2). There was an inverse linear relationship between
plaque fibrous cap thickness and the RI (r ¼ 20.41, P ¼ 0.013;
Figure 3A) and a significant positive linear correlation between
plaque fibrous cap macrophage density and the RI (r ¼ 0.60,
P , 0.001; Figure 3B). Plaque rupture was non-significantly associ-
ated with a higher RI (1.1 vs. 0.97, P ¼ 0.14). The presence of
thrombus was not related to RI (0.9 vs. 0.9, P ¼ 0.39).

Remodelling and thin-cap fibroatheroma
TCFA was not associated with baseline patient demographics or
risk factors. There was a significant association between positive
remodelling and the presence of underlying plaques that were
categorized as TCFA. TCFA comprised 80% of all lesions with
positive remodelling, 38.5% of lesions with absent remodelling,
and only 5.6% of lesions with negative remodelling (Table 2 and
Figure 4, P , 0.001). In addition, plaques classified as TCFA were
associated with a higher RI compared with plaques that were
not TCFA (RI 1.1 vs. RI 0.9, P , 0.001).

Discussion
In this study, we examined in vivo the association between detailed
coronary plaque morphology by OCT and the presence of remo-
delling identified by IVUS. Our results demonstrate that coronary
plaques with positive remodelling exhibit the characteristic fea-
tures of high-risk plaque thereby both corroborating the results
of the previous histopathological ex vivo studies and explaining

the link between positive remodelling of culprit lesions and an
unstable clinical presentation.

Both Smits et al.14, Schoenhagen et al.9, and Nakamura et al.15

demonstrated using IVUS that positive remodelling of the culprit
lesion was more often associated with patients who had an
unstable vs. a stable coronary syndrome (50 vs. 21.6%, 51.8 vs.
19.6%, and 79.6 vs. 35.2%, respectively). Histopathological studies
have shown that the morphology of the underlying plaque is
a critical factor in determining its clinical manifestations. Although
more than one distinct morphological type of vulnerable plaque
has been described, the majority of acute coronary events occur
as a result of thrombus formation following disruption of
a TCFA; a lesion characterized by a large lipid core overlaid by a
thin rupture-prone fibrous cap which is infiltrated with predomi-
nantly mononuclear inflammatory cells.10,16 The relationship
between coronary arterial remodelling and underlying plaque

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 3 Optical coherence tomography plaque characteristics and remodelling index

Plaque characteristics RI P-value

>1.05 (n 5 20) 1.05–0.95 (n 5 15) <0.95 (n 5 19)

Lipid-rich plaque, n (%) 20 (100) 9 (60) 9 (47.4) 0.010

Lipid quadrants, n (%)

1 0 (0) 5 (33.3) 6 (31.6) 0.031

2 9 (45.0) 3 (20.0) 5 (26.3)

3 5 (25.0) 4 (26.7) 2 (10.5)

4 6 (30.0) 2 (13.3) 2 (10.5)

Fibrous cap thickness (mm), median (IQR) (n ¼ 38) 40.2 (25.5) 51.6 (43.2) 87.0 (84.7) 0.003

TCFA, n (%) (n ¼ 46) 12 (80.0) 5 (38.5) 1 (5.6%) ,0.001

Macrophage density (NSD%) 6.9 5.7 3.9 ,0.001

Rupture, n (%) 6 (30.0) 4 (26.7) 1 (5.3) 0.12

Thrombus, n (%) 3 (15.0) 5 (33.3) 3 (15.8) 0.34

IQR, inter-quartile range; n (%), number (percentage); NSD, normalized standard deviation; RI, remodelling index; TCFA, thin-cap fibroatheroma.

Figure 2 Association between remodelling index and plaque
lipid content assessed as number of involved quadrants in cross-
sectional image of the lesion.
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morphology was demonstrated in two autopsy studies on subjects
of sudden cardiac death.2,17 Both studies showed that positive
remodelling was associated with underlying lesions that demon-
strate histological characteristics of plaque vulnerability with
larger lipid cores and greater plaque macrophage infiltration than
negatively remodelled lesions. However, these were ex vivo
autopsy studies on a selected subset of subjects with sudden
cardiac death. In vivo validation of these findings in a clinically rel-
evant population has been limited, prior to the development of
OCT, due to the lack of a sensitive imaging modality to visualize
detailed plaque morphology. With this study, we have shown in
vivo that positive remodelling is associated with plaques with a
higher lipid content and greater fibrous cap macrophage density.
Indeed a direct linear relationship was noted between the RI and
fibrous cap macrophage density. Fibrous cap attenuation is the
critical factor predisposing to plaque rupture. There is no data
looking at the direct relationship between fibrous cap thickness
and remodelling. Burke et al.17 demonstrated that ruptured and
unruptured vulnerable plaque (based on a ,65 mm fibrous cap
thickness threshold) showed significantly greater positive

remodelling than stable plaques (fibrous plaque). We have demon-
strated a linear inverse relationship between plaque fibrous cap
thickness and the RI (Figure 3A), suggesting that as the degree of
outward remodelling increases, fibrous cap attenuation and conse-
quently the risk of fibrous cap rupture with atherothrombosis may
increase. In addition, when TCFA was defined as a plaque with
fibrous cap thickness ,65 mm and two or more lipid quadrants,
80% of positively remodelled lesions were TCFA, whereas only
5.6% of negatively remodelled lesions were TCFA. These results
reiterate the association between positive remodelling and
plaque vulnerability. Although the reason for this association is
not known, it is likely that it is at least in part due to common
pathophysiological mechanisms. Macrophage-derived matrix metal-
loproteinases (MMPs) are a key factor in the pathogenesis of
plaque vulnerability. There is now evidence that MMP activity
may play a causal role in positive remodelling.18,19 Plaque lipid
pools are rich in MMPs. The presence of greater macrophage infil-
tration and higher lipid content in plaques with positive remodel-
ling demonstrated in this study therefore adds in vivo support to
this pathophysiological concept.

Other intravascular imaging modalities have assessed the
relationship between remodelling and plaque morphology in vivo.
Grey-scale IVUS remains the standard for assessing vessel dimen-
sions and plaque volume and is the modality of choice for evaluat-
ing vessel remodelling; however, it is of limited value in evaluating
plaque characteristics including plaque lipid content.20 von Birgelen
et al.21 showed that the size of the emptied plaque cavity following
cap rupture was larger in lesions with positive remodelling,
suggesting that the lipid core in positively remodelled lesions was
larger. Spectral analysis of IVUS backscatter radiofrequency data
[virtual histology-IVUS (VH-IVUS)] has been used to characterize
plaque into morphological tissue components (fibrous, fibrofatty,
necrotic core, and dense calcium).22 However, the results using
this technique have been contradictory. Fuji et al.23 showed that
lesions with positive remodelling had a larger mean fibrofatty
plaque area, whereas the lipid necrotic core area was smaller.

Figure 3 Scatter plots of (A) remodelling index to the logarithm of fibrous cap thickness, (B) remodelling index to plaque fibrous cap macro-
phage density. Pearson’s correlation coefficient (r) and the P-value are depicted in the inset.

Figure 4 Frequency of thin-cap fibroatheroma in relation to
remodelling category.

O.C. Raffel et al.1726

D
ow

nloaded from
 https://academ

ic.oup.com
/eurheartj/article/29/14/1721/498736 by guest on 21 August 2022



Conversely, Rodriguez-Granillo et al.24 demonstrated no difference
in fibrofatty area with the mode of remodelling and a larger mean
lipid necrotic core area in positively remodelled lesions.24 Using
angioscopy, Smits et al.25 showed that complex plaques with
thrombi and yellow colouration (indicating underlying lipid pools)
were more frequently observed in positively remodelled lesions.
Angioscopy is a qualitative technique and the resolution of
current IVUS catheters is in the order of 150 mm and thus both
these modalities cannot accurately assess fibrous cap thickness.
Recently, VH-IVUS has been used to assess the fibrous cap thick-
ness and identify an IVUS-derived TCFA defined primarily by the
lack of fibrous tissue overlying a necrotic core on the radiofre-
quency derived colour map. However, this assumption is limited
not only by the resolution limit of the catheter but also by the
analysis window size of �246 mm in the axial direction applied
for the colour tissue map reconstruction. In addition, neither
angioscopy nor IVUS can measure plaque inflammatory activity.
Measurement of plaque temperature and thermal heterogeneity
has been shown to correlate with plaque macrophage content.
Higher thermal heterogeneity has been demonstrated in positively
remodelled lesions in subjects with ACS compared with negatively
remodelled lesions.26 Although all of these modalities have added
to our knowledge of the relationship between remodelling and
various aspects of plaque morphology in vivo, OCT provides the
unique advantage of being able to provide information on the criti-
cal aspects of plaque morphology in a single imaging modality.

Limitations
Consecutive subjects who met the eligibility criteria and consented
to the study were enrolled. Nevertheless, excluding patients who
were unstable, had renal impairment, or calcified vessels may have
resulted in a selection bias. However, the enrolment criteria used
are common to all studies that require invasive imaging and are
necessary for subject safety. In this study, 76% of the plaques
were from subjects with an ACS. Therefore, extrapolating to a
more general population with a more proportionate represen-
tation of coronary syndromes must be done with this in mind.
Because of significant attenuation of the emitted infrared light by
blood, a blood-free zone is required for OCT imaging. This was
achieved through intermittent saline flushes through the coronary
guide catheter resulting in short image acquisition times. This
enabled imaging only at discrete locations precluding detailed
evaluation of entire vessel segments. As a result, only a limited
part of the total plaque burden could be sampled. It is therefore
possible that we did not image an area of importance such as an
exact rupture site within a culprit lesion where fibrous cap attenu-
ation and macrophage infiltration would be greatest. Considering
the high prevalence of ACS in our cohort, the frequency of
rupture was low. It is likely that due to the discrete imaging
method used in this study, the presence of rupture was underesti-
mated. Limited penetration depth (2–3 mm) is another limitation
of OCT since, unlike IVUS, it does not enable visualization of the
entire plaque or measurements such as plaque volume or the
entire lipid pool. However, because the most important morpho-
logical determinants of plaque vulnerability are superficial, this
region of greatest interest was within the imaging range of the
OCT system. Second generation OCT technology currently

undergoing development provides significant improvement in
image acquisition speed (with frame rates in excess of 100
frames/s) without compromising resolution and image contrast.25

This development allows continuous imaging of long segments of
vessel wall at pullback rates of �20 mm/s, eliminating many of
the technical limitations of the present study.

Co-referencing of IVUS and OCT imaging sites was done care-
fully using landmarks such as side branches and calcified areas along
with the motorized pullback speed of IVUS and the documented
OCT imaging locations. Nevertheless, it is possible that identical
sites were not imaged.

Finally, this was a study in a relatively small cohort and remodel-
ling is a dynamic process so single time point assessments of remo-
delling using reference segments are not ideal. Further,
atherosclerosis is a diffuse process and reference segments that
are used often have some plaque burden and may have undergone
remodelling. Therefore, the results of this study need to be con-
sidered in light of these limitations.

Conclusion
This study provides the first in vivo data using OCT that demon-
strates the association between remodelling and plaque character-
istics. It shows that coronary plaques with positive remodelling
exhibit the characteristic features of vulnerable plaque. This corro-
borates previous ex vivo studies and may explain the link between
positive remodelling and unstable clinical presentations. Owing to
the size and single time-point assessment of this study, prospective
longitudinal studies will need to be done on a larger cohort to
confirm the robustness of these findings over time and to investi-
gate their clinical significance.
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EHJ that shall soon be used for all articles.
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