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mplication of Plaque Color Classification for
ssessing Plaque Vulnerability
Coronary Angioscopy and Optical Coherence Tomography Investigation
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oshiaki Tomobuchi, MD, PHD, Takashi Akasaka, MD, PHD
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bjectives The purpose of this study was to assess the relationship between plaque color evalu-
ted by coronary angioscopy and fibrous cap thickness estimated by optical coherence tomography
OCT) in vivo.

ackground Yellow color intensity of coronary plaque evaluated by coronary angioscopy might be
ssociated with plaque vulnerability.

ethods Seventy-seven coronary artery plaques in patients with acute coronary syndrome were
bserved by angioscopy and OCT. Plaque color was graded as white, light yellow, yellow, or inten-
ive yellow.

esults There were significant differences among the groups classified by plaque color with respect
o the fibrous cap thickness estimated by OCT: 389 � 74 �m in white plaques, 228 � 51 �m in
ight yellow plaques, 115 � 28 �m in yellow plaques, and 59 � 14 �m in intensive yellow plaques
p � 0.0001). In Spearman rank-order correlation analysis, there was a significant negative correla-
ion between yellow color intensity and fibrous cap thickness (p � 0.0001). Furthermore, 80% of
ntensive yellow plaques were thin cap fibroatheroma with a cap thickness of �65 �m.

onclusions The plaque color in coronary angioscopy was determined by the fibrous cap thickness,
hich was assessed by OCT. Although coronary angioscopy remains a specialized research tool, it
ight allow us to evaluate plaque vulnerability. (J Am Coll Cardiol Intv 2008;1:74–80) © 2008 by

he American College of Cardiology Foundation

rom the Department of Cardiovascular Medicine, Wakayama Medical University.
anuscript received August 30, 2007; revised manuscript received November 12, 2007, accepted November 15, 2007.
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ased on the current knowledge, histological characteristics
ttributed to vulnerable plaques are a thin fibrous cap, a
arge lipid core, active inflammation within the fibrous cap,
ndothelial denudation with superficial platelet aggregation
nd fissured plaque (1). In the clinical setting, there are
ignificant advantages to identifying the vulnerable plaques
efore acute coronary events. Coronary angioscopy is a
seful imaging modality to assess the surface characteristics
f vessel wall, such as plaque color, fibrous cap disruption,
nd thrombus (2). It has been suggested that yellow plaque
as associated with acute coronary syndrome (ACS) and
laque color might be related to plaque vulnerability (2–11).
revious pathohistological studies demonstrated that yellow
laque was lipid-rich and white plaque was predominantly
brous (9). One investigation using intravascular ultrasound
IVUS) combined with integrated backscatter analysis (11),
hich is useful to differentiate fibrous tissue and fatty tissue
f coronary plaque, showed the relationship between plaque
olor and fibrous cap thickness. However, the thin cap
broatheroma (TCFA) with a cap thickness of �65 �m
ight not be evaluated completely in this study because the

esolution of IVUS is limited to be approximately 100 to
00 �m. Although the fibrous cap thickness of atheroma-
ous plaque may be an important determinant of plaque
olor, it has not been fully examined yet. Recently, intra-
ascular optical coherence tomography (OCT) has been
eveloped as a high-resolution imaging method (12–18). It
as a resolution of 10 to 20 �m and may allow us to estimate
brous cap thickness accurately and to identify TCFA
15–17). The purposes of the present study were: 1) to
valuate the relationship between plaque color by coronary
ngioscopy and fibrous cap thickness of the plaque esti-
ated by OCT; and 2) to assess the prevalence of TCFA in

ellow plaques.

ethods

atient selection. The consecutive ACS patients who un-
erwent coronary catheterization were enrolled in the
resent study. Exclusion criteria were: 1) culprit lesion in
he left main trunk or the osmium of the right, left anterior
escending, or circumflex coronary artery; 2) extremely tight

esions or tortuous vessels where we expected difficulty in
dvancing the coronary angioscopy or OCT catheter; 3)
arget vessel reference diameter of �4 mm expected limi-
ation in OCT evaluation; 4) congestive heart failure with
eft ventricular ejection fraction �40%; and 5) renal insuf-
ciency with baseline serum creatinine �1.5 mg/dl. The

nstitutional review board approved the study, and all
atients provided informed consent before participation.
mage acquisitions. Cardiac catheterization was performed
y the conventional femoral approach, using a 7-F sheath
nd catheters. Intravenous heparin (100 U/kg) was admin-

stered at the beginning of catheterization. The culprit s
esion was identified on the basis of the findings by a
oronary angiogram. In patients with Thrombolysis In

yocardial Infarction (TIMI) flow grade �2, aspiration
hrombectomy was performed by an aspiration catheter
Export catheter, Medtronic Tokyo, Japan) before intra-
oronary imaging, but pre-dilation by balloon catheter was
ot allowed. After getting TIMI flow grade 3, not only the
ulprit lesion but also non-culprit lesions (angiographic
iameter stenosis �25%) in the culprit vessel were observed
y angioscopy and OCT as described previously (2,16–18).
irst, angioscopic examination (Vecmova, Clinical Supply
o., Gifu, Japan) was performed while coronary blood flow
as interrupted by occlusion balloon and blood was cleared

way from view by the injection of 5 to 10 ml of warm
aline. Second, a 0.016-inch OCT catheter (ImageWire,
ightLab Imaging, Westford, Massachusetts) was advanced

o the distal end of the lesion through a 3-F occlusion
alloon catheter. To remove the blood from the field of
iew, the occlusion balloon was inflated to 0.6 atm at
roximal site of the lesion and
arm saline was infused into the

oronary artery from the distal
ip of the occlusion balloon cath-
ter at 0.5 ml/s. The entire le-
ion length was imaged with an
utomatic pullback device mov-
ng at 1 mm/s and the OCT
mage clearly visualized the tar-
et lesion.
mage analysis. All images were
tored digitally for subsequent
nalysis. Analysis of the angio-
copic images were performed by
reviewers blinded to the results
f the OCT analyses. Analysis
f the OCT images was performed by 2 reviewers blinded to
he results of the angioscopic analyses. When there was
iscordance between the observers, a consensus reading was
btained. The corresponding images of coronary angioscopy
nd OCT were identified by the distances from two
andmarks, such as side branches. In the coronary angio-
copic images, plaque color was evaluated and was graded as
hite, light yellow, yellow, or intensive yellow (Fig. 1,
anels A-1, B-1, C-1, and D-1), as Ueda et al. (7,8)
eported previously. OCT images were analyzed using
alidated criteria for plaque characterization, and fibrous cap
hickness was determined as reported previously (12–17).
riefly, fibrous cap thickness was defined as the minimum
istance from the coronary artery lumen to inner border of

ipid pool, which was characterized by a signal-poor region
n the OCT image (Fig. 1, panels A-3, B-3, C-3, and D-3).
ap thickness for each image was measured 3 different

imes, and the average value was computed. Lipid was

Abbreviations
and Acronyms

ACS � acute coronary
syndrome

AMI � acute myocardial
infarction

IVUS � intravascular
ultrasound

OCT � optical coherence
tomography

SD � standard deviation

TCFA � thin cap
fibroatheroma

TIMI � Thrombolysis In
Myocardial Infarction
emiquantified as the number of in
volved quadrants on the
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ross-sectional OCT image (Fig. 1, panels A-2, B-2, C-2,
nd D-2) as reported previously (16). When lipid was
resent in �2 quadrants in any of the images within a
laque, it was considered a lipid-rich plaque. For each
atient, the cross-sectional image with the thinnest fibrous
ap was used for analysis. The TCFA was defined as a
laque with lipid content in �2 quadrants and the thinnest
art of the fibrous cap measuring �65 �m, as Jang et al.
16) reported.
tatistical analysis. Continuous data are presented as mean

standard deviation (SD). The fibrous cap thickness and
ercent diameter stenosis were compared between groups by
-way analysis of variance. To test for significant differences
f the number of quadrants involved by lipid with respect to
he plaque color, a Kruskal-Wallis test was performed. If it
as significant, pairwise comparisons by Bonferroni test
ere performed for multiple analyses. Relations between
ellow color intensity of plaque and fibrous cap thickness or
umber of quadrants involved by lipid were analyzed by

Figure 1. Corresponding Images of OCT and Coronary Angioscopy

In the angioscopic images, plaque color was graded as white (A-1), light yello
by a signal-poor region, and it was semiquantified as the number of involved
B-2, C-2, D-2). The fibrous cap was identified as a signal-rich region between
thickness was measured at the thinnest part (A-3, B-3, C-3, D-3; arrows).
pearman’s rank-order correlation. The incidences of lipid- 1
ich plaque or TCFA were compared among the groups by
se of the chi-square test or Fisher exact test. The Fisher
xact test was used if there was an expected cell value �5.
or reproducibility of fibrous cap thickness and lipid size
stimation, the intraobserver and interobserver differences
ere determined as mean and SD. Furthermore, correlation

oefficients were assessed among observations and observers,
espectively. All analyses were performed using Statview
ersion 5.0 (Abacus Concepts Inc., Berkeley, California). A
value �0.05 was required for statistical significance.

esults

atient characteristics. A total of 30 patients with ACS
ere consecutively enrolled. Five patients were released

ccording to exclusion criteria and 25 patients, including 14
atients with unstable angina and 11 patients with acute
yocardial infarction (AMI), were finally presented in this

tudy. The patient characteristics are demonstrated in Table

), yellow (C-1), or intensive yellow (D-1). A lipid pool (*) was characterized
ants on the cross-sectional optical coherence tomography (OCT) image (A-2,
ronary artery lumen and inner border of lipid pool in the OCT image, and its
w (B-1
quadr
the co
. The mean age in these patients was 68 years old. In
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oronary risk factors, the prevalence of hypertension, dia-
etes mellitus, and hypercholesterolemia were 80%, 24%,
nd 60%, respectively. The coronary angioscopic and OCT
tudies were completed in all patients and the corresponding
mages were obtained in 77 plaques, including 25 plaques of
ulprit lesions and 52 plaques of non-culprit lesions. In 10
ulprit lesions with TIMI flow grade �2, aspiration throm-
ectomy was required before intracoronary imaging. Be-
ause reference vessel diameter was less than 4 mm in this
opulation, clear OCT images were provided in spite of

imited penetration of OCT signal. The coronary occlusion

Table 1. Baseline Characteristics of 25 Patients With
Acute Coronary Syndrome

No. of patients 25

Age, yrs* 68 � 7

Male gender 19 (76)

Clinical presentation

Unstable angina 14 (56)

Acute myocardial infarction 11 (44)

Diabetes mellitus 6 (24)

Hypertension 20 (80)

Cigarette smoking 9 (36)

Hypercholesterolemia (total cholesterol �220 mg/dl) 15 (60)

Culprit vessel

LAD 10 (40)

LCx 3 (12)

RCA 12 (48)

Culprit plaque observed by angioscopy and OCT

No. of culprit plaque 25

Percent diameter stenosis, %* 89 � 7

Nonculprit plaque observed by angioscopy and OCT

No. of nonculprit plaque 52

Percent diameter stenosis, %* 56 � 14

Values are given as n (%) or *mean � SD.

LAD � left anterior descending coronary artery; LCx � left circumflex artery; RCA � right

coronary artery.

Table 2. Coronary Angioscopy and OCT Findings

Findings
White

(n � 19)
Light Ye

(n � 2

Angiographic findings

No. of culprit plaque 0 (0) 3 (1

No. of nonculprit plaque 19 (37) 19 (3

Percent diameter stenosis, %� 53 � 14 53 �

OCT findings

Fibrous cap thickness, �m� 389 � 74 228 �

Lipid plaque, no. of quadrants

1/2/3/4 11/6/2/0 9/7/4

Lipid-rich plaque (�2 quadrants) 8 (42) 13 (5

TCFA 0 (0) 0 (0

*p � 0.01 versus white; †p � 0.05 versus light yellow; ‡p � 0.01 versus white, p � 0.01 versus light ye

data were compared using chi-square statistics.
TCFA � thin cap fibroatheroma (lipid �2 quadrants and fibrous cap thickness �65 �m)
ime necessary for angioscopic and OCT observation of a
esion was 17 � 9 s and 36 � 5 s, respectively. The averaged
rocedure time required to complete imaging by 2 methods,
ncluding imaging catheters exchanges, was �11 min.
lthough ST-segment re-elevation on the electrocardio-

ram was observed in all patients during imaging proce-
ures, it disappeared soon after the procedures by releasing
he coronary occlusion. No major complications and adverse
vents occurred in the present study.
oronary angioscopy and OCT findings. The coronary an-
ioscopic and OCT findings are summarized in Table 2.
he number of white, light yellow, yellow, and intensive

ellow plaques classified by angioscopy were 19 (25%), 21
27%), 22 (29%), and 15 (19%), respectively. The number of
ulprit plaques was significantly different among the plaques
or each plaque color (0%, 12%, 36%, and 52%, in the white,
ight yellow, yellow, and intensive yellow plaques, respec-
ively, p � 0.0001). In pairwise comparison, the number of
ulprit plaques was significantly different between light
ellow and yellow plaques (p � 0.0452) and between yellow
nd intensive yellow plaques (p � 0.0142), but not between
hite and light yellow plaques (p � 0.2354). The percent
iameter stenosis in angiography was significantly different
mong the plaques for each plaque color (53 � 14%, 53 �
3%, 71 � 16%, and 94 � 8%, in the white, light yellow,
ellow, and intensive yellow plaques, respectively, p �
.0001). In addition, the difference of the percent diameter
tenosis was significant between light yellow and yellow
laques (p � 0.0091) and between yellow and intensive
ellow plaques (p � 0.0001), but not between white and
ight yellow plaques (p � 0.8802). There were significant
ifferences among the groups classified by plaque color with
espect to the fibrous cap thickness measured by OCT: 389

74 �m in white plaques, 228 � 51 �m in light yellow
laques, 115 � 28 �m in yellow plaques and 59 � 14 �m
n intensive yellow plaques (p � 0.0001). In pairwise

Yellow
(n � 21)

Intensive Yellow
(n � 15) p Value

9 (36)*† 13 (52)‡§ �0.0001

12 (23)*† 2 (4)‡§ �0.0001

71 � 16*† 94 � 8‡§ �0.0001

115 � 28*† 59 � 14‡§ �0.0001

3/7/7/4*† 0/5/6/4‡ 0.0002

18 (75)* 15 (100)‡ 0.0006

0 (0) 12 (80)‡§ �0.0001

p � 0.05 versus yellow; values are given as n (%) or �mean � SD; ¶p � 0.01 versus white. Categorical
llow
2)

2)

7)

13

51¶

/2

9)

)

llow; §
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omparison, fibrous cap thickness was significantly different
etween white and light yellow plaques (p � 0.0001),
etween light yellow and yellow plaques (p � 0.0001), and
etween yellow and intensive yellow plaques (p � 0.0010).
n Spearman rank-order correlation analysis (Fig. 2), there
as a significant negative correlation between yellow color

ntensity and fibrous cap thickness (p � 0.0001). The
umber of quadrants involved by lipid was also significantly
ifferent among the 4 groups (p � 0.0002), but not in
airwise comparison between white and light yellow plaques
p � 0.1286) and between yellow and intensive yellow
laques (p � 0.2327). In Spearman rank-order correlation
nalysis (Fig. 3), there was a significant positive correlation
etween yellow color intensity and the number of quadrants
nvolved by lipid (p � 0.0001). Furthermore, the frequency
f lipid-rich plaque was significantly different among the
laques with each plaque color (p � 0.0006). In pairwise
omparison using the chi-square test, however, the fre-
uency of lipid-rich plaque was not significantly different
etween white and light yellow plaques (p � 0.3543),
etween light yellow and yellow plaques (p � 0.0883), and
etween yellow and intensive yellow plaques (p � 0.2500).
CFA was observed only in intensive yellow plaques, and

ts frequency was 80% of them (p � 0.0001). In pairwise
omparison using the Fisher exact test, the frequency of
CFA was significantly different between yellow and inten-

ive yellow plaques (p � 0.0001), but not between white and
ight yellow plaques (p � 0.9999) and between light yellow
nd yellow plaques (p � 0.9999). All TCFAs were detected
n the culprit lesions. The frequencies of TCFA in AMI and
nstable angina were 64% and 36%, respectively (p �
.2377).

Figure 2. Relation Between Plaque Color and Fibrous Cap Thickness

The plaque color was graded as white, light yellow, yellow, or intensive
yellow by coronary angioscopy. The fibrous cap thickness was estimated by
optical coherence tomography. There was a significant negative correlation
between yellow color intensity and fibrous cap thickness in Spearman rank-
p
order correlation analysis (p � 0.0001).
ntraobserver and interobserver variability. For reproduc-
bility of the measurements of the fibrous cap thickness by

CT, both intraobserver (17 � 9 �m) and interobserver
28 � 16 �m) differences were low. Correlation coefficients
ere high for repeated measurements by the same observer

r � 0.99) and measurements by 2 different observers (r �
.97). In addition, for semiquantification of lipid size as the
umber of involved quadrants, the intraobserver (0.04 �
.20) and interobserver (0.08 � 0.27) differences were low,
nd correlation coefficients yielded acceptable (r � 0.98 and
� 0.96, respectively).

iscussion

n the present study we demonstrated the significant rela-
ionship between plaque color grade in coronary angioscopy
nd fibrous cap thickness estimated by OCT in vivo, and
0% of intensive yellow plaques were proved to be TCFA.
ipid size, estimated as the number of involved quadrants in

he OCT image, was also positively correlated with yellow
olor intensity, but there were not significant differences
ith adjacent color graded plaques. These results suggested

hat fibrous cap thickness might be a more important
eterminant of plaque color in comparison with lipid size of
laque, and the color grade classification of plaques by
ngioscopy might be a simple and useful method to evaluate
he vulnerability of coronary plaques.

Coronary angioscopy has the unique ability to observe the
ndoluminal surface of coronary arteries, and there are many
eports on the importance of plaque color for assessing

Figure 3. Relation Between Plaque Color and Lipid Size

The plaque color was graded as white, light yellow, yellow, or intensive
yellow by coronary angioscopy. The lipid size was semiquantified as the
number of involved quadrants on the cross-sectional optical coherence
tomography image. There was a significant negative correlation between
the 2 variables in Spearman rank-order correlation analysis. (p � 0.0001).
laque vulnerability. In the clinical study, the relationship



b
a
c
o
b
h
T
p
c

l
t
p
l
t
g
p
t
I
i
�
c
r

h
(
s
w
s
m
m
g
t
a
0
O
l
T
2
2
�
i
l
w
r
f
p
r
h
p
O
o

q

i
o
t
i
s
T
i
m
p
n
a
g
n
i
a
a
l
S
c
k
R
g
q
e
c
l
h
b
a
p
m
c
t
w
t
p
d
b
h
i
(
m

C

T
t
v
s
o
T
m
d

J A C C : C A R D I O V A S C U L A R I N T E R V E N T I O N S , V O L . 1 , N O . 1 , 2 0 0 8

F E B R U A R Y 2 0 0 8 : 7 4 – 8 0

Kubo et al.

Determinants of Coronary Plaque Color

79
etween the yellow color of the plaque and ACS has been
lready established (2–4). In addition, the glistening yellow
olor of the plaque has been demonstrated to be predictive
f early adverse coronary events (5,6). Furthermore, it has
een suggested that yellow plaques with higher color grades
ave a higher incidence of intracoronary thrombus (7,8).
herefore, the grading of yellow color might emphasize the
redictive value of the angioscopic examinations for future
oronary events.

Based on the current knowledge, a thin cap with a large
ipid core is one of the important characteristics attributed
o vulnerable plaques (1). As noted previously, yellow
laques correlate with lipid-rich atheromas in a histopatho-

ogical study by directional coronary atherectomy (9) and
end to have thin fibrous caps in the experimental investi-
ation (10). Recently, Kawasaki et al. (11) revealed that the
laque color reflected not the size of the lipid core but the
hickness of the fibrous cap using an integrated backscatter
VUS. However, the relationship between the plaques with
ntensive yellow color and the plaques with cap thicknesses

100 �m, which might be highly vulnerable, were not
larified in the IVUS study because of a limitation of its
esolution (11).

Intravascular OCT has recently been proposed as a
igh-resolution imaging method for plaque characterization
12–18). OCT is an optical analogue of intravascular ultra-
ound and its resolution is approximately 10 to 20 �m,
hich is about 10 times higher than IVUS. In an autopsy

tudy, Kume et al. (14) demonstrated that OCT allows us to
easure intima-media thickness of normal coronary arteries
ore accurately than IVUS. Furthermore, they revealed a

ood correlation between OCT and histological examina-
ion in the measurements of fibrous cap thickness of the
therosclerotic plaques including TCFA (r � 0.90, p �
.001; mean difference, �24 � 44 �m) (15). In an in vivo
CT investigation, Jang et al. (16) defined a plaque with

ipid area �2 quadrants and cap thickness �65 �m as
CFA and showed the fibrous cap thickness (47.0 [25.3 to
15.5] �m, 53.8 [18.7 to 184.3] �m, and 102.6 [22.0 to
91.1] �m, in AMI, ACS, and stable angina, respectively; p

0.034) and the frequency of TCFA (72%, 50%, and 20%,
n AMI, ACS, and stable angina, respectively; p � 0.012) in
iving patients with various clinical presentations. Recently,
e also evaluated the culprit lesion in AMI by OCT and

eported that fibrous cap thickness (49 � 21 �m) and
requency of TCFA (83%) reproduced well (17). In the
resent study using coronary angioscopy and OCT, we
evealed that yellow plaques of higher color grade might
ave a thinner fibrous cap, and 80% of intensive yellow
laque was TCFA. The ability of coronary angioscopy and
CT to identify TCFA might allow a better understanding

f vulnerable plaque.
To date, coronary angioscopy has had an impact on the
uest to identify the vulnerable plaque. It is an available w
maging technique that has been reported to predict the
ccurrence of ACS (4–6); however, the challenge remains
o make it a clinically useful and practical tool for the
nterventionalist. The present study clarified the relation-
hip between high-risk plaque evaluated by angioscopy and
CFA identified by OCT. Although both techniques are

nvasive and performed in a similar fashion, OCT may be a
ore quantitative and less subjective modality for assessing

laque vulnerability than angioscopy. The investigation for
atural history of TCFA identified by OCT may lead to
dvances in high-risk plaque detection. If treatment strate-
ies emerge to stabilize vulnerable plaques effectively, the
eed for vulnerable plaque diagnostic modalities could

ncrease. We anticipate that the unique capabilities of
ngioscopy and OCT as investigational tools for vulner-
ble plaque will contribute to detection of the high-risk
esions and development of effective treatment strategies.
tudy limitations. First, the evaluation of plaque color by
oronary angioscopy was rather subjective, although this
ind of often-used grading system is easy and practical.
ecently, some reports suggested the usefulness of computer-
enerated algorithms to measure plaque color by pixel
uantification (2). The application of quantitative colorim-
try would provide a more convincing and reproducible type
lassification. Second, a border between fibrous tissue and
ipid tissue is diffuse in an OCT image. Although it may
ave some bias in measurement of the fibrous cap thickness,
oth the intraobserver and interobserver variability yielded
cceptable concordance in the present study. Third, the
enetration depth of the OCT signal is limited to within 2
m. Therefore, this limited ranging depth presents diffi-

ulties assessing the entire plaque and lipid burden in the
hick atherosclerotic lesions. In the present study, the lipid
as semiquantified as the number of involved quadrants on

he cross-sectional OCT image according to previous re-
orts (16,17). Although still in a relatively early stage of
evelopment, frequency domain OCT imaging has already
een shown to be a powerful enabling technology, including
igher resolution, higher penetration depth, improvements

n interrupted blood flow and faster image acquisition rates
19). These next-generation OCT systems may eliminate
any of the technical limitations of the present study.

onclusions

he plaque color in coronary angioscopy was determined by
he fibrous cap thickness, which was assessed by OCT in
ivo, and 80% of intensive yellow plaques were demon-
trated as TCFA. Therefore, the angioscopic color grading
f plaque might be useful to assess the plaque vulnerability.
hese angioscopic and OCT findings of the present study
ay help to establish benchmarks for approaches in the

iagnosis and treatment of vulnerable plaques in patients

ith coronary artery disease.
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