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ABSTRACT

BACKGROUND AND PURPOSE: Rupture of the plaque fibrous cap and subsequent thrombosis are the major causes of stroke. This study
evaluated morphologic features of plaque rupture in the carotid artery by using optical coherence tomography in vivo.

MATERIALS AND METHODS: Thirty-six carotid plaques with high-grade stenosis were prospectively imaged by optical coherence
tomography. “Plaque rupture” was defined as a plaque containing a cavity that had overlying residual fibrous caps. The fibrous cap
thickness was measured at its thinnest part for both ruptured and nonruptured plaques. The distance between the minimum fibrous
cap thickness site and the bifurcation point was also measured. Optical coherence tomography identified 24 ruptured and 12
nonruptured plaques.

RESULTS: Multiple ruptures were observed in 9 (38%) patients: Six patients had 2 ruptures in the same plaque, 2 patients had 3 ruptures in
the same plaque, and 1 patient had 5 ruptures in the same plaque. Most (84%) of the fibrous cap disruptions were identified at the plaque
shoulder and near the bifurcation point (within a 4.2-mm distance). The median thinnest cap thickness was 80 �m (interquartile range,
70 –100 �m), and 95% of ruptured plaques had fibrous caps of �130 �m. Receiver operating characteristic analysis revealed that a fibrous
cap thickness of �130 �m was the critical threshold value for plaque rupture in the carotid artery.

CONCLUSIONS: Plaque rupture was common in high-grade stenosis and was located at the shoulder of the carotid plaque close to the
bifurcation. A cap thickness of �130 �m was the threshold for plaque rupture in the carotid artery.

ABBREVIATION: OCT � optical coherence tomography

Rupture of the fibrous cap and subsequent thrombosis are the

major causes of cardiovascular events such as heart attack and

stroke.1-3 In a previous study of sudden coronary death, a fibrous

cap thickness of 65 �m was chosen as a criterion of instability

because for a cap to rupture, the average cap thickness was 23 � 19

�m; 95% of caps measured �65 �m within a limit of only 2 SDs.1

Therefore, the fibrous cap thickness of �65 �m is now widely ac-

cepted as the definition of in vivo coronary vulnerable plaque that is

prone to rupture. Disruption of the fibrous cap is frequently ob-

served in symptomatic carotid plaques4,5 and is strongly associated

with an ulceration appearance on angiography,6 which is con-

sidered an independent predictor of stroke on long-term fol-

low-up in patients with symptomatic severe carotid stenosis.7

Redgrave et al8 examined the cross-sections of plaques with

high-grade carotid stenosis and found that the optimum fi-

brous cap thickness for discriminating ruptured and nonrup-

tured plaques was 200 �m; thus, it appears that there is no clear

threshold for classifying plaques that are prone to rupture in

vivo.

Intravascular sonography, which is a widely used imaging

method in the field of carotid artery intervention, has an axial

resolution of 100 –200 �m and a lateral resolution of 250 �m.9

Although it can visualize deep structures, intravascular sonog-

raphy is not a suitable imaging technique for the detection of

thin fibrous caps because its resolution is too low. Optical

coherence tomography (OCT) has been introduced recently as

a high-resolution imaging method.10,11 The typical OCT image

has an axial resolution of 10 �m, approximately 10 times

higher than that of any other clinically available diagnostic

imaging technique, such as intravascular sonography. OCT

provides an accurate representation of the thickness of the
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fibrous cap that could not be measured by other imaging mo-

dalities.12 In the present study, we evaluated the morphologic

features of ruptured plaques in the carotid artery by using

OCT.

MATERIALS AND METHODS
Study Population
Between March 2012 and November 2013, a prospective but non-

consecutive series of 38 carotid arteries in 36 patients who were

scheduled for carotid artery stenting to treat a high-grade stenosis

in previously untreated carotid arteries underwent diagnostic

OCT examinations to evaluate plaque morphology. OCT was per-

formed only when carotid artery stenting was planned under

proximal protection methods, due to the need for continuous

injection of saline and contrast through the guiding catheter to

remove blood from the FOV. Patients with a moderate stenosis at

the proximal common carotid artery, a very tight stenosis at the

target lesion, and intramural thrombus suspected on the basis of

other modalities were not enrolled in this study because of the

potential difficulty in acquiring and interpreting OCT images

with such conditions. OCT examinations were performed for 38

carotid arteries in 36 patients, with 2 patients undergoing bilateral

carotid artery stenting. Two patients were excluded because of

poor OCT images. Finally, 36 carotid arteries in 34 patients were

considered eligible for performing OCT image assessments. The

grade of carotid stenosis was assessed by using angiography,13 and

indications for carotid artery stenting were based on the Stenting

and Angioplasty with Protection in Patients at High Risk for End-

arterectomy trial.14 Because OCT is approved only for coronary

arteries, its use in human carotid arteries was approved by our

institutional ethics committee (No. 21–108), and the study pro-

tocol was submitted to an open-access data base (University Hos-

pital Medical Information Network, trial number UMIN

000002808; http://www.umin.ac.jp/english/). Informed consent

was obtained from all patients before participation.

OCT Procedure
Frequency domain OCT imaging was performed by using a

C7-XR OCT imaging system (St. Jude Medical, St. Paul, Minne-

sota). A 9F guiding catheter with an occlusion balloon was in-

serted into the common carotid artery, and a guidewire with an

occlusion balloon (GuardWire; Medtronic, Minneapolis, Minne-

sota) was introduced into the external carotid artery; or a 9F

Mo.Ma system (Medtronic), which has 2 compliant balloons, was

inserted where the distal balloon was located in the external ca-

rotid artery and the proximal balloon was located in the common

carotid artery. Following a Z offset adjustment, an OCT imaging

catheter (Dragonfly; St. Jude Medical) was advanced into the ca-

rotid artery beyond the stenotic site over a 0.014-inch microgu-

idewire. After the OCT catheter placement, a carefully debubbled

mixture of saline and contrast (1:1 dilution) (iomeprol, Iomeron

300; Bracco, Milan, Italy) at 37°C was flushed through the guiding

catheter at a rate of 6 mL/s for a 5-second period by using a motor-

driven injector. When a blood-free image was observed, the OCT

imaging core was withdrawn by using a stand-alone electronic

control of the pullback motor. We stored OCT images digitally for

subsequent analysis.

OCT Imaging Analysis
All images were recorded digitally and analyzed by 2 independent

investigators who were blinded to the clinical presentations and an-

giographic findings. Qualitative OCT assessment was performed for

each artery by using previously published criteria.15 Plaques were

classified as the following: 1) fibrous (homogeneous with high back-

scatter regions), 2) lipid-rich (low-signal region with diffuse border),

or 3) calcified (low backscattering signal with a sharp border inside a

plaque). For all nonruptured plaques that were determined lipid-rich

with OCT, the fibrous cap thickness was measured at its thinnest

part. The cap thicknesses were measured 3 times, and the average

value was calculated. The distance between the minimum fibrous cap

thickness site and the carotid bifurcation point was measured.

“Plaque rupture” was defined as a plaque containing a cavity that was

in contact with the lumen that had any overlying residual fibrous cap

fragment.16 Rupture sites separated by a length of artery containing

smooth lumen contours and no cavity were considered to represent

different plaque ruptures. The thinnest cap thickness was mea-

sured at the thinnest part of the remnant of the disrupted fi-

brous cap. The distance between the plaque rupture site and

the carotid bifurcation point was also measured. The largest

intraplaque cavity was measured and extrapolated to the rup-

tured capsule area. Representative measurements of the thin-

nest part of ruptured and nonruptured caps are shown in Fig 1.

“Thrombus” was defined as a backscattering protrusion into

the carotid lumen with signal-intensity-free shadowing.17

“Neovascularization” was defined as a microchannel structure

with no signal intensity without a connection to the vessel

lumen that was present in �3 continuous cross-sections of the

OCT images.18

Identification of 2 separate plaques in the same artery (ie, in-

farct-related versus non–infarct-related lesion) required a 5-mm

reference segment between them; if not, they were considered to

be part of 1 long lesion.

Statistical Analysis
JMP, Version 10.0 (SAS Institute, Cary, North Carolina) was used for

all statistical analyses. Categoric data were expressed as absolute fre-

quencies and percentages and were compared by using the �2 or

Fisher exact test, as appropriate. Continuous variables were ex-

pressed as either mean � SD for normally distributed variables or

median (interquartile range, 25th to 75th percentiles) for non-nor-

mally distributed variables and were compared by using either an

unpaired Student t test or a Mann-Whitney U test, respectively. Re-

ceiver operating characteristic analysis was used to determine the best

cutoff cap thickness values for discriminating ruptured and nonrup-

tured plaques. The � statistic was used to define the level of intra- and

interobserver agreement in the identification of plaque rupture. The

interobserver variability for measuring the fibrous cap thickness was

assessed by linear regression analysis. P � .05 was regarded as a sta-

tistically significant difference.

RESULTS
The average time required for the OCT examination was 5.6 � 1.3

minutes. No technical or neurologic complications were encoun-

tered during OCT procedures, though transient carotid artery occlu-

sion and continuous infusion of saline and contrast media were nec-
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essary during the time required for imaging. The average pullback

length imaged by OCT was 54 mm. Among all of the 36 arteries

examined, OCT identified 24 ruptured (67%) and 12 nonruptured

(33%) plaques.

Patient Characteristics
Patient characteristics and angiographic findings are presented

in Table 1. There were no statistically significant differences in

terms of age, sex, or other important stroke risk factors be-

tween patients with plaque rupture and those without plaque

rupture.

Fibrous Cap Thicknesses between Ruptured and
Nonruptured Plaques
Thirty-eight plaque ruptures in 24 arteries were identified by

OCT. Of the 24 arteries with plaque ruptures, multiple rup-

tures were observed in 9 arteries (38%):

Six patients had 2 OCT ruptures in the

same artery, 2 patients had 3 ruptures

each in the same artery, and 1 patient

had 5 ruptures in the same artery. In the

remaining 12 arteries without plaque

ruptures, OCT identified 12 nonrup-

tured lipid-rich plaques in which the

fibrous cap thickness could be reliably

measured. OCT findings are summa-

rized in Table 2. Among the findings

presented, neovascularization was fre-

quently identified in ruptured plaques

compared with nonruptured plaques

(54% versus 17%, P � .03). The median

cap thickness at the thinnest part of the

cap was significantly thinner in rup-

tured fibrous caps than in nonruptured

fibrous caps (80 �m [interquartile

range, 70 –100 �m] versus 175 �m

[155–238 �m]; P � .001) The fibrous

cap thickness was thinner than 130 �m

in 95% of ruptured plaques and thicker

than 130 �m in 85% of nonruptured

plaques. Figure 2 shows the frequency

distribution of ruptured and nonrup-

tured plaques according to the cap

thickness measured at the thinnest

part. On the basis of the receiver oper-

ating characteristic analysis, the opti-

mal cap thickness for predicting plaque

rupture was �130 �m (Fig 3).

The � statistic for intraobserver and

interobserver variability for plaque rup-

ture imaging was 1.00 and 1.00, respec-

FIG 1. Representative measurements of nonruptured (A) and ruptured (B) fibrous cap thickness
at the thinnest part. In these specimens, the thickness of the fibrous cap measured 140 �m for a
nonruptured lipid-rich plaque (A), and 90 �m for a ruptured plaque (B)

.

Table 1: Patient and angiographic characteristicsa

Ruptured Plaques (n = 24) Nonruptured Plaques (n = 12) P Value
Age (yr) 72 � 9 72 � 6 .85
Male sex (%) 22 (92) 10 (83) .47
Imaged artery .64

Right 12 (50) 10 (83)
Left 12 (50) 2 (17)

Symptomatic (%) 11 (46) 5 (42) .8
Hypertension (%) 17 (71) 11 (92) .13
Diabetes mellitus (%) 14 (58) 5 (42) .34
Dyslipidemia (%) 16 (67) 9 (75) .61
Degree of stenosis (%) 79 � 12 75 � 14 .48
Aspirin (%) 19 (79) 11 (92) .32
Clopidogrel (%) 22 (92%) 11 (92) 1.00
Cilostazol (%) 10 (42) 4 (33) .63

a Data are given as mean � SD or No. (%).
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tively. The measurement of fibrous cap thickness by OCT showed

excellent interobserver reproducibility (r � 0.73, P � .01).

Spatial Distribution and the Largest Ulcer Areas of
Ruptured Plaques
Eight ruptured sites (21%) were located in the common carotid

artery, and 30 (79%), in the internal carotid artery. The median

area of the ruptured plaque cavity measured 1.38 mm2 (inter-

quartile range, 0.35–3.03 mm2). In all plaque ruptures, the site of

the original tear in the fibrous cap could be identified; 26% (10/

38) of tears appeared to have occurred in the center of the plaque,

and the rest (74%), at the shoulder of the plaque. The image sec-

tion with plaque rupture was located at the narrowest lumen site in

only 6 (16%) plaques. A representative case that has plaque rup-

tures at the shoulder of the plaque is shown in Fig 4. The

rupture site was proximal to the narrowest lumen site in 22

plaques (58%) and distal to the narrowest lumen site in 10

plaques (26%). In all plaques, the image section with the nar-

rowest lumen area was near the bifurcation point. The median

distance between the narrowest lumen site and the bifurcation

point measured 4.2 mm (interquartile range, 2.2–13.8 mm) in

ruptured plaques and 6.7 mm (interquartile range, 3.0 – 8.8

mm) in nonruptured plaques (P � .67). Similarly, the median

distance between the fibrous cap thickness at the thinnest part

and the bifurcation point was 4.6 mm (interquartile range,

0 –12.0 mm) in ruptured plaques and 5.0 mm (interquartile

range, 1.3–10.5 mm) in nonruptured plaques (P � .82).

DISCUSSION
The main findings of the present study

were the following: Plaque ruptures

were frequently observed within ca-

rotid arteries with a high-grade steno-

sis; plaque ruptures may be multiple;

fibrous cap thickness of �130 �m was

the critical threshold for plaque rup-

ture in the carotid artery; and most of

the rupture tears were located at the

shoulder of the carotid plaque but close

to a side branch.

Fibrous Cap Thicknesses between
Ruptured and Nonruptured Plaques
Carotid plaque composition has been

proposed as an important risk factor

for thromboembolic events, such as

stroke, giving rise to the concept of

“vulnerable plaque.”19 It has been sug-

gested that thromboembolic phenom-

ena are associated with thinning and

subsequent rupture of the fibrous cap

on the surface of atherosclerotic plaques, resulting in the re-

lease into the parent vessel of necrotic debris from the plaque

substance. Several studies have established a correlation be-

tween plaque rupture and irregularity with clinical presenta-

tion and prognosis.4,20 Therefore, the identification of the fi-

brous cap is especially important because its thickness is a

major determinant of plaque vulnerability in a lipid-rich ca-

rotid plaque.8 Therefore, the ability to measure the thickness of

the fibrous cap accurately in vivo would help identify the ca-

rotid vulnerable plaque that is prone to rupture. OCT is a novel

intravascular imaging technique, based on infrared light emis-

sion, that enables high-resolution arterial wall imaging, in the

range of 10 –20 �m. OCT penetration through a superficial

lipidic component is less than that through fibrous tissue. Al-

though the assessment of necrotic thickness would be an im-

portant piece of information, in most lesions, necrotic thick-

ness cannot be measured because of insufficient OCT imaging

penetration. In clinical practice, it may not be necessary to

visualize the entire wall of a resection cavity; however, OCT

analysis of entire suspicious areas of the resection cavity may

have some benefit when choosing an optimal treatment strat-

egy. However, the thickness of the fibrous cap is also a major

determinant in the vulnerability of atherosclerotic plaque.21

OCT is the only imaging technique that can resolve intracoro-

nary features on the scale of the thickness of a rupture-prone

cap. Kume et al12 reported that OCT provides an accurate rep-

FIG 2. The frequency distribution of ruptured and nonruptured plaques according to the cap
thickness at the thinnest part. Although the thinnest fibrous cap of ruptured plaques was �150
�m for all plaques, most nonruptured plaques had thicker fibrous caps.

Table 2: Qualitative OCT analysisa

Ruptured Plaques (n = 24) Nonruptured Plaques (n = 12) P Value
Plaque morphology .19

Fibrous 2 (8) 0 (0)
Lipid-rich 22 (92) 12 (100)
Calcified 0 (0) 0 (0)

Thrombus (%) 9 (38) 3 (25) .45
Neovascularization (%) 13 (54) 2 (17) .03

a Data are given as No. (%).
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resentation of the thickness of the fibrous cap that could not be

measured by other imaging modalities.

Virmani et al1 defined plaque vulnerability on the basis of the

actual thickness of the histologic section from measurements

made of coronary plaque ruptures. A thickness of 65 �m was

considered a criterion of plaque instability in the coronary arteries

because the average cap thickness was 23 � 19 �m in ruptured

plaques and 95% of the disrupted caps were �65-�m-thick.

Thus, the fibrous cap thickness of �65 �m has been widely used

as the definition of in vivo coronary vulnerable plaque that is

prone to rupture. Recently, Yonetsu et al22 evaluated the critical

threshold of fibrous cap thickness for coronary plaque rupture by

using OCT. They reported that the fibrous cap thickness was �80

�m in 95% of ruptured coronary plaques and the median fibrous

cap thickness of ruptured plaques was 54 �m. Although the values of

the critical threshold for the disruption of the fibrous cap in coronary

plaques are similar regardless of the methodology, there are large

discrepancies in the values of the critical threshold for carotid

plaques. The critical cap thickness of carotid plaques might be

thicker than that of coronary plaques because the hemody-

namic forces acting at the carotid bifurcation are greater in the

carotid artery.

Redgrave et al8 conducted a histologic evaluation of 526 ca-

rotid plaques from patients undergoing endarterectomy for

symptomatic severe stenosis. They reported that the median cap

thickness was 150 �m in ruptured plaques, and the optimum

cutoff for discriminating ruptured and nonruptured plaques was

a minimum cap thickness of �200 �m. On the contrary, a previ-

ous in vivo study by using sonography found that the critical

cap thickness in carotid plaques was 460 �m.23 In the current

OCT study, the median thickness of a fibrous cap at the thin-

nest part was 80 �m and 95% of ruptured plaques had a fibrous

cap thickness that was thinner than 130 �m. Possible reasons

for the large discrepancy between the current OCT study and

the previous sonography and postmortem studies are not en-

tirely clear; however, possible points of difference may include

study population variations and a small sample size of rup-

tured plaques in these studies. However, detection of plaques

with complex morphology, such as a thin-cap fibroatheroma,

may be more precise with OCT than with sonography because

the higher resolution of OCT permits accurate measurement of

the thin fibrous cap.

Spatial Distribution of Ruptured Plaques
From postmortem studies, it is known that fibrous caps vary

widely in thickness, cellularity, matrix, strength, and stiffness, but

they are often thinnest (and macrophage infiltration is greatest) at

their shoulder regions where disruption most frequently occurs.24

The current study revealed that plaque ruptures were distinct

FIG 3. Receiver operating characteristic curves for measurements of
fibrous cap thickness for the prediction of fibrous cap rupture. The
optimal cap thickness value for predicting rupture was a cap thickness
of �130 �m (area under the curve, 0.95; sensitivity, 94.7%; and speci-
ficity, 93.3%).

FIG 4. A representative patient (64-year-old man) with a 90% stenosis in the right internal carotid artery. A high-grade stenosis in the internal
carotid artery was identified on the angiogram (A). The disruptions of the plaques (asterisks) were identified near the bifurcation, but not at the
narrowest lumen site (double dagger) in the optical coherence tomography longitudinal view (B and C). A ruptured plaque contains a cavity that
communicates with the lumen with an overlying residual fibrous cap fragment (D and E).
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from minimum lumen sites in 74%. These data confirm previous

reports showing that plaque rupture occurs most often at the

shoulder of the plaque.25 A previous histopathologic study dem-

onstrated that inflammation of the atherosclerotic cap and shoul-

der of the plaque was a common and locally observed phenome-

non in coronary arteries, similar to our findings.26 Activated

metalloproteinases may be expressed more commonly at the

shoulder of the vulnerable plaque.27-29 In the current study, 58%

of ruptured plaques were located in the proximal shoulder of the

site with the most stenosis; the distance between the location of

the minimum cap thickness and the bifurcation point measured

4.6 mm for ruptured plaques and 5.0 mm for nonruptured

plaques. Severe stenoses produce flow turbulence that may in-

crease stress on the nearby segment. In addition, endothelial cells

near branches of a vessel have a reduced ability to repair wounds

compared with cells from nonbifurcation regions.30

Study Limitations
Several limitations of the present study should be considered.

First, this study was a single-center study with a relatively small

study population. Further multicenter studies are required to re-

confirm the results in a larger number of patients. Second, be-

cause the proximal segments of the target carotid arteries had to

be occluded to remove blood from the imaging field during

OCT image acquisition, some patients were not enrolled in this

study if there was a potential difficulty in performing the prox-

imal segment occlusion. Third, we also excluded patients who

received emergent carotid artery stent placement because such

patients must be treated as soon as possible. This selection bias

might affect the results. Fourth, the penetration depth of OCT

imaging is limited almost entirely by basic tissue optical prop-

erties and is the chief limitation of the technique, providing

between 0.5 and 1.5 mm of imaging depth in most tissue types.

Therefore, some ruptured plaques might be missed, especially

when the cavity was filled by a lipidic component. Fifth, qual-

itative assessment of plaque composition by OCT may limit its

diagnostic accuracy. However, this study confirmed that OCT

demonstrated excellent reproducibility for the identification

of plaque rupture. Finally, there are no data showing that OCT

provides an accurate representation of the thickness of the

fibrous cap in carotid plaques.

CONCLUSIONS
OCT showed that plaque rupture was common in carotid ar-

teries with high-grade stenosis and was located at the shoulder

of the carotid plaque close to a side branch. A fibrous cap

thickness of �130 �m was the critical threshold for plaque

rupture in the carotid artery. Future prospective large-scale in

vivo studies are required to validate whether the fibrous cap

thickness of �130 �m predicts plaque rupture and subsequent

thromboembolic events for patients with carotid artery

disease.
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