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Objectives The aim of the present study was to evaluate the ability of optical coherence tomography (OCT) for assessment
of the culprit lesion morphology in acute myocardial infarction (AMI) in comparison with intravascular ultrasound
(IVUS) and coronary angioscopy (CAS).

Background Optical coherence tomography is a new intravascular imaging method with a high resolution of approximately
10 �m. This may allow us to assess the vulnerable plaques in detail in vivo.

Methods We enrolled 30 patients with AMI, and analyzed the culprit lesion by OCT, CAS, and IVUS.

Results The average duration from the onset of symptom to OCT imaging was 3.8 � 1.0 h. The incidence of plaque rup-
ture observed by OCT was 73%, and it was significantly higher than that by CAS (47%, p � 0.035) and IVUS
(40%, 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 cap erosion. The intracoronary thrombus was observed in all cases by OCT and CAS, but
it was identified in 33% by IVUS (vs. OCT, p � 0.001). Only OCT could estimate the fibrous cap thickness, and it
was 49 � 21 �m. The incidence of thin cap fibroatheroma (TCFA) was 83% in this population by OCT.

Conclusions Optical coherence tomography is a feasible imaging modality in patients with AMI and allows us to identify not
only plaque rupture, but also fibrous cap erosion, intracoronary thrombus, and TCFA in vivo more frequently com-
pared with conventional imaging techniques. (J Am Coll Cardiol 2007;50:933–9) © 2007 by the American Col-
lege of Cardiology Foundation

ublished by Elsevier Inc. doi:10.1016/j.jacc.2007.04.082
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t is generally accepted that culprit lesions of acute myocar-
ial infarction (AMI) typically have severe stenosis second-
ry to superimposed thrombus at the time of the event but
ot necessarily severe stenosis before the event (1,2). Patho-
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ogically, AMI is provoked by sudden rupture or ulcer
ormation of vulnerable plaque followed by subsequent
hrombosis (3,4). The pathological characteristics of vulner-
ble plaques include a thin fibrous cap with macrophage
nfiltration and a large lipid pool (4). These findings were
ased on the postmortem histological examination, and the
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maging of the vulnerable plaque characteristics was limited
n vivo. Coronary angiography provided the first in vivo
maging of the coronary arteries. Pathohistological correla-
ions of angiographic lesion morphologies have demon-
trated that lesions with irregular borders and intraluminal
ucencies corresponded to complex plaque with thrombosis
5). Intravascular ultrasound (IVUS) has become standard
nvasive method for diagnosing coronary artery disease.
ecent reports have suggested that the presence of the
ositive vascular remodeling and hypoechoic regions corre-
ponding to lipid-rich tissue in coronary plaques on IVUS
mages were related to acute coronary events (6). Coronary
ngioscopic (CAS) investigations have indicated that AMI
ccurs more frequently in patients with glistening yellow
laques than in those with white plaques (7). Moreover,
hrombus arising from the ruptured identical plaques was

onfirmed in the culprit lesion of the AMI by CAS.
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Intravascular optical coherence
tomography (OCT) has recently
been proposed as a high-resolution
imaging method for plaque char-
acterization (8–12). Optical co-
herence tomography is an optical
analogue of IVUS, and its reso-
lution is approximately 10 to 20
�m, which is about 10 times
higher than IVUS. The histology-
controlled studies have shown that
the OCT can resolve microstruc-
ture of atherosclerotic plaque
such as thin fibrous cap, lipid
core, and intracoronary throm-

us, which are thought to be responsible for plaque vulner-
bility (13,14). Therefore, we hypothesized that this new
echnique might allow us to observe vulnerable plaques in
etail compared with conventional imaging modalities. The
ims of this study were: 1) to assess the ability of OCT for
isualization of vulnerable plaque features in comparison
ith IVUS and CAS; and 2) to evaluate the characteristics
f culprit lesions in living patients with AMI by OCT.

ethods

tudy population. The AMI patients, who had continuous
hest pain lasting �30 min, arrival at our hospital within 6 h
rom the onset of the symptom, ST-segment elevation �0.1
V in 2 or more contiguous leads on 12-lead electrocar-

iogram (ECG), and an identifiable culprit lesion in a native
oronary artery by coronary angiography, were enrolled in
his study. Exclusion criteria were presence of left bundle-
ranch block or pacemaker rhythm, a culprit lesion in the
eft main coronary artery, history of myocardial infarction,
ardiogenic shock, unsuccessful reperfusion of Thromboly-
is In Myocardial Infarction (TIMI) flow grade 3 by initial
spiration thrombectomy before the imaging, and the failure
n advancing the CAS, IVUS, or OCT catheter to the

BA

L

1mm

Figure 1 Images of Typical Fibrous Cap Disruption

Fibrous cap disruption in corresponding images of optical coherence tomography (
with localized disruption of a fibrous cap with a flap protruding into lumen (arrow).
Eccentric plaque ruptured at the shoulder (arrow).

Abbreviations
and Acronyms

AMI � acute myocardial
infarction

CAS � coronary
angioscopy

IVUS � intravascular
ultrasound

OCT � optical coherence
tomography

TCFA � thin cap
fibroatheroma

TIMI � Thrombosis In
Myocardial Infarction
ulprit lesion. After observation by various imaging modal-
ties, percutaneous coronary intervention was performed.

emographic and clinical data were prospectively collected.
his protocol was approved by the Wakayama Medical
niversity Ethics Committee, and all patients provided

nformed consent before participation.
mage acquisition. Oral aspirin (162 mg) and intravenous
eparin (100 U/kg) were administered before coronary

ntervention. Thrombolysis was not performed for any
atient. Cardiac catheterization was performed by the con-
entional femoral approach, using a 7-F sheath and cathe-
ers. The culprit lesion was identified on the basis of the
ndings by a coronary angiogram as well as an ECG and
ransthoracic echocardiogram. In patients with TIMI flow
rade �II, aspiration thrombectomy was performed by an
spiration catheter (Export catheter, Medtronic Japan, To-
yo, Japan) before intracoronary imaging, but predilation by
alloon catheter was not allowed. After reperfusion with
IMI flow grade 3, the culprit lesion was observed by

VUS, CAS, and then OCT as described previously
8,13,15). First, IVUS (Atlantis SR Pro 2.5F, 40-MHz;
oston Scientific, Natick, Massachusetts) examination was
erformed with an automatic pullback device at a rate of 0.5
m/s. Second, the observation by CAS (Vecmova, Clinical

upply Co., Gifu, Japan) was made while blood was cleared
way from view by the injection of 5 to 10 ml saline. Lastly,
0.016-inch OCT catheter (ImageWire, LightLab Imag-

ng, Westford, Massachusetts) was advanced to the distal
nd of the culprit lesion through a 3-F occlusion balloon
atheter. In order to remove the blood from the field of
iew, occlusion balloon was inflated to 0.6 atm at proximal
ite of the culprit lesion, and lactate Ringer’s solution was
nfused into the coronary artery from the distal tip of the
cclusion balloon catheter at 0.5 ml/s. The entire length of
he culprit lesion was imaged with an automatic pullback
evice moving at 1 mm/s, and the OCT image clearly
isualized the culprit lesion.

C

1mm

ronary angioscopy (B), and intravascular ultrasound (C). (A) Lipid-rich plaque (L)
ellow lesion with fibrous cap disruption (arrows) and large ulceration (U). (C)
U

A), co
(B) Y
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mage analysis. All images were recorded digitally and
ere analyzed by 2 independent investigators who were
linded to the clinical presentation. When there was dis-
ordance between the observers, a consensus reading was
btained. The corresponding images of IVUS, CAS, and
CT were identified by the distances from 2 landmarks,

uch as side branches. The presence of fibrous cap disrup-
ion, fibrous cap erosion, or an intracoronary thrombus was
lso noted. Fibrous cap disruption was identified by a
resence of fibrous cap discontinuity and a cavity formation
f the plaque (Fig. 1). Fibrous cap erosion was characterized
y loss of the endothelial lining with lacerations of the
uperficial intimal layers and without “trans-cap” ruptures
Fig. 2). Intracoronary thrombus was identified by the mass
mages protruding into the vessel lumen from the surface of
he vessel wall (Fig. 3). Furthermore, OCT images were
nalyzed using validated criteria for plaque characterization,
nd fibrous cap thickness was determined as reported
reviously (13,14). Briefly, fibrous cap thickness in nonrup-
ured plaque was defined as the minimum distance from the
oronary artery lumen to inner border of lipid pool, which

BA

T

1mm

Figure 2 Images of Typical Fibrous Cap Erosion

Fibrous cap erosion in corresponding images of optical coherence tomography (A)
surface of a plaque (arrows) with intraluminal thrombus (T). (B) Rough surface ero
of fibrous cap erosion.
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Figure 3 Images of Typical Intraluminal Thrombi

Intraluminal thrombi in corresponding images of optical coherence tomography (A)
coherence tomography signal attenuation (T). (B) Large white thrombus (WT) and s
(arrows) identified the mass images protruding into the vessel lumen from the su
as characterized by signal-poor region in OCT image. In
he ruptured plaque, residual fibrous cap was identified as a
ap between the lumen of coronary artery and the cavity of
laque, and its thickness was measured at the thinnest part
Fig. 4). Cap thicknesses for each image were measured at 3
ifferent times, and the average value was computed. Lipid
as semiquantified as the number of involved quadrants on

he cross-sectional OCT image. When lipid was present in
2 quadrants in any of the images within a plaque, it was

onsidered a lipid-rich plaque. For each patient, the cross-
ectional image with the highest number of lipid quadrants
as used for analysis. Thin cap fibroatheroma (TCFA) was
efined as a plaque with lipid content in �2 quadrants and
he thinnest part of a fibrous cap measuring �65 �m.
nterobserver and intraobserver variabilities were assessed by
he evaluation of all images by 2 independent readers and by
he same reader at 2 separate time points, respectively.
tatistical analysis. Data are expressed as mean � SD or
edian with range. The incidences of fibrous cap disrup-

ion, fibrous cap erosion, or intracoronary thrombus were
ompared between imaging modalities by use of chi-square

C

1mm

ary angioscopy (B), and intravascular ultrasound (C). (A) Erosion located on the
ithout disrupted fibrous cap protruding into lumen (arrows). (C) No identification

C

WT

1mm

ary angioscopy (B), and intravascular ultrasound (C). (A) Thrombus with optical
ed thrombus (RT) adhering to a rough surface of yellow plaque. (C) Thrombus
f the vessel wall.
, coron
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est or Fisher exact test. To control for multiple compari-
ons, pairwise tests of incidence were performed, if the
ontingency table for all 3 imaging techniques was signifi-
ant. Intraobserver and interobserver variabilities were mea-
ured by � test of concordance. All analysis required a value
f p � 0.05 for statistical significance.

esults

aseline characteristics. A total of 41 patients with AMI
ere consecutively enrolled. Eleven patients were excused

ccording to exclusion criteria, and 30 patients were pre-
ented in this study. The baseline characteristics are dem-
nstrated in Table 1. The mean age in these patients was 69
ears old. In coronary risk factors, the prevalence of diabetes
ellitus and hypercholesterolemia was 30% and 53%, re-

pectively. There are no patients with chronic renal insuf-
ciency or hemodialysis. The culprit lesions were easily

dentified by coronary angiography. Averaged percent di-
meter stenosis of culprit lesions before intracoronary im-
ging was 88 � 26%, and TIMI flow grade 0 was most
requent. In 6 patients with TIMI flow grade 3, aspiration
hrombectomy was not required. The average duration from
he onset of symptom to OCT imaging was 3.8 � 1.0 h. In
ll cases, the corresponding OCT, CAS, and IVUS images
ere obtained by only 1 pullback procedure. Because refer-

nce vessel diameter was �4 mm in this population, clear
CT images were provided in spite of limited penetration

f OCT signal. The total coronary occlusion time necessary
or CAS and OCT was 18 � 7 s and 37 � 4 s, respectively.
he averaged procedure time required to complete imaging
y 3 methods, including imaging catheters exchanges, was
13 min. Although ST-segment re-elevation on ECG was

Figure 4 Measurement of Fibrous Cap Thickness

Measurement of fibrous cap thickness in ruptured plaque using optical coher-
ence tomography. Residual fibrous cap was identified as a flap between the
lumen of the coronary artery and the cavity of plaque, and its thickness was
measured at the thinnest part (arrows). Scale bar � 1 mm.
 a

I

bserved in all patients during imaging procedures, it
isappeared soon after the procedures by releasing the
oronary occlusion. The major complications and adverse
vents did not occur in the present study.

CT, CAS, and IVUS findings for corresponding im-
ges. The OCT, CAS, and IVUS findings for correspond-
ng images are summarized in Table 2. The incidence of
brous cap disruption was significantly different among the

maging techniques (73%, 47%, and 40% in OCT, CAS,
nd IVUS, respectively; p � 0.021). Difference in the
ncidence of fibrous cap disruption was significant between

CT and CAS (p � 0.035) or OCT and IVUS (p �
.009), but not between CAS and IVUS (p � 0.602). In the
etection of fibrous cap erosion, there was a significant
ifference among the imaging techniques (23%, 3%, and 0%
n OCT, CAS, and IVUS, respectively; p � 0.003).

ifference in the incidence of erosion was significant be-
ween OCT and CAS (p � 0.026) or between OCT and
VUS (p � 0.005), but not between CAS and IVUS (p �
.500). The intracoronary thrombus was observed in all
ases by OCT and CAS, but it was identified only in 33%
y IVUS (p � 0.001). The incidence of thrombus was

aseline Characteristics of 30 Patients With AMI

Table 1 Baseline Characteristics of 30 Patients With AMI

Number of patients 30

Age, yrs 69 � 11

Male gender 19 (63)

Diabetes mellitus 9 (30)

Hypertension 25 (83)

Cigarette smoking 14 (47)

Hypercholesterolemia (total cholesterol �220 mg/dl) 16 (53)

Culprit vessel

LAD 11 (37)

LCx 5 (16)

RCA 14 (47)

Percent diameter stenosis, % 88 � 26

TIMI flow grade

0 19 (63)

1 2 (7)

2 3 (10)

3 6 (20)

Duration from the onset of symptom to OCT imaging, h 3.8 � 1.0

alues are given as n (%) or mean � standard deviation.
AMI � acute myocardial infarction; LAD � left anterior descending coronary artery; LCx � left

ircumflex artery; OCT � optical coherence tomography; RCA � right coronary artery; TIMI �

hrombolysis In Myocardial Infarction.

CT, CAS, and IVUSindings for Corresponding Images

Table 2 OCT, CAS, and IVUS
Findings for Corresponding Images

Finding
OCT

(n � 30)
CAS

(n � 30)
IVUS

(n � 30) p Value

Fibrous cap disruption 22 (73)*† 14 (47) 12 (40) 0.021

Fibrous cap erosion 7 (23)*† 1 (3) 0 (0) 0.003

Thrombus 30 (100)† 30 (100)‡ 10 (33) �0.001

alues are given as n (%). *p � 0.05, optical coherence tomography (OCT) versus coronary

ngioscopy (CAS); †p � 0.01, OCT versus intravascular ultrasound (IVUS); ‡p � 0.01, CAS versus
VUS.
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ignificantly different between OCT and IVUS (p � 0.001)
r between CAS and IVUS (p � 0.001), but not different
etween OCT and CAS (p � 1.000). In addition, only
CT could estimate the fibrous cap thickness, and it was

9 � 21 �m (Table 3). The lipid-rich plaque was observed
n 93% and the frequency of TCFA was 83% of patients
ith AMI in the OCT findings.

ntraobserver and interobserver variability. Intraobserver
ariability yielded acceptable concordance for fibrous cap
isruption (� � 0.83), erosion (� � 0.77), intracoronary
hrombus (� � 0.73), and TCFA (� � 0.79). Interobserver
ariability showed slightly lower concordance: fibrous cap
isruption (� � 0.77), erosion (� � 0.67), intracoronary
hrombus (� � 0.61), and TCFA (� � 0.71).

iscussion

his is the first report assessing the feasibility and safety of
CT, in comparison with CAS and IVUS, for evaluation of

ulnerable coronary plaques in patients with AMI. The high
esolution of OCT enabled visualization of the vulnerable
laque characteristics reported by pathohistological study.
he fibrous cap disruption, fibrous cap erosion, intracoro-
ary thrombus, and TCFA could be identified more fre-
uently by OCT in comparison with IVUS or CAS. These
esults indicate that OCT would be an ideal method to
dentify the vulnerable plaques.
ibrous cap disruption and erosion. The OCT allowed us

o evaluate the fibrous cap disruption clearly in patients with
MI. Retrospective pathological studies in patients with

oronary artery disease who died suddenly showed fibrous
ap disruption in 70% of patients (16,17). One angioscopic
valuation revealed that the prevalence of fibrous cap dis-
uption was 55.5% in patients with AMI (18). Intravascular
ltrasound studies have reported varying frequencies of
nfarct-related fibrous cap disruption (15.8% to 66%) in
MI patients (19,20), and the durations from symptom
nset to IVUS imaging were from 10 h to 4 weeks. In the
resent study using OCT, the time from symptom onset to
CT imaging was 3.8 � 1.0 h, and the prevalence of

brous cap disruption was 73%, which was similar to that in
ostmortem pathohistological examinations and more fre-
uent than those in vivo studies using CAS and IVUS. In
ddition, OCT was able to evaluate the fibrous cap erosion
learly, and the prevalence of fibrous cap erosion was 23% in
atients with AMI in the present study, and this is also
hought to be similar frequency compared with that in

CT Findings of the Culpritesion in 30 Patients With AMI

Table 3 OCT Findings of the Culprit
Lesion in 30 Patients With AMI

Fibrous cap thickness, �m* 49 � 21

Lipid-rich plaque (lipid �2 quadrants) 28 (93)

TCFA 25 (83)

alues are given as n (%) or *mean � SD.
TCFA � thin-cap fibroatheroma (lipid �2 quadrants and fibrous cap thickness �65 �m); other

bbreviations as in Table 1.
ostmortem pathohistology. b
ntracoronary thrombus. Intracoronary thrombosis might
ake a critical role in the pathogenesis and the clinical
anifestations of AMI (21). But coronary angiography and

VUS could not reliably identify thrombus (22), and CAS
as the only available technology to assess it in vivo (23,24).
he present study demonstrated that OCT was able to

isualize the intracoronary thrombus clearly in all cases as
uch as CAS. Jang et al. (13) reported that the frequency of

hrombus using OCT imaging was only 20% in patients
ith recent myocardial infarction who had thrombolytic

herapy and the average time interval between the onset of
ymptoms and OCT imaging was 4.6 � 5.3 days. These
CT investigations revealed that the intraluminal throm-

us was an important characteristic of vulnerable plaque,
nd pharmacologic thrombolytic intervention could have
issolved some thrombi in the AMI patients. Furthermore,
he present study would be more reliable in the incidence
f the thrombus in the culprit lesion of AMI compared with
he previous study because there was a time delay of up to

h between the onset and imaging acquisition.
CFA. Pathohistologically, TCFAs have a necrotic core
ith an overlying thin fibrous cap (�65 �m) infiltrated by
acrophages, and they have been defined as precursors to

esions of rupture and erosion (25). Although the identifi-
ation of TCFA is limited in the conventional imaging
odalities in vivo, the high resolution of OCT allows us to

dentify it clearly (13,26). The present study using OCT
emonstrates that the thin fibrous cap and large lipid core
ust be important characteristics to represent vulnerable

laque in AMI. Optical coherence tomography is a power-
ul modality for evaluation of vulnerable coronary plaque in
ivo, and it may provide a great opportunity to understand
he mechanism of AMI onset.
ossibility of OCT for assessing plaque vulnerability.
ptical coherence tomography may be a useful technique

or assessing plaque vulnerability. Recent OCT study of
ulprit lesions demonstrated a higher prevalence of fibrous
ap disruption (20% vs. 12%) and TCFA (55% vs. 18%) in
atients with acute coronary disease than patients with
table coronary disease (13). The frequency of an intracoro-
ary thrombus was not different in various clinical presen-
ations; however, this unexpected finding may have resulted
rom a time delay of up to 2 weeks between the acute event
nd OCT imaging and antithrombotic therapy. These
ndings represent the observation of presentation-
ependent plaque morphology in living human patients and
onfirm our current knowledge of the relationship between
orphology and patient outcome that has been obtained in

revious autopsy studies (4).
Arterial positive remodeling and abundant plaque burden

re well-described characteristics of vulnerability (4). Several
ecent IVUS trials have established a relationship between
hanges in plaque burden and treatment effect with plaque
tabilizing medications (e.g., statins) (27–29). Optical co-
erence tomography is limited in the assessment of plaque

urden, because of the limited depth of imaging (2 mm).
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ntravascular ultrasound is useful for the evaluation of entire
essel wall and plaque in comparison with current OCT
ystem.

An advantage of OCT is the potential to assess macro-
hage distribution in the context of high-resolution cross-
ectional images of plaque morphology. MacNeill et al. (30)
emonstrated that increases in both multifocal and focal
acrophage densities are highly correlated with symptom

everity of coronary atherosclerosis. By providing a means of
etecting increases in plaque macrophage content before an
cute event, this technique may aid in determining progno-
is and guiding preventive therapy.

An important controversy in the discussion about plaque
ulnerability is the focal versus systemic nature. It is increas-
ngly obvious that patients at the time of acute presentation
ave evidence of plaque instability at various sites in the
oronary tree. Several imaging modalities including coro-
ary angiography (31), IVUS (32,33), and CAS (34) have
emonstrated evidence that plaque vulnerability is a multi-
ocal process. The current OCT system is limited to focal
esion assessment. Simultaneous imaging with IVUS and
AS would allow us to identify additional vulnerable sites,
hich could then be evaluated by OCT. However, in the
resent study multifocal assessment was not performed by 3
odalities, because it would take too much time in the

ighly life-threatened patients. In addition, an inherent
imitation of OCT is the need to occlude coronary artery by
alloon catheter and to flush lactate Ringer’s solution for
maging. Therefore nonculprit vessel occlusion was thought
o increase risk in patients with AMI especially at the time
f reperfusion. Although still in a relatively early stage of
evelopment, frequency domain OCT imaging has already
een shown to be a powerful enabling technology, including
mprovements in interrupting blood flow, higher penetra-
ion depth, and faster image acquisition rates (35,36).
ext-generation OCT systems may allow screening of long

oronary segments and eliminate many of the technical
imitations of the present study.
tudy limitations. The coronary thrombectomy was per-

ormed for reperfusion before the observations. Although
he morphologic feature of the culprit lesion might be
ffected by this procedure, imaging before treatment would
ot be appropriate ethically. And the thrombolysis might
ave been a better treatment before the imaging because it
ould not influence plaque morphology. Also, IVUS was

lways done before angioscopy, which was always before
CT, so it is possible that alteration from the IVUS

atheter accounted for the findings on angioscopy or OCT.
erforming imaging modalities in a random order would
ave been a better methodological approach. But it is
hought that these procedures affect plaque morphology
ittle, because the frequencies of fibrous cap disruption and
rosion assessed by OCT were similar to those in postmor-
em pathohistological examinations.

In addition, the abilities to detect the characteristics of

ulnerable plaques were compared between imaging modal-
ties in this study, but none of them serve as “the gold
tandard.” Therefore, based on the pathohistological knowl-
dge, it must be assessed which modality is better for
valuation of vulnerable plaque.

onclusions

ntracoronary OCT is a feasible and safe imaging modality
n patients with AMI and allows us to identify plaque
uptures, fibrous cap erosions, TCFA, and intracoronary
hrombus in vivo, which has been demonstrated only by
istology, more frequently and clearly compared with con-
entional imaging techniques. The high resolution of OCT
rovides a greater understanding of the intrinsic morpho-

ogic features that determine plaque vulnerability.

eprint requests and correspondence: Dr. Takashi Akasaka,
epartment of Cardiovascular Medicine, Wakayama Medical
niversity, 811-1, Kimiidera, Wakayama, 641-8509, Japan.
-mail: akasat@wakayama-med.ac.jp.
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