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Abstract

We assessed the plaque disruption in 245 consecutive patients with acute coronary syndrome undergoing percutaneous
coronary intervention. The plaque fissure was diagnosed with optical coherence tomography, and intravascular ultrasound
was used to determine arterial remodeling. Of them, 26 fissures were found in this study. The definite fissure was seen in 17
(65.4%) and probable fissure was seen in 9 (34.6%) patients. In 18 (69.2%), plaque fissure component was lipidic or thin-
capped fibroatheroma. Eighteen (69.2%) of fissured plaque were seen within 30 mm of coronary ostium. Combined plaque
fissure with plaque rupture/erosion was seen in 21 (80.8%) cases. The isolated fissure was seen in 5 (19.2%). Compared to
the maximal necrotic core site of the ruptured plaque, the fissure site showed a smaller %necrotic core (p =0.012), however,
greater in fissure site than minimal lumen area site (24.93 +11.50% vs 15.34 +10.40%, p <0.0001). The remodeling index
was higher at fissure site as compared to minimal lumen area site (1.02+0.22 vs 0.94 +0.27; p=0.047), but similar to the
rupture plaque (p =0.31). The frequency of positive remodeling was 34.6% (9/26) at the plaque fissure. Although the plaque
fissure can be interchangeable with the rupture in acute coronary syndrome, the limited extension to the small lipid core
might and less positive remodeling provoke a fissuring of the plaque. Further study is necessary to assess the plaque fissure.

Keywords Plaque fissure - Optical coherence tomography - Acute coronary syndrome

Abbreviations QCA Quantitative coronary angiography

ACS Acute coronary syndrome TIMI Thrombolysis in Myocardial Infarction
EEM External elastic membrane STEMI ST elevation myocardial infarction

ECG Electrocardiogram PR Plaque rupture

IvVUS Intravascular ultrasound PE Plaque erosion

MLA Minimal lumen area TCFA Thin-capped fibroatheroma

NSTEMI  Non-ST elevation myocardial infarction VH-IVUS Virtual-Histology Intravascular Ultrasound
OCT Optical coherent tomography

PCI Percutaneous coronary intervention

P&M Plaque and media Introduction
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case report was available describing a plaque fissure forma-
tion after balloon angioplasty [7].

Recent studies have shown that Optical coherence tomog-
raphy (OCT) is useful in assessing vulnerable plaque fea-
tures in vivo due to high resolution [8, 9]. OCT allows us to
demonstrate culprit lesion morphologies in detail including
types of plaque, fibrous cap thickness, and the frequency of
thin-capped fibroatheroma (TCFA) and thrombus in ACS
[10]. However, a few clinical study was reported about the
fissure of the atherosclerotic coronary plaque.

The objectives of this study were to assess the plaque fis-
sure which can be differentiated from the plaque rupture in
patients with acute coronary syndrome.

Methods

Overall 245 consecutive patients admitted to the hospital due
to acute coronary syndrome and underwent percutaneous
coronary intervention (PCI) with intravascular ultrasound
(IVUS) and OCT were enrolled. Patients with congestive
heart failure, renal insufficiency (baseline serum creatinine
> 1.8 mg/dL (133 pmol/L)), debulking or plaque modifica-
tion procedures before intravascular imaging, and extremely
tortuous vessels or heavy calcification which caused the dif-
ficulty in advancing the imaging catheters were excluded
(Fig. 1).

ST elevation myocardial infarction (STEMI) was diag-
nosed based on continuous chest pain for at least 30 min,
arrival at the hospital within 6 h from the onset of symp-
toms, ST-segment elevation >0.1 mV in two or more con-
tiguous leads or new left bundle-branch block on the 12-lead
electrocardiogram (ECG), and elevated cardiac markers
(plasma creatine kinase-myocardial band or troponin I).

Fig.1 Flow chart of the study

Non-ST-segment elevation myocardial infarction (NSTEMI)
was defined as ischemic symptoms in the absence of ST-
segment elevation on the ECG with elevated cardiac
markers. Unstable angina pectoris (UAP) was defined
as new onset/accelerating chest symptoms on exertion or
rest angina within 2 weeks. Thrombus aspiration was per-
formed prior to IVUS and OCT imaging using an aspiration
catheter (Thrombuster®, Kaneka Co, Japan) according to
operator discretion, but typically for large thrombi in the
setting of an ST-segment elevation myocardial infarction
(STEMI). Hypertension was defined as systolic blood pres-
sure > 140 mmHg or diastolic blood pressure > 90 mmHg or
current use of antihypertensive treatment. Diabetes mellitus
was defined as hemoglobin A1C > 6.5mg/dL or medication
treatment for diabetes mellitus. Dyslipidemia was defined as
having total cholesterol >240 mg/dl, low-density lipopro-
tein cholesterol > 160 mg/dl, HDL cholesterol <40 mg/dl,
or self-reported use of lipid-lowering drugs. The protocol
was approved by the institutional review board, and written
consent was obtained from all patients.

Coronary angiography was performed after 200 pg of
intracoronary nitroglycerin. All angiograms were indepen-
dently analyzed with an automated edge-detection algorithm
(AI 2000; GE Medical) using standard protocols. Lesion
measurements were performed in the “worst” view, with the
end-diastolic frame selected for analysis. Minimal luminal
diameter, % diameter stenosis and reference vessel diameter
were measured before the coronary intervention. A coronary
stenosis was considered clinically significant if >50% in
diameter.

A commercially available frequency domain OCT
system (C7-XR or Ilumien System, Light Lab Imaging,
Inc., St. Jude Medical, Westford, Massachusetts) and a
0.014-in. wire-type imaging catheter (ImageWire, St. Jude
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Medical, Westford, Massachusetts) were used. Motorized
ImageWire pull-back at 10mm/sec was performed during
simultaneous injection of a viscous iso-osmolar contrast
solution. The definite fissure was defined as a linear tear in
the luminal surface of plaque (Figs. 2, and 3a). The prob-
able fissure was defined as the lateral tear of the luminal
surface in one frame of OCT (Fig. 3b). However, an OCT
image motion artifact such as a tangential and seam-line
artifacts and vessel structure which create a mimicking
linear structure were excluded. The definite and probable
plaque erosion was defined as reported previously[11, 12].
OCT-identified TCFA was defined as a fibrous cap thick-
ness <65 pm at the thinnest part and an angle of the lipid
> 180°. The culprit lesion was identified on the basis of
the ECG, stress test, echocardiography, and angiographic
findings which showed a lesion with complex features
including a thrombus, ulcer with overhanging edges, extra-
luminal contrast, dissection or intraluminal flap, multiple
irregularities or acute occlusion. OCT plaque composition
was analyzed as defined previously [13]. IVUS imaging
was performed in all the patients after OCT examination.
All OCT images were analyzed using a certified Offline
Review Workstation (St. Jude Medical, Westford, Mas-
sachusetts) by two experienced analysts (YMJ and DWK)
who were blinded to patient information.

A commercially available VH-IVUS system (Volcano
Therapeutics, Rancho Cordova, California, USA) and
20 MHz transducers were used for all IVUS examinations.
Greyscale IVUS analysis was performed according to cri-
teria of the American College of Cardiology clinical expert
consensus document on IVUS using planimetry software
(Echoplaque 4, INDEC Systems Inc., Mountain View, CA)
[14].

IVUS imaging was performed after intracoronary admin-
istration of 200 pg of nitroglycerin. The IVUS catheter was
advanced 10 mm distal to the target lesion, and imaging
was performed retrograde back to the aorto-ostial junction
using an ECG-gated automatic pullback device. Studies
were recorded onto electronic media for off-line analysis.
VH-IVUS plaque composition and lesion phenotype were
assessed after defining the two standard VH-IVUS regions-
of-interest—inner border (lumen, excluding IVUS-detecta-
ble thrombus) and outer border (external elastic membrane).
Pathologic intimal thickening (PIT), TCFA, and fibrotic or
fibrocalcific plaque were defined as published [15]. VH-
TCFA was a fibroatheroma without evidence of a fibrous
cap and > 10% confluent necrotic core (NC) with > 30°
NC abutting the lumen in >3 consecutive frames. Posi-
tive remodeling was defined as a remodeling index (lesion/
reference EEM [external elastic membrane] area) > 1.05,

Zoom: 7.6x

Fig.2 OCT and IVUS image of definite fissure. a Angiogram showing tight stenosis in the proximal portion of left anterior descending artery
(white arrow). b, ¢ IVUS image showing the fibrotic plaque (white arrow). d, e OCT image showing the plaque fissure (white arrow)
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distal » proximal

(b)

distal » proximal

distal » proximal

Fig.3 Comparative OCT findings of the coronary fissure and vasa Probable fissure with intimal tear (white arrow) in one frame of OCT.
vasorum. a Definite fissure with intimal tear (white arrow) was found ¢ Comparative findings of vasa vasorum (arrow head)
at the base of plaque erosion with white thrombus (arrow head). b

@ Springer



Heart and Vessels (2019) 34:427-434

intermediate remodeling was between 0.95 and 1.05, and a
remodeling index <0.95 was negative remodeling. Culprit
lesions on VH-IVUS and OCT studies were compared using
reproducible axial landmarks (usually the aorto-ostial junc-
tion, a large proximal side branch, and/or reference segment
calcific deposits) and known pullback speeds.

Results are expressed as mean + SD or number (%). In
comparing two independent samples, Student ¢ test (para-
metric statistical test) and Wilcoxon rank-sum test (non-
parametric statistical test) are used to compare continuous
variable. When comparing two matched samples, paired
Student’s 7 test (parametric statistical test) was performed
to compare continuous variables. Intraobserver and inter-
observer variability was estimated by the Cohen’s kappa
and Cronbach’s alpha. All analysis were performed using
standard statistical software (SPSS version 18.0; IBM, Chi-
cago, Illinois, USA), and p <0.05 was considered statisti-
cally significant.

Results

Baseline characteristics of the study population are shown
in Table 1. 26 patients (26 lesions) were found to have the
plaque fissure. It showed male preference (76.9%) and
hypertension was combined in 50%. And the left anterior
descending artery was frequently associated with the plaque
fissure. Compared to the non-fissure, the fissure group
showed the higher incidence of NSTEMI, and less unstable
angina and STEMI.

OCT finding at the site of plaque fissures is shown in
Table 2. The definite fissure was seen in 17/26(65.4%) and
probable fissure was seen in 9/26(34.6%). The average
length of the fissure was 216 + 158 pm, average width of
the fissure was 44 +20 um. The plaque component of fissure
site was lipidic in 16/26 (61.5%), TCFA in 2/26 (7.7%), 4/26
(15.4%) each having fibrous or calcific. Combined fissure
with plaque rupture/erosion was seen in 21/26 (80.8%) cases.
Associated plaque rupture/erosion was located proximally
in 10/21 (47.6%), distal in 8/21 (38.1%), and 3/21 (14.3%)
occur at the same site of the plaque fissure. Isolated plaque
fissure (not combined with PR/PE) was seen in remaining
5/26 (19.2%) cases.

Intracoronary thrombus was found in 16/26 (61.5%); red
thrombus was most frequent in 8/26 (30.8%), white throm-
bus in 5/26 (19.2%), both red and white thrombus in 3/26
(11.5%) and no detectable thrombus in 10/26 (38.5%). The
calcified nodule was seen in 2 patients, however, it was not
associated with culprit lesion or the coronary fissure.

Table 3 showed the result of the greyscale and virtual
histology intravascular ultrasound. 26 plaque fissures were
compared with 115 ruptured plaque which were identified
by the OCT and VH-IVUS. On greyscale and VH-IVUS, the

431
Table 1 Baseline characteristics
Fissure (n=26) Ruptured p value
plaque
(n=115)

Age (years) 60+12.3 61+10.7 0.78
Male gender, n (%) 20 (76.9) 91 (79.1) 0.85
Diabetes mellitus, 7 (%) 3(11.5) 25 (21.7) 0.16
Hypertension, n (%) 13 (50) 52 (45.2) 0.41
Current smoker, 1 (%) 8 (30.8) 40 (34.7) 0.97
Dyslipidemia, n (%) 3(11.5) 22 (19.1) 0.55
Clinical presentation, n (%) 0.03

Unstable angina 11 (42.3) 65 (56.5)

Non-ST elevation MI 8 (30.8) 11 (9.6)

ST elevation MI 7(26.9) 39 (33.9)
Target vessel, n (%) 0.22

LAD 17 (65.4) 68 (59.1)

RCA 7 (26.9) 29 (25.2)

LCX-OM 2 (7.6) 18 (15.7)
Quantitative coronary angiography

Lesion length (mm) 21.46+6.6 20.7+6.9 0.6

Minimal lumen diameter 1.9140.99 2.15+1.38 0.5

(mm)

Diameter stenosis (%) 74+16.18 78+16.9 0.74
Reference diameter (mm) 3.12+0.71 3.24+0.58 0.9
TIMI flow, n (%) 0.08
0 4 (15.4) 31 (27.0)

1 0 (0) 3(2.6)
2 5(19.2) 35 (30.4)
3 17 (65.4) 46 (40.0)

Values are presented as mean + SD or percentages

MI myocardial infarction, LAD left anterior descending artery, LCX-
OM left circumflex artery-obtuse marginal, RCA right coronary
artery, TIMI thrombolysis in myocardial infarction

external elastic membrane area of reference site was simi-
lar in both of plaque fissure and maximal necrotic core site
of ruptured plaque. And the lumen area and plaque burden
were similar (p=0.37, p=0.21, respectively). At the fissure
site, %necrotic core (NC) was smaller than ruptured plaque
(24.93+11.50% vs 31.63+10.50%, p=0.012), however,
greater in fissure site than in MLA site (24.93 +11.50% vs
15.34+10.40%, p <0.0001). 69.2%(18/26) of the plaque fis-
sure were distributed within 30mm of the coronary ostium
(Fig. 4). The remodeling index was higher at the fissure site
as compared to the MLA site (p =0.047), but similar with
ruptured plaque (p =0.31). The frequency of positive remod-
eling was 9/26 (34.6%) at the fissure site.

Interobserver agreements for the detection of plaque
fissure was k=0.89. The intraobserver and interobserver
agreements of the fissure length were «=0.99 and «=0.99,
respectively, and the agreements for the width were a=0.96
and a=0.98, respectively.
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Table 2 Optical coherence tomographic findings of the plaque fissure

Fissured plaque

Definite, n (%) 17 (65.4)

Probable, n (%) 9 (34.6)
Combined with PR or PE

Combined, n (%) 21 (80.8)

Isolated, n (%) 5(19.2)
Average lumen area at fissure site (mm?) 541+3.44
Average fissure length (pm) 216+158
Average fissure width (um) 44420
OCT fissure component

Fibrotic, n (%) 4(15.4)

Lipidic, n (%) 16 (61.53)

Calcific, n (%) 4(15.4)

TCFA, n (%) 2(7.7)
Thrombus

White thrombus, n (%) 5(19.2)

Red thrombus, n (%) 8 (30.8)

Both red and white thrombus, n (%) 3(11.5)

No thrombus, 7 (%) 10 (38.5)

Values are presented as mean + SD or percentages

TCFA thin-capped fibroatheroma, PR plaque rupture, PE plaque ero-
sion

Discussion

The main finding of this study are as follows; (1) the plaque
fissure is often combined with plaque disruption including
the plaque rupture and erosion as like a multiple rupture. (2)
A plaque fissure can occur at the sites with smaller necrotic
core and less positive remodeling. (3) The pathophysiologic
mechanism might be similar to the plaque rupture/erosion
which is mostly located in the proximal coronary artery.
Histopathological studies have shown that site of coro-
nary thrombosis on the atherosclerotic plaque was influenced
by variation in the mechanical strength of thin cap and local
flow conditions [16]. The transition to an unstable plaque is
characterized by the accumulation of a large necrotic core,
containing extracellular lipids, macrophages, and often
microcalcifications. Long-term repetitive phasic activation
of inflammatory activity may weaken the plaque core and
increase its vulnerability to fracture leading to the multi-
layered thrombi and multiple simultaneous plaque ruptures.
However, these multiple healed plaque ruptures are typically
responsible for high-grade coronary arterial stenosis [17].
Most of the unstable plaques tend to cluster within proxi-
mal portion of major epicardial coronaries due to multiple
mechanical and hemodynamic stresses [18-21]. Ruptured
plaques frequently occur in the context of OCT-TCFAs and
show features of intimal tearing, disruption, or dissection of
the cap. When injected with optically transparent crystalloid

@ Springer

Table 3 Comparison of IVUS finding at fissure site and ruptured
plaque

Fissure (n=26) Ruptured P value
plaque

(n=115)

Proximal reference segment

EEM area (mm?) 16.63+5.08 18.27+£5.04  0.20
Lumen area (mm?) 8.94+3.36 9.07+2.81 0.85
Plaque area (mm?) 7.68+2.78 9.79+6.13 0.12
Lesion site
EEM area (mm?) 16.18 +5.74 16.60+£5.73  0.76
Lumen area (mm?) 6.16+3.97 5.54+2.65 0.37
Plaque area (mm?) 10.01 +4.08 11.05+4.18  0.29
Plaque burden (%) 62.15+15.52 66.55+9.93  0.21
Fibrotic area (mm?) 3.72+2.13 4.09+2.50 0.53
Fibrofatty area (mm?) 0.85+1.15 0.65+0.91 0.38
Necrotic core (mm?) 1.85+1.36 2.62+1.54 0.04
Dense calcium (mm?) 0.54+0.58 0.85+0.74 0.08
% Fibrotic area 55.56+18.63 49.28+13.12 0.07
% Fibrofatty area 10.46+9.22 8.54+10.77  0.46
% Necrotic core area  24.93+11.50 31.63+10.50 0.012
% Dense calcium area 7.51 +£8.01 10.79+7.86  0.09
Remodeling index 1.02+0.22 1.09+0.31 0.31
VH-TCFA, n (%) 7(27) 51 (44.3) 0.09
Minimal lumen area site
EEM area (mm?) 13.06 +5.67 13.33+4.67 0.81
Lumen area (mm?) 2.94+1.83 2.67+1.35 0.43
Plaque area (mm?) 10.14 +£4.87 10.66 +£4.25  0.62
Plaque burden (%) 75.86+10.22 79.05 +8.57 0.13
Fibrotic area (mm?) 4.33+2.74 5.09+5.25 0.52
Fibrofatty area (mm?)  1.57 +1.50 141+130  0.60
Necrotic core (mm?) 1.31+1.20 1.58+1.10 0.30
Dense calcium (mm?)  0.28 +0.35 0.37+0.38 0.31
% Fibrotic area 58.03+13.43 58.25+11.52 094
% Fibrofatty area 22.29+16.41 17.21+11.99 0.19
% Necrotic core area 15.34+10.40 19.50+9.48  0.07
% Dense calcium area  3.85+5.23 5.05+5.45 0.35
Remodeling Index 1.02+0.22 0.94+0.20 0.045
Distal reference segment
EEM area (mm?) 15.32+6.05 1324+5.61  0.12
Lumen area (mm?) 8.48+3.72 7.33+3.10 0.13
Plaque area (mm?) 6.83+2.97 6.29+3.84 0.54

Values are presented as mean + SD or percentages

MLA Minimum lumen area, EEM external elastic membrane, VH-
TCFA Virtual histology thin-capped fibroatheroma

or radiocontrast media, these defects may have little or no
OCT signal and may appear as a cavity [13].

The low resolution of IVUS precludes the evaluation of
a plaque fissure. However, the imaging studies have used an
OCT to evaluate plaque erosion in the pathophysiology of
ACS in vivo [11, 12, 21]. The plaque fissure is defined as a
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Fig.4 Frequency distribution of the plaque fissure at the culprit
lesion according to the distance from the coronary ostium

linear crack in the luminal surface of plaque where there is
small necrotic core with limited extension into the necrotic
core with residual little thrombus. The superficial tear lifts
a layer of the intima from the underlying fibrous tissue and
the hemorrhage extends into the necrotic core with difficult
to appreciate thrombus in the lumen [6]. However, the terms
“fissure and rupture” are interchangeable and stressed that
a variable mix of hemorrhage into the plaque and luminal
thrombosis originating from the fissure/rupture site char-
acterizes culprit lesions in ACS [4]. Although the plaque
fissure is a cause of plaque disruption as like plaque rupture
and erosion, however, the term fissure is less well-defined.
Of the pathophysiologic mechanism, the positive remodeling
is typically considered indicative of an unstable lesion and
negative remodeling indicative of stable coronary artery
disease [22]. However, negative remodeling is a feature of
plaque erosions and is not always benign, consistent with the
data from PROSPECT [23].

In this study, we assessed a plaque fissure which shows
a unique feature compared to ruptured plaque. The OCT
finding of a plaque fissure is a creation of linear tear, how-
ever the ruptured cavity is represented in the plaque rup-
ture. Compared to the rupture plaque, plaque fissure showed
smaller necrotic core without ruptured cavity. Two third of
the plaque fissure were associated with the lipidic plaque.
Small lipidic plaque with limited extension into the lipid
core provoke a fissuring of the plaque depends on the magni-
tude of wall tension which might be occurred in the situation
of ACS. And the frequency of the positive remodeling was
less in the plaque fissure compared to the plaque rupture.

This study has some limitations. First, this study was
a small observational study. Second, the terminology of
plaque fissure is rarely used due to its ambiguous defini-
tion, however this is the first study to demonstrate the plaque

fissure using OCT. Third, the OCT findings of the plaque
fissure were not validated by histopathology. Fourth, small
coronary fissure can be identified only in diastole which can
be disappeared in systole. The ECG gating may be helpful
to identify the cardiac cycle, but it is not available in cur-
rent OCT system. And we could not discriminate a small,
tiny fissure due to the limited resolution of current OCT
system. Fifth, we did not assess the entire coronary tree
using OCT. Sixth, the accuracy of OCT and IVUS analysis
is reduced in the presence of intracoronary thrombus. Sev-
enth, the frequency of the plaque fissure might be reduced
because we excluded the confused case such as microvessel
(Fig. 3c). Finally, although we use the softest guidewire to
reduce the vessel injury during PCI, however, it could not
exclude the possibility of ‘iatrogenic fissure’ due to guide-
wire manipulation.

Conclusion

Although the plaque fissure and rupture can be interchangea-
ble, however it might be another manifestation of the plaque
disruption with the limited extension to the lipid core and
less positive remodeling. Further study is necessary to assess
the plaque fissure.
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