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The relationship between luminal stenosis severity and plaque vulnerability in chronic stable angina 
(CSA) is not well studied. This study aimed to investigate the link between stenosis severity, plaque 
characteristics, and thrombus prevalence in CSA patients using optical coherence tomography. The 174 
lesions (146 patients) with CSA divided into three groups according to the percentage of area stenosis 
(AS); group A (AS < 50%), group B (50% ≤ AS < 70%), and group C (AS ≥ 70%). Twenty-four lesions of 
group A, 51 lesions of group B, and 99 lesions from group C were studied. The prevalence of thrombus 
was 19.0% and it was significantly different among the three groups (none in group A vs. 17.6% in 
group B vs. 24.2% in group C; P = 0.024). The more severe the luminal narrowing, the more thrombus 
occurred, with a higher prevalence at the minimal lumen area site. Additionally greater the area 
stenosis, the higher the prevalence of lipid-rich plaque, thin cap plaque, macrophage infiltration, and 
ruptured plaque. In the multivariate analysis, thrombus was independently associated with ruptured 
plaque (OR = 20.96, CI 8.40–57.69, P < 0.001), macrophage infiltration (OR = 3.77, CI 1.53–10.72, 
P = 0.007), lipid angle (OR = 1.01, CI 1.00–1.01, P = 0.004), and area stenosis (OR = 1.05, CI 1.02–1.10, 
P = 0.002). In patients with CSA, the prevalence of thrombus, as assessed by OCT, is not uncommon. 
Plaque vulnerability, including thrombus occurrence, increased with the severity of area stenosis and 
was more prevalent at the minimal lumen site exposed to high shear stress.
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Chronic stable angina (CSA) is a major clinical manifestation of coronary artery disease, characterized by 
predictable chest pain due to fixed atherosclerotic narrowing. While the degree of luminal stenosis is traditionally 
considered the key determinant of ischemia, recent advances in intracoronary imaging, particularly optical 
coherence tomography (OCT), have highlighted the importance of plaque characteristics, such as lipid content, 
macrophage infiltration, and fibrous cap status. However, the detailed relationship between stenosis severity 
and plaque features, including the presence of thrombus, in patients with CSA has not been systematically 
investigated. Such investigation is important to better understand lesion behavior, refine risk stratification, 
and guide treatment decisions. The understanding of the pathophysiology of coronary atherosclerosis has 
undergone significant paradigm shifts over the past decades, particularly in terms of plaque formation, growth, 
and destabilization1–3. Atherothrombosis is one of the pathognomonic findings of acute coronary syndrome but 
not in CSA. The relationship between the severity of luminal stenosis and plaque characteristics with thrombus 
formation has not been systematically studied in patients of CSA. Furthermore, there was limited data on the 
relationship between the prevalence of thrombus and degree of luminal narrowing in living CSA patients. The 
increase in luminal narrowing severity causes local flow disturbance and increase in endothelial shear stress in 
stenotic lesion lead to endothelial damage, activate platelets and coagulation factors and thrombus formation4,5.

OCT images provide highly sensitive and specific characterization of various of atherosclerotic plaques 
including types including identify thrombus and its characteristics6,7. We hypothesized that the plaque 
characteristics and thrombus formation might be associated with the degree of luminal narrowing even in CSA 
patients with stable plaques. Therefore, the aim of this study was to evaluate the associations between OCT-
derived area stenosis and plaque characteristics, including thrombus prevalence, in patients with CSA. This 
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study seeks to provide novel insights into the morphological features of high-grade lesions in stable patients and 
their potential clinical implications.

Results
Baseline characteristics are summarized in Table 1. There were 14 patients (9.6%) with AS < 50%, 38 patients 
(26.0%) with 50% ≤ AS < 70%, and 94 patients (64.4%) with AS ≥ 70%. The mean age was 61.01 ± 9.6 years, 
and 86.3% were men. There were no significant differences among the groups in age, gender, and common 
cardiovascular risk factors, except the triglyceride level (P = 0.010).

OCT findings
The OCT characteristics of the study patients, according to the AS, are reported in Table 2 and Fig. 1. The frequency 
of fibrous plaque, lipid-rich plaque, and fibro-calcific plaque was 13.8% vs. 58.6% vs. 27.6%, respectively. As 
area stenosis increased, fibrous plaques and fibro-calcific plaques decreased and lipid-rich plaques increased. 
OCT-defined macrophage infiltration (33.3% in Group A, 51.0% in Group B, 71.7% in Group C; P = 0.001) and 
maximal lipid angle (148.9 ± 79.5° in Group A, 189.9 ± 71.0° in Group B, 209.0 ± 66.0° in Group C; P = 0.001) 
were increased according to AS severity. The thin cap fibroatheroma of less than 65 µm tended to increase as 
AS worsened but is not statistically insignificant (P = 0.414). The thin cap calcified plaque was identified 70 of 
174 lesions and significantly increased according to AS severity (P = 0.002). As AS increased, lumen irregularity 
was increased (8.3% in Group A, 23.5% in Group B, 37.4% in Group C; P = 0.011). Thirty-three lesions (19.0%) 
presented a ruptured plaque; 0 case in Group A, 8 cases belonged to Group B and 25 cases to the cohort with 
Group C (P = 0.014), and they were most present in part with the most stenotic lesion, MLA site. The more severe 
the AS, the higher the thrombus prevalence (none in Group A, 17.6% in Group B, 24.2% in Group C; P = 0.024) 
(Fig. 2). In particular, 69.7% of thrombus has been observed with lumen irregularity, and 45.5% of thrombus has 
been observed with rupture plaque. Thrombus was mainly located at the site with the most stenotic lesions, MLA 
site. The area and diameter of the thrombus were numerically larger as the AS was severe.

Indipendent predictors of presence of thrombus and ruptured plaque
At the multivariable analysis, the predictors of the presence of thrombus in these coronary lesions were represented 
by age (OR = 0.96, CI 0.92–1.00, P = 0.043), macrophage infiltration (OR = 3.77, CI 1.53–10.72, P = 0.007), 
ruptured plaque (OR = 20.96, CI 8.40–57.69, P < 0.001), lipid angle (OR = 1.01, CI 1.00–1.01, P = 0.004), minimal 
lumen area (OR = 0.62, CI 0.42–0.86, P = 0.010), and the AS (OR = 1.05, CI 1.02–1.10, P = 0.002) (Table 3). The 
predictors of the presence of ruptured plaque were represented by lipid-rich plaque (OR = 2.61, CI 1.23–5.90, 
P = 0.016), macrophage infiltration (OR = 4.72, CI 2.04–12.39, P = 0.001), lipid angle (OR = 1.01, CI 1.00–1.01, 
P = 0.003), minimal lumen area (OR = 0.70, CI 0.51–0.93, P = 0.020), and the AS (OR = 1.07, CI 1.04–1.11, 
P < 0.001) (Table 3).

Discussion
The current study evaluated the association between the severity of area stenosis and plaque characteristics with 
thrombus prevalence in patients with CSA as assessed by OCT. The main findings are as follows. First, although 
microthrombus in size, thrombus was present in 19% of the lesions in CSA patients. Second, there was no 

Group A
Area stenosis < 50%
(14 patients)

Group B
50% ≤ Area stenosis < 70%
(38 patients)

Group C
Area stenosis ≥ 70%
(94 patients) P value

Age, years 55.6 ± 11.3 61.1 ± 9.5 61.8 ± 9.2 0.082

Male 13 (92.9) 35 (92.1) 78 (83.0) 0.291

Body mass index 23.1 ± 7.5 24.0 ± 2.4 24.5 ± 2.8 0.293

Diabetes mellitus 3 (21.4) 11 (28.9) 29 (30.9) 0.768

Hypertension 10 (71.4) 19 (50.0) 55 (58.5) 0.363

Hypercholesterolemia 7 (50.0) 19 (50.0) 53 (56.4) 0.760

Current smoking 5 (35.7) 5 (13.2) 22 (23.4) 0.411

Family history of CAD 1 (7.1) 4 (10.5) 14 (14.9) 0.629

Total cholesterol, mg/dL 160.9 ± 32.8 160.3 ± 47.2 165.6 ± 35.6 0.745

LDL, mg/dL 88.6 ± 39.2 92.0 ± 46.2 89.7 ± 41.3 0.951

HDL, mg/dL 43.3 ± 19.0 42.2 ± 12.8 40.9 ± 16.3 0.826

Triglyceride, mg/dL 97.8 ± 50.6 98.3 ± 47.5 138.6 ± 87.2 0.010

Creatinine, mg/dL 0.9 ± 0.3 0.9 ± 0.2 1.0 ± 0.5 0.790

Baseline hs-cTnT, ng/mL 0.005 ± 0.002 0.009 ± 0.010 0.013 ± 0.016 0.119

PCI in target lesion 3 (21.4) 14 (36.8) 76 (80.9)  < 0.001

Table 1.  Baseline characteristics according to the severity of area stenosis. Data are presented as mean ± SD or 
number (%). CAD Coronary artery disease; CCS Canadian Cardiovascular Society grading of angina Pectoris; 
DES Drug-eluting stent; LDL Low-density lipoprotein; HDL High-density lipoprotein; hs-cTnT high-sensitivity 
troponin T (normal range is < 0.100 ng/mL); PCI Percutaneous coronary intervention.
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thrombus when the AS was less than 50%. With AS ≥ 50% showed thrombus occurrence, especially, thrombus 
prevalence increased as the AS was severe. Third, more severe AS, the more lipid-rich plaque, macrophage 
infiltration and plaque rupture. Fourth, thrombus and plaque rupture were mainly observed in the most 
stenotic, MLA site. Fifth, macrophage infiltration, lipid angle, ruptured plaque, MLA, and area stenosis were the 
independent predictors of thrombus presence.

Although several attempts have been made to characterize the different features of the unstable coronary 
plaque through OCT, there are few data about the patients with CSA. In a previous OCT study about CSA, 
intermediate stenosis (MLA = 3.5 ± 1.5  mm2), thrombus was found in 10% and plaque rupture in 16.7%8. In 
another CSA OCT study, when the MLA was 3.2 mm2 (median, 2.4–4.7mm2), thrombus was found in 9.9% and 
ruptured plaque was found in 9.0%9. When considering MLA, these results are comparable to Group B results of 
the present study, we found 17.6% of thrombus and 15.7% of ruptured plaque. However, these studies compared 

Group A
Area stenosis < 50%
(24 lesions)

Group B
50% ≤ Area stenosis < 70%
(51 lesions)

Group C
Area stenosis ≥ 70%
(99 lesions) P value

Target coronary artery 0.675

  Left anterior descending artery 16 (66.7) 34 (66.6) 70 (70.7) 0.003

  Left circumflex artery 4 (16.7) 4 (7.8) 11 (11.1) 0.228

  Right coronary artery 4 (16.7) 13 (25.5) 18 (18.2) 0.039

Plaque type 0.099

  Fibrous plaque 5 (20.8) 10 (19.6) 9 (9.1) 0.417

  Lipid-rich plaque 10 (41.7) 26 (51.0) 66 (66.7) 0.028

  Fibro-calcific plaque 9 (37.5) 15 (29.4) 24 (24.2) 0.001

Macrophage infiltration 8 (33.3) 26 (51.0) 71 (71.7) 0.001

Calcifications 15 (62.5) 32 (62.7) 72 (72.7) 0.368

Maximal lipid angle, ° 148.9 ± 79.5 189.9 ± 71.0 209.0 ± 66.0 0.001

Longitudinal lipid length, mm 16.2 ± 6.5 15.9 ± 4.9 17.8 ± 6.4 0.162

Minimal cap thickness on fibroatheroma, µm 119.6 ± 68.1 127.7 ± 62.3 117.1 ± 55.7 0.586

Thin cap fibroatheroma (< 65 µm) 2 (8.3) 5 (9.8) 16 (16.2) 0.414

Minimal cap thickness on calcification, µm 77.9 ± 39.9 77.5 ± 33.2 69.2 ± 31.0 0.251

Thin cap calcified plaque (< 65 µm) 5 (20.8) 14 (27.5) 51 (51.5) 0.002

Multi-layered plaque 15 (62.5) 33 (64.7) 67 (67.7) 0.868

Microchannel 14 (58.3) 27 (52.9) 45 (45.5) 0.441

Lumen irregularity 2 (8.3) 12 (23.5) 37 (37.4) 0.011

Ruptured plaque 0 8 (15.7) 25 (25.3) 0.014

Location of ruptured plaque 0.925

  Proximal 0 1 (12.5) 2 (8.0)

  Minimal lumen area site 0 6 (75.0) 0 (80.0)

  Distal 0 1 (12.5) 3 (12.0)

Thrombus 0 9 (17.6) 24 (24.2) 0.024

Thrombus with lumen irregularity 0 6 (11.8) 17 (17.2) 0.078

Thrombus with ruptured plaque 0 3 (5.9) 12 (12.1) 0.117

Location of thrombus 0.636

  Proximal 0 3 (22.2) 4 (16.7)

  Minimal lumen area site 0 4 (44.5) 15 (62.5)

  Distal 0 3 (33.3) 5 (20.8)

Thrombus type 0.112

  Red thrombus 0 5 (9.8) 14 (14.1) 0.039

  White thrombus 0 4 (7.8) 10 (10.1) 0.109

Size of thrombus

  Area, mm2 0 0.02 ± 0.05 0.05 ± 0.20 0.212

  Maximal diameter, mm 0 0.08 ± 0.21 0.14 ± 0.32 0.051

  Minimal diameter, mm 0 0.04 ± 0.10 0.06 ± 0.15 0.079

Lesion length, mm 18.9 ± 6.8 17.5 ± 5.2 19.1 ± 6.4 0.297

Minimal lumen area, mm2 4.8 ± 2.0 3.0 ± 1.3 1.6 ± 0.8  < 0.001

Area stenosis, % 40.8 ± 6.6 61.6 ± 5.8 80.0 ± 5.7  < 0.001

Table 2.  OCT findings according to the severity of area stenosis. Data are presented as mean ± SD or number 
(%).
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OCT findings of CSA and acute coronary syndrome (ACS), and did not observe OCT findings according to 
stenosis severity in CSA like this study.

This study showed that characteristics suggesting plaque vulnerability (lipid-rich plaque, macrophage 
infiltration, lipid angle, thin cap plaque, ruptured plaque, and thrombus prevalence) increased as luminal 
stenosis worsened, even in CSA. In particular, thrombus and ruptured plaques were most frequently found 

Fig. 2.  The prevalence of thrombus and vulnerable plaque characteristics according to area stenosis in chronic 
stable angina.

 

Fig. 1.  Optical coherence tomography findings according to the severity of area stenosis in chronic stable 
angina. Group A (Area stenosis < 50%), Group B (50% ≤ area stenosis < 70%), Group C (Area stenosis ≥ 
70%).
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at the MLA site with the greatest shear stress. A previous study showed that the coronary stenosis severity 
related to shear stress might have caused coronary up-regulation of platelet, and monocyte activation in 
human coronary arteries. A hemodynamically significant coronary lesion creates a range of fluid dynamic 
forces around it, including wall shear stress, which is the tangential force exerted by blood flow on the vessel 
wall. High wall shear stress can activate matrix metalloproteinases in plaques, leading to features of plaque 
vulnerability. These features include the growth of the plaque’s necrotic core and calcium deposits, reduction 
of fibrous and fibrofatty tissues, greater expansive remodeling, and increased plaque strain. High-risk plaques, 
like thin-cap fibroatheromas, often occur in regions of high wall shear stress, particularly in the proximal 
segments of lesions10. This is associated with the severity of intracoronary stenosis and calculated shear stress, 
and it happens even with the simultaneous administration of aspirin and clopidogrel11. An animal study using 
electron microscopy demonstrated that a 40–60% decrease in luminal diameter of the left anterior descending 
coronary arteries led to endothelial denudation, platelet deposition, and thrombus formation regions proximal 
to the site of maximal constriction12. This phenomenon is not an exception even if there is temporary luminal 
stenosis caused by coronary artery spasm. Our previous study showed that plaque erosion with thrombus at 
spasm sites occurred in more than one-fourth of patients13. Thrombus and plaque erosion were more frequently 
observed at spasm segments compared to nonspasm segments, as assessed by OCT in patients with suspected 
vasospastic angina14. The severity of coronary stenoses as well as vulnerable plaques are known risk factors for 
acute coronary syndrome. In a previous study, the most ST-segment-elevation myocardial infarction occurred at 
the site of severe coronary stenosis and the diameter stenosis, with diameter stenosis severity being less than 50% 
in a minority of cases15. In addition, many studies have demonstrated the prognostic impact of coronary stenosis 
severity by imaging or physiology and plaque characteristics10,16–18. In a study, high-risk plaque characteristics 
were identified using coronary computed tomography angiography and included a minimum lumen area of less 
than 4 mm2, a plaque burden of 70% or more, low attenuating plaque, positive remodeling, napkin-ring sign, 
or spotty calcification. Both fractional flow reserve and the number of high-risk plaque characteristics were 
significantly associated with the estimated risk of vessel-oriented composite outcome (P = 0.008 and P = 0.023, 
respectively). Among patients with fractional flow reserve greater than 0.80, lesions with three or more high-
risk plaque characteristics had a significantly higher risk of vessel-oriented composite outcome compared to 
those with fewer than three high-risk plaque characteristics (15.0% vs. 4.3%; hazard ratio: 3.96; 95% confidence 
interval: 1.45–10.83; P = 0.007).

Our findings highlight an important clinical observation. Although some high-grade stenosis lesions 
exhibited features of plaque vulnerability, including lipid-rich plaques, macrophage infiltration, or even rupture, 
none of the patients progressed to ACS. This can be explained by the fact that plaque vulnerability alone is 
insufficient to precipitate an acute event; additional factors, such as systemic inflammation, hypercoagulability, 
local hemodynamic shear stress, and the formation of an occlusive thrombus, are required to trigger plaque 
destabilization and clinical manifestation. This aligns with previous concepts proposing that plaque vulnerability 
exists on a spectrum, and not all vulnerable plaques progress to clinical events. In the PROSPECT trial, of 
595 thin-cap fibroatheromas identified on radiofrequency intravascular ultrasonography, only 26 were sites of 
recurrent events at a median follow-up of 3.4 years19. This suggests that among the many vulnerable plaques, 
only a very small number of cases will actually develop an event. Many such plaques may remain clinically silent 
or heal without causing an ACS, particularly in patients without systemic or local prothrombotic conditions. 

Thrombus Ruptured plaque

OR (95% CI) P value OR (95% CI) P value

Age 0.96 (0.92–1.00) 0.043 0.97 (0.93–1.01) 0.094

Male 1.46 (0.44–4.15) 0.502 2.08 (0.77–5.37) 0.136

BMI 1.10 (0.95–1.28) 0.193 1.05 (0.91–1.18) 0.497

Diabetes mellitus 1.51 (0.66–3.38) 0.316 1.23 (0.57–2.58) 0.594

Hypertension 1.50 (0.68–3.46) 0.328 1.11 (0.55–2.30) 0.778

Hypercholesterolemia 0.80 (0.37–1.74) 0.574 0.99 (0.49–2.01) 0.968

Current smoking 1.22 (0.69–2.15) 0.486 1.14 (0.68–1.91) 0.615

Lipid-rich plaque 1.59 (0.72–3.68) 0.264 2.61 (1.23–5.90) 0.016

Macrophage infiltration 3.77 (1.53–10.72) 0.007 4.72 (2.04–12.39) 0.001

Thin cap fibroatheroma 0.92 (0.25–2.74) 0.893 0.42 (0.10–1.33) 0.184

Thin cap calcified plaque 1.03 (0.46–2.28) 0.936 1.24 (0.60–2.54) 0.565

Multi-layered plaque 0.87 (0.39–1.98) 0.728 1.46 (0.69–3.24) 0.331

Microchannel 0.54 (0.24–1.19) 0.132 0.83 (0.41–1.68) 0.601

Ruptured plaque 20.96 (8.40–57.69)  < 0.001 - -

Lipid angle, degree 1.01 (1.00–1.01) 0.004 1.01 (1.00–1.01) 0.003

Minimal lumen area, mm2 0.62 (0.42–0.86) 0.010 0.70 (0.51–0.93) 0.020

Area stenosis, % 1.05 (1.02–1.10) 0.002 1.07 (1.04–1.11)  < 0.001

Table 3.  Multivariable analysis of factors associated with the thrombus presence and ruptured plaque. OR 
Odds ratio; CI Confidence of interval.
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In our study, the absence of elevated high-sensitivity cardiac troponin across all groups confirmed the lack of 
ongoing myocardial injury, supporting the notion that these high-grade, vulnerable plaques remained stable 
without progressing to acute events.

Furthermore, a previous study demonstrate the role of residual thrombus in the process of rethrombosis, 
finding that a residual thrombus is a highly thrombogenic surface that may significantly contribute to reocclusion 
even in the presence of heparinized blood20. Although CSA patients have fewer thrombotic events compared to 
ACS patients, it is considered necessary to take antithrombotics for primary prevention in patients with luminal 
stenosis. Future clinical larger studies are required to investigate whether the presence of thrombus by OCT is 
associated with a poor prognosis in CSA patients.

This study has several limitations. First, it was a retrospective analysis based on data from a combined 
multicenter registry, which means that selection bias cannot be entirely ruled out. Second, biomarkers and blood 
factors assessment are required to explain whether the peculiar features of the coronary plaque are associated 
with different mechanisms of thrombus. Third, clinical link is unclear because of the small thrombotic size.

Using OCT, the present study revealed that the prevalence of thrombus in patients with CSA is not 
uncommon, and the prevalence of thrombus and plaque vulnerability increased according to severity of AS. The 
AS severity was the independent predictor of thrombus formation in a patient with CSA. Therefore, the CSA 
patients with more than half of AS may be needed active treatment of antithrombotics. This approach could 
potentially improve patient outcomes by preventing thrombotic events in high-risk CSA patients.

Methods
Study population
The study population was retrospectively enrolled, 146 patients, from four University Hospital cardiovascular 
centers (Ulsan University Hospital, Pusan National University Hospital, Keimyung University Dongsan Medical 
Center, Seoul National University Hospital) in South Korea from January 2013 to June 2015, for outpatient 
coronary angiography to investigate symptoms suggestive of SA and more than 30% of visual estimated stenotic 
lesion was targeted to evaluate by OCT. The lesions were divided into three groups according to OCT-derived 
percentage of area stenosis (AS) degree: lesions with AS < 50% (mild, Group A), 50% ≤ AS < 70% (intermediate, 
Group B), and AS ≥ 70% (severe, Group C). These thresholds were selected because they are clinically meaningful 
in assessing lesion severity and reflect commonly used cutoffs in prior studies. Specifically, < 50% stenosis is 
typically regarded as mild and hemodynamically insignificant, 50–70% as intermediate, and ≥ 70% as severe, 
often associated with ischemic risk and the potential need for revascularization, and we adopted these thresholds 
to facilitate clinically relevant comparisons in our analysis21,22. To clarify, the Canadian Cardiovascular Society 
angina classification was used solely to categorize the severity of stable angina symptoms and does not include 
patients with acute ischemic events or unstable clinical conditions. High‑sensitivity cardiac troponin‑T was 
measured prior to angiography in all patients, and values ≥ the 99th‑percentile upper reference limit led to 
exclusion. Criteria of the exclusion were defined as follows: acute coronary syndrome including myocardial 
infarction or unstable angina in the previous 6-month, cardiogenic shock, left main lesions, reference vessel 
diameters of less than 2.0 mm, chronic renal failure (serum creatinine ≥ 2.0 mg/dl). The primary endpoints of 
this study were to investigate the relationship between the severity of area stenosis and plaque characteristics 
with thrombus prevalence in patients with CSA, as assessed by OCT. The study protocol was approved by 
the Institutional Review Boards of Ulsan University Hospital, Pusan National University Hospital, Keimyung 
University Dongsan Medical Center, and Seoul National University Hospital. Written informed consent was 
obtained from all participants at the time of study enrollment. All methods were performed in accordance with 
the relevant guidelines and regulations.

OCT image acquisition
OCT was performed on the target lesion after administration of 200 mg of coronary nitroglycerin, and images 
were acquired using a commercially available frequency-domain OCT system and optic catheter (C7XR and 
Dragon Fly catheter, LightLab Imaging/St. Jude Medical, Westford, Massachusetts). All patients received aspirin, 
P2Y12 inhibitor, and unfractionated heparin (100  IU/kg) before the catheterization procedure. The OCT 
imaging catheter was advanced distal to the lesion, and automated pullback was performed while injecting 
contrast media through the guiding catheter to clear blood from the imaging field. Predilation with balloon 
angioplasty was not permitted before OCT imaging. All OCT images were de-identified, digitally stored, and 
sent to Imaging core lab of Cardiovascular Research Foundation in Dong-A University Hospital, South Korea, 
where they were analyzed by one independent investigator blinded to clinical and angiographic data, using an 
offline review work station (Ilumien Optis, St. Jude Medical).

OCT image analysis
Thrombus was defined as an irregular mass attached to the luminal surface or floating within the lumen. 
Thrombus was classified into two types: (1) white thrombus, characterized by homogeneous backscattering with 
low signal attenuation, and (2) red thrombus, characterized by high backscattering with high signal attenuation8. 
In this study, lumen irregularity was defined as the presence of an irregular luminal surface contour, characterized 
by surface roughness or protrusions, without evidence of thrombus or plaque rupture, as assessed by OCT13. 
Tissue characteristics of underlying plaque were defined using previously established criteria7,8. Plaques were 
classified as: (1) fibrous (homogeneous, high-backscattering region), (2) lipid (low-signal region with diffuse 
border), or (3) fibro-calcific. Lipid was defined as a signal-poor region with a poorly defined or diffuse border, 
and the degree of lipid arc was measured in lipid plaques. Lipid rich plaque was defined as a plaque with a 
maximal lipid arc > 180°. Macrophage infiltration was defined as signal-rich, distinct or confluent punctuated 
regions that exceeded the intensity of background speckle noise. Calcification was defined as a signal-poor or 
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heterogeneous region with a sharply delineated border. Multi-layered plaque was identified as a superficial layer 
that had a different optical intensity and a clear demarcation from underlying plaque. When the fibrous cap 
thickness was less than 65 µm, it was defined as a thin cap. Moreover, plaque rupture was defined as the presence 
of fibrous cap discontinuity leading to a communication between the inner (necrotic) core of the plaque and 
the lumen. Reference lumen area was defined as the mean of the largest lumen area proximal and distal to the 
luminal narrowing. The lesion segment was divided by the minimal lumen area (MLA) site. Using these criteria, 
the target lesions were divided into proximal, MLA site, and distal segments. Percent AS was calculated as the 
percentage decrease of lumen area at the narrowest frame using the following formula: (1 − [mean reference 
lumen area − minimal lumen area]/mean reference lumen area) × 100.

Statistical analysis
Continuous variables are presented as mean ± standard deviation or median, depending on whether they 
follow a normal or non-normal distribution, and were compared using Student’ t-test and Mann–Whitney U 
test, respectively. Categorical variables were compared using the Chi-square test or Fisher’s exact test. Logistic 
regression analysis was conducted to estimate odds ratio and 95% confidence intervals for the presence of 
thrombus. In a multivariable logistic regression model, variables that reached statistical significance (p < 0.05) 
in a univariate logistic regression analysis were tested for their independent association with thrombus. All 
probability values were two-sided, and P values < 0.05 were considered statistically significant. Statistical analyses 
were performed using SPSS 18.0 (SPSS Inc., Chicago, IL, USA) and R version 3.6.3 (R Foundation for Statistical 
Computing, Vienna, Austria).

Data availability
The data generated in this study is available from the corresponding author upon reasonable request.
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