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Abstract

Background and  
Aims

Plaque rupture can occur at non-obstructive lesions in non–infarct-related coronary arteries (non-IRAs) without 
inducing ischaemia. This study aimed to: (1) assess the frequency and lesion characteristics of plaque rupture in 
non-IRAs of acute myocardial infarction (AMI) patients, (2) evaluate morphological changes in rupture sites over 
52 weeks, and (3) investigate the baseline morphology of new-onset ruptures.

Methods This study analysed pooled data from the IBIS-4 and PACMAN-AMI trials. Patients presenting with AMI under
went multimodality intracoronary imaging of non-IRAs at baseline and after 52 weeks.

Results Among 783 lesions from 336 patients evaluated at baseline, plaque rupture was observed in 41 lesions of 40 
patients (12%). Biomarkers including lipid and inflammation markers were comparable between patients with 
and without rupture in non-IRAs. Lesions with rupture showed larger percent atheroma volume (53.3 ± 6.4 
vs. 49.5 ± 5.8%, estimated difference 3.6[1.9 to 5.4]), larger external elastic membrane area (20.5 ± 4.8 vs. 
15.7 ± 5.6 mm2, 4.1[2.5 to 5.7]), and smaller minimum fibrous cap thickness (69 ± 49 vs. 116 ± 84 μm, 
−43[−75 to −11]) compared to those without. Among 41 rupture sites assessed serially, 21 (51%) healed by  
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52 weeks. At follow-up, 10 rupture sites were newly identified, and thin-cap fibroatheroma was the most fre
quent baseline morphology of those.

Conclusions Plaque rupture in non-obstructive lesions of non-IRAs was present in 12% of AMI patients. Larger plaque vol
ume, positive remodeling, and thinner fibrous cap were associated with rupture. More than half of untreated 
ruptures transitioned into stable morphologies. Thin-cap fibroatheroma was the most frequent underlying 
morphology of new-onset rupture.

Structured Graphical Abstract

What are the baseline lesion characteristics and evolution of clinically silent plaque ruptures in non-obstructive lesions of 
non-infarct-related arteries (non-IRAs) among patients with acute myocardial infarction? What baseline morphological features are
associated with new-onset silent plaque ruptures?

Ruptures were found in 40 of 336 patients. Larger plaque volume, positive remodelling, and thinner fibrous cap were associated with
rupture. Out of 41 rupture sites, 21 healed by 52 weeks. Fibroatheroma was the most frequent underlying morphology of new-onset
rupture.

Key Question

Key Finding

Take Home Message
Silent plaque rupture in non-IRA is observed in a sizeable proportion of AMI patients. About half of plaque fissures heal during follow-
up. As fibroatheroma is the prevailing precursor of new-onset silent rupture, such patients may benefit from intensive 
pharmacological treatment.

No significant differences

12% (40/336) of patients
5% (41/783) of lesions

51% (21/41) of ruptures healed

IBIS-4 and PACMAN-AMI trials

At baseline At 52 weeks

Frequency Evolution over time

Associated factors Biomarkers

336 AMI patients

613 non-infarct related arteries
783 IVUS identified and 
OCT-assessed lesions

PAV
Remodelling (EEM area),
Minimum FCT

AMI, acute myocardial infarction; EEM, external elastic membrane area; FCT, �brous cap thickness; IVUS, intravascular ultrasound; PAV, percent atheroma volume
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Plaque rupture in non-infarct-related arteries

Keywords Vulnerable plaque • Optical coherence tomography • Intravascular ultrasound • Near-infrared spectroscopy  
• Non-culprit lesion • Thin-cap fibroatheroma
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Introduction
Plaque rupture is pathophysiologically defined as the disruption 
of the fibrous cap overlying the lipid core of advanced athero
sclerotic plaques. Previous pathological studies have established 
plaque rupture as the most common mechanism of instability 
underlying the onset of acute coronary syndrome (ACS).1–3

However, not all plaque ruptures lead to ACS. In the absence 
of thrombus formation, or if the thrombus volume is insufficient 
to obstruct coronary blood flow, plaque rupture may not cause 
clinically evident myocardial ischaemia—a condition known as 
silent plaque rupture.4 Even if not associated with ACS or an
gina, lesions with plaque rupture may be at high risk of recurrent 
coronary events, such as subsequent ruptures or disease pro
gression requiring revascularization.5–8 Therefore, the presence 
of silent plaque rupture has been proposed as a high-risk mor
phological plaque feature.9,10

Plaque ruptures have been identified in vivo by intracoronary 
imaging as intimal disruptions with cavity formation.11–13

Optical coherence tomography (OCT) offers particularly high 
spatial resolution, making it valuable for detecting plaque rup
ture in vivo.14 Previous studies using various imaging modalities 
have demonstrated that plaque rupture can be present even in 
non-culprit lesions of patients with ACS or stable angina.12,15,16

However, the frequency of plaque ruptures in non-obstructive 
lesions of non–infarct-related arteries (non–IRAs), as well as 
the morphological changes these lesions undergo over time, re
main largely unclear. Furthermore, no studies using serial OCT 
imaging have investigated either the morphological changes in 
existing plaque ruptures or the baseline plaque morphology of 
lesions that subsequently develop silent plaque rupture.

The IBIS-4 (Integrated Biomarker Imaging Study-4) and 
PACMAN-AMI (Effects of the PCSK9 Antibody Alirocumab on 
Coronary Atherosclerosis in Patients With Acute Myocardial 
Infarction) trials included patients with acute myocardial infarc
tion (AMI) who underwent serial OCT and intravascular ultra
sound (IVUS) imaging of non–IRAs with non-obstructive 
lesions at baseline and at 52-week follow-up.17,18 Using pooled 
data from these two clinical trials, the present study aimed to 
(i) assess the frequency and lesion characteristics of plaque rup
ture in non-obstructive lesions of non–IRAs among patients 
with AMI, (ii) evaluate morphological changes at 52 weeks, 
and (iii) investigate the baseline plaque morphology of lesions 
that lead to new-onset silent plaque ruptures by 52 weeks.

Methods
Study population
The IBIS-4 trial (NCT00962416) was a prospective, multicentre 
cohort study designed to investigate the effects of high-dose 
statin therapy on coronary plaques. The PACMAN-AMI trial 
(NCT03067844) was an investigator-initiated, multicentre, rando
mized, double-blind clinical trial evaluating the impact of proprotein 
convertase subtilisin/kexin Type 9 (PCSK9) inhibitor, in addition to a 
high-intensity statin therapy, on coronary plaque characteristics. 
The study designs and primary results of the IBIS-417,19 and 
PACMAN-AMI trials18,20 have been reported previously. IBIS-4 en
rolled 103 patients, while PACMAN-AMI enrolled 300 patients who 
underwent primary percutaneous coronary intervention (PCI) of the 
culprit lesion for AMI. Both IBIS-4 and PACMAN-AMI enrolled 

patients with AMI who underwent successful PCI of the culprit le
sion. All patients received high-intensity statin therapy (rosuvastatin 
therapy 40 mg daily); in PACMAN-AMI, patients were additionally 
randomized in a double-blind fashion to alirocumab or placebo on 
top of statin therapy.

Of the 403 patients enrolled in the two clinical trials, 77 patients 
without baseline OCT images (51 patients) or without an 
IVUS-defined lesion (16 patients) at baseline were excluded, leaving 
336 patients who underwent OCT imaging of non–IRAs with non- 
obstructive lesions (<50% by visual estimate) at the time of the in
dex event for the present substudy. All participants provided writ
ten informed consent, and the study protocols were approved by 
the ethics committee at each participating institution.

Imaging analysis
All intracoronary imaging analyses in the IBIS-4 and PACMAN-AMI 
trials were performed in the same independent core laboratories 
(IVUS, Cardialysis, Rotterdam, the Netherlands; OCT, Bern 
University Hospital, Bern, Switzerland) by several experienced ana
lysts. Details regarding image acquisition and analysis are provided 
in the Supplementary Methods. Plaque rupture was defined by OCT 
as a discontinuity of the intimal layer establishing a communication 
between a cavity and the coronary lumen.10–13 To assess morpho
logical changes at sites of plaque rupture, cross-sectional matching 
was manually performed using anatomical landmarks (e.g. side 
branches and calcifications) to identify corresponding frames be
tween baseline and 52-week follow-up OCT images. Healing of pla
que rupture was defined as the disappearance of both the flap and 
cavity structure at the rupture site.

An IVUS-defined lesion was characterized as a segment ≥ 3 mm 
in length with a plaque burden ≥ 40% and was considered distinct 
when the separation between adjacent lesions exceeded 
5 mm.21,22 IVUS and OCT images were co-registered based on 
anatomical landmarks using dedicated matching software 
(IvusOctRegistration, Version 16, Medis, Leiden, the Netherlands). 
Near-infrared spectroscopy (NIRS) imaging was performed in the 
PACMAN-AMI cohort.

Key intracoronary imaging measurements included percent ath
eroma volume (PAV), normalized total atheroma volume (TAV), min
imum lumen area (MLA), and mean external elastic membrane (EEM) 
area by IVUS; minimum fibrous cap thickness (FCT), mean FCT, 
mean macrophage angle, maximum lipid angle, and lipid index by 
OCT; and the maximum lipid-core burden index within any 4 mm 
segment (maxLCBI4mm) by NIRS.

Study endpoints
The key endpoint was prevalence of plaque rupture assessed using 
OCT in non–IRA lesions at baseline and 52-week follow-up. 
Additionally, clinical characteristics, biochemical parameters 
(including inflammatory biomarkers, as detailed in the 
Supplementary Methods), and intracoronary imaging findings 
were compared between lesions with and without plaque rupture. 
Plaque morphology was evaluated at the matched cross-sectional 
frame where a rupture was identified either at baseline or at 
follow-up.

Statistical analysis
Continuous variables are presented as mean (standard deviation) or 
median [interquartile range], depending on distribution. Categorical 
variables are expressed as counts (percentages). Between-group 
comparisons for baseline clinical characteristics and baseline 
biomarkers were conducted using Student’s t-tests, Wilcoxon– 
Mann–Whitney tests, or Fisher’s exact tests, as appropriate. A 
two-sided P-value < .05 was considered statistically significant.
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Analyses of imaging endpoints were conducted at the lesion level 
using mixed-effect models on values at baseline, at follow-up, and 
on the change between baseline and Week 52. Patient identity 
was included as random intercept to account for the multiple lesions 
per patient. Models conducted on the change were adjusted for the 
baseline imaging value to control for potential between-group dif
ferences at baseline. Values are presented as lesion-level raw 
mean (SD) or lesion-level raw mean change [95% confidence inter
val (CI)]. Marginal differences in change between groups are esti
mated differences extracted from the mixed-effect models at the 
mean of the baseline covariate.

A multivariable logistic regression analysis was performed to iden
tify baseline imaging parameters associated with baseline plaque rup
ture, at the lesion level. Covariates were baseline PAV on IVUS, 
baseline EEM area on IVUS, presence of fibroatheroma on OCT, min
imum FCT on OCT, and mean macrophage angle on OCT based on 
clinical expertise and mechanistic considerations. Statistical tests 
were two-sided and the significance level was set to .05. All statistical 
analyses were performed using Stata version 17 (StataCorp LLC, 
College Station, TX) and R version 4.4.1 (R Core Team).

Results
Frequency of plaque rupture
A total of 783 IVUS-defined lesions from 613 non–IRAs in 
336 patients were analysed at baseline. Plaque rupture in non- 
obstructive lesions of non–IRAs was identified at 46 sites across 
41 (5%) of the 783 lesions in 40 (12%) of the 336 patients, with 
five lesions exhibiting multiple plaque rupture sites. Thrombus 
was present in 10 (24%) of the 41 lesions with plaque rupture, 
of which nine were red thrombus and one was white thrombus 
on OCT. In quantitative coronary angiography, the mean % 
diameter stenosis of lesions with plaque rupture was 34.5 ±  
11.4%, and three lesions had a % diameter stenosis between 
50% and 60%. Of the baseline cohort, 742 (95%) of the 783 le
sions from 580 non–IRAs in 323 (96%) of the 336 patients 
underwent serial intracoronary imaging at both baseline and 
52-week follow-up (see Supplementary data online, Figure S1). 
At 52-week follow-up, 30 rupture sites were identified in 
30 (4%) of the 742 lesions and in 28 (9%) of the 323 patients. 
Of these, 20 rupture sites had already been present at baseline, 
while 10 were new-onset ruptures.

Patient characteristics
Baseline clinical characteristics of patients with and without pla
que rupture are shown in Table 1. There were no significant dif
ferences in clinical characteristics between patients with and 
without plaque rupture. Biochemical parameters, including lipid 
profiles and inflammatory biomarkers, were comparable between 
the two groups (Table 2; Supplementary data online, Table S1).

Clinical characteristics and biochemical findings of patients 
with and without plaque rupture at 52 weeks are shown in 
Supplementary data online, Table S2. Patients with rupture at 
52 weeks exhibited higher estimated glomerular filtration rate 
levels at follow-up.

Lesion characteristics
Lesion-level intracoronary imaging findings for lesions with and 
without plaque rupture at baseline are reported in Table 3. 
Lesions with plaque rupture at baseline had greater PAV 

[53.3 ± 6.4% vs 49.5 ± 5.8%; estimated difference (95% CI), 3.6 
(1.9–5.4); P < .001], smaller minimum FCT [70 ± 49 μm vs 
116 ± 84 μm; estimated difference (95% CI), −43 (−75 to −11); 
P = .009], and higher maxLCBI4mm [401 ± 202 vs 226 ± 197; es
timated difference (95% CI), 178 (93–263); P < .001] at baseline 
compared with those without. There was no significant differ
ence in baseline mean macrophage angle [58° ± 34° vs 48° ±  
31°; estimated difference (95% CI), 7 (−2–16); P = .109] be
tween lesions with and without plaque rupture at baseline. 
While baseline MLA was comparable between groups [5.5 ±  
2.3 mm² vs 5.7 ± 2.9 mm²; estimated difference (95% CI), −.2 
(−1.1–.6); P = .570], lesions with plaque rupture at baseline 
had a significantly larger baseline EEM area [20.5 ± 4.8 mm² 
vs 15.7 ± 5.6 mm²; estimated difference (95% CI), 4.1 (2.5– 
5.7); P < .001] than those without. Lesions with plaque rupture 
demonstrated significantly smaller reduction in normalized 
TAV [−8.3 ± 24.5 mm² vs −13.1 ± 16.4 mm3; estimated differ
ence (95% CI), 8.5 (3.1–13.9); P = .002] and mean EEM area 
[.1 ± 2.5 mm² vs −.7 ± 1.4 mm²; estimated difference (95% 
CI), .93 (.48–1.38); P < .001], compared with lesions without 
plaque rupture. Lesions with plaque rupture more frequently 
had thin-cap fibroatheroma (TCFA) and less frequently had fi
brous plaque as the baseline lesion type compared with those 
without plaque rupture. Among 38 lesions with plaque rupture, 
17 (45%) were TCFA, 8 (21%) thick-cap fibroatheroma 
(ThCFA), 10 (26%) fibrocalcific plaque, and 3 (8%) fibrous pla
que, and none were normal, whereas among the 660 lesions 
without plaque rupture, the corresponding numbers were 
60 (9%), 226 (34%), 176 (27%), 186 (29%), and 9 (1%), respect
ively (P < .001; Figure 1).

Lesion-level imaging characteristics of lesions with vs without 
plaque rupture at 52 weeks are presented in Supplementary data 
online, Table S3. At baseline, lesions with plaque rupture at 
52 weeks showed greater PAV [51.8 ± 6.1% vs 49.6 ± 5.7%; esti
mated difference (95% CI), 2.3 (.3–4.4), P = .025], smaller min
imum FCT [68 ± 48 μm vs 116 ± 85 μm; estimated difference 
(95% CI), −44 (−84 to −4); P = .031], larger mean macrophage 
angle [62° ± 46° vs 50° ± 30°; estimated difference (95% CI), 12 
(1–23); P = .034], and higher maxLCBI4mm [408 ± 201 vs 227 ±  
197; estimated difference (95% CI), 189 (95–284); P < .001] at 
baseline. The baseline mean EEM area was larger in lesions 
with plaque rupture at 52 weeks [20.0 ± 4.7 mm² vs 15.8 ±  
5.7 mm²; estimated difference (95% CI), 3.3 (1.3–5.2); P < .001], 
while MLA was comparable [5.6 ± 2.5 mm² vs 5.7 ± 2.9 mm²; es
timated difference (95% CI), −.4 (−1.4–.6); P = .731].

Factors associated with plaque rupture
Multivariable logistic regression analyses are presented in 
Table 4. In Model 1, which included 698 lesions with baseline 
IVUS and OCT data, PAV (per 1% increase; OR, 1.11; 95% CI, 
1.05–1.18; P < .001), mean EEM area (per 1 mm² increase; OR, 
1.17; 95% CI, 1.10–1.24; P < .001), and the presence of fi
broatheroma (OR, 2.46; 95% CI, 1.16–5.48; P = .022) were inde
pendently associated with plaque rupture at baseline.

In Model 2, which included 352 lesions with measurable FCT 
and macrophage accumulation data, PAV (per 1% increase; OR, 
1.14; 95% CI, 1.05–1.26; P = .003), mean EEM area (per 1 mm² in
crease; OR, 1.23; 95% CI, 1.13–1.35; P < .001), and minimum FCT 
(per 10 μm increase; OR, .85; 95% CI, .72–.97; P = .031) remained 
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independent predictors of plaque rupture at baseline. In contrast, 
the mean macrophage angle was not significantly associated (per 
10° increase; OR, 1.03; 95% CI, .90–1.18; P = .633).

Morphological change of plaque ruptures 
identified at baseline
Among 41 rupture sites in 38 lesions with serial OCT assessment, 
21 ruptures (51%) in 20 lesions had healed at 52 weeks. Plaque 

morphologies at the cross-sections with healed plaque ruptures 
were fibrous plaque in 13 (62%) of the 21 ruptures, layered plaque 
in 6 (29%) of the 21 ruptures, and ThCFA in 2 (10%) of the 21 
ruptures at 52-week follow-up (Figure 2A). Of the six lesions 
with plaque rupture that evolved into a layered plaque at 
follow-up, thrombus was observed at baseline in two lesions. 
Representative images of morphological change of rupture sites 
identified at baseline are shown in Figure 2B.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Baseline clinical characteristics in patients with vs without plaque rupture at baseline

Overall 
N = 336

Plaque rupture(+) 
N = 40

Plaque rupture(−) 
N = 296

P-value

Patients

Age, years 336 58.1 ± 9.5 40 56.5 ± 8.7 296 58.3 ± 9.6 .27

Female, n (%) 336 48 (14.3) 40 3 (7.5) 296 45 (15.2) .24

BMI, kg/m2 336 28.0 ± 4.2 40 28.8 ± 4.6 296 27.9 ± 4.1 .21

Cardiovascular risk factors and medical history, n (%)

Diabetes mellitus 336 36 (10.7) 40 6 (15.0) 296 30 (10.1) .41

Hypertension 336 149 (44.3) 40 16 (40.0) 296 133 (44.9) .61

Hyperlipidaemia 336 240 (71.4) 40 31 (77.5) 296 209 (70.6) .46

Smoking 336 188 (56.0) 40 23 (57.5) 296 165 (55.7) .87

Family history of CAD or CVD 333 110 (32.7) 40 13 (32.5) 293 97 (32.8) >.99

Chronic kidney disease (eGFR < 60 mL/min) 332 12 (3.6) 39 0 (.0) 293 12 (4.1) .37

Previous myocardial infarction 336 8 (2.4) 40 0 (.0) 296 8 (2.7) .60

Previous PCI 336 8 (2.4) 40 0 (.0) 296 8 (2.7) .60

History of stroke 336 4 (1.2) 40 0 (.0) 296 4 (1.4) >.99

Peripheral artery disease 336 5 (1.5) 40 1 (2.5) 296 4 (1.4) .47

Type of acute myocardial infarction, n (%) .86

STEMI 336 223 (66.4) 40 26 (65.0) 296 197 (66.6)

NSTEMI 336 113 (33.6) 40 14 (35.0) 296 99 (33.4)

Medication, n (%)

Antithrombotic therapy

Aspirin 336 28 (8.3) 40 3 (7.5) 296 25 (8.4) >.99

P2Y12 inhibitor 336 8 (2.4) 40 1 (2.5) 296 7 (2.4) >.99

Oral anticoagulationa 245 3 (.9) 28 0 (.0) 217 3 (1.0) >.99

Statin 336 42 (12.5) 40 6 (15.0) 296 36 (12.2) .61

Other lipid-lowering medication 336 3 (.9) 40 0 (.0) 296 3 (1.0) >.99

β-blocker 336 28 (8.3) 40 0 (.0) 296 28 (9.5) .035

ACEI 336 32 (9.5) 40 1 (2.5) 296 31 (10.5) .15

ARB 336 41 (12.2) 40 5 (12.5) 296 36 (12.2) >.99

LVEF, % 295 51.5 ± 10.4 257 51.2 ± 8.7 38 51.6 ± 10.6 .83

Values are count (%), mean ± standard deviation. The plaque rupture (+) category includes patients that had ≥1 lesion with plaque rupture while the plaque rupture (−) 
category includes patients that had no plaque rupture.
ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; BMI, body mass index; CAD, coronary artery disease; CVD, cardiovascular disease; 
LVEF, left ventricular ejection fraction; NSTEMI, non-ST-segment elevation myocardial infarction; PCI, percutaneous coronary intervention; STEMI, ST-segment 
elevation myocardial infarction.
aThese variables are tested only in PACMAN-AMI cohort (patients with plaque rupture, 28; patients without plaque rupture, 245).
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Baseline morphology of new-onset silent 
plaque ruptures
Among 30 rupture sites in 30 lesions observed at 52-week 
follow-up, 10 rupture sites in 10 lesions were newly found. 
Baseline plaque morphologies of these new-onset silent plaque 
ruptures were TCFA in five rupture sites (50%), ThCFA in two 
rupture sites (20%), layered plaque in two rupture sites (20%), 
and haematoma in one rupture site (10%) (Figure 3A). 
Representative images of baseline morphology of new-onset 
plaque ruptures are shown in Figure 3B. Among the 10 lesions 
with thrombus, only one lesion showed persistent thrombus at 
follow-up, and this lesion exhibited a new plaque rupture.

Clinical outcomes
Clinical outcomes at 1 year are shown in Supplementary data 
online, Table S4. The composite of death, any MI, or ischaemia- 
driven revascularization occurred in 4 (10%) of the 40 patients 
with plaque rupture and in 41 (14%) of the 296 patients without 
plaque rupture in non–IRAs. Ischaemia-driven investigated le
sion revascularization was performed in 1 (3%) of the 40 pa
tients with plaque rupture and in 20 (7%) of the 296 patients 
without plaque rupture.

Discussion
This is the first study to investigate the lesion characteristics and 
morphological evolution of clinically silent plaque ruptures in 
non–IRAs of patients with AMI using serial multimodality intra
coronary imaging. The main findings of the present study are the 
following: (i) plaque rupture in non-obstructive lesions of non– 
IRAs was identified in 40 (12%) of the 336 patients and 41 
(5%) of the 783 lesions at baseline; (ii) lesions with plaque rup
ture at baseline exhibited greater plaque volume, thinner fibrous 
cap, and greater lipid burden compared with those without; 
(iii) greater PAV, larger EEM area, and smaller FCT were inde
pendently associated with the presence of plaque rupture at 
baseline; (iv) 21 (51%) of the 41 plaque ruptures transitioned 
into stabilized morphologies, predominantly fibrous plaques; 
and (v) new-onset silent plaque rupture at follow-up was ob
served in 10 lesions, with TCFA as the most frequent underlying 
plaque type at baseline (see Structured Graphical Abstract).

Frequency of lesions with plaque rupture
The frequency of multivessel instability—defined in this study as 
the presence of plaque rupture in non–IRAs—was lower than 
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Table 2 Baseline biochemical findings in patients with vs without plaque rupture at baseline

Overall 
N = 336

Plaque 
rupture(+) 

N = 40

Plaque 
rupture(−) 

N = 296

Difference 
(95% CI)

P-value

eGFR, mL/min/1.73 m2 332 111.4   
±  36.2

39 121.9 ± 38.8 293 110.0 ± 35.6 11.92 (−.16–23.99) .05

Cholesterol, mmol/L

Total 335 4.3 ± 1.8 40 4.3 ± 1.9 295 4.3 ± 1.8 −.03 (−.63–.58) .92

LDL 335 3.2 ± 1.5 40 3.2 ± 1.5 295 3.2 ± 1.5 .05 (−.43–.53) .85

HDL 335 .8 ± .5 40 .7 ± .5 295 .8 ± .5 −.10 (−.28–.07) .23

Non-HDL-cholesterol, mmol/L 335 3.5 ± 1.5 40 3.5 ± 1.6 295 3.4 ± 1.5 .07 (−.43–.57) .79

Triglycerides, mmol/L 335 .9 ± 1.0 40 1.0 ± 1.0 295 .9 ± 1.0 .09 (−.23–.42) .57

Lipoprotein(a), nmon/La 245 19.0 [91.0] 28 13.0 [75.0] 217 20.0 [96.0] −6.00 [−30.97–18.97] .17

Apolipoprotein AI, mg/dLa 245 1.1 ± .2 28 1.1 ± .2 217 1.1 ± .2 −.05 (−.12–.03) .20

Apolipoprotein B, mg/dLa 245 1.1 ± .2 28 1.2 ± .2 217 1.1 ± .2 .05 (−.04–.14) .26

High-sensitivity C-reactive protein, 
mg/L

294 1.8 [3.3] 33 1.5 [2.9] 261 1.9 [3.3] −.44 [−1.40–.52] .68

HbA1c, %a 234 5.8 ± 1.0 31 6.0 ± 1.1 203 5.8 ± .9 .16 (−.21–.53) .40

IL-6a 231 3.6 ± 1.2 27 3.8 ± 1.1 204 3.6 ± 1.2 .23 (−.25–.72) .35

MMP-12a 234 6.8 ± .8 27 6.6 ± .7 207 6.8 ± .8 −.23 (−.53–.07) .14

TNFαa 231 2.8 ± .5 27 2.8 ± .5 204 2.8 ± .4 −.03 (−.21–.15) .74

IFNγa 231 6.0 ± 1.0 27 5.9 ± .8 204 6.0 ± 1.0 −.10 (−.50–.31) .63

Values are count (%), mean ± standard deviation or median [interquartile range]. Difference (95%) shows the mean difference (95% CI), risk difference (95% CI), or 
median difference [95% CI]. The plaque rupture (+) category includes patients that had ≥1 lesion with plaque rupture while the plaque rupture (−) category 
includes patients that had no plaque rupture.
CI, confidence interval; eGFR, estimated glomerular filtration rate; HbA1c, glycated haemoglobin; IFNγ, interferon gamma; IL, interleukin; MMP, matrix 
metalloproteinase; TNFα, tumour necrosis factor alpha.
aThese variables are tested only in PACMAN-AMI cohort (patients with plaque rupture, 28; patients without plaque rupture, 245). Unit: NPX (normalized protein 
expression) by Olink assay.
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Table 3 Lesion-level intracoronary imaging findings in lesions with vs without plaque rupture at baseline

Time point Sample size Plaque rupture(+) Sample size Plaque rupture(−) Difference 
(95%CI)

P-value

Target vessel, n (%) 41 742 .072

Left anterior descending 18 (44) 248 (33)

Left circumflex 8 (20) 271 (37)

Right coronary artery 15 (37) 223 (30)

Intravascular ultrasound

Percent atheroma volume, %

Baseline 41 53.3 ± 6.4 740 49.5 ± 5.8 3.6 (1.9–5.4) <.001

Follow-up 37 50.5 ± 6.8 707 46.3 ± 7.6 4.1 (1.8–6.5) <.001

Change 37 −2.7 ± 3.6 705 −3.2 ± 5.2 .7 (−.9–2.4) .389

Normalized total atheroma volume, mm3

Baseline 41 186.9 ± 52.6 740 131.5 ± 49.9 47.9 (33.4–62.5) <.001

Follow-up 37 180.5 ± 66.1 707 117.4 ± 48.4 53.6 (38.5–68.8) <.001

Change 37 −8.3 ± 24.5 705 −13.1 ± 16.4 8.5 (3.1–13.9) .002

Mean atheroma area, mm2

Baseline 41 10.9 ± 2.9 740 7.8 ± 2.8 2.8 (2.0–3.7) <.001

Follow-up 37 10.5 ± 3.8 707 7.0 ± 2.7 3.2 (2.3–4.1) <.001

Change 37 −.5 ± 1.5 705 −.8 ± 1.0 .6 (.2–.9) <.001

Mean EEM area, mm2

Baseline 41 20.5 ± 4.8 740 15.7 ± 5.6 4.1 (2.5–5.7) <.001

Follow-up 37 20.8 ± 6.1 707 15.1 ± 5.4 4.8 (3.1–6.5) <.001

Change 37 .1 ± 2.5 705 −.7 ± 1.4 .9 (.5–1.4) <.001

Min lumen area, mm2

Baseline 41 5.5 ± 2.3 740 5.7 ± 2.9 −.2 (−1.1–.6) .570

Follow-up 37 6.0 ± 2.5 707 5.7 ± 3.0 .1 (−.8–1.1) .776

Change 37 .3 ± .9 705 −.0 ± 1.1 .3 (−.0–.7) .062

Optical coherence tomography

Minimum FCT, μm

Baseline 27 70 ± 49 369 116 ± 84 −43 (−75 to −11) .009

Follow-up 24 109 ± 74 349 160 ± 93 −55 (−93 to −18) .004

Change 24 50 ± 66 323 46 ± 96 −27 (−63–8) .133

Mean FCT, μm

Baseline 27 272 ± 108 369 325 ± 109 −48 (−91 to −5) .027

Follow-up 24 356 ± 96 349 391 ± 109 −37 (−82–7) .096

Change 24 105 ± 103 323 68 ± 126 −16 (−59–27) .473

Mean macrophage angle, °

Baseline 38 58 ± 34 555 48 ± 31 7 (−2–16) .109

Follow-up 36 41 ± 27 471 32 ± 26 8 (0–16) .048

Change 36 −19 ± 23 450 −17 ± 28 4 (−3–11) .280

Maximum lipid angle, °a

Continued

Serial assessment of non-culprit plaque ruptures                                                                                                                                           7



reported in previous studies. Non-culprit plaque rupture was 
identified in 24% of AMI patients in the study by Vergallo 
et al.,13 17.6% of ACS patients in the study by Sugiyama 
et al.,23 and 14.3% of ST-segment elevation myocardial 

infarction (STEMI) patients in the study by Cao et al.24 The lower 
frequency observed in our cohort may reflect differences in le
sion severity. The IBIS-4 and PACMAN-AMI trials included only 
lesions with <50% diameter stenosis on angiography,17,18

whereas the aforementioned studies have included culprit ves
sels and more advanced lesions. Prior reports have suggested a 
correlation between lesion severity and the frequency of plaque 
rupture.7,23,25 Given the milder stenosis and the absence of 
culprit-vessel and distal-segment assessment in our study, the 
lower frequency of non-culprit plaque rupture is plausible.

Patient and lesion characteristics of those 
with plaque rupture
Previous studies have demonstrated that patients with non- 
culprit plaque rupture tend to have a higher prevalence of 
ACS, male sex, prior PCI, and elevated body mass index, com
pared with those without rupture.7,26 In contrast, our study 
did not identify significant differences in clinical characteristics 
between patients with and without non-culprit plaque rupture. 
Elevated LDL cholesterol (LDL-C) has also been reported as a 
factor associated with non-culprit plaque rupture.13

Moreover, inflammatory biomarkers may be linked to non- 
culprit plaque rupture.27 However, in the present study, no sig
nificant differences were observed in biochemical parameters, 
including lipid profiles (e.g. LDL-C, lipoprotein(a), and apolipo
protein B) and inflammatory markers (e.g. high-sensitivity 
C-reactive protein, interleukin-6, and tumour necrosis factor 
alpha). Consequently, predicting multivessel instability based 
solely on circulating biomarkers may be challenging in AMI pa
tients. Nevertheless, the potential association between 
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Table 3 Continued

Time point Sample size Plaque rupture(+) Sample size Plaque rupture(−) Difference 
(95%CI)

P-value

Baseline 22 210 ± 96 320 146 ± 63 65 (36–93) <.001

Follow-up 21 192 ± 91 305 119 ± 60 77 (49–104) <.001

Change 21 −25 ± 83 294 −28 ± 55 35 (13–58) .002

Lipid indexa

Baseline 22 1167 ± 820 320 558 ± 609 645 (378–913) <.001

Follow-up 21 960 ± 772 305 427 ± 468 563 (347–781) <.001

Change 21 −256 ± 404 294 −150 ± 314 95 (−19–210) .101

Near-infrared spectroscopy

maxLCBI4mm
a

Baseline 20 401 ± 202 559 226 ± 197 178 (93–263) <.001

Follow-up 19 272 ± 238 560 174 ± 184 109 (28–190) .009

Change 19 −130 ± 216 555 −51 ± 161 −1 (−67–65) .984

Values are lesion-level raw mean ± standard deviation or lesion-level raw mean change ± standard deviation. Sample size refers to the number of lesions. 
Between-group differences (95% CI) are extracted from mixed-effect models. Normalized total atheroma volume was calculated as mean atheroma area multiplied 
by the median length of the regions of interest.
CI, confidence interval; EEM, external elastic membrane; FCT, fibrous cap thickness; maxLCBI4mm, maximum lipid core burden index within 4 mm.
aThese variables were tested only in the PACMAN-AMI cohort.

Figure 1 Optical coherence tomography-defined lesion types 
at the index event in lesions with vs without plaque rupture. 
Thin-cap fibroatheroma was observed in 45% (n = 17) of le
sions with rupture vs 9% (n = 60) without, thick-cap fibroather
oma in 21% (n = 8) vs 34% (n = 226), fibrocalcific plaque in 26% 
(n = 10) vs 27% (n = 176), fibrous plaque in 8% (n = 3) vs 29% 
(n = 186), and normal morphology in 0% (n = 0) vs 1% (n = 9), 
respectively

8                                                                                                                                                                                                 Kakizaki et al.



circulating biomarkers and non-culprit plaque ruptures war
rants further investigation in broader patient populations, in
cluding those with stable or unstable angina and severer 
non-culprit lesions and based on collection of local (vs system
ic) markers.

Our findings regarding lesion characteristics are consistent 
with previous studies, which have shown that lesions with pla
que rupture tend to have higher plaque burden, thinner fibrous 
cap, greater lipid content, and longer lesion length compared 
with lesions without rupture.7,12,13,23 The present study using 
multimodality intracoronary imaging demonstrated that specific 
lesion characteristics were associated with the presence of 

plaque rupture at the lesion level; in particular, greater PAV, lar
ger EEM area, and smaller FCT were independently associated 
with rupture at baseline within the same cohort. In contrast, 
MLA did not differ between lesions with and without plaque 
rupture. This may reflect the inclusion of only non-obstructive 
lesions in non–IRAs, which likely excluded lesions with critically 
small MLA. Alternatively, it may indicate that these ruptures did 
not lead to significant luminal obstruction, as MLA was ad
equately preserved. These findings suggest that plaque rupture 
is more likely to occur in lesions with advanced atherosclerosis 
and positive remodelling, where high-risk features may promote 
rupture independently of luminal narrowing.
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Table 4 Multivariable analysis to identify predictors of lesion with plaque rupture at baseline

Model including all lesions Model including only lesions with measured FCT

Predictors of plaque 
rupture

Sample 
size

Odds ratio  
(95% CI)

P-value Predictors of plaque 
rupture

Sample 
size

Odds ratio  
(95% CI)

P-value

Baseline PAV (per 1%) 698 1.11 (1.05–1.18) <.001 Baseline PAV (per 1%) 352 1.14 (1.05–1.26) .003

Baseline mean EEM area 
(per 1 mm2)

698 1.17 (1.10–1.24) <.001 Baseline mean EEM area 
(per 1 mm2)

352 1.23 (1.13–1.35) <.001

Baseline fibroatheroma 698 2.46 (1.16–5.48) .022 Baseline minimum FCT (per 
10 μm)

352 .85 (.72–.97) .031

Baseline mean macrophage 
angle (per 10°)

352 1.03 (.90–1.18) .633

Values are odds ratio (95% CI) and associated P-values extracted from a multivariable logistic model.
CI, confidence interval; EEM, external elastic membrane; FCT, fibrous cap thickness; PAV, percent atheroma volume.

Figure 2 Evolution of ruptured fibroatheroma into healed ruptures at 52-week follow-up. (A) The plaque morphology at 52-week follow- 
up of lesions that showed plaque rupture at baseline is shown in this pie graph. (B) Representative images of ruptured thin-cap fi
broatheroma at baseline that evolved into healed plaque with different morphology at 52-week follow-up. Arrowheads highlight rupture 
sites, defined as intimal disruption with cavity formation. Single asterisk indicates sites where ruptures evolved into fibrous tissue, and 
double asterisks indicate transformation into the layered plaque. Arrows highlight the layered structure of the plaque, and the double- 
headed arrow indicates the extent of a thick-cap fibroatheroma. ThCFA, thick-cap fibroatheroma
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In our study, the reduction in normalized TAV and mean EEM 
area was significantly smaller in lesions with plaque rupture, des
pite their larger baseline values. Compared with lesions without 
rupture, those with plaque rupture may be more prone to limited 
plaque regression and reverse vessel remodelling in response to 
lipid-lowering therapy. It is also worth noting that some ruptured 
lesions were classified as fibrocalcific or fibrous plaques. As lipid 
pools were not required for the definition of plaque rupture in 
this study, some older, non-thrombogenic lesions—representing 
chronic plaque rupture—may have been included.

Morphological change of plaque ruptures
More than half of plaque ruptures identified at baseline healed 
by 52 weeks, with the majority transitioning to a stabilized pla
que morphology, predominantly fibrous plaque. While previous 
case reports have described healing of plaque ruptures detected 
by OCT,28,29 this is the first study to assess morphological 
changes using serial OCT imaging. A previous IVUS study re
ported that 29% of 28 patients with plaque rupture showed evi
dence of healing after 1 year, with all patients receiving statin 
therapy.30 The higher frequency of healed ruptures observed 
in our study may be attributable to the superior spatial reso
lution of OCT, which enables the detection of smaller ruptures, 
and the intensive lipid-lowering therapy provided in the IBIS-4 
and PACMAN-AMI trial, with all patients receiving high-dose 
statins—and nearly half received additional therapy with a 
PCSK9 inhibitor.

Sites of plaque rupture may heal through the organization of 
thrombus rich in platelets and fibrin, infiltration of smooth mus
cle cells, and formation of granulation tissue with accumulated 
proteoglycans and Type III collagen, eventually evolving into 
layered plaque as observed by OCT.31,32 However, in the 

present study, less than one-quarter of plaque ruptures transi
tioned to layered plaques. Several factors may explain this find
ing, including the relatively low incidence of thrombus 
[10 (24%) of 41 lesions], the inclusion of older ruptures with 
unknown timing, and the small size of many rupture cavities. 
In such rupture sites, the healed area may be small or thin 
and thus not detectable as layered plaque on OCT. 
Furthermore, high-dose statin therapy in all patients may 
have contributed to reductions in lipid content and vascular in
flammation, resulting in fibrous plaque morphology in the ma
jority of healed ruptures.

Baseline morphology of new-onset silent 
plaque ruptures
At the 52-week follow-up, new-onset silent plaque ruptures 
were observed in 10 lesions, providing a unique opportunity 
to study in detail the precursor morphology, confirming TCFA 
as the most frequent underlying plaque type at baseline, consist
ent with the pathophysiology of plaque rupture.33 Previous 
studies have demonstrated a higher incidence of adverse events 
arising from lesions with TCFA compared with those with
out,8,34 suggesting that plaque rupture may underlie clinical 
events associated with TCFA.

In addition to fibroatheroma, we also observed layered plaque 
and haematoma as baseline plaque morphologies in new-onset 
ruptures. The exact mechanism of plaque rupture in these 
morphologies remains unclear, but it is likely distinct from that 
in fibroatheroma. Immature tissue in organized thrombi and 
haematomas may collapse and cause intimal disruptions with 
cavities. Plaque ruptures in these morphologies may exhibit dif
ferent thrombogenicity from those in fibroatheroma, due to the 
absence of highly thrombogenic lipid cores.

Figure 3 Baseline morphology of new-onset silent plaque ruptures. (A) The baseline plaque morphology of new-onset (at 52 weeks) 
silent plaque rupture is shown in this pie graph. (B) Representative images of baseline plaque morphologies underlying new-onset silent 
plaque rupture. Arrowheads highlight rupture sites, defined as intimal disruption with cavity formation. Yellow arrows indicate the fi
brous cap thickness of thin-cap fibroatheroma, and double-headed arrows delineate the extent of thick-cap fibroatheroma. White ar
rows highlight the layered structure of layered plaques. Single asterisk marks layered plaque that became rupture sites, and double 
asterisks indicate haematoma that served as the rupture site. Abbreviations: TCFA, thin-cap fibroatheroma; ThCFA, thick-cap 
fibroatheroma
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Clinical outcome
The role of non-culprit plaque rupture as an independent high- 
risk plaque feature remains underevaluated. In our study, 
we found a numerically lower rate of ischaemia-driven revascu
larization in lesions with plaque rupture [1 (3%) of 40 patients] 
compared with those without [20 (7%) of 296 patients] and no 
difference in the composite of death, any MI, or ischaemia- 
driven revascularization between the two groups [4 (10%) of 
40 patients vs 41 (14%) of 296 patients]. Similarly, Xing et al. re
ported no significant difference in the baseline prevalence of 
non-culprit plaque rupture between patients with and without 
major adverse cardiac events (MACEs).35 More recently, in the 
individual patient data analysis of the COMBINE and PECTUS 
studies, the presence of plaque rupture was included in the def
inition of a ‘high-risk plaque’ (i.e. presence of at least two pre
specified criteria including lipid arc ≥ 90°, minimum FCT <  
65 µm, and presence of either plaque rupture or thrombus). A 
higher prevalence of baseline high-risk plaque was found in pa
tients who experienced MACE compared with those who did 
not, but only 8% of plaques were categorized as high risk due 
to plaque rupture.8 Based on all the above data, clinically silent 
plaque ruptures do not appear to be associated with excessive 
risk of future events, and pre-emptive stenting may not be 
necessary.

Limitations
This study has several limitations. First, lipid pool presence was 
not required for the definition of plaque rupture, which may 
have led to the inclusion of older, non-thrombogenic ruptures. 
As a result, some lesions with plaque ruptures were classified 
as fibrocalcific or fibrous plaques, and new-onset plaque rup
tures were observed in previously healed plaques or haema
tomas. These findings indicate intimal disruptions in OCT but 
may not reflect actual plaque rupture as a pathological condi
tion. Second, both patient- and lesion-level selection limit the 
generalisability of our findings. At the patient level, inclusion 
was restricted to AMI patients with multivessel disease, which 
likely enriches the cohort for individuals at increased risk of non- 
culprit rupture compared with a general, unselected population. 
At the lesion level, we analysed non-obstructive lesions with 
<50% diameter stenosis, thereby focusing on plaques at an earl
ier disease stage and potentially attenuating the observed fre
quency of plaque rupture at the lesion level. Third, the present 
study did not include systematic imaging of the entire epicardial 
coronary artery tree, but focused on the proximal coronary seg
ments, where most vulnerable lesions have been reported to 
reside.36,37 Consequently, plaque ruptures in culprit vessels, in 
distal vessel segments, or in significant lesions with ≥50% sten
osis were not evaluated. In contrast, both the IBIS-4 and 
PACMAN-AMI trials enrolled patients with non-obstructive le
sions located in the proximal segments of two non–IRAs, allow
ing a comprehensive evaluation of plaque rupture at 
non-obstructive sites in non–IRAs at the patient level. Fourth, 
differences in treatment regimens, such as the use of PCSK9 in
hibitors, may have affected the morphological changes of plaque 
ruptures. Fifth, the prevalence of plaque rupture in non-culprit 
lesions may differ depending on whether the culprit lesion 
was caused by plaque rupture, erosion, or calcified nodule.23

However, the underlying mechanism of AMI in the culprit lesion 

was not assessed in the IBIS-4 and PACMAN-AMI trials. Future 
studies are needed to investigate this relevant aspect. Sixth, as 
limitation of intracoronary imaging studies, it cannot be ex
cluded with certainty that passage of guidewires or imaging ca
theters may have induced iatrogenic plaque injury,6,38 although 
no clinically apparent events consistent with iatrogenic plaque 
rupture were documented in the IBIS-4 and PACMAN-AMI 
trials.18,39 Further, lesions with intimal disruption without cavity 
were not defined as plaque rupture in the present study. Finally, 
16 lesions with thrombus directly attached to plaques in non– 
IRAs, without associated plaque rupture, were identified. 
These were all very small in size (<300 μm), and their clinical sig
nificance remains uncertain. Because thrombus in the absence 
of rupture may represent erosion—and thus multivessel instabil
ity—we documented these findings but did not include them in 
the primary analyses. Importantly, a procedural artefact cannot 
be excluded: catheter manipulation and prolonged interrogation 
with multiple intracoronary imaging devices may generate 
procedure-related thrombus rather than true plaque-associated 
thrombus.

Conclusions
Optical coherence tomography-detected plaque rupture in non- 
obstructive lesions of non–IRAs at was present in 12% of AMI 
patients at the index event. Similar biochemical findings be
tween in patients with and without non-culprit plaque rupture 
may suggest limited value evaluations in identifying multivessel 
instability based on systemic markers alone. In contrast, lesion- 
specific characteristics—including greater plaque burden, posi
tive remodelling, and thinner fibrous cap—were associated 
with plaque rupture. More than half of these ruptures 
transitioned into stabilized morphologies, predominantly fibrous 
plaques. Thin-cap fibroatheroma was the most frequent under
lying plaque type in new-onset silent plaque ruptures.
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