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ARTICLE INFO ABSTRACT
Keywords: Background: Coronary artery calcification (CAC), a surrogate of atherosclerosis, is related to stent
Coronary artery calcification underexpansion and adverse cardiac events. However, the effect of CAC on plaque stability is still

Optical coherence tomography

controversial and the morphological significance of CAC has yet to be elucidated.
Acute coronary syndrome

Methods: A retrospective series of 419 patients with acute coronary syndrome (ACS) who un-
derwent optical coherence tomography (OCT) were enrolled. Patients were classified into three
groups based on the calcification size in culprit plaques and the features of the culprit and non-
culprit plaques among these groups were compared. Logistic regression was used to analyze in-
dependent risk factors for culprit plaque rupture and the nonlinear relationship between calci-
fication parameters and culprit plaque rupture. Furthermore, we compared the detailed
calcification parameters of different kinds of plaques.

Results: A total of 419 culprit plaques and 364 non-culprit plaques were identified. The incidence
of calcification was 53.9 % in culprit plaques and 50.3 % in non-culprit plaques. Compared with
culprit plaques without calcification, plaque rupture, macrophages and cholesterol crystals were
more frequently observed in the spotty calcification group, and the lipid length was longer; the
incidence of macrophages and cholesterol crystals was higher in the macrocalcification group.
Calcification tended to be smaller in ruptured plaques than in non-ruptured plaques. Moreover,
the arc and length of calcification were greater in culprit plaques than in non-culprit plaques.
Conclusions: Vulnerable features were more frequently observed in culprit plaques with spotty
calcification, whereas the presence of macrocalcification calcifications did not significantly in-
crease plaque vulnerability. Calcification tends to be larger in culprit plaques than in non-culprit
plaques.
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1. Introduction

Coronary artery calcification (CAC), a surrogate of atherosclerosis, is related to stent underexpansion [1] and has long been known
as an established predictor of adverse cardiac events [2,3]. The clinical practice guidelines of Europe [4] recommend measuring CAC
based on CT to assess the general cardiovascular disease risk in asymptomatic populations or as evidence to initiate or delay preventive
statin therapy. Although the extent of CAC represents an effective method to identify vulnerable patients [2,5], the effect of CAC on
plaque stability is not fully clarified. In early CAC studies, researchers concluded that calcification may stabilize plaques [6,7]. An
autopsy study also found larger calcification in stable plaques than in ruptured plaques [8]. In recent years, with the popularity of
high-resolution optical coherence tomography (OCT) technology, it has been found that spotty calcification not only increases the
vulnerability of plaques but also accelerates the progression of atherosclerosis [9,10]. Macrocalcification can stabilize plaques and
plaque rupture is negatively correlated with the number of macrocalcifications [11,12]. The reason for the controversies may be that
earlier studies were just based on qualification of calcification and did not classify calcification in detail. This implied that the detailed
three-dimensional morphology of CAC has incremental value beyond qualification when analyzing plaque stability. In the present
study, we divided calcifications into spotty calcifications and macrocalcifications by morphology and size using OCT to identify and
compare specific morphological features of calcium-containing lesions in acute coronary syndrome (ACS) patients. In addition, we
compared the morphology of CAC in culprit and non-culprit plaques of ACS patients and investigated the nonlinear relationship
between calcification parameters and plaque rupture for the first time. We aim to focus on human CAC from the extent and pattern of
calcification observed on OCT and explore its relationship with plaque vulnerability.

2. Methods
2.1. Population

We retrospectively identified 487 patients with ACS who underwent OCT imaging at the Second Affiliated Hospital of Harbin
Medical University (Harbin, China) between January 2018 and February 2019. ACS includes ST segment elevation myocardial
infarction (STEMI) and non-ST-segment elevation acute coronary syndromes (NSTE-ACS). In this study, NSTE-ACS patients were
NSTEMI patients. STEMI and NSTE-ACS are defined in detail in the supplementary material.

Sixty-eight patients were excluded for the following reasons: (1) poor image quality (n = 6); (2) insufficient retraction length
(retraction length <40 mm, n = 15); (3) lack of clinical information (n = 9); (4) in-stent restenosis or thrombosis (n = 8); (5) pre-
dilation (n = 5); and (6) patients with both spotty calcification and macrocalcification within one plaque (n = 25). Finally, 419 patients
were enrolled in this study and patients were divided into 3 groups according to the size of calcification in the culprit plaque. Fig. 1
shows the exclusion criteria. The study was conducted in accordance with the Declaration of Helsinki and was approved by the Ethics
Committee of the Second Hospital of Harbin Medical University. All patients provided written informed consent.

2.2. Angiographic analysis

Quantitative coronary angiography (QCA) analysis was performed using offline software (QAngio XA 7.3, Leiden, The
Netherlands). The reference vessel diameter (RVD), minimum lumen diameter (MLD) and diameter stenosis (DS) were measured by an
experienced physician who was blinded to the patient’s clinical information and OCT findings. The percentage of diameter stenosis was
calculated as follows: (reference vessel diameter - minimum lumen diameter)/reference vessel diameter) x 100 %. All lesions were
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Fig. 1. Exclusion criteria.
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defined according to the AHA/ACC guidelines [13].

2.3. OCT imaging and analysis

OCT imaging was performed using a commercially available C7-XR/ILUMIEN OCT system (Abbott Vascular, Santa Clara, Cali-
fornia) in the present study. OCT of the culprit vessel was performed before intervention of the culprit lesion. OCT imaging of non-
culprit lesions was performed after treatment. Representative OCT images are shown in Supplementary Fig. 1. The culprit lesion
was identified by echocardiogram, electrocardiogram (ECG), and coronary angiogram. OCT analyses were carried out by 2 in-
vestigators independently. We randomly selected 50 frames of OCT images for the two assigned OCT investigators to determine the
presence or absence of calcification. The k coefficient of agreement for the identification of calcification was 0.956 for interobserver
agreement and 1.000 for intra-observer agreement. Then, we randomly selected another 50 pullbacks of OCT images with calcification
to test the consistency of the quantitative analysis. The results of intra-observer and interobserver variability analyses are shown in
Figs. 2 and 3, respectively.

In patients with multiple stenoses, the most severe stenoses and/or lesions with evidence of plaque rupture and associated
thrombosis were identified as culprit lesions and the remainder were identified as non-culprit lesions. Plaque rupture was defined as
the presence of fibrous cap discontinuity and cavity formation within the plaque [14]. Lipid-rich plaque was defined as a lipid arc >90°
[15]. Lipid arcs were measured multiple times at every 1 mm interval on OCT cross-sectional images, and their maximum values were
recorded. The lipid length was measured on the longitudinal view. Three measurements were taken at the thinnest part of the fibrous
cap of the lipid-rich plaque, and the average value was recorded as the minimum fibrous cap thickness (FCT) [16]. Thin-cap
fibroatheroma (TCFA) was defined as a lipid plaque with a necrotic core with a lipid angle greater than 90° and a minimum
fibrous cap thickness of less than 65 pm [17]. Macrophage accumulation on the OCT images was defined as an increased signal in-
tensity within the plaque, accompanied by heterogeneous backward shadows [18]. A microchannel was defined as a black hole with a
diameter of 50-300 mm within a plaque that was present on at least 3 consecutive frames [19]. The existence of cholesterol crystals
was defined by the presence of linear and highly reflective structures within the plaques [20]. Calcification was identified by the
presence of well delineated, low back-scattering heterogeneous regions in the OCT images [21]. Spotty calcification was defined as
calcification with an arc of less than 90° and a length of less than 4 mm [22]. Macrocalcifications were defined as calcifications with an
arc of more than 90° or a length greater than 4 mm [12]. In this study, we measured specific CAC parameters. Considering that a plaque
may contain multiple CACs, we measured the maximum length, arc, thickness, and depth of each CAC in the same plaque. The
calcification length was measured on the longitudinal view, and the remaining calcification parameters were measured on the
cross-sectional view. A schematic diagram of the measured calcification is shown in Fig. 4 (the depth (A), thickness (B), arc (C) and
length (D) of CACs). The depth of calcification was defined as the shortest measurable distance between the leading edge of the
calcified plaque and the lumen boundary. Finally, the maximum length, maximum thickness, maximum arc and minimum depth of
multiple CACs within a plaque were recorded. Additional definitions of OCT plaque morphologies were obtained from previous

>

B

0.02 4 -
[0] [
(&} Mean®1.96SD - vusvvisinicnes suuemnitanspmemusass e,
€ Mean+1.96SD0.01+ 8 27 2
© & X :‘ °°
= 0.00- E 0 e .;..'“ ................. LATr—
g oot = %0 0%," o0 o
= 0.017 o -2- (]
% Mean-1.96SD 2 Mean-1.96SD— -+ +-++-- @i S
&l -0.02+ . -4+ °

-0.03 T T T -6 T T T

0.0 0.1 0.2 0.3 0.4 0 100 200 300 400
C Mean depth (mm) D Mean arc (°)
05
3 - . .
% Mean+1.96SD-
5 3 d T
O
= 0.00 € Mean+1.96SD...........ccoeieiiiiiii.,  S—
© 9] 13
? 1.965 2 ° ¢ *
Mean-1. D+ =

[0] = = L ey e
k> -0.05 o © 0 "‘.\ o e °
[S] E [
= g) M 1 965-6: .................................................
— o ean-1. ° ®

-0.10 ; T T - -2 T T T

0.0 0.5 1.0 1.5 2.0 0 10 20 30 40
Mean thickness (mm) Mean length (mm)

Fig. 2. Intra-observer variability analysis for CAC measurements. Intra-observer variation in mean depth (A), mean arc (B), mean thickness (C), and
mean length (D) of calcification.
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Fig. 3. Inter-observer variability analysis for CAC measurements. Inter-observer variation in mean depth (A), mean arc (B), mean thickness (C), and
mean length (D) of calcification.
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Fig. 4. Measurement methods for calcification.
Fig. 4 shows how we measured the depth (A), thickness (B), arc (C) and length (D) of CACs. The calcification length was measured on the longi-
tudinal view. CAC = coronary artery calcification.
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consensus documents and major OCT studies (Supplementary Material). If two separate plaques within the same vessel were to be
identified, a reference segment of >5 mm between them was needed. Excellent interobserver consistency was observed in the iden-
tification of calcification (x = 0.956). The interobserver and intraobserver agreement results for quantitative analysis of calcification
are presented in the Supplementary Material.

2.4. Statistical analysis

Normality tests were performed using P-P plots or Q-Q plots for continuous variables. Normally distributed continuous variables
are expressed as the mean (SD) and were compared using Student’s t-test or one-way analysis of variance (ANOVA), while nonnormally
distributed continuous variables are expressed as the median (interquartile range) and were compared using the Mann—Whitney U test
or Kruskal-Wallis H test. Categorical variables are expressed as frequencies and percentages and were compared using the y2 test or
Fisher’s exact test. Univariate and multivariate logistic regression were used to determine predictors of culprit plaque rupture. The
nonlinear relationships between calcification features and culprit plaque rupture are modeled using restricted cubic splines (RCS).
Considering the cluster effect of non-culprit plaques in the same patient, the plaque characteristics were compared using generalized
estimating equations (GEEs). Similarly, GEE was used to compare the difference between culprit plaque calcification and non-culprit
plaque calcification. A two-tailed P value < 0.05 was considered statistically significant. The analysis was performed using R v.4.0.5 (R
Foundation for Statistical Computing, Vienna, Austria) and SPSS version 25.0 (SPSS, IBM, Armonk, NY, USA).

3. Results
3.1. Baseline characteristics

A total of 419 culprit plaques and 364 non-culprit plaques were identified by OCT. The incidence of calcification was 53.9 % in
culprit lesions and 50.3 % in non-culprit lesions. Patients were divided into a group without calcification, a group with spotty
calcification and a group with macrocalcification according to the level of calcification in the culprit plaque. The clinical character-
istics of all patients are shown in Table 1. The average age of the patients was 59.2 years (SD 11.8). There were significant differences in
age (P < 0.001) and hypertension (P < 0.006) between the three groups of patients. Patients with spotty calcification within the culprit
plaque had a higher rate of aspirin use (P = 0.047).

3.2. Angiographic findings of calcified plaque

An angiographic analysis of culprit plaques is summarized in Table 2. Both spotty and macrocalcifications are most common in the
anterior descending branch (LAD), followed by the right coronary artery (RCA) and finally the left circumflex branch (LCX). No

Table 1

Baseline clinical characteristics.
Characteristics Patients with spotty calcification (n = Patients with macrocalcification (n = Patients without culprit CAC (n = P value

70) 156) 193)

Male, n (%) 44 (62.0) 112 (72.3) 150 (77.7) 0.051
Age, years 63.4 +£10.8 65.6 + 9.5 59.2 £11.8 <0.001
BMI, (kg/mz) 25.31 + 3.69 25.34 + 3.95 24.96 + 3.62 0.628
Risk factors
Current smoker, n (%) 37 (52.9) 90 (57.7) 108 (56.0) 0.794
Hypertension, n (%) 34 (48.6) 89 (57.1) 77 (39.9) 0.006
Diabetes, n (%) 17 (23.9) 35 (22.6) 31 (16.1) 0.195
Prior PCI/CABG, n 2(2.9) 4 (2.6) 10 (5.2) 0.412

(%)
Laboratory data

LDL-C, mg/dL 124.7 + 40.7 118.1 + 38.2 121.2 4+ 40.7 0.468
HDL-C, mg/dL 51.7 £ 12.2 52.1 +11.4 51.1 £11.4 0.737
TC, mg/dL 193.5 + 39.0 186.1 + 45.5 192.8 + 48.7 0.342
TG, mg/dL 144.6 + 68.7 146.1 + 101.0 160.7 + 142.6 0.434
hs-CRP, mg/dL 6.8 + 4.6 6.5+ 4.7 5.7+ 4.3 0.153
eGFR, mL/min/1.73? 80.6 + 31.2 77.1 + 26.0 83.5 + 26.6 0.090
HbAlc, % 6.64 + 1.56 6.31 £1.21 6.32 £1.48 0.232
Diagnosis 0.595
STEML, n (%) 54 (77.1) 129 (82.7) 158 (81.9)

NSTE-ACS, n (%) 16 (22.9) 27 (17.3) 35(18.1)

Medications history

Aspirin, n (%) 16 (22.9) 18 (11.5) 23 (11.9) 0.047
Statin, n (%) 18 (25.7) 47 (30.1) 54 (28.0) 0.781
ACEI/ARB, n (%) 21 (30.0) 46 (29.5) 52 (26.9) 0.827

Values n (%), mean + SD; CAC = coronary artery calcification; eGFR = estimated glomerular filtration rate; HDL-C = high-density lipoprotein cholesterol; hs-CRP
= hypersensitive C-reactive protein; LDL-C = low-density lipoprotein cholesterol; TC = total cholesterol; TG = triglyceride.
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Table 2
Angiographic findings of culprit plaques with versus without CAC.

Patients with spotty calcification (n = 70) Patients with macrocalcification (n = 156) Patients without culprit CAC (n = 193) P value

Location 0.056
LAD 31 (44.3) 88 (56.4) 79 (40.9)
RCA 29 (41.4) 55 (35.3) 90 (46.6)
LCX 10 (14.3) 13 (8.3) 24 (12.4)
MLD, mm  0.73 (0.00,1.09) 0.77 (0.00,1.09) 0.76 (0.00,1.20) 0.561
RVD, mm  2.69 + 0.71 2.70 + 0.61 2.78 + 0.62 0.441
DS, % 74.2 + 22.7 75.3 £ 22.9 73.8 +£23.1 0.834

Values n (%), mean + SD or median (25th-75th percentile), CAC = coronary artery calcification; DS = diameter stenosis; LAD = left anterior descending artery; LCX
= left circumflex artery; MLD = minimal lumen diameter; RCA = right coronary artery; RVD = reference vessel diameter.

significant differences were observed in MLD, RVD and DS% among the three groups.

3.3. OCT findings

Table 3 demonstrates the OCT findings of the culprit lesions. The incidence of plaque rupture was higher in the spotty calcification
group than in the non-calcification group (P = 0.015). The lipid length was longer in the macrocalcification group than in the non-
calcification group (P = 0.020). Macrophages and cholesterol crystals were more often observed in plaques with calcification than
in plaques without calcification (spotty calcification group vs. non-calcification group, P = 0.001; macrocalcification group vs. non-
calcification group, P = 0.004). We further divided the culprit plaques into ruptured and non-ruptured groups. The calcification
thickness (P = 0.008), arc (P = 0.008), and length (P = 0.007) in ruptured plaques were smaller than those in non-ruptured plaques
(Fig. 5).

Table 4 shows the OCT findings for non-culprit lesions. The minimum lumen area of non-culprit plaques with calcification was
smaller than that of non-culprit plaques without calcification (spotty calcification group vs. non-calcification group, P = 0.049;
macrocalcification group vs. non-calcification group, P = 0.027). The incidence of macrophages in the spotty calcification group was
the highest among the three groups (spotty calcification group vs. non-calcification group, P = 0.026; spotty calcification group vs.
macrocalcification group, P = 0.020). In addition, we compared calcification parameters in culprit plaques and non-culprit plaques.
We found that the arc of calcification in culprit plaques was greater than that in non-culprit plaques (P = 0.028) (Fig. 6).

3.4. Risk factors associated with culprit plaque rupture

In the univariate logistic regression with culprit lesion rupture as the outcome, we found that maximal lipid arc, fibrous cap
thickness (FCT), macrophages, and cholesterol crystals were associated with plaque rupture (Table 5). Next, we performed multi-
variate regression analysis for variables with P values < 0.1 in the univariate regression. The multivariate analysis revealed that FCT
was an independent predictive factor of culprit plaque rupture (P = 0.045). In addition, we did not find nonlinear relationship between
calcification parameters and culprit plaque rupture (Supplementary Fig. 2).

4. Discussion

The major findings of the present study are as follows: (1) vulnerability features were more frequently observed in culprit plaques
with spotty calcification, whereas the presence of large calcifications did not significantly increase plaque susceptibility; (2) less

Table 3
OCT findings of different degrees of CAC in culprit lesions.
Plaques with spotty Plaques with macrocalcification ~ Plaques without culprit Group A Group B Group A
calcification (n = 70) (n = 156) CAC (n =193) vs. vs. vs.
Group B Group C Group C
Plaque rupture 56 (80.0) 106 (67.9) 124 (64.2) 0.063 0.468 0.015
Lipid-rich plaque 61 (87.1) 130 (83.3) 148 (76.7) 0.464 0.125 0.063
Lipid length, mm 145 £ 6.8 154 +7.7 13.4 £ 6.6 0.438 0.020 0.293
FCT, pm 73.0 £ 23.5 79.9 +£28.4 78.1 +26.9 0.098 0.579 0.211
Max lipid arc, © 324.6 £+ 60.0 3249 + 61.7 314.5 + 66.0 0.975 0.174 0.297
TCFA 33 (47.1) 62 (39.7) 76 (39.4) 0.297 0.945 0.259
Minimal lumen area, 1.44 £0.77 1.52 +1.00 1.72 £1.22 0.832 0.203 0.082
mm?
Macrophage 64 (91.4) 134 (85.9) 141 (73.1) 0.243 0.004 0.001
Microchannel 33 (47.1) 65 (41.7) 77 (39.9) 0.442 0.738 0.292
Cholesterol crystal 46 (65.7) 89 (57.1) 78 (40.4) 0.220 0.002 <0.001

Value n (%), mean + SD, CAC = coronary artery calcification; FCT = fibrous cap thickness; TCFA = thin-cap fibroatheroma. Group A: plaques with spotty
calcification; Group B: plaques with macrocalcification; Group C: plaques without culprit CAC.
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Fig. 5. Comparisons of calcification features between ruptured and non-ruptured coronary culprit plaques. Comparisons of max thickness (A), max
arc (B), min depth (C), and max length (D) of calcification between ruptured and non-ruptured coronary culprit plaques. Quantitative analysis of
culprit plaque CACs showed a smaller thickness, arc, and length of calcification in plaques with rupture than in those without rupture. CAC =
coronary artery calcification.

Table 4
OCT findings of different degrees of CAC in non-culprit lesions.
Plaques with spotty Plaques with macrocalcification ~ Plaques without culprit Group A Group B Group A
calcification (n = 50) (n=133) CAC (n =181) vSs. vs. vS.
Group B Group C Group C
Plaque rupture 5(10.0) 13 (9.8) 13 (7.2) 0.981 0.377 0.430
Lipid-rich plaque 29 (58.0) 61 (45.9) 92 (50.8) 0.116 0.374 0.353
Lipid length, mm 11.1 £5.7 11.2 £ 6.2 9.7 £5.2 0.911 0.093 0.134
FCT, pm 97.6 + 36.4 91.0 + 27.6 98.0 + 30.7 0.400 0.230 0.887
Max lipid arc, © 252.6 +£72.5 260.5 +76.2 234.2 £75.9 0.945 0.052 0.234
TCFA 6 (12.0) 17 (12.8) 18 (9.9) 0.914 0.423 0.646
Minimal lumen area, 3.05 +1.72 3.20 + 1.44 3.67 + 2.02 0.617 0.027 0.049
I]’l]’[l2
Macrophage 39 (78.0) 78 (58.6) 107 (59.1) 0.020 0.866 0.026
Microchannel 28 (56.0) 64 (48.1) 95 (52.5) 0.413 0.385 0.576
Cholesterol crystal 15 (30.0) 49 (36.8) 48 (26.5) 0.532 0.054 0.642

Values n (%), mean + SD, CAC = coronary artery calcification; FCT = fibrous cap thickness; TCFA = thin-cap fibroatheroma. Group A: plaques with spotty
calcification; Group B: plaques with macrocalcification; Group C: plaques without culprit CAC.

calcification content was observed in ruptured culprit plaques than in non-ruptured culprit plaques; (3) calcification tended to be
larger in culprit plaques than in non-culprit plaques. In this study, we compared the plaque characteristics between plaques with spotty
calcification and those with macrocalcification for the first time. Furthermore, a preliminary exploration of the nonlinear relationship



Z. Qin et al. Heliyon 9 (2023) e23191

E 1.5- 2504 p=0.028
g P=0.592 5 500 [ !
o I | <
45 1.0 O
* ‘s 150
100
S 0.5 X
< =
">'<' 50
=
0.0- 0-
Culprit  Non-culprit Culprit  Non-culprit
C plaques plaques D plaques plaques
1.5 40
g S
£ £ P=0.050
S P=0.493 s I
< ] < 307
O 1.0 (&)
S Y
o o
= o~ 20-
- s
< 0.5 o
£ % 107
©
= =
0.0- 0 T 1
Culprit  Non-culprit Culprit  Non-culprit
plaques plaques plagues plaques

Fig. 6. Comparisons of OCT findings of calcification between culprit plaques and non-culprit plaques. Comparisons of max thickness (A), max arc
(B), min depth (C), and max length (D) of calcification between culprit plaques and non-culprit plaques. Quantitative analysis showed a larger arc of
calcification in culprit plaques than in non-culprit plaques. OCT = optical coherence tomography.

Table 5

Univariate and multivariate logistic regression of culprit plaque rupture.
Variable Univariate Analysis Multivariate Analysis

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

Max lipid arc, © 1.007 (1.003-1.011) 0.002 1.002 (0.995-1.009) 0.528
FCT, pm 0.974 (0.964-0.984) <0.001 0.985 (0.970-1.000) 0.045
Minimal lumen area, mm? 0.855 (0.712-1.026) 0.092 1.488 (0.693-3.194) 0.307
Macrophage 30.667 (14.974-62.806) <0.001 2.837 (0.175-45.849) 0.463
Microchannel 1.289 (0.846-1.965) 0.238
Spotty calcification 1.887 (0.960-3.707) 0.065 2.332 (0.819-6.639) 0.113
Macrocalcification 0.978 (0.639-1.495) 0.917
Cholesterol crystal 1.600 (1.057-2.423) 0.026 1.100 (0.470-2.575) 0.826

FCT = fibrous cap thickness.

between calcification parameters and plaque rupture was conducted, aiming to further elucidate the impact of calcification on plaque
stability.

CAC has long been considered a marker of atherosclerosis. Ectopic bone production is the basis for CAC [23] and is regulated by
various cytokines, proteins, and many other complex cellular pathways. Dynamic regulation of osteogenic and antiosteogenic factors is
critical to the development of CAC. Several studies have demonstrated that some osteogenic factors, such as bone morphogenic protein
(BMP)-2 and BMP-4, are present in CAC [24,25]. Matrix Gla protein (MGP), an inhibitor of BMP, is highly expressed in the intima and
media of non-diseased aortas as well as in advanced plaques [24]. Inflammation is also the driving force for the formation of CAC. The
apoptosis of smooth muscle cells (SMCs) generates apoptotic bodies that act as nucleating foci of microcalcifications (5-15 pm) [26].
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Microcalcifications grow into larger masses with macrophage infiltration into the lipid pool, where they undergo apoptosis and release
matrix vesicles [27]. Inflammation increases when the presence of excess cellular debris in the necrotic core exceeds the capacity of
apoptotic cell clearance mechanisms [28]. Further progression of calcification with inflammatory stimuli leads to calcified sheets or
plates involving collagenous matrix and fibrin deposition. Calcified sheets or plates may fracture and form nodular calcification, which
leads to disruption of the intact fibrous cap and acute luminal thrombosis. Furthermore, inflammation induces the differentiation of
SMCs into osteogenic cells [29].

In addition to the pathological mechanisms described above, several cardiovascular risk factors may contribute to calcification
formation. In the present study, we found that ACS patients with calcification within the culprit plaque were older, had a higher
proportion of hypertension, and had worse renal function, which is consistent with the findings of previous studies. It is clear that the
prevalence and severity of CAC increases progressively with age [30]. Hypertension may promote calcification formation by damaging
the arterial wall. It not only predicts the presence of calcification but also further predicts the extent of calcification [31]. Chronic
kidney disease, another well-established risk factor for the progression of CAC, leads to calcification formation through elevated
calcium and phosphate levels caused by dysregulated mineral metabolism [32].

In this study, the effect of calcification on plaque stability was investigated in detail using OCT. By comparing the plaque features
with different degrees of calcification, plaques with spotty calcification were the most vulnerable among the three groups, which is
consistent with the results of several previous studies [33,34]. We also found that the degree of calcification in the ruptured plaques
was milder than that in the non-ruptured plaques, which may be because there were more spotty calcifications in the ruptured plaques.
A possible mechanism for plaque instability due to spotty calcification is a compliance mismatch between noncompliant calcified
plaques and compliant normal vascular tissue [35]. In this case, the plaques become more unstable with an increase in the surface area
of the spotty calcification. In addition, spotty calcification alters the structural stresses within the plaque [36], such as peak mechanical
stresses, thus increasing the risk of plaque rupture. Moreover, spotty calcification is also associated with plaque progression [10]. This
may explain why the MLA of plaques with spotty calcification is smaller than that of others. The definition of spotty calcification used
in this study was originally derived from IVUS and just refers to the calcification length and arc. We believe that adding the calcifi-
cation thickness to the definition of spotty calcification may make the study conclusions more rigorous and more in line with our
impression of macrocalcification.

The effect of macrocalcification on plaque stability is complex. Macrocalcification is generally considered a stabilizing factor for
plaques, which is consistent with our results [37]. It has been shown that the extent of calcification in unstable plaques does not change
significantly over decades, whereas the area of calcification in stable plaques increases progressively with age [8]. However, the
changes in lipid length, macrophages and cholesterol crystals in plaques with macrocalcification were significantly different from
those in noncalcified plaques. We think the possible reason for this phenomenon is that, regardless of the type of calcification,
calcification first appears in the lipid core of the plaque and juxtaposes with the inflammatory cells within the plaque [38]. Based on
the pathophysiological process of calcification formation, spotty calcification may represent an early stage of the vascular calcification
cascade, with a progressive increase in calcification volume as atherosclerosis progresses [39,40]. At a later stage, M2-type macro-
phages promote plaque calcification by promoting osteogenic differentiation and maturation of vascular smooth muscle cells (VSMCs)
to form macrocalcifications [41]. As a result, macrocalcifications have more lipid components and macrophages than spotty calcifi-
cations. For plaque rupture to occur, the plaque structure requires an extremely thin fibrous cap. Therefore, TCFAs and FCT are
considered crucial determinants of plaque vulnerability [42,43]. However, these factors were similar between the macrocalcification
group and the non-calcification group. Thus, we believe that although the presence of macrocalcifications may mean that the plaque is
in an advanced stage, accompanied by many macrophages and cellular debris, it does not truly increase the probability of plaque
rupture. In other words, these components may simply appear as a result of the gradual formation of macrocalcification and may not
have specific significance. This is a novel finding about macrocalcification and is not contradictory to the previous notion that
macrocalcification is considered a stabilizing factor [37].

In non-culprit plaques, we found no significant differences in plaque features between the three calcification subgroups, and even
slightly more lipid content in the macrocalcification group than in the spotty calcification group. An IVUS study showed similar results
[33]. The reason for this phenomenon may be the limited severity of non-culprit plaques, so that the effect of spotty calcification on the
plaques was undermined. Therefore, there was no significant difference in the vulnerability of non-culprit plaques with different
degrees of calcification. Moreover, in non-culprit lesions, the difference below the threshold level of plaque rupture is modest and
hardly has a significant impact on plaque stability. We suggest that the effect of spotty calcification on plaque vulnerability in culprit
plaques exceeds that in non-culprit plaques. However, spotty calcification was not identified as an independent risk factor for plaque
rupture in the multivariate analysis and needs to be determined in combination with FCT, lipid load, and microstructure. In addition,
we further compared the differences in calcification parameters between culprit and non-culprit plaques and found that calcification
arc and lengths were greater in culprit plaques than in non-culprit plaques. A previous autopsy study confirmed that patients who died
of acute myocardial infarction (AMI) had a larger area of CAC than those who died of noncardiac disease [5]. Another study found that
CAC was correlated with plaque burden [44]. In addition, there was a higher proportion of calcified nodules in culprit plaques. The
above factors may be responsible for the more severe degree of calcification in culprit lesions.

5. Study limitations
First, this was a single-centre retrospective study with a limited sample size. Second, to explore the independent effect of spotty

calcification and macrocalcification on plaque stability, we excluded patients who had both calcification types within one lesion and
those in whom the synergistic effect of both calcification types could not be investigated. Third, we only recorded the morphological
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parameters of calcifications without analyzing the effect of the calcification number and the anatomical distance of calcifications from
the bifurcations on plaque stability. Fourth, because of the lack of sufficient penetration depth of OCT, in the case of thick calcifications
and calcifications behind lipid plaque, we can only complete the posterior edge of the calcification manually according to the contour
of the calcification. This may result in less accurate calcification thickness measurements. Notably, although IVUS has better pene-
tration, ultrasound will reflect calcification and cannot quantify the extent of calcification. The CT-based calcium score only enables an
overall measure of CAC severity at a resolution of 0.25-0.5 mm. Therefore, utilizing OCT imaging for quantifying intraplaque
calcification remains a preferred choice. Fifth, although thrombus aspiration was performed prior to imaging, a small residual
thrombus may still interfere with calcification quantification. Finally, it has been shown that microcalcifications in the TCFA promote
plaque rupture by increasing local tissue stress [45]. However, given the limited resolution of OCT, we were unable to visualize the
microcalcifications.
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