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Background: As a specialized pro-resolving lipid mediator, resolvin D1 (RvD1) inhibits atherosclerosis progression in vivo by 
reducing regional oxidative stress and chronic inflammation. However, it is unclear how RvD1 is involved in human coronary artery 
disease. This study aims to investigate the association between plasma levels of RvD1 and culprit-plaque characteristics in patients 
with ST-segment elevation myocardial infarction (STEMI).
Methods: A total of 240 STEMI patients undergoing optical coherence tomography (OCT) examination were analyzed. RvD1 levels 
were measured in patient plasma samples using an enzyme-linked immunosorbent assay. Logistic regression was performed to assess 
the association between RvD1 levels and various culprit plaque morphologies, and the receiver operating curve was used to search for 
an optimal cutoff threshold to predict certain pathological features.
Results: The median RvD1 level was 129.7 (56.6–297.8) pg/mL. According to multivariable logistic regression, high RvD1 was 
associated with plaque rupture (≥111.5 pg/mL, odds ratio [OR]: 2.09, 95% confidence interval [CI]: 1.20–3.66, P = 0.010), healed 
plaques (≥246.4 pg/mL, OR: 2.17, 95% CI: 1.11–4.24, P = 0.023), and calcification (≥293.38 pg/mL, OR: 2.10, 95% CI: 1.21–3.66, 
P = 0.008) at culprit lesions.
Conclusion: Increased levels of RvD1 were associated with higher instability of coronary atherosclerotic plaques in STEMI patients.
Keywords: resolvin D1, specialized pro-resolving lipid mediator, myocardial infarction, optical coherence tomography, 
atherosclerosis, inflammation

Introduction
Unresolved chronic inflammation is an important pathogenesis for coronary artery disease.1–3 The continuous uptake of 
lipoproteins by macrophages in the vessel wall leads to the formation of foam cells, but their apoptosis and defective 
efferocytosis result in secondary necrosis and chronic regional inflammation, causing increased levels of oxidative stress, 
persistent release of pro-inflammatory cytokines, infiltration of more macrophages, and progression of atherosclerotic 
plaques. Specialized pro-resolving lipid mediators (SPMs), a group of intrinsic anti-inflammatory molecules biosynthe-
sized from polyunsaturated fatty acids, have been shown to suppress various types of inflammation.4,5 Basically, SPM 
can limit the infiltration of leukocytes, enhance efferocytosis of apoptotic cells, and reduce the secretion of various 
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proinflammatory cytokines.4–6 Dysregulation of SPM has been observed in many inflammatory disorders such as 
atherosclerosis, arthritis, asthma, and gingivitis.7–10

Resolvin is a subgroup of SPM derived from docosahexaenoic acid.4 As a member of the resolvin family, resolvin D1 
(RvD1) inhibits the progression of atherosclerosis in ldlr-/- mice by rebalancing pro- and anti-inflammatory lipid 
mediators, reducing the necrotic core, and stabilizing vulnerable plaques.11 In contrast, the expression of G protein- 
coupled receptor 32 (GPR32), which is one of the receptors for RvD1, is substantially reduced in human atherosclerotic 
lesions.12 Although the underlying mechanisms have not been fully determined, successful resolution of vascular 
inflammation seems to be promoted by RvD1, which rescues macrophages from apoptosis induced by oxidative stress 
and restores regional efferocytosis of apoptotic cells.13 These findings suggest that RvD1 is involved in the development 
of atherosclerosis as a pro-resolving antioxidant. However, data is still lacking regarding RvD1 levels in humans, 
particularly in patients with coronary artery disease or myocardial infarction (MI). In this study, we report for the first 
time that high levels of RvD1 were associated with unstable coronary plaques in patients with ST-segment elevated MI 
(STEMI).

Materials and Methods
Study Population
The current research is a sub-study of the ongoing OCTAMI (Optical Coherence Tomography [OCT] Examination in 
Acute Myocardial Infarction) registry (NCT03593928), which aims to assess culprit lesions using OCT in patients (≥18 
years) presented with STEMI. Patients were excluded if they had any one of the following conditions: 1) cardiogenic 
shock, 2) end-stage renal disease, 3) serious liver dysfunction, 4) allergy to contrast media, or 5) contraindications to 
aspirin or ticagrelor. STEMI was diagnosed according to key points from up-to-date guidelines, including 1) continuous 
chest pain lasting >30 min, 2) ST-segment elevation of >0.1 mV in at least two contiguous leads or new left bundle- 
branch block on the 18-lead electrocardiogram, and 3) elevations of cardiac troponin I (cTnI).14

Coronary Angiography and Percutaneous Coronary Intervention
Coronary angiography was performed via transradial or transfemoral access. All patients received standard care 
recommended by the relevant guidelines, including initial dual antiplatelet therapy at loading dosages (300 mg aspirin, 
plus 180 mg ticagrelor or 600 mg clopidogrel) and intravascular infusions of 70–100 IU/kg unfractionated heparin before 
percutaneous coronary intervention (PCI).

Optical Coherence Tomography Examinations and Image Analysis
OCT examinations were performed after restoration of antegrade blood flow with thrombus aspiration and/or gentle pre- 
dilatation with balloons. An optical probe of the OCT imaging catheter was placed at 5 mm beyond the distal end of 
culprit lesion. After confirming the placement of the optical probe, it was automatically pulled back at a rate of 36 mm/s 
(total length: 75 mm) to acquire continuous cross-sectional images of the culprit plaques, while operators simultaneously 
flushed the vessel cavity with a continuous injection of contrast media to remove residual blood. In this study, 
a frequency-domain OCT system (ILUMIEN OPTIS™, St. Jude Medical/Abbott, St. Paul, MN, USA) was used to 
acquire OCT images using dragonfly catheters (LightLab Imaging, Inc., Westford, MA, USA).

OCT images were stored and analyzed on a St. Jude OCT Offline Review Workstation by investigators who were 
blinded to the patient information. Each OCT image of the culprit plaque was reviewed by three independent 
investigators to identify the plaque types and other pathological features. Disagreements were resolved by consensus. 
A culprit plaque was defined as segments centered on the culprit lesion, extending bilaterally to ≥5 mm of the normal 
vessel segments.

Identifications of plaque rupture, plaque erosion, and various pathological structures were performed according to 
established standards (Figure 1).15,16 Plaque rupture was defined as a disrupted fibrous cap with a clear cavity formation. 
Plaque erosion was identified by the presence of an attached thrombus overlying plaques with an irregular luminal 
surface, but no evidence of fibrous cap rupture in multiple adjacent frames. Thin-cap fibroatheroma (TCFA) is defined as 
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a lipid-rich plaque (maximum lipid arc > 180°) with the thinnest part of the fibrous cap < 65 μm. Calcifications are 
defined by well-delineated and low-backscattering heterogeneous regions within the culprit plaques. Macrophage 
infiltration is identified by signal-rich, distinct, or confluent punctate regions above the intensity of background speckle 
noise with backward shadowing, usually located at the boundary between the fibrous cap and the inner lipid core. 
A healed plaque was identified by the presence of at least one layer in the culprit plaque with different optical signal 
intensities located close to the luminal surface and clearly demarcated from the underlying tissue.

Blood Samples Collection and Laboratory Tests
Blood samples for RvD1 measurements were collected via radial or femoral access before the initiation of coronary 
angiography using vacutainer tubes containing EDTA, which were immediately centrifuged at 2000×g for 15 min at 
room temperature to isolate plasma, and then stored at −80°C until further analysis. The plasma concentration of RvD1 
was measured using enzyme-linked immunosorbent assay (ELISA; 500380, Cayman Chemical, Michigan, US) according 
to the manufacturer’s instructions. Blood samples for routine laboratory tests were collected via the cubital vein at 
admission (eg, complete blood count, metabolic panel, cTnI, and N-terminal prohormone of brain natriuretic peptide 
[NT-proBNP]).

Statistical Analysis
All statistical analyses were performed using the Stata 17.0 (StataCorp, College Station, TX, USA). Categorical variables 
are presented as numbers (%). Continuous variables are presented as mean ± SD if they follow a normal distribution. 
Otherwise, they are presented as medians with 25th and 75th percentiles. Logistic regression was used to evaluate the 
associations between RvD1, various clinical risk factors, and plaque morphologies, followed by multiple adjustments for 
potential confounders. Statistical significance is defined as a two-tailed P-value < 0.05.

Figure 1 Representative cross-sectional image of various pathological features of culprit plaques acquired through optical coherence tomography. (a) Plaque rupture, 
identified by disrupted fibrous cap (↑) and underlying cavity (*); (b) Plaque erosion, identified by intact fibrous cap overlayed with thrombus (↑); (c) Thin-cap fibroatheroma, 
identified by low backscattering area (necrotic core) covered by fibrous cap (↑) with thickness < 65 μm; (d) Calcification, identified by signal-poor or heterogeneous region 
(*) with a sharply delineated border; (e) Macrophage infiltration, identified by signal-rich, highly backscattering, confluent or punctate focal regions (↑); (f) Healed plaques, 
identified by one or more heterogeneous signal-rich layer (*) of different optical signal intensities located near by the luminal surface and clearly demarcated from the 
underlying tissue.
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Results
Baseline Characteristics and OCT Findings
From March 2017 to March 2019, a total of 426 STEMI patients underwent OCT imaging examinations. Of these, 72 
patients were excluded due to unavailable measurement of RvD1, 57 patients were excluded due to poor OCT image 
quality, and 57 patients were excluded as their culprit plaques were neither plaque rupture nor erosion. A total of 240 
patients were included in the final analysis (Figure 2).

Overall, the median RvD1 level was 129.7 (56.6–297.8) pg/mL. When stratified by the median (Table 1), patients 
with high levels of RvD1 (≥129.7 pg/mL) acquired lower platelet counts (225.1 ± 59.0 vs 241.2 ± 66.2×109/L, P = 0.049) 
and cTnI (0.535 [0.125–2.875] vs 1.465 [0.082–7.422] ng/mL, P = 0.043). The demographics, medical history, metabolic 
profiles, and distribution of diseased vessels were generally similar between the two groups.

Among the 240 patients included, 119 (49.6%) patients presented with plaque rupture at the culprit lesion, and 121 
(50.4%) patients presented with plaque erosion. When stratified by pathological findings from the OCT (Figure 3), RvD1 
levels were higher for those with plaque rupture (153.7 [71.8–310.6] vs 99.1 [50.5–259.1] pg/mL, P = 0.055), calcification 
(137.7 [72.9–329.3] vs 116.1 [49.0–218.5] pg/mL, P = 0.045), and healed plaques (203.2 [85.2–433.1] vs 114.1 [53.3– 
259.1] pg/mL, P = 0.005), while RvD1 levels were similar for those with or without TCFA (159.6 [67.1–312.5] vs 116.1 
[53.3–281.6] pg/mL, P = 0.24) or microphage infiltration (136.3 [66.1–304.4] vs 112.2 [49.2–272.0] pg/mL, P = 0.21).

When stratified by the median (Table 2), patients with high RvD1 acquired significantly higher prevalence of plaque 
rupture (57.5% vs 41.7%, P = 0.014) and showed a trend for higher frequency of healed plaques (25.0% vs 15.8%, P = 
0.078). However, the prevalence of TCFA (28.3% vs 20.8%, P = 0.18), calcification (55.0% vs 50.8%, P = 0.52), and 
microphage infiltration (58.3% vs 53.3%, P = 0.44) was similar between the two groups. The fibrous cap thickness was 
substantially lower in those with high RvD1 (90 [60–120] vs 100 [70–140] μm, P = 0.022), while the maximal lipid arc 
(360 [253–360] vs 360 [243–360] °, P = 0.58) and minimal lumen area (1.80 [1.45–2.28] vs 1.69 [1.42–2.16] mm2, P = 
0.20) were similar between the groups.

Associations Between RvD1 and Plaque Rupture
Univariable logistic regression analysis showed that RvD1 levels above the median (≥129.7 pg/mL) were associated with 
plaque rupture (odds ratio [OR]: 1.89, 95% CI: 1.13–3.16, P=0.015) at culprit lesion (Table 3). Other variables associated 
with plaque rupture included age (OR: 1.03, 95% CI: 1.01–1.05, P=0.012), diabetes (OR: 1.84, 95% CI: 1.06–3.21, 
P=0.030), platelet (OR: 0.99, 95% CI: 0.99–0.99, P=0.002), estimated glomerular filtration rate (eGFR, OR: 0.99, 95% 
CI: 0.97–0.99, P=0.030), right coronary artery (RCA) as an infarct-related artery (IRA) (OR: 1.98, 95% CI: 1.15–3.41, 
P=0.014), and multivessel disease (OR: 2.30, 95% CI: 1.26–4.22, P=0.007). In multivariable analysis, high level of RvD1 

Figure 2 Study flow chart. OCT, optical coherence tomography; RvD1, resolvin D1.
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was still independently associated with plaque rupture (OR: 1.91, 95% CI: 1.10–3.33, P=0.022). Other independent 
predictors of plaque rupture were platelets (OR: 0.99, 95% CI: 0.99–0.99, P=0.027) and multivessel disease (OR: 2.21, 
95% CI: 1.14–4.27, P=0.019). To determine the best cut-off threshold for identifying plaque rupture, we performed 
receiver operating curve (ROC) and Youden index analysis. The optimal threshold for RvD1 to predict plaque rupture 
was 111.5 pg/mL, with an area under the curve (AUC) of 0.59, a sensitivity of 0.62, and a specificity of 0.59. 
Interestingly, the diagnostic performance of RvD1 was better than that of the conventional inflammatory marker 
hsCRP (optimal threshold: 11.575 mg/L, sensitivity: 0.20, specificity: 0.85, AUC: 0.53). When stratified by the threshold, 
high RvD1 (≥111.5 pg/mL) was still an independent predictor of plaque rupture (OR: 2.09, 95% CI: 1.20–3.66, P=0.010).

Associations Between RvD1 and Healed Plaques
As shown in the baseline characteristics, healed plaques were more frequently observed in patients with high RvD1 (≥129.7 
pg/mL). Therefore, we analyzed the association between RvD1 and healed plaques (Table 4). Univariable logistic regression 

Table 1 Baseline Characteristics Stratified by Levels of RvD1

Variables All Patients  
(N = 240)

RvD1 <129.7 pg/mL  
(N = 120)

RvD1 ≥129.7 pg/mL  
(N = 120)

P-value

Age, years 57.4 ± 11.7 57.3 ± 11.6 57.6 ± 11.8 0.84

Gender, n (%) 197 (82.1) 94 (78.3) 103 (85.8) 0.13

Hypertension, n (%) 144 (60.0) 73 (60.8) 71 (59.2) 0.79
Diabetes, n (%) 75 (31.3) 38 (31.7) 37 (30.8) 0.89

Smoking, n (%) 166 (69.2) 79 (65.8) 87 (72.5) 0.26

Dyslipidemia, n (%) 222 (92.5) 111 (92.5) 111 (92.5) 1.00
BMI, kg/m2 26.0 ± 3.2 25.7 ± 3.0 26.4 ± 3.4 0.10

Laboratory tests

RvD1, pg/mL 129.7 (56.6–297.8) 56.6 (34.0–92.1) 297.8 (188.3–508.8) <0.001
Leucocytes, ×109/L 10.4 ± 3.1 10.7 ± 3.3 10.2 ± 2.9 0.18

Hemoglobin, g/L 148.2 ± 17.1 147.0 ± 18.6 149.4 ± 15.5 0.28

Platelet, ×109/L 233.1 ± 63.1 241.2 ± 66.2 225.1 ± 59.0 0.049
Creatinine, μmol/L 82.1 ± 30.0 80.0 ± 19.0 84.2 ± 37.9 0.28

eGFR, mL/min/1.73 m2 86.0 ± 20.3 86.0 ± 18.7 85.9 ± 21.9 0.98

Glucose, mmol/L 9.4 ± 3.8 9.4 ± 4.0 9.4 ± 3.7 1.00
HbA1c, % 6.6 ± 1.5 6.7 ± 1.7 6.4 ± 1.3 0.20

hsCRP, mg/L 5.69 (2.62–10.77) 5.3 (2.8–10.9) 5.8 (2.3–10.7) 0.72

Triglyceride, mmol/L 1.7 ± 1.2 1.6 ± 1.2 1.8 ± 1.2 0.27
LDL-C, mmol/L 2.8 ± 0.8 2.7 ± 0.8 2.8 ± 0.9 0.24

cTnI, ng/mL 0.941 (0.119–5.205) 1.465 (0.082–7.422) 0.535 (0.125–2.875) 0.043

NT-proBNP, pg/mL 170.5 (56.4–602.5) 222.0 (65.2–729.3) 113.3 (44.2–474.2) 0.093
EF, % 55.1 ± 6.4 54.4 ± 6.0 55.8 ± 6.6 0.10

Coronary angiography findings

Culprit vessel, n (%)

LAD 115 (47.9) 59 (49.2) 56 (46.7) 0.14
LCX 24 (10.0) 16 (13.3) 8 (6.7)

RCA 101 (42.1) 45 (37.5) 56 (46.7)

Multivessel disease, n (%)
1-vessel disease 61 (25.4) 27 (22.5) 34 (28.3) 0.583

2-vessel disease 81 (33.8) 42 (35.0) 39 (32.5)

3-vessel disease 98 (40.8) 51 (42.5) 47 (39.1)

Abbreviations: BMI, body mass index; cTnI, cardiac troponin I; EF, ejection fraction; eGFR, estimated glomerular filtration rate; HbA1c, 
hemoglobin A1c; hsCRP, high-sensitivity C-reactive protein; LAD, left anterior descending artery; LCX, left circumflex; LDL-C, low-density 
lipoprotein cholesterol; NT-proBNP, N-terminal prohormone of brain natriuretic peptide; RCA, right coronary artery; RvD1, resolvin D1.
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showed that RvD1 above the median level was not a significant predictor for healed plaques (OR: 1.77, 95% CI: 0.93–3.36, 
P=0.080) at culprit lesions. ROC analysis using Youden index identified 246.4 pg/mL as the optimal threshold for predicting 
healed plaques with RvD1 (sensitivity: 0.47, specificity: 0.74, AUC: 0.61). When stratified by this cutoff threshold, high 

Figure 3 Levels of RvD1 according to pathological features identified by OCT. 
Abbreviations: Mφ, macrophage; OCT, optical coherence tomography; RvD1, resolvin D1; TCFA, thin-cap fibroatheroma.

Table 2 OCT Findings Stratified by High and Low Levels of RvD1

Variables All patients RvD1 < 129.7 pg/mL  
(n = 120)

RvD1 ≥ 129.7 pg/mL  
(n = 120)

P-value

Plaque rupture, n (%) 119 (49.6) 50 (41.7) 69 (57.5) 0.014
Plaque erosion, n (%) 121 (50.4) 70 (58.3) 51 (42.5) 0.014

TCFA, n (%) 59 (24.6) 25 (20.8) 34 (28.3) 0.18

Calcification, n (%) 127 (52.9) 61 (50.8) 66 (55.0) 0.52
Healed plaques, n (%) 49 (20.4) 19 (15.8) 30 (25.0) 0.078

Macrophage infiltration, n (%) 134 (55.8) 64 (53.3) 70 (58.3) 0.44

FCT, μm 100 (65–130) 100 (70–140) 90 (60–120) 0.022
Maximal lipid arc, ° 360 (248–360) 360 (243–360) 360 (253–360) 0.58

MLA, mm2 1.73 (1.44–2.22) 1.69 (1.42–2.16) 1.80 (1.45–2.28) 0.20

Abbreviations: FCT, fibrous cap thickness; MLA, minimal lumen area; RvD1, resolvin D1; TCFA, thin-cap fibroatheroma.

Table 3 Logistic Regression Analysis of Variables Associated with Plaque Rupture

Variables Univariable Analysis  
OR (95% CI)

P-value Model 1#  

OR (95% CI)
P-value Model 2*  

OR (95% CI)
P-value

RvD1 (high vs low) 1.89 (1.13–3.16) 0.015 1.91 (1.10–3.33) 0.022 2.09 (1.20–3.66) 0.010

Age 1.03 (1.01–1.05) 0.012 1.02 (0.99–1.04) 0.175 1.02 (0.99–1.04) 0.176
Diabetes 1.84 (1.06–3.21) 0.030 1.71 (0.94–3.11) 0.080 1.70 (0.93–3.10) 0.084

Platelets 0.99 (0.99–0.99) 0.002 0.99 (0.99–0.99) 0.027 0.99 (0.99–0.99) 0.022

eGFR 0.99 (0.97–0.99) 0.030 0.99 (0.98–1.00) 0.118 0.99 (0.97–1.00) 0.102
RCA as infarct related artery 1.98 (1.15–3.41) 0.014 1.74 (0.99–3.05) 0.052 1.70 (0.97–2.98) 0.066

Multivessel disease 2.30 (1.26–4.22) 0.007 2.21 (1.14–4.27) 0.019 2.22 (1.14–4.31) 0.018

Notes: #In model 1, high RvD1 level was defined as a level above the median (≥ 129.7 pg/mL). *In model 2, high RvD1 was defined as levels above the 
optimal threshold (≥ 111.5 pg/mL) to identify plaque rupture determined by the Youden index. 
Abbreviations: CI, confidence interval; eGFR, estimated glomerular filtration rate; OR, odds ratio; RCA, right coronary artery; RvD1, resolvin D1.
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RvD1 (≥246.4 pg/mL) was independently associated with healed plaques (OR: 2.17, 95% CI: 1.11–4.24, P=0.023), after 
adjusting for other variables with P < 0.1 in univariable analysis, including male sex, BMI, eGFR, and LDL-C.

Associations Between RvD1 and Calcification
As patients with RvD1 levels above the median (≥129.7 pg/mL) showed a higher prevalence of calcification at culprit 
plaques, we further analyzed the association between RvD1 and calcification using logistic regression (Table 5). 
According to univariable analysis, high RvD1 defined by level above the median was not associated with significantly 
higher odds of calcification at culprit plaques (OR: 1.18, 95% CI: 0.71–1.96, P = 0.518). When stratified by optimal 
threshold (≥293.4 pg/mL) identified by ROC (sensitivity: 0.32, specificity: 0.81, AUC: 0.57) using Youden index, high 
RvD1 was an independent predictor of calcification at culprit plaque (OR: 2.10, 95% CI: 1.21–3.66, P = 0.008) after 
multiple adjustments for age, diabetes, leukocytes, hemoglobin, hemoglobin A1c, and multivessel disease identified by 
P < 0.1 in univariable analysis.

Discussion
The major finding of this study was that a high level of RvD1 was associated with plaque rupture, calcification, and 
healing of culprit lesions in patients with STEMI. To our knowledge, this is the first study to investigate the relationship 
between RvD1 and culprit plaque morphologies in atherosclerotic patients, which provides essential insights into how 
pro-resolving lipid mediators are involved in the pathogenesis of atherosclerosis and MI.

RvD1 and High-Risk Ruptured Plaques
According to previous study, nearly 60–70% of STEMI patients present with plaque rupture at culprit lesions, which is 
generally caused by the chronic predisposition of lipids within the arterial wall, the growing necrotic core as a result of 

Table 4 Logistic Regression Analysis of Variables Associated with Healed Plaques

Variables Univariable Analysis  
OR (95% CI)

P-value Model 1#  

OR (95% CI)
P-value Model 2*  

OR (95% CI)
P-value

RvD1 (high vs low) 1.77 (0.93–3.36) 0.080 1.56 (0.81–3.03) 0.187 2.17 (1.11–4.24) 0.023

Male sex 2.89 (0.98–8.51) 0.055 2.94 (0.96–9.06) 0.060 2.91 (0.93–9.10) 0.066

Body mass index 1.10 (1.00–1.21) 0.060 1.08 (0.97–1.19) 0.149 1.08 (0.97–1.19) 0.158
eGFR 1.02 (1.00–1.03) 0.045 1.02 (1.00–1.04) 0.040 1.02 (1.00–1.03) 0.064

LDL-C 1.39 (0.96–2.01) 0.084 1.26 (0.86–1.85) 0.242 1.24 (0.84–1.83) 0.278

Notes: #In model 1, high RvD1 level was defined as a level above the median (≥ 129.7 pg/mL). *In model 2, high RvD1 was defined as levels above 
the optimal threshold (≥ 246.4 pg/mL) to identify healed plaques determined by the Youden index. 
Abbreviations: BMI, body mass index; CI, confidence interval; eGFR, estimated glomerular filtration rate; LDL-C, low-density lipoprotein 
cholesterol; OR, odds ratio; RvD1, resolvin D1.

Table 5 Logistic Regression Analysis of Variables Associated with Calcification

Variables Univariable analysis  
OR (95% CI)

P-value Model 1#  

OR (95% CI)
P-value Model 2*  

OR (95% CI)
P-value

RvD1 (high vs low) 1.18 (0.71–1.96) 0.518 1.29 (0.74–2.25) 0.366 2.10 (1.21–3.66) 0.008

Age 1.05 (1.03–1.08) <0.001 1.04 (1.01–1.07) 0.004 1.03 (1.00–1.06) 0.026

Diabetes 1.94 (1.10–3.39) 0.021 1.65 (0.71–3.83) 0.247 2.87 (1.21–6.78) 0.017
Leukocytes 0.88 (0.81–0.96) 0.003 0.94 (0.85–1.03) 0.197 0.99 (0.90–1.09) 0.794

Hemoglobin 0.98 (0.97–0.99) 0.033 0.99 (0.98–1.01) 0.579 1.01 (0.99–1.03) 0.371
HbA1c 1.18 (0.99–1.41) 0.070 1.06 (0.82–1.38) 0.649 0.79 (0.60–1.02) 0.074

Multivessel disease 2.09 (1.15–3.78) 0.015 1.78 (0.94–3.36) 0.076 2.39 (1.25–4.57) 0.008

Notes: #In model 1, high RvD1 level was defined as a level above the median (≥ 129.7 pg/mL). *In model 2, high RvD1 was defined as levels 
above the optimal threshold (≥ 293.4 pg/mL) to identify lesional calcification determined by the Youden index. 
Abbreviations: CI, confidence interval; hbA1c, hemoglobin A1c; OR, odds ratio; RvD1, resolvin D1.
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long-lasting regional inflammation, the weakening of fibrous cap due to significant structural instability below, and 
finally, the rupture of plaques followed by thrombotic occlusion within coronary arteries.1,3,17 Therefore, it is of great 
clinical interest to search for biomarkers that can predict plaque rupture before coronary events and new therapeutic 
targets to inhibit the progression of unstable plaques. Previous studies have shown that RvD1 is actively involved in the 
regulation of atherosclerosis, as RvD1 could effectively reduce the generation of reactive oxygen species (ROS) through 
suppression of NADPH oxidase, which rescues macrophages from oxidative stress-induced apoptosis, restores regional 
efferocytosis, and promotes plaque stabilization.11–13 Clinical study also shows that RvD1 levels are substantially lower 
in STEMI patients compared with healthy controls, while lower levels of RvD1 are correlated with greater thrombus 
burden within the culprit vessel, poorer cardiac function, more intensive inflammation, and cardiac damage, suggesting 
a positive role of RvD1 among MI patients.18

However, the current study showed that high RvD1 levels were associated with plaque rupture, which is 
a pathological feature with the highest risk for coronary lesions. The interpretation of these results could be challenging. 
Evidence from bench to bedside suggests that the synthesis and release of RvD1 are subject to a positive feedback loop, 
as the efferocytosis of regionally infiltrated apoptotic polymorphonuclear leukocytes (PMNs) results in increased levels 
of various SPMs synthesized by macrophages or the microparticles released from the PMN themselves,5,19,20 while the 
atherogenic oxidized low-density lipoprotein (ox-LDL) within atherosclerotic plaques could also induce the production 
of RvD1 in endothelial cells.21 Although these inflammatory stimuli could increase the production of SPMs, its 
circulating levels are far from adequate to suppress the existent inflammation.20,22 Macrophages within or near athero-
sclerotic plaques continue to become defective in efferocytosis, as the expression of GPR32 receptors for SPM is reduced 
with constant inflammatory stimuli, further delaying the regional resolution of inflammation.12,23 Taken together, 
unresolved arterial inflammation continuously recruits inflammatory cells to expanding plaques, which serve as long- 
lasting stimulators for the synthesis of RvD1, therefore leading to regional and circulatory elevation of RvD1 levels. As 
a consequence of ongoing inflammation, plaque rupture could therefore be associated with a high circulating level of 
RvD1 (Figure 4). As is shown in the current study, patients with RvD1 ≥129.7 pg/mL were nearly 90% more likely to 
have plaque rupture at their culprit lesions. Moreover, RvD1 exhibited a more favorable diagnostic performance for 
plaque rupture as compared to hsCRP, a classical indicator of systemic inflammatory response.24 In summary, the 

Figure 4 Graphical summary of interactions between defective efferocytosis, apoptosis and necrosis of Mφ, plaque damage, and production of RvD1. Phagocytosis of 
cholesterol particles lead to formation of foam cells in large amount, causing defective efferocytosis of these apoptotic Mφ, which result in the growth of necrotic core, and 
the later rupture or damage of atherosclerotic plaques. Meanwhile, efferocytes and apoptotic Mφ release RvD1, which is partially released to the circulation and results in an 
elevated level of circulating RvD1. 
Abbreviations: Mφ, macrophage; RvD1, resolvin D1.
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elevation of RvD1 is an independent predictor of plaque rupture, while future studies are warranted to further determine 
the biological effect of RvD1 in human atherosclerosis.

RvD1 and Plaque Healing
Characterized by distinct layers of collagen in histopathology, healed plaques reflect the instability of atherosclerotic 
lesions with episodic rupture or erosion, non-occlusive thrombosis, and subsequent tissue repair.1,25 Therefore, the 
presence of healed plaques signifies the vulnerability of atherosclerotic lesion, as repeated damage and healing processes 
could result in the expansion of necrotic core, leading to an increased risk of ischemic events.1,26 In the current study, we 
reported that patients with elevated RvD1 were more likely to have healed plaques at their culprit lesions. Following 
discussions regarding RvD1 and high-risk plaque rupture, it is expected that patients with healed plaques would acquire 
high levels of RvD1 due to an active inflammatory response within the plaques. Previous studies have also shown that 
RvD1 could suppress platelet function,27 promote clot absorption,28 and attenuate leukocytes infiltration in case of 
endothelial damage,29 which might have contributed to asymptomatic thrombosis and plaque healing in silent plaque 
rupture events.

RvD1 and Calcification
In the current study, we found that elevated RvD1 levels were associated with calcification at the culprit lesion of STEMI 
patients. For a long time, vascular calcification has been considered a result of aging and calcium metabolic disorders due 
to renal dysfunction.1,25 However, accumulating evidence suggests that hyperlipidemia and inflammation are actively 
involved in the pathogenesis of coronary calcification.30,31 Previous studies show that ox-LDL and lp(a) could induce 
osteoblastic differentiation and mineralization of vascular smooth muscle cells by upregulating expressions of BMP-2,32 

while proinflammatory cytokines (eg, tumor necrosis factor α [TNF-α], interleukin 6 [IL-6], and IL-1β) actively involved 
in atherosclerosis can also promote matrix mineralization in extraosseous cells.30 Histological studies show that coronary 
calcifications usually colocalize with apoptotic macrophages, cholesterol crystals, and large necrotic core within 
advanced coronary plaques,1 suggesting that calcifications might be an indicator for unresolved inflammation within 
the coronary plaques, while associations between RvD1 and culprit plaque calcification could be secondary to chronic 
local arterial inflammation.

Limitations
The major limitations of this study are as follows: First, only circulating levels of RvD1 were measured, and the 
abundance of RvD1 within the culprit plaque was unknown. Future studies are expected to analyze the correlations 
between systematic and regional levels of RvD1 with blood samples and atherosclerotic plaques collected during 
invasive procedures (eg, endarterectomy and CABG). Second, this study acquired a small sample size and was conducted 
at a single center. Extrapolation of conclusions might be limited owing to variations in ethnicity, region, and clinical 
practice.

Conclusions
High levels of RvD1 were associated with plaque rupture, calcification, and healed plaques at the culprit lesions in 
patients with STEMI, indicating chronic inflammation and defective resolution within the coronary atherosclerotic 
plaques.
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