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Background: Inflammation as assessed by high-sensitivity C-reactive protein (hs-CRP) predicts cardiovascular outcomes indepen-
dently of low-density lipoprotein cholesterol (LDL-C) levels even in statin-treated patients with coronary artery disease. However, data
regarding implications of residual inflammatory risk in patients with myocardial infarction with nonobstructive coronary arteries
(MINOCA) are lacking.

Methods: The present single-center cohort study prospectively enrolled 1062 patients with MINOCA stratified by the baseline hs-
CRP (>2 vs <2 mg/L) and LDL-C (=70 vs <70 mg/dL). Change patterns of hs-CRP were identified in 792 patients with available hs-
CRP at baseline and within 6—12 months after index MI. The primary endpoint was major adverse cardiovascular events (MACE),
a composite of death, nonfatal MI, stroke, revascularization, and hospitalization for unstable angina or heart failure.

Results: During the median follow-up of 41.7 months, patients with isolated residual inflammatory risk had the highest rate of MACE,
followed by patients with combined cholesterol and inflammatory risk. At multivariate Cox model, residual inflammatory risk but not
cholesterol risk was associated with an increased risk of MACE compared to those with no residual risk [hazard ratio (HR) 1.51; 95%
confidence interval (CI): 1.17-1.97, p=0.002]. The prognostic impact of hs-CRP >2mg/L remained significant in subgroup analysis,
and particularly, in patients with well-managed LDL-C levels. Patients with persistently higher hs-CRP had a significantly higher risk
of MACE than those with persistently low hs-CRP (HR 1.28; 95% CI: 1.09-1.50, p=0.020).

Conclusion: Residual inflammation but not cholesterol risk drives poorer outcomes after MINOCA in the statin era, highlighting
inflammation as a pivotal risk predictor and the necessity for anti-inflammatory strategies alongside LDL-C lowering.

Keywords: residual risk, inflammation, hs-CRP, LDL-C, myocardial infarction with nonobstructive coronary arteries, cardiovascular
outcomes

Introduction
Myocardial infarction with nonobstructive coronary arteries (MINOCA) refers to a distinct population who have an acute
myocardial infarction (AMI) with evidence of myocardial ischemia, but coronary angiography shows no significant
obstruction in major coronary arteries.'*” Recently, it has been increasingly recognized and occurs in 5% to 10% of
patients with AMIL> Although patients with MINOCA are younger and have fewer comorbidities than those with AMI
and obstructive coronary artery disease (CAD), they are still at considerable risks for long-term cardiovascular (CV)
events even after optimal medical therapies.*’ Thus, the intensified management of residual risk factors should be
addressed for outcome improvement in this population.

Current evidence has solidly confirmed the essential role of low-density lipoprotein cholesterol (LDL-C) in the
development of CAD.® To date, the “lower is better for LDL-C and CV risk” concept has been widely applied in daily
practice, and achieving sustained LDL-C reduction to guideline-recommended levels remains a cornerstone in the treatment

of CAD.’ However, targeting LDL-C alone is unlikely to completely eliminate risk as nearly one-third of patients is still at
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Graphical Abstract

Impact of residual inflammatory risk and persistent inflamation on clinical

outcomes in a Chinese cohort of MINOCA patients (n=1062)
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Higher risk of MACE with residual inflammatory risk

0.4+
Residual risk categories
Y R o (4=308) Groups Event/Total  adjusted HR (95% ClI) P value
~MResidual inflammatory risk (n=
2 | zom:in:d :‘-s‘idu:T cr:ole:t(-rol‘gz)i [
s 03 inflammatory risk (n=377) . A 1
5 No residual risk 23/222 Reference .
8 1
g 1
§ 0.7 Residual cholesterol risk 36/349  0.96 (0.57-1.63) F—e— 0.898
E HOLe  LOL 1
g 1
EP Residual inflammatory risk 371164 1.51(1.17-1.97) ' —e— 0.002
3
o
1
@ Combined residual cholesterol 72/444 1.19 (1.01-1.39) I 0.03
log rank p=0.004 . . . . =1. .
0.0 | | | | and inflammatory risk :
0 20 40 60 0?5 1?0 1?5 2?0
Months after MINOCA
Higher risk of MACE with persistent inflammation
0.4 Change patterns of hs-CRP
~IPersistently low hs-CRP (n=256)
~Mincreased hs-CRP (n=107)
4 Reduced hs-CRP (n=185) o . o
£ 0] ~Persistently high hs-CRP (n=244) Groups MACE (%) adjusted HR (95% ClI) P value
k)
8 -9 Persistently low hs-CRP  25/256 (9.7%) Reference :
o
B g.2- 1
% a-9 Increased hs-CRP ~ 18/107 (15.8%) 1.64 (0.89-3.02) H——o——— 0.107
2 1
ks
2 0.1 2-9 Reduced hs-CRP 24/185 (12.9%) 1.07 (0.81-1.42) I-'p—l 0.613
3
o 1
1 H 0,
o o rek e 098 Q-9 Persistently high hs-CRP 54/244 (22.1%)  1.28 (1.09-1.50) :H—I 0.020

LR R S S )
1.0 1.5 20 25 3.0

T T T T
0 20 40 60
Months after MINOCA

high risk of future CV events despite intensified LDL-C lowering strategies with statin or combination therapy.'®'" Beyond
LDL-C, growing data have demonstrated that inflammation is a key driver of atherogenesis, plaque vulnerability, and CV
risk.'*!® Recent studies confirmed that residual inflammation assessed by high-sensitivity C-reactive protein (hs-CRP) was
a more robust predictor of CV events than LDL-C levels in statin-treated patients with CAD.'*'> Targeted anti-inflammatory
agents also showed significant benefits when added to statin therapy, leading to an additional reduction in CV risk.'®"'®

To date, data are scarce regarding the prognostic value of residual cholesterol and inflammatory risk in patients with
MINOCA. To address this issue, we analyzed the impact of residual inflammation and cholesterol risk on long-term CV
outcomes after MINOCA, and explored if elevated hs-CRP still served as a risk predictor in patients with well-managed
metabolic profiles. We further evaluated the association between persistent inflammation and CV risk in a subset of patients.

Methods

Study Population
The present prospective cohort study enrolled patients with MINOCA at a national tertiary center (Fuwai hospital) from
Jan. 2015 to Dec. 2019, as previously reported.” MINOCA were diagnosed if patients met the 4™ universal definition of
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AMI'" and had no obstructive CAD, as confirmed by angiography with coronary artery stenosis of less than 50%." In
line with the updated evidence, we primarily enrolled MINOCA patients with coronary-related causes, of which
atherosclerotic mechanisms constitute the majority of MINOCA etiologies as assessed by angiography with the presence
of any coronary plaque (even with <50% stenosis). In some cases, plaque disruption was further identified by
intravascular imaging such as optical coherence tomography (OCT). The prevailing atherosclerotic subtype in our cohort
was consistent with prior studies showing that atherosclerosis is the major contributor to MINOCA pathogenesis.'
Individuals with symptoms resembling MI, myocardial injury of non-coronary origin, and no ischemic features (eg, acute
heart failure or myocarditis) were excluded. Still, other coronary-related causes of MINOCA (eg, vasospasm, sponta-
neous dissection) may occur alongside the atherosclerotic subtype, though they constitutes only a small proportion. Due
to limited availability of advanced multi-modal imaging in the study setting, the exact etiologies of MINOCA in each
patient were not adequately captured.

Individuals with missing data of LDL-C at baseline and those lacking hs-CRP level tests within 1-3 months after MI
were excluded. Patients with recent infection, sepsis, markedly elevated hs-CRP (>20mg/L) and long-term use of anti-
inflammatory agents were also excluded. After screening, a total of 1062 eligible MINOCA patients with or without ST-
segment elevation (STEMI or NSTEMI) were finally included in the analysis (Figure 1). Patients were separated into 4
groups based on their baseline LDL-C (tested during hospitalization) and hs-CRP levels (measured within 1-3 months
after MI) as follows: no residual risk (LDL-C <70 mg/dL + hs-CRP <2 mg/L), residual cholesterol risk (RCR, LDL-C
>70 mg/dL + hs-CRP <2 mg/L), residual inflammatory risk (RIR, LDL-C <70 mg/dL + hs-CRP >2 mg/L), and combined
residual cholesterol and inflammatory risk (RCIR, LDL-C >70 mg/dL + hs-CRP >2 mg/L). The present classification
aligned with the approaches used in previous studies.'® !> There were 792 patients who had available hs-CRP tests both
at baseline and within 6—12 months after index MI. The change patterns of hs-CRP were classified in this sub-cohort as
follows: persistently low hs-CRP (hs-CRP <2 mg/L both at baseline and follow-up), elevated hs-CRP (hs-CRP <2 mg/L
at baseline and >2 mg/L at follow-up), reduced hs-CRP (hs-CRP >2 mg/L at baseline and <2 mg/L at follow-up), and
persistently high hs-CRP (hs-CRP >2 mg/L both at baseline and follow-up). All the patients were prescribed guideline-
directed medical therapies unless contraindicated, including dual anti-platelet therapy (DAPT), statins, B-blockers, and
angiotensin-converting enzyme inhibitor/angiotensin receptor blocker. This observational study was approved by the
Institutional Review Board of Fuwai hospital and performed in compliance with the Declaration of Helsinki. All patients
provided written informed consent to participate.

Data Collection and Definitions
Data on the baseline characteristics and medications were obtained from electronic medical records. Blood samples for
biochemical tests were collected after 12 hours of overnight fasting. Blood glucose and lipid parameters such as
triglyceride (TG), total cholesterol, LDL-C, high-density lipoprotein cholesterol (HDL-C) and lipoprotein(a) were tested
using an automatic biochemistry analyzer, with a coefficient of variation of <5% and a total imprecision of <10%. LDL-C
was calculated using the Friedewald formula, and hs-CRP was tested by Beckman Assay 360 clinical chemistry analyzer
(Beckman Coulter, Brea, CA) with a detection limit of 0.1 mg/L and an intra-assay coefficient of variation of <6%. Peak
troponin I (Tnl) level and N-terminal pro-B-type natriuretic peptide (NT-proBNP) values at admission were recorded.
Left ventricular ejection fraction (LVEF) was measured by echocardiography. The comorbidities (eg hypertension,
diabetes, dyslipidemia) were ascertained according to current guidelines via medical documentation, laboratory tests,
and use of medications. The multi-modal imaging (eg, OCT or cardiac magnetic resonance [CMR]) and invasive
measurement of index of microcirculatory resistance (IMR) were performed in only a small subset of selected patients,
which might compromise the accuracy of etiology identification and plaque detection. Despite this, we relied on routinely
accessible approaches (eg, echocardiography, re-evaluation of angiograms, ventriculography for identifying left ventri-
cular motion abnormalities, and coagulation tests in suspicious cases to rule out thrombophilia) to clarify the underlying
causes of MINOCA as accurately as possible.

The major study exposure was residual cholesterol or inflammatory risk as assessed by LDL-C or hs-CRP levels at baseline.
In our cohort, LDL-C values obtained during hospitalization were considered the baseline level, and hs-CRP levels were
measured dynamically during hospitalization and after discharge as a routine clinical practice. Previous studies often used
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A total of 23460 unique patients with AMI
undergoing coronary angiography admitted in
Fuwai hospital from Jan 2015 to Dec 2019

Patients excluded (n=22398)

-MI with obstructive CAD (n=21696);
-Receiving thrombolysis (n=126);
-Prior revascularization (n=312);
-Non-ischemic reasons for elevated
troponin (n=46);

| -Lacking baseline LDL-C level (n=8);
-Missing data on hs-CRP level within
1-3 months after index MI (n=135);
-recent infection, long-term use of
inflammation-modifying drugs, or
hs-CRP >20mg/L (n=23)

-Lost at follow up (n=52)

1062 eligible patients with MINOCA stratified by
residual cholesterol or inflammatory risk:
1. No residual risk (n=212)
2. Residual cholesterol risk (RCR, n=309)
3. Residual inflammatory risk (RIR, n=164)
4. Combined residual cholesterol and inflammatory
risk (RCIR, n=377)

792 patients with available hs-CRP records at
baseline and within 6 to 12 months after index MI:
1. Persistently low hs-CRP (n=256)

2. Elevated hs-CRP (n=97)
3. Reduced hs-CRP (n=195)
4. Persistently high hs-CRP (n=244)

Figure | Study flowchart.

a single value of hs-CRP to define inflammation; however, hs-CRP levels often fluctuate in response to MI or such stress
conditions and then be stable over time after 4-6 weeks post MI. Given the variability of hs-CRP in the acute phase of M, the hs-
CRP levels at a later phase (1-3 months after the index MI) rather than hs-CRP levels at admission were collected and regarded as
the baseline level. To minimize the confounding of elevated hs-CRP caused by acute infection, we excluded patients with
infective diseases, sepsis, hs-CRP >20mg/L, and long-term use of drugs that modify systemic inflammation (eg, antibiotics, non-
steroidal anti-inflammatory drugs, corticosteroids, or immunosuppressive drugs). In addition, approximately 74% of patients had
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available hs-CRP tests within 6-12 months after M1, and the changing patterns of hs-CRP were identified in this sub-cohort.
Although the optimal definition of residual inflammatory risk in post-MI patients has not been established in current guidelines,
we chose the well-recognized cutoff of hs-CRP >2 mg/L as this threshold has been widely used in both observational studies and
randomized controlled trials.

Endpoints and Follow-up

The primary endpoint was defined as a composite of major adverse cardiovascular events (MACE), including all-cause
death, nonfatal spontaneous MI, nonfatal stroke, ischemia-driven unplanned revascularization, and hospitalization for
unstable angina (UA) or heart failure (HF). The MACE was assessed in a time-to-first-event analysis. The secondary
endpoints included each component of MACE and the composite hard endpoint of death, reinfarction, stroke or
revascularization. Recurrent MI was defined according to the fourth universal definition of MI.'? Stroke was diagnosed
as loss of neurological dysfunction caused by an ischemic or hemorrhagic event with symptoms lasting >24h.?°
Revascularization was carried out at the discretion of the operators if patients had ischemia and obstructive coronary
arteries. Hospitalization for UA with objective evidence of ischemia indicated a high risk of plaque instability and
a threat to patients’ CV health. Hospitalization for HF, to some extent, reflected deterioration of cardiac function and life
quality after MI. Patients were followed up through clinic visits or via telephone contact at 6 months, 1 year, and yearly
thereafter until the end of observation period using a pre-designed structured questionnaire. Information from additional
clinic visits or unplanned hospital admissions were recorded as appropriate. Incident events outside of Fuwai hospital
were gathered via telephone interviews and verified with medical records from external providers. All the follow-up
information were cross-checked and confirmed by a team of trained and independent researchers. The expert cardiolo-
gists and statisticians who were blinded to the study design would adjudicate all the adverse events to ensure data
accuracy and reliability.

Statistical Analysis

Baseline profiles were reported as mean and standard deviation (SD) or median and interquartile range for continuous
variables and percentages for categorical variables. Comparisons were performed using the analysis of variance,
Kruskal-Wallis H-test, Pearson’s x> or Fisher’s test as appropriate. The cumulative incidence of MACE was analyzed
using Kaplan—Meier curves, and comparisons were assessed by Log rank test. The univariable and multivariable Cox
regression models were constructed to analyze the impact of residual inflammatory or cholesterol risk and persistent
inflammation on the risk of MACE. The hazard ratio (HR) and its 95% confidence interval (CI) were calculated. The
subgroup of patients with no residual inflammatory or cholesterol risk and the subset of patients with persistently low hs-
CRP served as references. Several clinically relevant and unevenly distributed covariates were parsimoniously enrolled in
multivariable Cox model, including age, sex, BMI, MI type (STEMI or NSTEMI), LVEF, hypertension, and diabetes.
The other covariates such as fasting glucose, peak Tnl, NT-proBNP and medications were comparable among the groups
and were not included. Potential confounders, including lifestyles and the intensity and adherence to lipid-lowering
therapy, were unmeasured. The prognostic impact of hs-CRP >2mg/L was further analyzed in subgroup analysis.
Restricted cubic splines (RCS) were used to show a dose-response relationship between baseline hs-CRP and risk of
MACE, in which the reference value (HR=1) was defined at the median level of hs-CRP and the four knots were set at
the 5th, 35th, 65th, and 95th percentiles. All the analyses were performed by the SPSS (version 22.0) and R Software
(version 4.0.2), and statistical significance was considered if two-tailed P < 0.05.

Results

Baseline Characteristics

The mean age of the cohort was 55.7+11.8 years and 74.0% were men. Coronary atherosclerosis appeared to be the
leading cause of MINOCA in our cohort. Findings of multi-modal imaging and other diagnostic tests performed in
a small proportion of patients were shown in Table S1. The median hs-CRP and LDL-C levels were 2.2 mg/L (IQR:
1.0-5.7) and 85.1 mg/dL (68.8—104.9), respectively. The distribution of baseline hs-CRP and the temporal changes in hs-
CRP from baseline to follow-up were depicted (Figures S1 and S2). In total, 50.9% of patients had baseline hs-CRP
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>2 mg/L and 64.5% had LDL-C >70 mg/dL. Patients were further classified as no residual risk (19.9%), RCR (29.0%),
RIR (15.4%) and RCIR (35.4%) groups (Figure 1). The baseline characteristics of these groups were presented in
Table 1. As shown, the BMI, LVEF, hs-CRP and lipid levels were different among the 4 groups, while the demographics,
presence of STEMI, comorbidities and medications did not differ significantly. The profiles and CV outcomes in patients
stratified solely by baseline hs-CRP levels were shown in Supplementary Materials (Tables S2 and S3).

Residual Cholesterol or Inflammatory Risk and Clinical Outcomes

Over the median follow-up of 41.7 months, 162 patients developed MACE (18 died, 40 suffered reinfarction, 12 had stroke,
44 had revascularization, 66 were hospitalized for UA and 45 for HF). Individuals with RIR had the highest rate of MACE
(22.5%), followed by patients with RCIR (18.0%), RCR (11.0%) and no residual risk (10.8%) (Table 2). The Kaplan—Meier
curves further showed a higher cumulative incidence of MACE in patients with hs-CRP >2 mg/L and in RIR group
(Figure 2). At multivariable Cox analysis, elevated hs-CRP was independently associated with an increased risk of MACE
(for 1 unit increase in hs-CRP, HR 1.06; 95% CI: 1.02-1.11, p=0.001; hs-CRP >2 mg/L vs <2 mg/L: HR 1.77; 95% CI:
1.29-2.43, p<0.001). Also, the adjusted risk of MACE was significantly higher in patients with RIR (HR 1.51; 95% CI:
1.17-1.97, p=0.002) and RCIR (HR 1.19; 95% CI: 1.01-1.39, p=0.030) than in patients with no residual risk; yet isolated
RCR was not associated with the outcomes (Table 3). The impact of hs-CRP >2 mg/L. on MACE risk remained significant in
subgroup analysis (Figure 3). The RCS model showed a near-linear relationship between baseline hs-CRP level and risk of
MACE (Figure S3), and analyses on the composite hard endpoints were consistent with the primary analysis of MACE
(Table S4). Notably, among patients with traditional risk factors below the target level (eg, TG<150mg/dL, lipoprotein(a)

Table | Baseline Characteristics in Patients Stratified by Residual Cholesterol or Inflammatory Risk

Variable No Residual Risk RCR RIR RCIR P Value
(n=212) (n=309) (n=164) (n=377)
Male, n(%) 166 (78.3%) 222 (71.8%) 118 (71.9%) 280 (74.2%) 0.368
Age, years 56.5+11.7 54.9%11.4 55.6x11.7 55.8%12.1 0.498
BMI, kg/m? 25.3+3.7 25.3+3.3 24.8+3.7 25.8+4.1 0.012
STEMI, n(%) 92 (43.3%) 108 (34.9%) 73 (44.5%) 155 (41.1%) 0.120
Emergency angiography 27 (12.7%) 37 (11.9%) 24 (14.6%) 57 (15.1%) 0.634
Past history
Hypertension 119 (56.1%) 157 (50.8%) 87 (53.0%) 203 (53.8%) 0.682
Diabetes 42 (19.8%) 45 (14.5%) 26 (15.8%) 53 (14.0%) 0.285
Dyslipidemia 129 (60.8%) 189 (61.1%) 91 (55.4%) 225 (59.6%) 0.659
Previous Ml 13 (6.1%) 16 (5.1%) 14 (8.5%) 13 (3.4%) 0.106
LVEF, % 60.7+6.3 61.57.2 59.6+8.4 59.9+7.7 0.012
Laboratory test
FBG, mmol/L 4.69+1.45 5.66*1.68 5.64+1.82 5.76x1.78 0.824
TG, mmol/L 1.15 (0.90, 1.77) 1.50 (1.12, 2.06) | 1.25 (0.94, 1.74) | 1.61 (1.17, 2.20) 0.002
CHOL, mmol/L 3.09+0.48 4.30£0.72 3.09+0.50 4.34+0.82 <0.001
HDL-C, mmol/L 1.11£0.32 1.16+0.29 1.00+0.30 1.04+0.25 <0.001
Peak Tnl, ng/mL 3.27 (0.75, 6.64) 3.12 (0.62, 6.48) | 3.32 (0.88, 6.94) | 3.26 (0.77, 6.72) 0.235
NT-proBNP, pg/mL 364 (105, 694) 367 (112, 683) 368 (128, 672) 371 (112, 694) 0.168
Medication at discharge
DAPT 195 (91.9%) 289 (93.5%) I51 (92.0%) 342 (90.7%) 0.610
Statin 204 (96.2%) 290 (93.8%) 159 (96.9%) 363 (96.2%) 0.305
ACEI/ARB 144 (67.9%) 204 (66.0%) 103 (60.8%) 230 (61.0%) 0.317
Beta-blocker 146 (68.9%) 223 (72.2%) 116 (70.7%) 289 (76.7%) 0.118

Notes: Patients were stratified as no residual risk, residual cholesterol risk (RCR), residual inflammatory risk (RIR), and combined residual
cholesterol and inflammatory risk (RCIR) based on baseline hs-CRP and LDL-C levels.

Abbreviations: BMI, body mass index; STEMI, ST-segment elevation myocardial infarction; LVEF, left ventricular ejection fraction; hs-CRP,
high sensitive C-reactive protein; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; CHOL, total
cholesterol; TG, triglyceride; FBG, fasting blood glucose; NT-proBNP, N-terminal pro-B-type natriuretic peptide; Tnl, Troponin I; DAPT, dual
anti-platelet therapy; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker.
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Table 2 Clinical Outcomes in Patients Stratified by Residual Cholesterol or Inflammatory Risk

Event No Residual Risk RCR RIR RCIR P Value
(n=212) (n=309) (n=164) (n=377)
MACE 23 (10.8%) 34 (11.0%) | 37 (22.5%) | 68 (18.0%) 0.001
Death, MI, stroke or revascularization 13 (6.1%) 21 (6.7%) | 22 (13.4%) | 44 (11.6%) 0.015
Death, MI, or stroke 9 (4.2%) 13 (4.2%) 17 (10.3%) | 31 (8.2%) 0.017
All-cause death | (0.4%) 2 (0.6%) 6 (3.6%) 9 (2.3%) 0.032
Nonfatal Ml 4 (1.8%) Il (3.5%) 12 (7.3%) 13 (3.4%) 0.048
Revascularization 4 (1.8%) 12 (3.8%) 9 (5.4%) 19 (5.0%) 0.233
Nonfatal stroke | (0.4%) 3 (0.9%) 3 (1.8%) 5 (1.3%) 0.628
Hospitalization for UA Il (5.1%) 17 (5.5%) 10 (6.0%) 28 (7.4%) 0.658
Hospitalization for HF 6 (2.8%) 8 (2.5%) 13 (7.9%) 18 (4.7%) 0.031

Abbreviations: MACE, major adverse cardiovascular event; UA, unstable angina; HF, heart failure.

<30mg/dL, LDL-C <70mg/dL, HbAlc <7% in diabetes or <5.7% in non-diabetes), residual inflammation defined by hs-
CRP >2 mg/L still predicted MACE risk (Figure S4). These data indicated a robust association of residual inflammatory risk
with MACE in MINOCA population, irrespective of LDL-C level and the other known risk factors.

The Impact of Persistent Inflammation on Clinical Outcomes

In a subset of 792 patients with available hs-CRP at baseline and 6—12 months after MINOCA, 32.3% of them had persistently
low hs-CRP, 13.5% had increased hs-CRP, 23.3% had reduced hs-CRP, and 30.8% had persistently elevated hs-CRP
(Figure 1). The highest rate of MACE was observed in those with persistently high hs-CRP (Figure 4A and Table S5). This

A
0.4
Baseline hs-CRP levels
~hs-CRP<2mg/L (n=521)
8 ~hs-CRP=2mg/L (n=541)
< _|
s 0.3
-
o
[}
(3]
c
35
5 0.2
£
[
2
®
S
£ 0.17
3
O
log rank p=0.002
0.0
I | [ |
0 20 40 60
Months after MINOCA
hs-CRP<2mg/L 521 394 228 56
hs-CRP 22mg/L 541 448 292 116

0.4

0.3

0.2

0.1

Cumulative incidence of MACE

Residual risk categories

~INo residual risk (n=212)
—I"TResidual cholesterol risk (n=309)
-IMResidual inflammatory risk (n=164)

Combined residual cholesterol and
inflammatory risk (n=377)

[Lf log rank p=0.004
&

NRR
RCR
RIR
RCIR

T T T I

0 20 40 60
Months after MINOCA

212 160 90 35

309 234 138 21

164 121 70 28

377 327 222 88

Figure 2 Incidence of MACE in patients stratified by residual inflammatory and cholesterol risk. Kaplan—Meier curves showing cumulative incidence of MACE in patients
stratified by baseline hs-CRP levels at the cutoff of 2mg/L (A) and by residual inflammatory and cholesterol risk at the cutoff of 2mg/L for hs-CRP and of 70mg/dL for LDL-C (B).
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Table 3 Relation Between Hs-CRP Levels at Admission and Risk of MACE

Groups Crude Cox Model Adjusted Cox Model
HR (95% CI) P Value HR (95% CI) P Value
hs-CRP levels at baseline
hs-CRP (per unit increase) | 1.07 (1.03-1.11) <0.001 1.06 (1.02—1.11) 0.001
hs-CRP <2mg/L Reference Reference
hs-CRP 22mg/L 1.79 (1.30-2.46) <0.001 1.77 (1.29-2.43) <0.001
Residual risk categories
No residual risk Reference Reference
Residual cholesterol risk 1.10 (0.64-1.87) 0.725 0.96 (0.57—1.63) 0.898
Residual inflammatory risk | 1.53 (1.18-1.99) 0.001 151 (1.17-1.97) 0.002
Combined residual risk 1.21 (1.04-1.41) 0.011 1.19 (1.01-1.39) 0.030

Notes: Impact of baseline hs-CRP levels, hs-CRP change patterns, and residual inflammatory and cholesterol
risks on risk of MACE by univariate and multivariate Cox regression analyses. Hs-CRP was analyzed both in
continuous form (for per unit increase) and in dichotomous form (at a cutoff of 2mg/L). Residual cholesterol and
inflammatory risks were defined based on the hs-CRP (cutoff of 2mg/L) and LDL-C (cutoff of 70mg/dL) levels at
baseline. Hazard ratio (HR) and 95% confidence interval (Cl) were shown. HR was adjusted for age, sex, BMI, Ml
type, LVEF, hypertension, and diabetes in the multivariable Cox model.

Abbreviation: NA, not available.

subgroup had a significantly higher risk of MACE after multivariable adjustment (HR 1.28; 95% CI: 1.09-1.50, p=0.020),
whereas those with increased or reduced hs-CRP had similar outcomes to those with persistently low hs-CRP (Figure 4B).
These data highlighted the role of low-grade inflammation persisting in the late phase after AMI.

Discussion

In the present study, we found that residual inflammatory risk instead of cholesterol risk was significantly associated with
an increased risk of MACE in a contemporary cohort of MINOCA despite the optimal medical therapies. The impact of
hs-CRP was independent of LDL-C and known risk factors, and elevated hs-CRP still conferred a higher risk of MACE
in statin-treated individuals with well-controlled lipid profiles. Further, patients with persistently high hs-CRP had
a poorer prognosis as compared to those with persistently low hs-CRP. These results support previous findings regarding
the deleterious effects of inflammation in CAD, and particularly underscore the value of residual inflammatory risk and
persistent inflammation in MINOCA population.

MINOCA represents a heterogeneous clinical entity caused by diverse mechanisms, including plaque rupture, plaque
erosion, coronary spasm, embolization, spontaneous dissection and microvascular dysfunction.l’2 It is crucial to conduct
a comprehensive diagnostic workup to identify the underlying causes of MINOCA, as it facilitates risk stratification and
tailored therapies. A multi-modal imaging study incorporating OCT and CMR found that the causes of MINOCA were
often similar to mechanisms of MI with obstructive CAD, that is, atherosclerosis and plaque instability.>' Another OCT
study reported the detection of plaque rupture, erosion, and calcified nodules in 44%, 31%, and 8% of cases,
respectively.? Other non-ischemic causes such as coronary artery spasm or dissection also contribute to the occurrence
of MINOCA. Consistently, atherosclerotic subtype was observed in the majority of our cohort, of which only a minority
of patients underwent multi-modal evaluations, including OCT, CMR, IMR, ventriculography, provocative spasm test,
and thrombophilia screening. Such methods merit emphasis in refining etiological classification. In general, the optimal
prevention medications for MINOCA were similar to those used in broader population with AMI. Even though, the
etiology-driven personalized therapies should be noted. For instance, DAPT is indicated for most thrombotic MINOCA
subtypes; however, it may not be suitable for patients without atherosclerosis or endothelial dysfunction. In some cases,
DAPT was prescribed in high-risk patients before the cause is confirmed and served as a safe “bridge” during diagnostic
uncertainty to address thrombotic risk in acute settings. The long-term outcomes of MINOCA are not necessarily benign
and deserve more attention given a considerably high risk of adverse events in this population.*”” Previous studies even
showed that patients with MINOCA had a risk of death similar to or higher than those with MI and obstructive CAD.>**
Here, 15.2% of patients in our cohort developed MACE despite the evidence-based optimal therapies. Nearly all the
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Groups HR (95% CI) P value
Total 179 (1.30-2.46) | —o— <0.001
Sex :

Male 1.60 (1.07-2.37) :I—O—l 0.019

Female 3.04 (151-6.11) | —e i 0.002
Age :

<60yrs 186 (1.18-2.94)  |—e—i 0.007

260yrs 1.90 (1.13-3.17) :l—o—i 0.014
BMI :

<25 kg/m2 2.41(1.44-4.02) | —o—i 0.001

225 kg/m2 155 (1.04-2.45)  j-o—i 0.036
MI classification :

NSTEMI 158 (1.03-2.54)  }o— 0.042

STEMI 2.29(1.40-3.74) | +—e— 0.001
Hypertension :

No 219 (1.31-3.68) | +—e— 0.003

Yes 1.68 (1.07-2.65)  }-e— 0.023

Diabetes :

No 2.04 (1.38-3.03) : —— <0.001
Yes 157 (0.78-3.17)  H—e— 0.204
Dyslipidemia :
No 2.88 (1.58-5.24) : —— 0.001
Yes 1.52 (1.01-2.33) I‘—O—l 0.048
1 T T
2 4 6

Figure 3 Subgroup analysis for the impact of elevated baseline hs-CRP. Impact of elevated baseline hs-CRP (22mg/L vs <2mg/L) in subgroups stratified by the sex, age, BMI,
MI classification (NSTEMI or STEMI), history of hypertension, diabetes, and dyslipidemia. The risk of MACE in each subgroup was analyzed using univariable Cox regression
analysis. The vertical dotted line indicated HR value of I.

participants received statins, yet 64.5% of patients still had LDL-C levels higher than 70 mg/dL. Meanwhile, 50.9% of
patients had elevated hs-CRP with the median hs-CRP level being 2.2 mg/L. Consistently, a Swedish study showed that
hs-CRP >2 mg/L was seen in more than 60% of patients after 30 days of AMIL.>® A large-scale analysis also revealed that
more than half of statin-treated participants had hs-CRP >2 mg/L with the median hs-CRP levels ranging from 2.1 to
2.3 mg/L."* In this context, residual inflammatory risk is highly prevalent in CAD populations and its role should be
highlighted in the contemporary management of MINOCA patients.

Current evidence has clearly clarified the crucial role of LDL-C in the development of CAD and confirmed the dose-
dependent relationship between LDL-C lowering and improved outcomes.®’ However, even if very low LDL-C levels are
achieved with intensive LDL-C lowering strategies using a combination of statins with ezetimibe or PCSK-9 inhibitors,
a substantial residual risk for adverse events still persists.'™!" As reported in FOURIER trial, the composite of cardiac death,
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A 0.4—

. Change patterns of hs-CRP
~Persistently low hs-CRP (n=256)
~Increased hs-CRP (n=107)

3 Reduced hs-CRP (n=185)
< ~IPersistently high hs-CRP (n=244)
s 0.37
L
o
()
o
c
5
‘5 0.27
£
()
>
5
g 0.1-
3
(&)
log rank p= 0.010
0.0
| | | |
0 20 40 60
Months after MINOCA
Persistently low hs-CRP 256 188 106 26
Increased hs-CRP 107 80 55 26
Reduced hs-CRP 185 147 96 38
Persistently high hs-CRP 244 194 124 58
B
Groups MACE (%) HR (95% CI) adjusted P value

Persistently low hs-CRP  25/256 (9.7%) Reference I

1
Increased hs-CRP 18/107 (15.8%) 1.64 (0.89-3.02) H——o— 0.107
1

Reduced hs-CRP 24/185 (12.9%) 1.07 (0.81-1.42) l-:'s-l 0.613

|
Persistently high hs-CRP 54/244 (22.1%)  1.28 (1.09-1.50)  1+e- 0.020

= 1 I 1 1
1.0 15 2.0 25 3.0

Figure 4 Relationship between change patterns of hs-CRP and risk of MACE. The change patterns of hs-CRP were identified as 4 types in a subset of 792 patients based on
hs-CRP levels at baseline and follow-up (6—12 months after MI) at the cutoff of 2mg/L. Persistently high hs-CRP indicated hs-CRP 22 mg/L both at baseline and at follow-up.
Cumulative incidence of MACE was shown by Kaplan—-Meier curves (A). Associations between change patterns of hs-CRP and risk of MACE were assessed by multivariable
Cox regression analysis (B).

MI, or stroke occurred in 5.9% of patients during follow-up of 2.2 years in the evolocumab subgroup even after a significant
reduction of LDL-C to a median of 30 mg/dL.>* More recently, research has found that inflammation should be responsible for
this substantial residual risk. A collaborative analysis of three randomized trials reported that hs-CRP was a stronger indicator of

adverse events than LDL-C levels in 31,245 patients receiving statins.'* Another analysis revealed that residual inflammatory
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risk but not cholesterol risk was associated with MACE risk in 15494 statin-treated patients undergoing percutaneous coronary
intervention (PCI).'> Meanwhile, elevated hs-CRP predicted CV risk and death more strongly than LDL-C among high-risk
patients with statin intolerance.”” Recent studies also demonstrated that hs-CRP was a more powerful predictor for CV events
than LDL-C in various subpopulations with CAD, including stable CAD, acute coronary syndrome, and all-comers undergoing
PCI.2*? In line with prior findings, we found that residual inflammation defined by hs-CRP >2 mg/L rather than LDL-C was an
independent driver of MACE in MINOCA. This effect was largely consistent in subgroup analysis, and hs-CRP remained
a predictor of MACE in patients who had achieved the guideline-recommended targets for LDL-C and other risk determinants.
A near-linear relationship between hs-CRP levels and risk of MACE was identified. These data addressed the role of residual
inflammation as a key contributor to CV risk in MINOCA population. Despite the existing literature, our analysis has novel
insights. First, a fundamentally different patient cohort was recruited, and so far, few data have addressed the impact of residual
cholesterol and inflammatory risk in this population. Second, most studies reported hs-CRP using a single measurement at
admission. Here, hs-CRP values recorded at a later phase (1-3 months post AMI) were defined as the baseline level considering
the fluctuations of hs-CRP in acute settings and its stability 46 weeks after AMI. We further analyzed the temporal change of hs-
CRP in a subset cohort and demonstrated a close association of persistently high hs-CRP with worse outcomes. This finding
indicates the latent harm of persistent low-grade inflammation smouldering in the late phase of MINOCA and supports the
concept that “the longer chronic inflammation persists, the higher the CV risk becomes”.*

Despite the solid evidence indicating inflammation as a key driver of residual risk, the importance of “lower is better”
approach for LDL-C management should not be diminished given the fundamental role of lipid lowering in secondary
prevention. The clinical trials and guidelines have recommended statin or adding other lipid-lowering medication such as
ezetimibe, PCSKO9 inhibitors, or bempedoic acid to further reduce LDL-C level and CV risk.® 19 Statins also have the ability to
lower the inflammatory burden beyond the lipid-lowering properties.®’ Therefore, LDL-C-targeted strategies should remain
one of the cornerstones in the treatment of CAD. However, the existing CV risk in statin-treated patients highlights the role of
residual inflammatory risk and provides a rationale for anti-inflammatory treatments in patients with CAD.

To date, anti-inflammatory agents including canakinumab and colchicine have been demonstrated to decrease CV risk. The
CANTOS trial first proved that the risk of CV events in patients with a history of MI and elevated hs-CRP was significantly
lower in those who received interleukin-1p antibody (canakinumab) than in those without it.'® More recently, the COLCOT
and LODOCO?2 trials showed that low-dose colchicine safely lowered MACE rate by 31% among patients with stable CAD
and by 23% after recent AML'""'® These magnitudes of benefit are larger than those in contemporary trials of adjunctive lipid-
lowering agents.**** A meta-analysis reported a substantial reduction in adverse events by colchicine in patients with acute or
chronic coronary syndrome.** The individual lifetime benefits of colchicine in patients with chronic CAD even outperformed
the intensified LDL-C reduction to 1.4 mmol/L and systolic blood pressure reduction to 130 mmHg.>> Yet, the CLEAR
SYNERGY trial failed to show a reduction in MACE in AMI patients who received colchicine.>® Hence, the benefit of
colchicine in AMI needs to be further validated by future trials. Currently, the most applicable anti-inflammatory agent for
vascular protection is oral colchicine 0.5 mg daily.*> Newer agents like IL-6 inhibitors are being investigated by ongoing
trials.>” Of note, inflammation inhibition and lipid lowering are not contradictory but are synergistic.>* The combined LDL-C
lowering and anti-inflammatory treatments may become standard of care for most atherosclerotic patients in the future.*®

Our study has several clinical implications. First, hs-CRP levels can be dynamically measured as a routine in patients
with MINOCA for better risk stratification. A higher baseline hs-CRP and persistently elevated hs-CRP could indicate
a greater likelihood of developing MACE. Yet, hs-CRP is a systemic biomarker and may be inadequate to capture the
heterogeneous inflammatory profiles. Second, assessment of hs-CRP may facilitate pre-emptive decision-making and
treatment strategies. For those with higher residual inflammatory risk, clinicians may consider a more tailored,
biomarker-guided approach by combining anti-inflammatory and LDL-C-targeted agents. This approach is helpful for
identifying MINOCA patients as a suitable target group who are likely to gain clinical benefits from the combination
therapy. Third, our analysis showed an independent effect of hs-CRP, separate from with the other residual risk
determinants such as LDL-C, TG, lipoprotein (a), and HbAlc. In patients who had well-controlled metabolic profiles
but elevated hs-CRP levels, initiating anti-inflammatory therapy is reasonable and may confer additional CV benefits
beyond the conventional secondary prevention therapies. Future research is warranted to elucidate the intricate interplay
between inflammation, metabolic dysfunctions, and CV outcomes.
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Limitation

Several limitations should be acknowledged. First, this was a single-center study with relatively small sample size and
potential selection bias. Our results may not be representative and need to be validated and generalized in future
nationwide studies. Second, we mainly studied the composite endpoint as MACE, and the limited number of each
hard endpoint may not be sufficient for statistical significance. Third, detailed data on the intensity and duration of statins
were not available. Newer lipid-lowering drugs and anti-inflammatory medications were not assessed as they became
available during the latter part of the study period and were prescribed to only a few patients at the time of admission.
Fourth, despite multivariable adjustment and subgroup analysis, potential unmeasured confounding factors may exist and
thus bias the results because of the observational study design. Fifth, given the low usage of intravascular imaging and
CMR, the exact causes of MINOCA in each patient were not adequately captured. This diagnostic limitation is inherent
to our study design which relied on conventional diagnostic tools rather than comprehensive multi-modal approaches and
may lead to under-diagnosis of subtle atherosclerosis and other mechanisms. Future research with multimodal imaging
and functional assessment is needed to address this issue. Lastly, the change patterns of hs-CRP were identified based on
available hs-CRP levels at two time periods, yet the real-time changes of hs-CRP and its cumulative levels were not
recorded. Furthermore, inflammatory markers other than hs-CRP such as interleukin and cytokines were not measured,
which may restrict a comprehensive understanding of the inflammatory profiles in this population.

Conclusions

Residual inflammatory risk quantified by hs-CRP >2mg/L was an independent risk factor of MACE in patients with
MINOCA, irrespective of LDL-C levels. This effect was largely consistent in subgroup analysis, and particularly, in
statin-treated patients with well-controlled lipid profile. Persistent post-MI inflammation defined by hs-CRP >2mg/L both
at baseline and follow-up was a major driver for adverse outcomes after MINOCA even after adherence to guideline-
directed secondary preventive measures.
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