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Introduction: Coronary artery disease remains the leading cause of death
globally, with ST-segment elevation myocardial infarction (STEMI) requiring
immediate intervention. However, some STEMI patients are later diagnosed
with myocardial infarction with non-obstructive coronary arteries (MINOCA).
Differentiating MINOCA is challenging and often hampered by limited access
to advanced imaging. This study examines MINOCA patient characteristics
and explores whether demographics, routine laboratory, and ECG findings
can help differentiate MINOCA subgroups in the absence of advanced imaging.
Methods: We conducted a retrospective single-center study of 2,553 suspected
consecutive STEMI cases between 2013 and 2023. After excluding acute
obstructive coronary artery disease and missing data, 296 patients were
analyzed based on final diagnosis and compared by clinical, laboratory and
diagnostic characteristics.

Results: Among 296 patients, 205 (69.3%) met MINOCA criteria. Coronary
causes (9.1%) included embolism and plaque rupture. Cardiac non-coronary
causes (47.6%) included (peri-) myocarditis, non-STEMI (NSTEMI) type 2, and
Takotsubo cardiomyopathy. Non-cardiac causes (5.4%), such as pulmonary
embolism and aortic dissection, were less common. NSTEMI type 1 occurred
in 3.7%, and 27.0% had no identifiable cause.

Patients with (peri-) myocarditis were significantly younger, had lower BM],
higher CK and CRP levels, and more frequent ST-segment elevations. In
contrast, NSTEMI type 2 patients were older, more often in shock, had more
comorbidities, and used cardiovascular medications more frequently.
Conclusion: In the absence of advanced imaging, routine clinical and
laboratory parameters can provide critical information to differentiate
MINOCA subtypes and guide the urgency of downstream diagnostic tests.
In resource-limited settings, they could provide a framework for future
risk-based scoring systems to optimize imaging use and improve patient care.
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MINOCA, ST-segment elevation myocardial infarction, myocarditis, Takotsubo syndrome,
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1 Introduction

Coronary artery disease (CAD) has been the leading cause of
mortality worldwide for many years (1). The low ischemic
tolerance of myocardial tissue highlights the critical need for
prompt recognition and management of affected patients. To
address this need, specialized care structures such as chest pain
units have been established, employing clearly defined treatment
algorithms aimed at the rapid identification and treatment of
acute coronary syndromes (ACS). Particularly in patients
presenting with ST-segment elevation myocardial infarction
(STEMI),

morbidity and mortality (2).

immediate intervention is essential to minimize

Despite advances in diagnostic and therapeutic strategies, a
notable proportion of patients presenting with STEMI do not
exhibit (>50%) on

angiography. These patients are classified under the working

significant coronary artery stenoses

diagnosis of myocardial infarction with non-obstructive
coronary arteries (MINOCA), which accounts for approximately
1%-14% of all ACS presentations (2, 3). Recognizing the clinical
importance of this entity, the latest 2023 European Society of
Cardiology (ESC) guidelines for ACS devote a dedicated chapter
to MINOCA (2).

Identifying the underlying pathologies responsible for
MINOCA remains a major diagnostic challenge. Importantly,
patients with MINOCA have a considerable 12-month mortality
rate of approximately 5% (3), emphasizing the necessity of
accurate and timely diagnosis. Underlying causes can be broadly
categorized into three groups: (I) Coronary causes including
plaque rupture, coronary artery dissection, coronary embolism,
vasospasm, myocardial bridging and microvascular dysfunction;
(I)  cardiac
Takotsubo

cardiotoxicity, trauma and heart transplant graft failure; and

non-coronary causes including myocarditis,

cardiomyopathy, other cardiomyopathies,
(IIT) non-cardiac causes such as ARDS, allergic reactions,
systemic inflammation or sepsis, pulmonary embolism, aortic
dissection, stroke, renal failure and severe hypertension (2).
Cardiac magnetic resonance imaging (CMR) can establish a
diagnosis in approximately 87% of MINOCA cases and has been
granted a Class IB recommendation in the 2023 ESC guidelines

(2). However, in real-world clinical practice, CMR remains

Abbreviations

ACEi, angiotensin-converting enzyme inhibitor; ACS, acute coronary
syndrome; ARB, angiotensin II receptor blocker; ASA, acetylsalicylic acid;
AUC, area under the curve; BMI, body mass index; CAD, coronary artery
disease; CK, creatine kinase; CMR, cardiac magnetic resonance imaging;
CPR, cardiopulmonary resuscitation; CRP, C-reactive protein; CT, computed
tomography; ECG, electrocardiogram; ECMO, extracorporeal membrane
oxygenation; hs-TnT, high sensitive Troponin T; LBBB, left bundle branch
block; LDH, lactate dehydrogenase; MINOCA, myocardial infarction with
nonobstructive coronary artery disease; ND, no data; NOAC, new oral
anticoagulants; NSTEMI, non-ST-elevation myocardial
proBNP, N-terminal prohormone of brain natriuretic peptide; PCI,
percutaneous coronary intervention; RBBB, right bundle branch block; ROC,
receiver operating characteristic SCAD, spontaneous coronary artery
dissection; STEMI, ST-segment elevation myocardial infarction; TG,
triglycerides; TEE, transesophageal echocardiography; URL, upper reference
limit; [adm], at admission; [max], peak value.

infarction; NT-
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underutilized, mainly due to limited availability, costs, and
logistic constraints. Large registry data indicate global utilization
rates well below 50%, and when CMR is performed, it is often
delayed substantially, with a median time to CMR of about 180
days (4, 5). Consequently, although CMR represents the
diagnostic gold standard, it frequently cannot contribute to
acute diagnostic decision-making or risk stratification in daily
practice. Therefore, the identification of MINOCA sub-entities
based on routine biomarkers and ECG parameters remains of
high clinical relevance.

Among laboratory markers, cardiac troponins are the most
studied biomarkers for distinguishing underlying etiologies.
A short-term coronary occlusion with spontaneous resolution,
such as seen in embolism, spasm, or dissection, typically results
in troponin elevations >5-10 times the upper reference limit
(URL), whereas lower levels (1-5x URL) are more suggestive of
Takotsubo
troponin T level on admission in MINOCA patients was
0.48 pg/L (6). However, a study on 50 women with MINOCA
by Reynolds et al. demonstrated that maximum troponin levels

myocarditis or cardiomyopathy. The average

are not suitable to distinguish between the different pathologies
and highlighted that rather troponin dynamics might be helpful
(7). This is in line with an investigation on 49 patients with
suspected STEMI and MINOCA, which revealed that the
troponin dynamics and natriuretic peptide levels could aid in
differentiation: patients with myocarditis showed less dynamic
troponin Kkinetics, while those with Takotsubo cardiomyopathy
demonstrated relatively low troponin levels despite significant
wall motion abnormalities. Moreover, elevated levels of
C-reactive protein (CRP) and leukocytes on admission were
associated with perimyocarditis, albeit the authors were unable
to supply defined cutoff values (6).

Of note, this latter study by Stensaeth et al. also highlighted
the role of N-terminal prohormone of brain natriuretic peptide
(NT-proBNP) in the light of MINOCA differentiation. While
patients with coronary pathologies or myocarditis usually
present with lower NT-proBNP values, Takotsubo patients are
characterized by unexpectedly high NT-proBNP levels—
especially in relation to the extent of myocardial injury reflected
by troponin quantification (6).

The D-dimer assay, traditionally used in the diagnosis of
pulmonary embolism, has also been investigated in the context
of MINOCA. A retrospective study of 322 STEMI patients
without significant coronary stenoses identified D-dimer as a
useful trigger for further evaluation for aortic dissection, with a
suggested cutoff value of 750 ng/mL (8).

The largest studies on MINOCA patients in the setting of ACS
showed variable distributions regarding the underlying
pathologies. While the final diagnosis remains unclear in about
one third of all cases, the three most common diagnoses include
(50%-60%),
identified by intravascular imaging (10%-40%) and Takotsubo
cardiomyopathies (~10%) (6, 7, 9).

Collectively, existing studies highlight the diagnostic yield of

peri-myocarditis coronary pathologies mostly

CMR, intravascular imaging and the potential utility of
laboratory and ECG parameters in identifying underlying causes
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in MINOCA patients. Yet, many questions remain regarding how
best to stratify these patients in real-world settings, where
advanced diagnostics are not always feasible. Thus, the present
study retrospectively evaluates whether laboratory and ECG
findings can effectively differentiate underlying pathologies
among STEMI patients with MINOCA, aiming to optimize
when advanced

diagnostic ~ strategies

are unavailable.

imaging modalities

2 Methods
2.1 Study design and population

This retrospective single-center observational study was
conducted at Ludwig-Maximilians-Universitit (LMU) Hospital
in Munich, Germany. Data were extracted from the LMU
STEMI database, encompassing patients admitted between 2013
and 2023. Inclusion criteria were an initial diagnosis of STEMI
upon referral or admission and the performance of
coronary angiography.

For this analysis, we screened all patients in whom
acute obstructive CAD (defined as >50%

excluded as the underlying cause of ST-segment elevation or

stenosis) was
clinical symptoms. Among 2,553 patients who underwent
identified with no
obstructive CAD. After excluding 9 cases due to incomplete

angiography, 305 cases were acute
clinical or diagnostic data, 296 patients were included in the

final analysis (Figure 1).

2.2 MINOCA diagnostic work-up

Patients were stratified by final diagnosis into MINOCA
subgroups, including coronary, non-coronary cardiac, and non-
cardiac causes. Clinical characteristics, laboratory parameters,
and diagnostic findings were systematically compared across
these groups.

The diagnostic work-up of MINOCA cases was performed at
the discretion of the attending physician and followed local
clinical standards. In almost all patients, a structured medical
history, physical 12-lead resting ECG, and
coronary angiography were performed upon presentation. If

examination,

coronary angiography revealed no hemodynamically significant
stenosis, a left ventriculography was routinely performed during
the same procedure to assess wall-motion abnormalities and
ejection fraction.

The
intravascular imaging (IVUS or OCT), vasospasm provocation

indication for further diagnostic testing—such as

testing or non-invasive modalities performed outside the
catheterization laboratory (e.g, CMR, computed tomography,
long-term ECG monitoring, or transesophageal echocardiography)
—was based on the clinical judgment of the attending physician
and individual patient presentation.

Vasospasm testing was not performed systematically. In

selected cases with angiographically apparent transient vessel
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narrowing and compatible ischemic symptoms or ECG changes,
confirm

with
intracoronary acetylcholine was not part of the acute diagnostic

intracoronary nitroglycerin was administered to

reversibility. =~ Formal  pharmacologic ~ provocation
protocol, in line with current ESC recommendations, which
state that such testing may be considered in patients with
suspected vasospastic angina but is not routinely necessary in
the acute ACS setting due to the small but relevant risk of
complications (2). Cases in which vasospasm could not be
confidently confirmed were conservatively classified as
“unknown/other.”

All diagnostic data were reviewed retrospectively for the
present analysis, and the final diagnosis was adjudicated by two

independent cardiologists.

2.3 ST-segment elevation

All patients included in this study were initially classified as
STEMI cases based on the diagnosis made at first medical
ECG findings
independently reviewed by experienced cardiologists who were

contact. In each case, the initial were
blinded to the final diagnosis. Any discrepancies among the
experts were resolved by consensus. ST-segment elevations were
re-evaluated and re-classified according to the criteria defined in
the most recent ESC guidelines for the management of acute

coronary syndromes (2).

2.4 Ethical approval

The study was conducted in accordance with the Declaration
of Helsinki and approved by the local institutional ethics
committee (LMU Munich; approval number #23-0609). Owing
to the retrospective nature of the study, the requirement for
informed consent was waived.

2.5 Statistical analysis

Statistical analyses were performed using Prism 10 software
(GraphPad, USA). Population characteristics were reported as
median and inter quartile range (IQR). Group comparisons
were conducted using mean, standard deviation and two-
tailed unpaired t test for continuous variables. For categorical
variables, proportions were compared using Fisher’s exact
test. P values <0.05 were considered statistically significant.
Subsequently, the diagnostic performance of the five best-
selected based
significance (lowest p-values) and a prevalence of at least

fitting variables, on highest statistical
10% in either cohort, was evaluated using univariate ROC
addition, ROC

multiple logistic

curve analysis. In curve analysis was

performed on a regression model
incorporating the combination of variables demonstrating the
highest

calculation was performed.

diagnostic performance. No prior sample size
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FIGURE 1

Diagram illustrating patient selection from the LMU STEMI database (2013-2023). Out of N = 2553 patients who underwent coronary angiography,
N =305 cases with no acute obstructive coronary artery disease (CAD) were identified. After excluding N = 9 patients due to missing data, N = 296
patients were included in the final anylsis assessing population characteristics, laboratory data, and diagnostic data. N = 205 patients were identified
as having myocardial infarction with nonobstructive coronary arteries (MINOCA), while N = 91 patients were classified as non-MINOCA.

LMU STEMI Database
(Years 2013 - 2023)
(N=2553)

Excluded:
Acute
Obstructive CAD
(N=2248)

Screened for
No Acute

Obstructive CAD

(N=305)

Excluded:
Missing Data
(N=9)

Included in
Final Analysis
(N=296)

Analysis

* Population
Characteristics
* Laboratory Data
* Diagnostic Data

MINOCA Non-MINOCA
(N=205) (N=91)

Frontiers in Cardiovascular Medicine 04

frontiersin.org



Hoppe et al.

3 Results
3.1 Study population

A total of 296 patients initially admitted with suspected
STEMI, but in whom acute obstructive CAD was later excluded
based on coronary angiography, were included in the analysis.
Among these, 205 patients (69.3%) were diagnosed with
MINOCA,
embolism (3.7%), plaque rupture (2.7%), coronary vasospasm

including coronary causes such as coronary
(2.0%), and spontaneous coronary artery dissection (SCAD)
(0.7%). Non-coronary (peri-)
myocarditis  (19.9%), non-ST-segment elevation myocardial
infarction (NSTEMI) type 2 (11.8%), Takotsubo cardiomyopathy
(5.4%), (3.7%),

segment elevation (3.7%) and arrhythmias (3.0%). Non-cardiac

cardiac  causes included

other cardiomyopathies perioperative  ST-
causes were pulmonary embolism (2.7%), aortic dissection
(1.4%), and sepsis (1.4%). An additional 7.1% were attributed to
other MINOCA-related causes, such as hypertension and
myocardial bridging. Non-MINOCA cases included NSTEMI
type 1 (3.7%) and in 80 patients (27.0%) either no pathology
was identified, or the underlying cause remained unknown.
Detailed information on demographics, clinical characteristics,
laboratory findings, medical history, diagnostic tests and

medication is presented in Table 1.

3.2 Demographics and clinical
characteristics

The median age was 61.0 years (IQR 47.1; 73.9), with (peri-)
myocarditis patients being younger (46.3 years) compared to
those with Takotsubo cardiomyopathy (76.7 years) and NSTEMI
type 1 (72.5 years) (Figure 2A). The majority of the cohort was
male (73.3%), though certain subgroups, such as Takotsubo
cardiomyopathy patients, exhibited a predominance of female
individuals (81.2%). Median BMI across the cohort was 25.1 kg/
m?> (IQR 23.4; 27.7), with no notable differences between
subgroups (Figure 2B). Left ventricular ejection fraction was
preserved in most groups, with a median of 60% (IQR 45; 60),
except for Takotsubo cardiomyopathy and NSTEMI type 1
patients who demonstrated a notably lower ejection fraction
(median 40%). Significant ST-segment elevation on ECG was
present in 36.8% of patients, particularly frequent in plaque
rupture (100%), SCAD (100%), aortic dissection (75%), (peri-)
myocarditis (67.8%), coronary vasospasm (66.7%) and coronary
embolism (63.6%) (Figure 2C). Cardiogenic shock was observed
in 16.9% of all patients, highest among those with aortic
dissection (75%) and sepsis (75%) (Figure 2D). Mechanical
circulatory support with extracorporeal membrane oxygenation
(ECMO) was employed in 3.0% of cases, predominantly in
patients with aortic dissection (50%) and perioperative ST-
elevation (27.3%).
(CPR) was performed in 3.7% of patients, primarily among
those with aortic dissection (25%) and NSTEMI type 1 (18.2%).
(Table 1)

segment Cardiopulmonary resuscitation
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3.3 Laboratory findings

Median peak levels of creatine kinase (CK) and high-sensitive
troponin T (hs-TnT) were 229 U/L (IQR 107; 707) and 0.170 ng/
mL (IQR 0.018; 1.270), respectively. The highest CK levels were
observed in patients with SCAD (2,069 U/L), plaque rupture
(1,913 U/L), and perioperative ST-segment elevation (1,680 U/L)
(Figure 2F). In contrast, the highest CK levels at admission were
found in patients with perioperative ST-segment elevation
(906 U/L) and (peri-) myocarditis (357 U/L) (Figure 2E). The
highest hs-TnT admission and peak values were noted in cases
of perioperative
5.700 ng/mL) and
2.175 ng/mL). Cases with plaque rupture had the most notable

ST-segment elevation (2.590 ng/mL and

coronary embolism (1.125ng/mL and
hs-TnT dynamic (0.100 ng/mL at admission and 3.980 ng/ml
peak value) (Figures 2G,H). Inflammatory markers, such as
CRP, were highest in sepsis (19.1 mg/dl) and myocarditis
(3.4 mg/dl) (Figure 2I), while leukocyte count was highest in
cases of sepsis and SCAD (both 14.9 G/L) (Figure 2]). Median
D-dimer levels were markedly elevated in cases of NSTEMI type
1 (17.6 ug/mL), sepsis (15.7 ug/ml), aortic dissection (5.6 ug/
mL), NSTEMI type 2 (4.6 pg/mL), and pulmonary embolism
(4.3 pg/mL) (Table 1). However, the median D-Dimer for
NSTEMI type 1 may be skewed, as only a few measurements
were available for analysis.

3.4 Medical history, medication usage and
diagnostic testing

Hypertension was the most prevalent comorbidity (47.3%),
particularly in patients with aortic dissection (100%) and
NSTEMI type 1 (90.9%). Antiplatelet therapy with acetylsalicylic
acid (ASA) was prescribed in 32.1% of patients, most frequently
in NSTEMI type 2 (65.7%) and NSTEMI type 1 (63.6%). Beta-
blockers (31.1%) and angiotensin-converting enzyme inhibitors
(ACEi) or angiotensin II receptor blockers (ARB) (35.5%) were
also commonly administered, reflecting standard secondary
prevention measures. Diagnostic imaging utilization varied by
etiology. CMR was most frequently performed in (peri-)
(64.4%),
commonly utilized in SCAD (100%), pulmonary embolism
(100%), sepsis (75%), and aortic dissection (75%) (Table 1).

myocarditis patients while CT angiography was

3.5 Comparison of (peri-) myocarditis with
all other diagnoses

Among the 296 patients included in the analysis,
59 (19.9%) were diagnosed with peri-myocarditis. Compared to
patients with other etiologies, those with (peri-) myocarditis
exhibited  distinct

therapeutic characteristics.

clinical, demographic, diagnostic and

Patients with (peri-) myocarditis were significantly younger
(p<0.001), with a mean age of 46.3 years compared to 62.2
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mass index, (C) presence of significant ST-elevation at admission, (D) shock at admission, (E) creatine kinase (CK) levels at admission, (F) CK peak
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years in the remaining cohort (Figure 3A). BMI was also
significantly lower in the (peri-) myocarditis group (mean: 23.4
vs. 26.2 kg/mz, p<0.001) (Figure 3B). (Peri-) Myocarditis
patients had significantly higher elevated CK at admission
compared to all other patients 340 U/L,
p=0.007) (Figure 3C). Interestingly, triglyceride (TG) levels
were significantly lower in patients with (peri-) myocarditis
100 vs. 137 mg/dl,
likely reflecting their younger age and lower

(mean: 595 vs.

compared to all other groups (mean:
p=0.048),
prevalence of coronary artery disease (Figure 3D). Notably, CRP
was substantially higher in (peri-) myocarditis (mean: 7.0 vs.
32mg/dl, p<0.001),
pathogenesis (Figure 3E). Significant ST-segment elevation was

consistent with an inflammatory
more commonly observed in (peri-) myocarditis patients (67.8%
vs. 29.1%, p<0.001). Other ECG abnormalities such as LBBB
and RBBB were less frequent in this group (Figure 3F).
Univariate ROC curve analyses of age, BMI, CK at admission,
CRP, and

individually modest predictive value for (peri-) myocarditis. In

significant ST-segment elevation demonstrated
contrast, a multivariable logistic regression model incorporating
age, BMI, CRP, and significant ST-segment elevation showed a
substantially improved discriminative ability for predicting (peri-

) myocarditis (AUC =0.8173) (Figure 4).

3.6 Comparison of NSTEMI type 2 with all
other diagnoses

Of the 296 patients analyzed, 35 (11.8%) were diagnosed with
NSTEMI type 2. Compared to patients with other underlying
causes, those with NSTEMI type 2 demonstrated unique clinical,
demographic, diagnostic and treatment profiles.

Patients diagnosed with NSTEMI type 2 were significantly
older (p=0.001), with a mean age of 67.9 years compared to
58.1 years in the rest of the cohort (Figure 5A). Additionally,
patients with NSTEMI type 2 were more likely to present with
shock (31.4% vs. 14.9%, p=0.027) (Figure 5B). The two
differed their
medication profiles. Individuals with NSTEMI type 2 were

groups also notably in pre-admission
significantly more likely to have been prescribed acetylsalicylic
acid (ASA) (65.7% vs. 27.6%, p <0.001), Prasugrel (11.4% vs.
2.3%, p=0.021) and beta blockers (54.3% vs. 28.0%, p = 0.006)
(Figure 5C). Additionally, patients with NSTEMI type 2 had a
distinct medical history, showing a significantly higher
prevalence of prior percutaneous coronary interventions (PCI)
(28.6% vs. 12.3%, p=0.039) and a trend toward more
hypertension (62.9% vs. 45.2%, p =0.070) and diabetes (22.9%
vs. 12.3%, p=0.110) compared to those with other etiologies
(Figure 5D). Univariate ROC curve analyses of age, presence
of shock, history of ASA use, beta blocker therapy, and prior
PCI demonstrated individually modest predictive value for
(peri-)myocarditis. In contrast, ROC curve analysis of a
multivariable logistic regression model incorporating all these
variables showed a substantially improved discriminative
ability  for (AUC=0.7743)
(Figure 6).

predicting (peri-)myocarditis
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4 Discussion

In this single-center retrospective study of 2,553 patients
initially admitted with suspected STEMI, we found that a
substantial proportion of 205 patients (8.0%) were classified as
MINOCA. This proportion is in line with previous reports
which estimate MINOCA to account for approximately 5%-15%
of all (10-14).
Importantly, we demonstrate that routine clinical and laboratory

acute myocardial infarction presentations

parameters, including demographics, pre-existing medical
history, ECG patterns and biomarkers, offer valuable insights
into the underlying etiology of MINOCA—particularly in the
absence of advanced imaging modalities.

Our findings underscore the heterogeneity of MINOCA, with
(peri-) NSTEMI type 2, and Takotsubo

cardiomyopathy being the most frequent etiologies. Notably,

myocarditis,

patients with myocarditis were significantly younger, had lower
BMI, higher CRP and CK levels, and more frequently presented
with significant ST-segment elevations compared to other
groups. These observations are consistent with previous studies
suggesting a distinct inflammatory profile and highlight the
potential of using basic parameters to trigger early suspicion and
targeted diagnostics for myocarditis (7, 11, 15).

Importantly, the discriminative potential of these routine
parameters was further supported by our ROC curve analyses:
univariate analyses of age, BMI, CRP and CK levels, and
significant ST-segment elevation individually demonstrated only
modest predictive value for (peri-) myocarditis. However, when
these variables were combined in a multivariable logistic
regression model, the predictive
considerably (AUC = 0.8173).

Conversely, patients with NSTEMI type 2 were significantly

performance improved

older, exhibited a higher burden of cardiovascular comorbidities,
and diabetes,

reflecting a more typical ischemic risk profile (16, 17). These

including hypertension and polypharmacy,
findings are in line with those of Collinson and Lindhal, who
noted that NSTEMI type 2 is commonly associated with chronic
illnesses and secondary to an underlying cause. In our analysis,
univariate ROC curves of age, shock, history of ASA use, beta-
blocker therapy, and prior PCI showed only limited predictive
accuracy for NSTEMI type 2. However, when these parameters
were combined in a multivariable logistic regression model, the
discriminative ability improved substantially (AUC =0.7743),
underscoring the value of integrating multiple routine clinical
features to enhance diagnostic predictability. This supports the
idea that clinical context and prior history remain essential to
differentiating type 2 infarction from other MINOCA subtypes (17).

Our CMR
substantially improves particularly in

results align with existing evidence that
diagnostic certainty,
myocarditis and Takotsubo syndrome (18). However, the reality
remains that CMR is not routinely available in many acute or
resource-limited settings. Our study addresses this gap by
highlighting that even in the absence of advanced imaging, basic
clinical and laboratory parameters can serve as surrogate
indicators that may help clinicians prioritize diagnostic steps.

With regard to biomarkers, CRP was significantly elevated in
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myocarditis and sepsis, while D-dimer was particularly useful for
identifying non-cardiac causes such as pulmonary embolism and
with
previous reports and further support the use of these markers

aortic dissection. These observations are consistent
as part of a structured diagnostic algorithm for MINOCA
patients (2, 7, 15).

Although only STEMI patients were included in this study,
significant ST-segment elevations were not universally present.
the

cardiologists according to our study protocol, only one third of

Based on reevaluation of ECG findings by expert
our MINOCA patients presented with significant ST-segment
elevations based on current ESC guidelines (2). This finding
underscores the diagnostic ambiguity in the emergency setting
and supports the growing recognition that the term “STEMI”
may not always reflect an obstructive
particularly in MINOCA.

This study has several limitations. First, its retrospective

coronary event,

design and single-center setting limit generalizability. Second,
not all patients underwent standardized imaging (e.g, CMR
performed in only 23.3%), introducing potential classification
the
misclassification. However, this CMR utilization rate closely

bias and therefore increasing risk of diagnostic
mirrors real-world data, where global CMR implementation in
MINOCA remains far below 50%, often performed with
substantial delay after the index event (median 180 days) due to
limited availability and resources (4, 5). Third, due to the
observational nature, no causal relationships can be inferred.
Furthermore, the relatively high proportion of patients (36.8%)
in whom significant ST-segment elevation was not confirmed
after blinded ECG re-evaluation reflects a common real-world
phenomenon of initial STEMI over-triage at first medical
that

approximately 5%-15% of pre-hospital or emergency STEMI

contact. Large registry analyses have demonstrated

activations are ultimately reclassified as non-STEMI or non-
(19, 20). Based on our total STEMI
population (n=2,553), this proportion would correspond to

ischemic conditions

roughly 200-250 expected false-positive activations, which
would—consistent with clinical experience—be overrepresented
among patients without obstructive coronary artery disease, i.e.,
within the MINOCA subgroup. Thus, our findings realistically
capture the diagnostic uncertainty inherent to acute emergency
triage and reflect a representative real-world spectrum of
patients presenting with suspected STEMI but unobstructed
coronary arteries. Finally, the relatively small sample sizes in
certain etiologies (e.g., SCAD) constrained the statistical power
to identify subgroup-specific trends.

Despite these constraints, the findings show that in the absence
of CMR, the current gold standard for MINOCA diagnosis, routine
clinical and laboratory parameters such as age, BMI, CRP levels and
ECG changes can assist in raising early clinical suspicion for specific
MINOCA subtypes and guide further evaluation. These data may
serve as a foundation for risk stratification tools or scoring
systems, especially relevant in emergency departments, small
hospitals, or other resource-limited settings where advanced
imaging modalities are not readily available. Such future risk-
based scoring systems could support clinical decision-making

Frontiers in Cardiovascular Medicine

15

10.3389/fcvm.2025.1690879

regarding the appropriate use of advanced imaging. For instance,
patients with inflammatory profiles or suggestive ECG findings
could be prioritized for CMR, whereas those presenting with
typical ischemic patterns, but fewer red flags, might be managed
with lower diagnostic urgency.

Importantly, our study does not aim to demonstrate superiority
or equivalence to guideline-recommended diagnostic algorithms
such as the ESC 2023 pathways, which remain the clinical gold
standard for the evaluation of patients with suspected MINOCA
(2). Rather, our results provide pragmatic, real-world insights into
how routinely available clinical, ECG, and laboratory data can
serve as a complementary decision aid in the initial triage of
patients, particularly where advanced imaging (e.g, CMR or
intracoronary imaging) is delayed or unavailable. In this sense,
adds
recommendations by highlighting that even simple, widely

our work an operational perspective to guideline

accessible parameters can meaningfully support diagnostic

prioritization in the early phase of patient management.
studies
prospectively. Further, the development of clinical scoring systems

Future should aim to validate these findings
that integrate clinical baseline data could enhance the efficiency,
equity and timelines of care for patients with suspected MINOCA,

especially where access to advanced imaging is constrained.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by IRB of LMU
Hospital, Munich, Germany. The studies were conducted in
with the
requirements. Owing to the retrospective nature of the study

accordance local legislation and institutional

requirements for informed consent was waived by our IRB.

Author contributions

Data
review &

JH:  Methodology, curation,
Validation,

Visualization, Formal analysis, Writing - original draft. MS:

Conceptualization,

Writing - editing, Investigation,
Writing - original draft, Data curation, Investigation, Formal
analysis, Writing - review & editing. KD: Conceptualization,
Methodology, Validation, Writing - original draft, Writing -

review & editing, Investigation. DE: Writing - review & editing,

Writing - original draft, Investigation, Data curation. SM:
Conceptualization, Validation, Writing - review & editing,
Resources, Writing - original draft. CS: Investigation, Data
curation, Writing - original draft, Software, Visualization,
Resources, Formal analysis, Conceptualization, Supervision,
Project administration, Methodology, Writing - review &

editing, Validation.

frontiersin.org



Hoppe et al.

Funding

The author(s) declare that no financial support was received
for the research and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

References

1. World Health Organization. Global Health Estimates: Life Expectancy and
Leading Causes of Death and Disability. Geneva: WHO (2021). Available online at:
https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates

2. Byrne RA, Rossello X, Coughlan JJ, Barbato E, Berry C, Chieffo A, et al. 2023
ESC guidelines for the management of acute coronary syndromes. Eur Heart ].
(2023) 44(38):3720-826. doi: 10.1093/eurheartj/ehad191

3. Yoo SM, Jang S, Kim JA, Chun EJ. Troponin-positive non-obstructive coronary
arteries and myocardial infarction with non-obstructive coronary arteries: definition,
etiologies, and role of CT and MR imaging. Korean J Radiol. (2020) 21(12):1305-16.
doi: 10.3348/kjr.2020.0064

4. Valente BP, Sanches FB, Monaco MID, Naranjo GCS, Alves CHM, Menezes MP,
et al. Clinical profile and incidence of 36-month cardiovascular events in patients
with MINOCA: a regional registry of 126 patients in a tertiary cardiology hospital.
Eur Heart J. (2023) 44(Supplement_2). doi: 10.1093/eurheartj/ehad655.1553

5. Pustjens TFS, Meerman A, Vranken NPA, Ruiters AW, Gho B, Stein M, et al.
Importance of confirming the underlying diagnosis in patients with myocardial
infarction and non-obstructive coronary arteries (MINOCA): a single-centre
retrospective cohort study. BMC Cardiovasc Disord. (2021) 21(1):357. doi: 10.1186/
512872-021-02176-2

6. Stensaeth KH, Fossum E, Hoffmann P, Mangschau A, Klow NE. Clinical
characteristics and role of early cardiac magnetic resonance imaging in patients
with suspected ST-elevation myocardial infarction and normal coronary arteries.
Int J Cardiovasc Imaging. (2011) 27(3):355-65. doi: 10.1007/s10554-010-9671-7

7. Reynolds HR, Srichai MB, Igbal SN, Slater JN, Mancini GB, Feit F, et al.
Mechanisms of myocardial infarction in women without angiographically
obstructive coronary artery disease. Circulation. (2011) 124(13):1414-25. doi: 10.
1161/CIRCULATIONAHA.111.026542

8. Kaito D, Yamamoto R, Nakama R, Hashizume K, Ueno K, Sasaki J. D-dimer for
screening of aortic dissection in patients with ST-elevation myocardial infarction. Am
] Emerg Med. (2022) 59:146-51. doi: 10.1016/j.ajem.2022.07.024

9. Assomull RG, Lyne JC, Keenan N, Gulati A, Bunce NH, Davies SW, et al. The
role of cardiovascular magnetic resonance in patients presenting with chest pain,
raised troponin, and unobstructed coronary arteries. Eur Heart ]. (2007)
28(10):1242-9. doi: 10.1093/eurheartj/ehm113

10. Smilowitz NR, Mahajan AM, Roe MT, Hellkamp AS, Chiswell K, Gulati M, et al.
Mortality of myocardial infarction by sex, age, and obstructive coronary artery disease
status in the ACTION registry-GWTG (acute coronary treatment and intervention
outcomes network registry-get with the guidelines). Circ Cardiovasc Qual Outcomes.
(2017) 10(12):e003443. doi: 10.1161/CIRCOUTCOMES.116.003443

Frontiers in Cardiovascular Medicine

16

10.3389/fcvm.2025.1690879

Any alternative text (alt text) provided alongside figures
in this article has been generated by Frontiers with the
support of artificial intelligence and reasonable efforts have
been made to ensure accuracy, including review by the
authors wherever possible. If you identify any issues, please
contact us.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

11. Pasupathy S, Air T, Dreyer RP, Tavella R, Beltrame JF. Systematic review of
patients presenting with suspected myocardial infarction and nonobstructive
coronary  arteries.  Circulation.  (2015)  131(10):861-70.  doi:  10.1161/
CIRCULATIONAHA.114.011201

12. Barr PR, Harrison W, Smyth D, Flynn C, Lee M, Kerr AJ. Myocardial
infarction without obstructive coronary artery disease is not a benign condition
(ANZACS-QI 10). Heart Lung Circ. (2018) 27(2):165-74. doi: 10.1016/j.hlc.2017.
02.023

13. Lindahl B, Baron T, Erlinge D, Hadziosmanovic N, Nordenskjold A, Gard A,
et al. Medical therapy for secondary prevention and long-term outcome in
patients with myocardial infarction with nonobstructive coronary artery
disease. Circulation. (2017) 135(16):1481-9. doi: 10.1161/CIRCULATIONAHA.
116.026336

14. Safdar B, Spatz ES, Dreyer RP, Beltrame JF, Lichtman JH, Spertus JA, et al.
Presentation, clinical profile, and prognosis of young patients with myocardial
infarction with nonobstructive coronary arteries (MINOCA): results from the
VIRGO study. ] Am Heart Assoc. (2018) 7(13). doi: 10.1161/JAHA.118.009174

15. Tamis-Holland JE, Jneid H, Reynolds HR, Agewall S, Brilakis ES, Brown TM,
et al. Contemporary diagnosis and management of patients with myocardial
infarction in the absence of obstructive coronary artery disease: a scientific
statement from the American Heart Association. Circulation. (2019) 139(18):
€891-908. doi: 10.1161/CIR.0000000000000670

16. DeFilippis AP, Chapman AR, Mills NL, de Lemos JA, Arbab-Zadeh A, Newby
LK, et al. Assessment and treatment of patients with type 2 myocardial infarction and
acute nonischemic myocardial injury. Circulation. (2019) 140(20):1661-78. doi: 10.
1161/CIRCULATIONAHA.119.040631

17. Collinson P, Lindahl B. Type 2 myocardial infarction: the chimaera of
cardiology? Heart. (2015) 101(21):1697-703. doi: 10.1136/heartjnl-2014-307122

18. Mileva N, Paolisso P, Gallinoro E, Fabbricatore D, Munhoz D, Bergamaschi L,
et al. Diagnostic and prognostic role of cardiac magnetic resonance in MINOCA:
systematic review and meta-analysis. JACC Cardiovasc Imaging. (2023)
16(3):376-89. doi: 10.1016/j.jcmg.2022.12.029

19. Lai JHY, Lui CT, Chan TWT, Wong BCP, Tsui MSH, Wan BKA, et al.
Diagnostic accuracy of a prehospital electrocardiogram rule-based algorithm for
ST-elevation myocardial infarction: results from a population-wide project. Hong
Kong Med J. (2024) 30(4):271-80. doi: 10.12809/hkm;j2310827

20. Hughes D, Madders G, Gorecka M, Crowley J. 32 false alarms: code stemi
activation’s by stemi mimics—a primary PCI centre experience. Heart. (2018)
104(Suppl 7):A24-A5. doi: 10.1136/heartjn]-2018-1CS.32

frontiersin.org


https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates
https://doi.org/10.1093/eurheartj/ehad191
https://doi.org/10.3348/kjr.2020.0064
https://doi.org/10.1093/eurheartj/ehad655.1553
https://doi.org/10.1186/s12872-021-02176-2
https://doi.org/10.1186/s12872-021-02176-2
https://doi.org/10.1007/s10554-010-9671-7
https://doi.org/10.1161/CIRCULATIONAHA.111.026542
https://doi.org/10.1161/CIRCULATIONAHA.111.026542
https://doi.org/10.1016/j.ajem.2022.07.024
https://doi.org/10.1093/eurheartj/ehm113
https://doi.org/10.1161/CIRCOUTCOMES.116.003443
https://doi.org/10.1161/CIRCULATIONAHA.114.011201
https://doi.org/10.1161/CIRCULATIONAHA.114.011201
https://doi.org/10.1016/j.hlc.2017.02.023
https://doi.org/10.1016/j.hlc.2017.02.023
https://doi.org/10.1161/CIRCULATIONAHA.116.026336
https://doi.org/10.1161/CIRCULATIONAHA.116.026336
https://doi.org/10.1161/JAHA.118.009174
https://doi.org/10.1161/CIR.0000000000000670
https://doi.org/10.1161/CIRCULATIONAHA.119.040631
https://doi.org/10.1161/CIRCULATIONAHA.119.040631
https://doi.org/10.1136/heartjnl-2014-307122
https://doi.org/10.1016/j.jcmg.2022.12.029
https://doi.org/10.12809/hkmj2310827
https://doi.org/10.1136/heartjnl-2018-ICS.32

	Identification of diagnostic markers for MINOCA in ST-segment elevation myocardial infarction patients
	Introduction
	Methods
	Study design and population
	MINOCA diagnostic work-up
	ST-segment elevation
	Ethical approval
	Statistical analysis

	Results
	Study population
	Demographics and clinical characteristics
	Laboratory findings
	Medical history, medication usage and diagnostic testing
	Comparison of (peri-) myocarditis with all other diagnoses
	Comparison of NSTEMI type 2 with all other diagnoses

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


