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Background: While cardiac-specific troponin (cTn) allows for rapid diagnosis of acute type 1 myocardial infarction
(T1MI), its performance to differentiate acute myocardial injury (AI) or type 2 myocardial infarction (T2MI) is limited.
The objective was to combine biomarkers to improve discrimination of different myocardial infarction (MI) aetiologies.
Methods: We determined levels of cardiac troponin T and I (cTnT, cTnI), cardiac myosin-binding protein C (cMyBP-C),
NT-proBNP and tenmiRNAs, known to be associatedwith cardiac pathology in a total of n=495 serial plasma samples
at three time points (on admission, after 1 h and 3 h) from 57 NSTEMI (non-ST-elevation myocardial infarction), 18 AI,
and 31 STEMI patients, as defined by fourth universal definition of MI (UDMI4) and 59 control individuals. We then
applied linear mixed effects model to compare the kinetics of all molecules in these MI sub-types.
Results: Established (cTnT, cTnI) and novel (cMyBP-C) cardiac necrosis markers failed in differentiating T1MI vs T2MI at
early time points. All cardiac necrosismarkerswere higher in T1MI than in T2MI at 3 h after admission.Muscle-enriched
miRNAs (miR-1 and miR-133a) were correlated with cardiac necrosis protein markers and did not offer better discrim-
ination. Established cardiac strain marker NT-proBNP differentiated AI and T1MI at all time points but failed to discrim-
inate T2MI from T1MI. However, the combination of NT-proBNP and cTnT along with age returned an overall AUC of
0.76 [95 % CI 0.67–0.84] for differentiating T1MI, T2MI and AI.
Conclusions:Rather than using single biomarkers ofmyocardial necrosis, a combination of clinical biomarkers for cardiac
necrosis (troponin) and cardiac strain (NT-proBNP) might aid in differentiating T1MI, T2MI and AI.
1. Introduction

The diagnosis of myocardial infarction (MI) relies on the quantification
of cardiac troponins (cTn). High-sensitive cTn assays offer rapid rule-in and
rule-out for MI [1,2]. The recent fourth Universal Definition of Myocardial
Infarction (UDMI4) re-defined the categories of MI [3] by emphasising the
differences of NSTEMI (non-ST-elevation myocardial infarction) type 1
(T1MI) and NSTEMI type 2 (T2MI) and including a novel subgroup of
acute myocardial injury (AI). While plaque disruption is the main cause
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of T1MI, T2MI is defined by a general imbalance of oxygen demand and
supply. T2MI comprises numerous different pathomechanisms and lacks a
reliable biomarker for diagnosis. T2MI has a similar, if not worse, long-
term outcome as T1MI [4,5]. Thus, there is a need to identify novel bio-
marker candidates, particularly with UDMI4 redefining T2MI to exclude
patients with abnormal cTn values without acute ischaemia and grouping
them into AI.

Our previous proteomics analysis led to the discovery that cardiac
myosin-binding protein C (cMyBP-C) can serve as novel cardiac necrosis
marker [6]. This prompted further studies in defined clinical cohorts to
evaluate if cMyBP-C can differentiate ST-elevation myocardial infarction
(STEMI) in addition to cTn [7]. We have previously compared the diagnos-
tic accuracy of non-coding RNAs, such as cardiac and muscle microRNAs
(miRNAs) to cMyBP-C and clinical troponin measurements for STEMI
(ST-elevation myocardial infarction) and T1MI [8]. In the Biomarkers in
Acute Cardiac Care (BACC) study, cardiac or skeletal muscle miRNAs,
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Abbreviations

AI acute myocardial injury
AUC area under the curve
cMyBP-C cardiac myosin binding protein-C
cTn cardiac troponin
cTnT cardiac troponin T
cTnI cardiac troponin I
MI myocardial infarction
miRNA/miR microRNA
NSTEMI non-ST-elevation myocardial infarction
PEA proximity extension assay
ROC receiver operating characteristic
STEMI ST-elevation myocardial infarction
T1MI myocardial infarction type 1
T2MI myocardial infarction type 2
UDMI4 fourth universal definition of myocardial infarction
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lacked sensitivity for small infarcts but cMyBP-C eluted earlier than cTns
[8]. Kaier et al. [2] have shown cMyBP-C 0/1 h-algorithm to be superior
to ESC high-sensitivity (hs) TnT/I 0/1 h-algorithm for effective rule-in/
rule-out of NSTEMI patients.

Nestelberger et al. have recently compared established cardiac biomark-
ers as well as cMyBP-C in their potential to differentiate T1MI and T2MI
[9]. The authors concluded that current single biomarkers only provide
moderate additional value in the discrimination of T1MI and T2MI. How-
ever, patients with AI were excluded from their analysis. AI represents a
clinically important subgroup, including predominantly patients with
heart failure and heart failure-like phenotypes. More recently, Neumann
et al. compared 29 biomarkers measured at baseline to discriminate MI
and myocardial injury [10]. The authors propose a panel of 4 biomarkers
to discriminate T1MI and T2MI and a combination of 6 biomarkers to dis-
tinguish NSTEMI from myocardial injury. However, AI was not segregated
from chronic injury and biomarker combinations were not explored to dif-
ferentiate all the 3 subtypes i.e., T1MI, T2MI and AI. Additionally, the pro-
tein biomarker combinations were measured only at baseline [10] despite
biomarker kinetics being important in the clinical evaluation of myocardial
damage [11].

The objective of this study was to compare the discriminative ability
of biomarker trajectories for MI subtypes including AI. Measurements
of established and novel protein biomarkers alongside miRNA-based
biomarker candidates were performed at three serial time points: on admis-
sion, after 1 h and after 3 h. We then applied linear mixed effects model to
compare patient subgroups and biomarker kinetics. Finally, we harnessed
machine learning methods to combine independent biomarkers and iden-
tify the best serial biomarker combination in discriminating T1MI, T2MI
and AI.

2. Methods

2.1. Patient and sample selection

For the study, we assessed human plasma samples from a chest pain co-
hort comprising of patients presenting with suspected MI (BACC study, see
below). This sub-cohort was derived from the BACC cohort as a selection of
patients comprising 1) STEMI, 2) T1MI, 3) T2MI, 4) AI and 5) non-cardiac
chest pain. This sub-cohortwasweighed to select thoseMI patientswith ini-
tially low and over the course of the first 3 h steeply rising hs-TnT levels.
The distribution of the available samples is as follows: 1) n = 31 STEMI
patients with serial sampling across 3 time points totalling 93 samples;
2) n = 26 T1MI patients with sequential specimens across 3 time points
adding up to 78 samples; 3) n = 31 T2MI patients with serial sampling
across 3 time points making 93 samples; 4) n = 18 AI patients with serial
specimens across 3 time points totalling 54 samples; 5) n = 59 non-
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cardiac chest pain patients with repeat sampling across 3 time points
adding up to177 samples.

2.2. The Biomarkers in Acute Cardiac Care (BACC) study

The BACC study is an ongoing, prospective cohort study including pa-
tients presenting to the emergency department of the University Hospital
Hamburg with suspected MI [12]. The inclusion criteria were suspected
acuteMI, age above 18 and the ability to provide written informed consent.
All patientswere triaged according to local standard of care: a standard ECG
was collected at admission. The self-reported onset of pain was obtained
from a study-specific questionnaire ormedical records and then categorised
to time intervals as follows: 0–1 h, 1–3 h, 3–6 h, 6–12 h, 12–24 h, 24–72 h.
The final diagnosis was adjudicated based on the UDMI4 by two cardiolo-
gists independently, considering the hs-TnT results (Elecsys, Roche
Diagnostics) and all available clinical and imaging results, ECG and routine
laboratory testing. In cases of disagreement, a third cardiologist reviewed
the case. A subset of patients was selected for this study. The BACC
study was registered at www.clinicaltrials.gov (NCT02355457), complied
with the Declaration of Helsinki and was approved by the local Ethics
Committee.

2.3. Protein measurements

A panel of four cardiac specific protein biomarkers (hs-TnI, hs-TnT,
cMyBP-C and NT-proBNP) were selected for serial quantification based on
previous studies in the BACC cohort [8,10]. hs-TnI, hs-TnT and cMyBP-C
were quantified on assays proprietary to the manufacturer. cMyBP-C was
measured by Merck Millipore using the Erenna platform with a lower
limit of detection (LLoD) of 0.4 ng/l and a lower limit of quantification
(LLoQ) of 1.2 ng/l. The 99th percentile cut-off point was previously
determined at 87 ng/l [13]. Troponin was routinely measured using the
local standard of care hs-TnT (Elecsys® troponin T high-sensitive, Roche
Diagnostics, Basel, Switzerland, lower limit of detection 5.0 ng/l, values
are reported up until the limit of blank 3.0 ng/l) at admission and after
3 h. A study specific additional blood drawwas ascertained 1 h after admis-
sion for hs-TnT and for hs-TnI (Troponin I hs STAT Abbott Architect, lower
limit of detection 1.9 ng/l) at all time points. The 99th percentile is 14 ng/l
(hs-TnT) and 27 ng/l (hs-TnI) respectively [14,15]. We used proximity ex-
tension assays (PEA, Olink®, Olink Proteomics, Uppsala, Sweden) to mea-
sure NT-proBNP in serial samples. In the PEA, oligonucleotide-labelled
monoclonal or polyclonal antibodies (PEA probes) are used to bind target
proteins in a pair-wise manner using only 1 μl of sample. The PEA was
used to address the high levels of 44 % missingness in baseline clinical
NT-proBNP measurements. NT-proBNP is not routinely measured in pa-
tients with suspected acute MI. Additionally, serial measurements (1 h
and 3 h) of NT-proBNP were not available. Importantly, results from the
PEA showed a positive and significant correlation to clinical NT-proBNP
(Pearson r = 0.64, P value < 0.001; Spearman rho = 0.82, P value <
0.001, Supplemental Fig. 1).

2.4. RNA extraction

Total RNA was extracted using the miRNeasy Mini kit (Qiagen, Hilden,
Germany) according to the manufacturer's recommendations, with some
modifications. In brief, 100 μl of plasma was combined with 694.75 μl of
Qiazol lysis reagent, 4 μl of diluted synthetic Caenorhabditis elegans miR-
39 (cel-miR-39-3p) spike-in and 1.25 μl carrier RNA from bacteriophage
MS2 (Roche). Following brief incubation at room temperature, 140 μl of
chloroform was added and the solution was mixed vigorously. Samples
were then centrifuged at 13,500 ×g for 15 min at 4 °C. 280 μl of the
upper (aqueous) phase were transferred to a new tube and mixed with
1.5 volumes (420 μl) of 100 % ethanol and applied to columns and washed
according to the manufacturer's protocol. Total RNA was eluted in 35 μl of
nuclease-free H2O by centrifugation at 8500 ×g for 1 min at 4 °C.

http://www.clinicaltrials.gov
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2.5. RNA extraction quality control and heparinase treatment of RNA

To assess the reliability and efficiency of the RNA extractions, cel-miR-
39-3p spike-in raw Cq values were assessed for a standard deviation <0.5
and a coefficient of variation <2 % in both groups, confirming good RNA
processing and consistency of the RNA isolation. Prior to reverse transcrip-
tion, the extractedRNAwas treatedwith heparinase 1 from Flavobacterium
(Sigma) as previously reported [8]. In brief, 5 μl of each sample were
combined with 1.25 μl heparinase, 0.25 μl of RNase inhibitor (Ribo Lock
40 U/μl, Thermofisher) and 3.5 μl of heparinase buffer (pH 7.5) and thor-
oughly mixed, then incubated at 25 °C for 3 h. The samples were then im-
mediately used for reverse transcription. For comparison, a buffer-only
group was treated with heparinase buffer devoid of heparinase, which
was incubated under the same conditions as the heparinase-treated sam-
ples. The untreated group received neither heparinase nor buffer, nor was
it left for incubation, but instead was used for further reverse transcriptase
together with the treated samples.

2.6. Reverse transcription and real-time PCR assays

3 μl of RNA from plasma/serum RNA was used as input in each reverse
transcription (RT) reaction. RT reactions were set up according to the man-
ufacturer's recommendations. Briefly, miRNAs were reverse-transcribed
using the miRCURY LNA RT kit (Exiqon), combining 3 μl RNA with 5× re-
action buffer, 1 μl enzyme mix, 0.5 μl UniSp6 synthetic spike-in and 3.5 μl
nuclease-free water. The RT-PCR reaction was set as follows: reverse
transcription, 42 °C for 60 min; inactivation, 95 °C for 5 min using a Veriti
Thermal Cycler (Applied Biosystems). miRCURY SYBRGreen qPCR in com-
bination with miRCURY LNA miRNA PCR Assays (both Exiqon) were used
to assess relative expression levels of miRNAs. cDNA was diluted 1:30 ac-
cording to the manufacturer's recommendations, then 3 μl of the diluted
cDNA were combined with 5 μl miRCURY SYBR Green Mastermix,
0.05 μl ROX reference dye, 1 μl PCR Primer Mix and 0.95 μl of RNase-free
water to a 10 μl reaction volume. Reactions were loaded using a Bravo
Automated Liquid Handling Platform (Agilent). qPCR was performed on a
ViiA7 Real-Time PCR System (Applied Biosystems) at 95 °C for 2 min
followed 40 cycles of 95 °C for 10 s and 56 °C for 1 min for miRCURY
SYBR Green.

2.7. RNA quantification

In the analyses of raw Cq data, any value measurements beyond 35
cycles were considered undetectable and marked as missing value. The
threshold was set so that we exclude Cq values which follow uniform distri-
bution and can thus be considered random noise. To make these calcula-
tions we used the one-way Kolmogorov-Smirnov test. For all four muscle/
cardiac-enrichedmiRNAs of interest the p-value of the test for the Cq values
>35 was smaller than 0.05 and bigger than 0.05 for the Cq values smaller
than 35. The delta-delta Cq method was used for relative quantification,
using cel-miR-39-3p as a normalization control. Quantification results
were calibrated against the median of three identical replicates consisting
of equal volumes from all MI samples. Relative quantification was per-
formed with Microsoft Excel, version 15.32 for MacOS. For the four
cardiac-specific miRNAs we conducted correlation analysis between the
RQ values obtained from each one of the normalization strategies and in
all cases, we found strong correlation (R2 > 0.5) indicating that the selec-
tion of the normalization method has no relevant influence on the overall
RQ results.

2.8. Statistical analyses

The serial release kinetics of proteins and miRNAs were analysed using
linear mixed effect model with individuals as the random effect to factor
within subject variance. Linear mixed effect model was selected to allow
heteroscedasticity and imbalanced repeats across various timepoints
i.e., baseline (0 h), 1 h and at 3 h. Release kinetics model for proteins and
3

miRNAs were performed without data scaling. Given the insignificant
association between demographics and biomarkers (proteins andmiRNAs),
release kinetics were not adjusted for age and sex (Supplemental Fig. 2). R
package lme4 was used to implement linear mixed effect model. Post-hoc
pairwise comparisons were performed using R package ‘emmeans’ with
“Tukey” adjustment for comparing a family of 9 estimates (3 groups, 3
timepoints). Satterthwaite degrees-of-freedom method was used. Correla-
tion between continuous variables was performed using Spearman correla-
tion adjusted for individual effects. Correlation between continuous and
binary variables was performed using point-biserial correlation adjusted
for individual effects. P values were adjusted for multiple-testing using
Benjamini-Hochberg FDR correction. Correlation plot with dendrogram
was generated using R package heatmaply [16] withWard's minimum var-
iance method (‘ward.D2’) as the hierarchical clustering method. Baseline
characteristics significance test was undertaken using Mann-Whitney
U test for continuous variables and Fisher exact test for binary variables.
Box plots to show raw data distribution of biomarkers were generated
using R package ggboxplot. Statistical analysis and associated figures
were generated with R programming environment (version 4.0.2).

2.9. Machine learning

Biomarkers with statistically significant release kinetics (P value< 0.05)
across the three time points in at least one pairwise comparison were
assessed for their power to discriminate T1MI, T2MI and AI. This resulted
in selection of hs-TnT and NT-proBNP. Hence, the predictive performance
of hs-TnT, NT-proBNP and their combination were evaluated in T1MI,
T2MI and AI. Boruta stability selection [17] was used as a wrapper to
multi-class random forest for feature selection in individual as well as com-
bination biomarkers design along with demographics i.e., age and sex. For
internal validation, leave-one-out cross validation was performed such that
samples from the same individual are grouped into the same fold and thus
avoid leakage intomodel performancemetrics. Majority votingwas applied
to aggregate sample level classification into patient level final grouping.
Performance metrics were computed using one-vs-all comparison with
weightage to account for data imbalance. The implementation of multi-
class random forest was done using Scikit-learn 0.23.2 python package.

3. Results

3.1. Clinical characteristics

We analysed a total of n=495 serial plasma samples across three time
points i.e., on admission = baseline, 1 h after admission and 3 h after ad-
mission, respectively. This included n=318 serial measurements from pa-
tientswith STEMI (n=31 patients), T1MI (n=26 patients), T2MI (n=31
patients), AI (n = 18 patients) and n = 177 sequential control samples
from patients with non-cardiac chest pain (n = 59 patients). Based on
UDMI4, non-ischaemic cardiac conditions such as acute heart failure and
Takotsubo cardiomyopathy are classified as AI (Supplemental Fig. 3).
Baseline characteristics are shown in Table 1. Patients with T2 and AI
were older than patients with T1 (p = 0.022). AI was more common in
females (p = 0.015). Grace score for 6-month mortality was higher in T2
and in AI (p = 0.003) compared to T1 (Table 1).

3.2. Protein release kinetics

Baseline measurements of cardiac troponins I and T and cMyBP-C were
not different between T1MI and T2MI (Fig. 1). All cardiac necrosis markers
showed significant differences between T1MI and T2MI at 3 h after admis-
sion (Fig. 1). The release kinetics of NT-proBNP also did not show discrim-
inative ability between T1MI and T2MI (Fig. 1). cTnT differentiated AI from
T1MI, albeit only on admission (Fig. 1). However, NT-proBNP levels re-
mained higher in AI than T1MI at all time points (Fig. 1). hs-TnT showed
discriminative power for AI versus T2MI at all time points (Fig. 1). Pairwise
statistical comparison of hs-TnT and NT-proBNP at each time point for MI



Table 1
Baseline characteristics: STEMI vs. NSTEMI Type 1 (T1MI) vs. NSTEMI Type 2 (T2MI) vs. acute injury (AI).

BACC
Clinical characteristics

All MI patients
(N = 106)

Control
(N = 59)

STEMI
(N = 31)

T1MI
(N = 26)

T2MI
(N = 31)

AI
(N = 18)

P value
(T1MI vs T2MI)

P value
(T1MI vs AI)

Demographics
Sex (% female) 34 % 71 % 16 % 23 % 45 % 61 % 0.101 0.015
Age (in years) 66

(54, 75)
59
(50, 69)

65
(49.5, 68.5)

61
(52.3, 70.3)

73
(58.5, 78)

74
(64, 80.3)

0.019 0.022

BMI (kg/m2) 27.5
(24.6, 29.9)

26
(23.6, 27.7)

26.9
(24.8, 30.4)

28.3
(25.2, 29.2)

27.9
(25.7, 29.8)

24.8
(21.5, 28.0)

0.88 0.037

GRACE score (6-month mortality) 105.5
(79.3, 133)

81
(67.5, 105)

79
(60, 104)

93
(64.5, 118)

134
(103, 149.5)

122
(107.3, 145.5)

0.0003 0.003

Hypertension (%) 70 % 47 % 71 % 62 % 81 % 61 % 0.144 1.00
Hyperlipoproteinemia (%) 30 % 27 % 32 % 42 % 29 % 11 % 0.405 0.043
History of smoking (%) 55 % 39 % 52 % 81 % 42 % 44 % 0.003 0.023

Comorbidities and baseline clinical parameters
History of AMI (%) 17 % 10 % 16 % 31 % 13 % 6 % 0.117 0.060
Congestive heart failure (%) 11 % 2 % 3 % 8 % 19 % 17 % 0.269 0.386
Stroke (%) 3 % 5 % 0 % 0 % 6 % 6 % 0.495 0.409
Atrial fibrillation (%) 18 % 7 % 10 % 4 % 42 % 11 % 0.001 0.558
Heart rate (/min) 82.5

(72.8, 101.3)
74
(64, 85)

78
(71, 87)

79
(68.3, 88.5)

97
(79, 130.5)

95
(80, 101)

0.004 0.050

Systolic blood pressure (mm Hg) 150
(126, 164)

144
(136, 155)

150
(141, 170)

151
(137, 161)

140
(119, 158)

150
(125, 157)

0.147 0.970

Baseline medication
Anti-platelet drugs (%) 39 % 29 % 33 % 54 % 42 % 22 % 0.431 0.061
Anti-hypertensive drugs (%) 56 % 36 % 43 % 50 % 81 % 44 % 0.023 0.767

ACE-I/ARB (%) 46 % 27 % 37 % 42 % 61 % 39 % 0.189 1.00
Beta blocker (%) 39 % 22 % 27 % 46 % 61 % 11 % 0.294 0.021
Diuretics (%) 19 % 12 % 10 % 12 % 32 % 22 % 0.111 0.419
Calcium channel blocker (%) 13 % 14 % 10 % 12 % 16 % 17 % 0.715 0.676

Antidiabetics (%) 11 % 7 % 17 % 12 % 10 % 6 % 1.000 0.634
If coronary angiography: PCI (%) 67 % 0 % 100 % 92 % 0 % 8 % <0.001 <0.001

Clinical cardiac biomarkers
CK 0 h (U/l) 154

(113,222)
104
(72, 145)

193
(128, 345)

152.5
(104, 196)

142.5
(106, 178)

178
(129, 205)

0.628 0.397

CK 1 h (U/l) 175
(122, 292)

98
(69, 136)

262
(165, 571)

194
(147, 211)

134
(90, 182)

167.5
(135, 194)

0.047 0.483

CK 3 h (U/l) 222
(137, 410)

91
(67, 128.5)

510
(239, 1182)

261
(178, 325)

142
(103, 205)

165
(126, 248)

0.003 0.075

hs-TnT 0 h (ng/l) 40
(16, 168)

5
(4, 7)

32
(16, 232)

32
(12, 89)

23
(13, 57)

195
(133, 377)

0.608 0.0001

hs-TnT 1 h (ng/l) 92
(42, 299)

5
(3.5, 7)

184
(95, 437)

78.5
(43, 198)

36
(26, 68)

287.5
(165, 440)

0.005 0.022

hs-TnT 3 h (ng/l) 178
(91, 517)

5
(4, 6)

519
(283, 1838)

213
(104, 546)

78
(42, 113)

307
(152, 502)

<0.001 0.685

hs-TnI 0 h (ng/l) 68
(18, 690)

3
(2, 5.5)

108
(22, 949)

50
(18, 263)

22
(10, 73)

1149
(302, 2160)

0.267 0.0002

hs-TnI 1 h (ng/l) 266
(65, 1021)

3
(2, 4.3)

476
(206, 2459)

383
(112, 867)

53
(33,211)

1045
(155, 2306)

0.0008 0.184

hs-TnI 3 h (ng/l) 1072
(286, 4288)

3
(2, 5)

4775
(1423, 26,461)

2198
(482, 4746)

241
(52, 525)

1902
(845, 3358)

<0.001 0.952

Continuous variables are presented asmedian (25th and 75th percentile). P value computed for NSTEMI type1 (T1MI) vs NSTEMI type2 (T2MI) and NSTEMI type1 (T1MI) vs
acute injury (AI) usingMann-Whitney test for continuous variables and Fisher exact test for binary variables. Abbreviations: MI: Myocardial infarction; T1MI: NSTEMI type1;
T2MI: NSTEMI type2; AI: Acute injury; GRACE: Global Registry of Acute Coronary Events; CK: creatine kinase; hs-TnT: high-sensitive troponin T; hs-TnI: high-sensitive
troponin I. Baseline characteristic comparisons with P-value < 0.05 are highlighted in bold.
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subtypes and control patients with non-cardiac chest pain is presented in
Supplemental Fig. 4. Box plots include hs-TnT and NT-proBNP values in
STEMI patients for reference.

3.3. Kinetics of microRNAs

miRNAs with cardiac and muscle origin as well as plasma miRNAs pre-
viously associated with cardiovascular diseases (CVD) (Supplemental
Table 1) were quantified in the 495 samples from all three time points.
The selection of miRNAs was based on 1) known tissue origin (cardiac/
muscle vs circulating cells or other organs) and 2) detectability in the circu-
lation. Compared to STEMI, cardiac-specific (miR-208 and miR-499) and
muscle-enriched miRNAs (miR-1 and miR-133a) were less well detectable
in NSTEMI. Detectability for cardiac-specific miR-208 and miR-499 was
<50 %, even at 3 h. Correlation analysis revealed clustering of muscle-
4

enriched miRNAs with cardiac necrosis markers in MI (Fig. 2), consistent
with our previous study in STEMI [8]. However, release kinetics of miR-1
and miR-133a did not offer discrimination between T1MI, T2MI and AI
(Fig. 3). Other abundant plasma miRNAs clustered together (Fig. 2) but
their release kinetics also failed to discriminate T1MI, T2MI and AI (Fig. 3).

3.4. Combining NT-proBNP with cardiac necrosis markers aids in discriminating
T1MI, T2MI and AI

Given the distinct release kinetics of cardiac necrosis markers and
NT-proBNP, we analysed their biomarker potential in a combinatorial
approach. The scatterplot of hs-TnT and NT-proBNP displays how a combi-
nation of hs-TnT and NT-proBNP separates MI patients into T1MI (high
hs-TnT, low NT-proBNP), T2MI (low hs-TnT, high NT-proBNP) and AI
(high hs-TnT and high NT-proBNP) (Fig. 4A). This discrimination is also
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Fig. 1. Protein kinetics in MI subtypes using linear mixed effects model. Y-axis shows fitted value using linear mixed effects regression (lmer). X-axis shows sampling time in
hours. Interaction style plots were generated using R package ‘emmip’with dots in the plot indicating the estimatedmarginal mean i.e., mean adjusted for individual random
effect for within subject variance and lines show the 95% confidence interval. n numbers indicate the serial measurements quantified across the 3 time points for each of the
MI sub-types. Satterthwaite degrees-of-freedom method was used. Contrasts were generated using R package ‘emmeans’. P values were adjusted using Tukey's method for
comparing a family of 9 estimates. */†P value < 0.05, **<0.01 and ***/###<0.001. MI: Myocardial infarction; AI: Acute injury; T1MI: NSTEMI type1; T2MI: NSTEMI
type2; NPX: Normalized Protein eXpression, Olink's® arbitrary unit in Log2 scale. hsTnT: high-sensitive cardiac troponin T; hsTnI: high-sensitive cardiac troponin I;
cMyBP-C: cardiac myosin-binding protein C; NT-proBNP: N-terminal pro-brain natriuretic peptide.
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apparent in the individual kinetics of hs-TnT and NT-proBNP (Fig. 1).
Hence, the integrated signature of hs-TnT, NT-proBNP and age was com-
pared to standalone signatures of ‘hs-TnT, age’ and ‘NT-proBNP, age’
using one-vs-all multi-class random forest model in a leave-one-out cross
validation with bootstrapping (Fig. 4B and Supplementary Fig. 5). One-
Fig. 2. Correlation of protein and miRNA biomarkers. The pairwise Spearman correla
(repeated measure). Hierarchical clustering analysis and heatmap matrix illustrates p
positive and negative correlation, respectively (P value < 0.05). White indicates no sig
Hochberg FDR correction.
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vs-all comparison was undertaken for T1MI, T2MI and AI, thus presenting
not only the overall performance of the model but also the comparative
performances for T1MI vs (T2MI + AI), T2MI vs (T1MI + AI) and AI vs
(T1MI + T2MI). Sex as a feature was not supported by Boruta feature
selection. Hence, only age was retained in the prediction signature with
Sp
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rm
an

 c
oe
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t

tion was calculated between proteins and miRNAs adjusted for individual effects
ositive and negative co-expression and clusters. Red and blue colours indicate a
nificant correlation (P value > 0.05). P values were adjusted using the Benjamini-
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Fig. 3. Circulating miRNA kinetics using linear mixed effects model. Y-axis shows fitted value using linear mixed effects regression (lmer). X-axis shows sampling time in
hours. Interaction style plots were generated using R package ‘emmip’with dots in the plot indicating the estimatedmarginal mean i.e., mean adjusted for individual random
effect for within subject variance and lines show the 95% confidence interval. n numbers indicate the serial measurements quantified across the 3 time points for each of the
MI sub-types. Satterthwaite degrees-of-freedommethod was used. Contrasts were generated using R package ‘emmeans’. P value shows adjusted value using Tukey method
for comparing a family of 9 estimates. MI: Myocardial infarction; AI: Acute injury; T1MI: NSTEMI type1; T2MI: NSTEMI type2.
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individual and combination biomarkers. The AUC was 0.70 [95 % CI:
0.60–0.78] with ‘hs-TnT, age’ and 0.58 [95 % CI: 0.47–0.69] with ‘NT-
proBNP, age’ (Fig. 4B and Supplementary Fig. 5B). Further, the low sensi-
tivity (high false negatives) of 0.47 with ‘hs-TnT, age’ and 0.42 with ‘NT-
A B

AI (N=18)

T1MI (N=26)

T2MI (N=31)

Fig. 4. Discriminative value of hs-TnT and NT-proBNP to differentiate T1MI, T2MI an
biomarkers in clustering T1MI (high hs-TnT, low NT-proBNP), T2MI (low hs-TnT, hig
combination of shape (triangle, square and circle) for timepoints and colour (red, blue
square indicates T2MI at 3 h. B. Sensitivity, specificity and ROC AUC comparing predi
with ‘NT-proBNP, age’ was inferior compared to ROC AUC of 0.76 with the combined
of 0.47 with ‘hs-TnT, age’ and 0.42 with ‘NT-proBNP, age’ makes these signatures uns
NT-proBNP and age returned an overall AUC of 0.76 for discriminating T1MI, T2MI an
of either hs-TnT or NT-proBNP alone. Abbreviations - ROC AUC: Receiver operating c
NSTEMI type2.
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proBNP, age’ makes these signatures unsuitable in discriminating T1MI,
T2MI and AI (Fig. 4B and Supplementary Fig. 5A). The combined signature
of hs-TnT, NT-proBNP and age returned an overall AUC of 0.76 [95 % CI:
0.67–0.84] for discriminating T1MI (AUC: 0.69), T2MI (AUC: 0.78) and
AI vs T1MI vs T2MI 
performance 

metrics

d AI. A. Scatterplot for hs-TnT and NT-proBNP illustrates the ability of combined
h NT-proBNP) and AI (high hs-TnT and high NT-proBNP). Legends shown are in
, black) for MI sub-types. For example, a blue square denotes AI at 3 h while a red
ctive power of biomarkers in discriminating T1MI, T2MI and AI. ROC AUC of 0.58
signature of ‘hs-TnT, NT-proBNP, age’. The low sensitivity (high false negatives)
uitable in discriminating T1MI, T2MI and AI. The combined signature of hs-TnT,
d AI with a more balanced overall sensitivity of 0.61, outperforming measurements
haracteristic area under the curve; AI: Acute injury; T1MI: NSTEMI type1; T2MI:
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AI (AUC: 0.81) with a more balanced overall sensitivity of 0.61,
outperforming measurements of either hs-TnT or NT-proBNP alone
(Fig. 4B, Supplementary Figs. 5 and 6).

4. Discussion

Our study suggests that a combination of NT-proBNP and cTnT could
aid in differentiating T1MI, T2MI and AI. Established (cTnT, cTnI) and
novel (cMyBP-C) cardiac necrosis markers failed in differentiating T1MI
vs T2MI at early time points. The combination of cardiac necrosis markers
with NT-proBNP, however, helped to identify patients with T2MI and to
differentiate MI subtypes with heart failure-like pathologies, which are
common among patients with AI but infrequent in patients with T1MI.

4.1. Cardiac necrosis markers in MI subtypes

Cardiac troponins are the gold standard biomarkers in the evaluation of
acute MI [3,18]. While mortality and morbidity in T2MI is similar or even
higher than in T1MI [19,20], there are currently no biomarkers to differen-
tiate between T1MI and T2MI. This is in agreement with a recent study by
Eggers et al. [21] who evaluated the prognostic potential of cTn in T2MI. A
similar conclusionwas reached by Nestelberger et al. [9] supporting the ob-
servation in our study that cTns do not differentiate between T1MI and
T2MI. The study by Nestelberger et al. [9], however, did not assess AI. AI
patients have a worse outcome than T1MI patients as reflected by their
elevated GRACE score that is comparable to T2MI (Table 1). Therefore,
we assessed not only T2MI patients but also AI patients to account for this
importantMI subtype. None of the cardiac necrosis markers was able to dif-
ferentiate all three MI subtypes at any given time point. While cMyBP-C
shows an earlier release kinetics upon myocardial injury compared with
cTn [6,7], cMyBP-C was also unable to discriminate T1MI and T2MI at
early time points. Both, cTn and cMyBP-C are sarcomeric proteins of cardio-
myocytes and are predominantly released upon cardiomyocyte death. All
necrosis markers including cMyBP-C showed significant differences be-
tween T1MI and T2MI only 3 h after admission. This information extends
the study by Nestelberger et al. [9] who assessed biomarkers up to 2 h
after admission and reported no significant differences for cardiac biomark-
ers between T1MI and T2MI. Our dataset comprises biomarker measure-
ments up to 3 h after admission. Only at 3 h, cardiac necrosis markers
had discriminative power for T1MI versus T2MI. Thus, biomarker combina-
tions may be required to differentiate T1MI, T2MI and AI upon a patient's
presentation at the emergency department.

4.2. miRNA biomarkers in MI subtypes

The performance of miRNAs has not been evaluated in T2MI and AI to
date. This study extends the biomarker measurements beyond proteins to
also include miRNAs. Our group has previously studied miRNAs as bio-
marker candidates for prediction of primary [22] and secondary [23]
CVD events.Many of thosemiRNAs, however, are not released from cardio-
myocytes [8], but from platelets and other circulating cells. A systemic
response is the most likely explanation for post-MI changes of these
miRNAs [24,25]. In the present study, neither cardiac- and/or muscle
miRNAs, nor other selected miRNAs returned discriminative power in dis-
tinguishing T1MI versus T2MI or AI. For cardiac miRNAs, their assessment
is hampered by less cardiac release due to the smaller infarct size in
NSTEMI compared to STEMI patients. Similarly, muscle miRNA showed
lower detectability. Other plasma miRNAs are well-detectable, but their
tissue/cell origin may not reflect the underlying patho-mechanisms of
most T2MI cases.

4.3. NT-proBNP in MI subtypes

NT-proBNP is actively secreted by cardiomyocytes upon increased wall
stress and the current gold standard biomarker in the diagnosis and progno-
sis of heart failure. While NT-proBNP is a strong prognostic marker post-MI
7

[26,27], NT-proBNP is not routinely measured during ACS. Interestingly,
NT-proBNP has been reported to facilitate the diagnosis of low-troponin
ACS when used in combination with cTnT [28]. Another report suggested
that NT-proBNP identified a ‘previously unrecognised group of patients’
among patients presenting to the emergency department for cardiac symp-
toms [29]. These early reports highlight that NT-proBNPmay have diagnos-
tic value in subtypes of MI, although the differential diagnosis of T2MI was
not yet established at the time. Nestelberger et al. also reported that base-
line NT-proBNP was among the best performing biomarkers although
only ranged in moderate levels of predictive power [9]. While the study
includes more patients, their analysis was focussed on the performance of
single biomarkers, predominantly on admission. Also, AI, comprising pa-
tients with heart failure-like diagnoses, was not assessed. Neumann et al.
[10] reported baseline NT-proBNP in combination with cardiac troponin
and other non-cardiac specific protein biomarkers showedmost discrimina-
tory potential between T1MI and T2MI or NSTEMI and myocardial injury.
While the study by Neumann et al. [10] includesmore patients, the analysis
was once again focused on the performance of biomarkers at baseline
i.e., on admission, not addressing the biomarker kinetics in the clinical eval-
uation of myocardial damage [11]. Our dataset comprises biomarker serial
measurements up to 3 h after admission, thus providing contrasts of their
release kinetics.
4.4. Biomarker combinations for differentiation of MI subtypes

Recent studies indicate modest ability of individual routine biomarkers
to differentiate T2MI [30], while biomarker combinations have only been
tested at baseline, but not in serial measurements [10]. In our BACC sub co-
hort, serial measurements of all biomarkers were performed at all time
points providing an opportunity for a direct comparison of their release ki-
netics. Despite the limited value of cardiac necrosis markers in the early dif-
ferentiation of T2MI, a combination with NT-proBNP depicted different
patterns with high hs-TnT and low NT-proBNP in T1MI, but low hs-TnT
and high NT-proBNP in T2MI and high hs-TnT and high NT-proBNP in
AI. These results highlight potential for a combinatory use of hs-TnT and
NT-proBNP in the diagnosis of all three MI subtypes i.e., T1MI, T2MI and
AI. cTnT and NT-proBNP are established clinical cardiac necrosis and strain
biomarkers, respectively. cTnT but not NT-proBNP is routinely measured in
STEMI/NSTEMI patients. A combination of measurements could be readily
implemented in clinical settings if the combinationwere to aid in the differ-
entiation of MI subtypes. An early diagnosis of T2MI and AIwould have im-
portant clinical implications, i.e., 1) guidance on the necessity of invasive
diagnostic procedures and 2) focus on specific treatment options for T2MI
and/or AI.
4.5. Strengths and limitations

Our study is exploratory, searching for novel approaches to discriminate
T1MI, T2MI and AI, and awaits further validation in independent cohorts.
Although the NT-proBNP PEA correlated significantly with clinical NT-
proBNP measurements, further studies are required to evaluate cTn and
NT-proBNP thresholds to differentiate NSTEMI from AI. The finding that
the cardiac strain marker NT-proBNP and cardiac necrosis marker cTnT
combined with age may provide better discrimination between NSTEMI
and AI than either of the biomarkers on its own offers an interesting
observation with potential clinical relevance. Biomarker performance was
compared for all 3 MI sub-types i.e., T1MI, T2MI and AI which has not
been evaluated thus far. The causes of T2MI and AI are multifactorial and
comprise systemic responses to circulatory insufficiency [3]. T2MI is de-
fined as a mismatch of cardiac oxygen demand and supply in the absence
of acute coronary plaque rupture. Thus, other biomarkers beyond the
ones tested in the present study may better capture the distinct patho-
mechanisms leading to cardiac ischemia in T2MI distinguishing it from AI
and T1MI.
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5. Conclusion

A combination of cTnT with NT-proBNP was able to better distinguish
T1MI, T2MI and AI compared to single biomarker measurements in the
BACC cohort. The diagnosis of T2MI and its former sub-category AI may
benefit from the combination of biomarker trajectories during close clinical
observation in the acute setting of suspected MI. Whether this combination
is sufficient to improve early differentiation of T2MI in acute clinical set-
tings will require further validation in independent cohorts.
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