
ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2022

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1834

Identification of pathophysiological
and prognostic biomarkers in
different types of myocardial
infarction

MARCUS HJORT

ISSN 1651-6206
ISBN 978-91-513-1475-4
URN urn:nbn:se:uu:diva-469656



Dissertation presented at Uppsala University to be publicly examined in H:son
Holmdahlsalen, ingång 100, Akademiska sjukhuset, Uppsala, Monday, 23 May 2022 at
13:00 for the degree of Doctor of Philosophy (Faculty of Medicine). The examination will be
conducted in Swedish. Faculty examiner: Adjunct Professor Helge Rørvik Røsjø (Division of
Medicine, Akershus University Hospital, University of Oslo, Oslo, Norway).

Abstract
Hjort, M. 2022. Identification of pathophysiological and prognostic biomarkers in different
types of myocardial infarction. Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1834. 90 pp. Uppsala: Acta Universitatis Upsaliensis.
ISBN 978-91-513-1475-4.

The pathophysiological mechanisms of myocardial infarction (MI) with non-obstructive
coronary arteries (MINOCA) are largely unknown. Analogous, differences in pathobiology
between ST-elevation myocardial infarction (STEMI) and non-ST-elevation myocardial
infarction (NSTEMI) are incompletely understood. The overall aim of this thesis was to
explore whether concentrations of cardiovascular biomarkers during the acute and stable phase
may offer novel pathophysiological insights, comparing MINOCA (coronary stenoses <50%)
to myocardial infarction with obstructive coronary arteries (MI-CAD; stenoses ≥50%) and
controls, or STEMI to NSTEMI. Also, the prognostic implications of biomarkers were explored.

The study populations consisted of subjects included in the quality registry SWEDEHEART
at hospitalization in two cohorts (n=18,943 and n=1082), in the SMINC study at three-month
follow-up (n=292), and finally in the PLATO trial during hospitalization (n=11,660) and
at one-month follow-up (n=2862). Cardiovascular biomarkers were analyzed with proximity
extension assay (91 biomarkers), multiple reaction monitoring assay (84 biomarkers) and
standard laboratory chemistry. Lasso analysis (penalized logistic regression model) and multiple
linear regression were used to select biomarkers that discriminated MINOCA from MI-CAD
patients or controls, and the former was also used to compare STEMI to NSTEMI patients.
Adjusted Cox regression was mainly used for prognostic evaluations.

The combined pattern of several inflammatory biomarkers suggested that MINOCA had
a more pronounced chronic inflammatory activity compared to MI-CAD and controls. High
sensitivity C-reactive protein (hs-CRP) concentrations were also initially higher in MINOCA
than MI-CAD during the hospital stay, although later temporal changes of hs-CRP indicated
less acute phase reaction in MINOCA. As reflected by high sensitivity cardiac troponin T (hs-
cTnT) and natriuretic peptides, there was a lower degree of myocardial injury in MINOCA
than MI-CAD during hospital stay, but also a faster recovery in MINOCA and less persistent
myocardial damage and dysfunction. Compared to controls however, there was a higher degree
of residual myocardial dysfunction in MINOCA three months later. Corresponding with this,
higher in-hospital hs-cTnT concentrations in MINOCA independently predicted poor one-year
outcomes, in particular cardiovascular mortality and heart failure. Finally, samples three months
post-MINOCA displayed lower concentrations of tissue-type plasminogen activator than post-
MI-CAD patients, suggesting less persistent coagulation activation.

In STEMI and NSTEMI patients, biomarkers indicated greater myocardial damage and
dysfunction in the acute phase in STEMI, together with more pronounced inflammatory
activity. They also displayed a more diverse pathophysiological pattern in NSTEMI. All of
the biomarkers that separated STEMI from NSTEMI were however similarly prognostic for
mortality and adverse events between the two MI groups.

In conclusion, extensive biomarker investigations combined with advanced statistical
analyses displayed intriguing aspects of pathobiology in MINOCA and differences between
STEMI and NSTEMI. Some of these biomarkers were also related to clinical outcome.
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”The workings of the human heart are
the profoundest mystery of the universe”

 
Charles W. Chesnutt, American author, 1858-1932
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Abbreviations 

ACS  Acute coronary syndrome 
AgRP  Agouti-related protein 
BMI  Body mass index 
BNP  B-type natriuretic peptide 
CABG  Coronary artery bypass grafting 
CAD  Coronary artery disease 
CCTA  Coronary computed tomography angiography 
CHI3L1  Chitinase-3-like protein 1 
CI  Confidence interval 
CMRI  Cardiac magnetic resonance imaging 
COPD  Chronic obstructive pulmonary disease 
(hs)-CRP  (High sensitivity) C-reactive protein 
cTn  Cardiac troponin 
(hs)-cTnT  (High sensitivity) cardiac troponin T 
CV  Coefficient of variation 
CXCL1  C-X-C motif chemokine 1 
DAPT  Dual antiplatelet therapy 
eGFR  Estimated glomerular filtration rate  
FGF 23  Fibroblast growth factor 23 
GDF-15  Growth differentiation factor 15 
GMR  Geometric mean ratio 
HPLC  High performance liquid chromatography 
HR   Hazard ratio 
Hs  High sensitivity 
ICD-10-CM  International Classification of Diseases, 10th re-

vision, Clinical Modification 
IHD  Ischemic heart disease 
IL  Interleukin 
IL-1RA  Interleukin-1 receptor antagonist protein 
IL-4  Interleukin-4 
IL-6  Interleukin-6 
LOD  (Lower) limit of detection 
LOX-1  Lectin-like oxidized LDL receptor 1 
LV  Left ventricular 
LVEF  Left ventricular ejection fraction 
MACE  Major adverse cardiovascular events 



MAMP  Membrane-bound aminopeptidase P 
MI   Myocardial infarction 
MI-CAD  Myocardial infarction with obstructive coronary 

artery disease 
MINOCA  Myocardial infarction with non-obstructive cor-

onary arteries 
MPO  Myeloperoxidase 
MRM  Multiple reaction monitoring 
NEMO  NF-kappa-B essential modulator 
NSTEMI  Non-ST-elevation myocardial infarction 
NT-proBNP   N-terminal pro-B-type natriuretic peptide 
OCT  Optical coherence tomography 
OR  Odds ratio 
PAD  Peripheral artery disease 
PAPPA  Pappalysin-1 
PCI  Percutaneous coronary intervention 
(q)PCR  (Quantitative real-time) polymerase chain reac-

tion 
PEA  Proximity extension assay 
PLATO  PLATelet inhibition and patient Outcomes 
PSGL-1  P-selectin glycoprotein ligand 1 
RAAS  Renin–angiotensin–aldosterone system 
RCT  Randomized control trial 
REN  Renin 
RIKS-HIA  Register of Information and Knowledge About 

Swedish Heart Intensive Care Admissions 
SAA1 (and SAA2) Serum amyloid A-1 (and A-2) protein 
SCAAR  Swedish Coronary Angiography and Angio-

plasty Registry 
SIS  Stable isotope standards 
SMINC  Stockholm Myocardial Infarction with Normal 

Coronaries 
STEMI  ST-elevation myocardial infarction 
suPAR  Soluble urokinase plasminogen activator sur-

face receptor 
SWEDEHEART Swedish Web-System for Enhancement and De-

velopment of Evidence Based Care in Heart 
Disease Evaluated According to Recommended 
Therapies 

tPA  Tissue-type plasminogen activator 
TRANCE  Tumor necrosis factor (TNF)-related activation-

induced cytokine 
UniProt  Universal Protein Resource 
URL  Upper reference limit 
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Introduction 

The World Health Organization estimated ischemic heart disease (IHD), in-
cluding myocardial infarction (MI), to be the leading cause of mortality and 
morbidity worldwide in 2019 in people aged >50 years1. IHD is the cause of 
death in around 16% of the total deaths each year. The absolute numbers have 
increased steadily since 1990 although they vary considerably among coun-
tries. However, the relative death rate has instead slightly decreased globally1. 
This has probably to do with faster emergency response, new and improved 
treatments, and better secondary prevention. 

With scientific progress, it has become evident that the pathophysiology of 
MI is a complex process involving atherosclerosis, inflammation, coagula-
tion/fibrinolysis, and subsequent myocardial injury, dysfunction, remodeling 
and fibrosis. Furthermore, MI has in recent years been classified into different 
subtypes according to the underlying mechanism of the acute event2, which 
will guide the appropriate treatment options. For example, presenting with ST-
elevation myocardial infarction (STEMI) or non-ST-elevation myocardial in-
farction (NSTEMI) will determine timing of treatment3, 4. For patients with 
myocardial infarction with non-obstructive coronary arteries (MINOCA), in-
stead no comprehensive treatment guidelines exist5, 6.  

Measurement of circulating biomarkers reflecting different pathophysio-
logical pathways in MI have been used and further suggested for diagnostic 
and prognostic purposes, but also for tailoring of treatment4, 7-10. Therefore, 
exploring biomarkers in patients with STEMI, NSTEMI and MINOCA may 
unravel potential pathophysiological mechanism, and assist in prognostication 
and development of targeted treatment. 
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Background 

Myocardial infarction 
Pathophysiology 
In pathology, a MI is defined as myocardial cell death caused by myocardial 
ischemia. The event and underlying cause of the ischemia are however differ-
ent2. In a pioneering study in 1980, 80% of patients presenting with STEMI 
had an occluded coronary artery on the angiography if it was performed four 
hours after onset of chest pain11, but only 26% of NSTEMI patients had an 
occluded coronary artery when angiography was performed within 24 hours 
of symptom onset12. Moreover, >90% of the acute MI patients had angio-
graphic evidence of obstructive coronary artery disease (CAD)11, 12, defined as 
coronary artery stenosis ≥50% in any potential infarct-related artery5, 6. This 
observation has later been verified, thus around 5-10%5, 6, 13, 14 of MI patients 
have non-obstructive coronary arteries, so called MINOCA5, 6. The lumen nar-
rowing is because of atherosclerotic plaque formation, a process involving lip-
oprotein retention, inflammatory cell recruitment, apoptosis and necrosis, 
smooth muscle cell proliferation and matrix synthesis, calcification, angiogen-
esis and arterial remodeling15. Furthermore, an acute occlusion in a coronary 
artery leading to the acute MI is often caused by plaque rupture and subse-
quent intracoronary thrombosis.  

There are also several other secondary mechanism of acute myocardial is-
chemia, i.e. coronary embolism, coronary artery dissection, severe brady- or 
tachyarrhythmia, respiratory failure with severe hypoxemia, severe anemia, 
hypotension/shock or severe hypertension2. In MINOCA, the pathophysiol-
ogy is largely unknown and most likely heterogeneous5, 6, 16-18 (see below). 

Diagnostic criteria 
An acute MI diagnosis requires both 1) evidence of an acute myocardial injury 
and 2) clear signs of acute myocardial ischemia. Hence, the clinical criteria of 
MI are the following2: 

1. Clinical evidence of an acute myocardial injury – measurement 
of elevated blood concentrations of cardiac biomarkers above the 
99th percentile upper reference limit (URL) with a rising or falling 
pattern, where cardiac troponin (cTn) is the preferred biomarker. 
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2. Clinical signs of myocardial ischemia – at least one of the fol-
lowing: 
• Symptoms of ischemia – such as chest pain. 
• ECG signs of ischemia – such as ST-elevation/depression or 

development of pathological q-waves. 
• Imaging findings consistent with ischemia – such as regional 

cardiac wall motion abnormalities on echocardiography or 
cardiac magnetic resonance imaging (CMRI). 

• Identification of an intracoronary thrombus by angiography or 
autopsy. 

Also, an acute MI diagnosis is valid in cases of cardiac death with prior symp-
toms suggestive of myocardial ischemia (as outlined above) before cTn con-
centrations become available or abnormal. The MI diagnosis is also true re-
gardless of cTn concentrations if autopsy shows an area of necrosis suggestive 
of acute MI. 

Different types of myocardial infarction 
Type 1 and type 2 myocardial infarction 
MI is classified into five different subtypes according to the pathophysiologi-
cal mechanism leading to the acute ischemic myocardial injury2. This thesis 
will not consider procedural-related (type 4 and 5) and presumed MI in de-
ceased patients (type 3). Instead, the remaining two types of MI will be the 
focus:   

• Type 1: Spontaneous MI due to a local thrombus formation in a 
coronary artery caused by an atherosclerotic plaque rupture, ulcer-
ation or fissuring. 

• Type 2: MI secondary to other conditions resulting in a decreased 
cardiac oxygen supply or an increased cardiac oxygen demand – 
such as coronary spasm, severe bady- or tachyarrhythmia, respira-
tory failure or severe anemia.  

The atherosclerotic burden in both type 1 and type 2 MI can vary greatly2.  

MINOCA 
MINOCA is a more recently recognized condition and is defined as fulfilling 
the criteria of an acute MI and having non-obstructive coronary arteries (Fig-
ure 1) – normal (no or ≤30% stenosis) or mild atheromatosis (<50% stenosis)5, 

6. This is in contrast to myocardial infarction with obstructive coronary artery 
disease (MI-CAD), instead having stenosis ≥50% in any artery. An additional 
criterion for MINOCA is that there should be no alternative overt specific 
cause for the myocardial injury, e.g. pulmonary embolism, at the time of the 
angiography5, 6. Proposed mechanisms behind MINOCA are coronary spasm, 
plaque disruption, thrombus/embolus that rapidly has dissolved, dissection, 
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microvascular dysfunction and imbalance in myocardial oxygen supply/de-
mand5, 6, 13, 16-19. Thus, MINOCA is considered a working diagnosis, acknowl-
edging that MINOCA might be a type 1 or type 2 MI and that these patients 
are to be investigated further for potential causes of the MI to find a treatable 
mechanism5, 6, 18 (Table 1). Importantly, other differential diagnoses that 
mimic MINOCA, such as myocarditis or Takotsubo syndrome, should be 
ruled out.  

 
Figure 1. Extent of coronary stenosis or obstruction in MINOCA and MI-CAD as 
illustrated or shown on coronary angiography. Reprinted and adapted by permission 
of Dr. Dipankar Sadhukhan20. 
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Table 1. Potential causes of MINOCA and related conditions with suggested diag-
nostic work-up and treatment options. 
Adapted from the consensus document on MINOCA from the American Heart Association6. 

  

Underlying mecha-
nism/clinical disorder 

Selective diagnostic in-
vestigations* 

Selective/empirical ther-
apies† 

MINOCA 
Plaque disruption Angiographic review 

Intravascular imaging (IVUS 
or OCT) 

Aspirin 
High-intensity statin 
Betablockers (in presence of 
left ventricular dysfunction, 
and possibly with preserved 
LVEF) 
RAAS inhibitors (in presence 
of left ventricular dysfunc-
tion, and possibly with pre-
served LVEF) 
Consider clopidogrel/ticagre-
lor 

Coronary artery spasm Resolution with coronary 
vasodilators (e.g. intracoro-
nary nitroglycerin) 
Provocative spasm testing 
Blood toxicology testing 
Review of medication and 
nonprescription drug use (e.g. 
migraine medications, co-
caine) 

Calcium channel blockers 
Other antispastic agents (ni-
trates, nicorandil, cilostazol) 
Consider statin 

Coronary microvascular dys-
function 

Angiographic review 
Coronary microvascular 
functional testing 

Conventional antianginal 
therapies (e.g. calcium chan-
nel blocker, betablocker) 
Unconventional antianginal 
therapies (e.g. l-arginine, 
ranolazine, alfablockers) 

Coronary embolism/throm-
bus 

Angiographic review 
Intravascular imaging (IVUS 
or OCT) 
Thrombophilia screen 

Antiplatelet or anticoagulant 
therapy 
Other targeted therapies for 
hypercoagulable condition 

Spontaneous coronary artery 
dissection  

Angiographic review 
Intravascular imaging (IVUS 
or OCT) 

Aspirin 
Betablocker 
Consider clopidogrel 

Supply-demand mismatch Review history for potential 
stressors 

Treatment for underlying 
condition 
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Underlying mecha-
nism/clinical disorder 

Selective diagnostic in-
vestigations* 

Selective/empirical ther-
apies† 

Other conditions mimicking MINOCA 
Branch “flush occlusion” or 
severe branch stenosis (from 
coronary embolism/thrombus 
or ruptured plaque) 

Angiographic review 
Consider intracoronary imag-
ing to identify plaque rupture 
or dissection, or de novo 
thrombus echocardiography 
review (screen valves for en-
docarditis; left atrium and left 
ventricle for thrombus source 
and tumor; the possibility of 
a PFO should also be evalu-
ated) 

Antiplatelet or anticoagulant 
(depending on cause) 
Statin 
Betablockers 
RAAS inhibitors (in presence 
of left ventricular dysfunc-
tion, and possibly with pre-
served LVEF) 

Spontaneous coronary artery 
dissection 

Angiographic review Aspirin 
Betablocker 
Consider clopidogrel 

Takotsubo syndrome Left ventricular angiogram 
Contrast CMRI 

ACE inhibition 
Medical or device therapies 
for heart failure/left ventricu-
lar dysfunction 
Consider betablockers 

Cardiomyopathies Contrast CMRI Medical or device therapies 
for heart failure/left ventricu-
lar dysfunction 

Myocarditis Contrast CMRI Medical or device therapies 
for heart failure/left ventricu-
lar dysfunction. 
Consider immunomodulatory 
and immunosuppressive ther-
apies 

 
ACE: angiotensin-converting enzyme; IVUS: intravascular ultrasound; PFO: patent foramen 
ovale. 
* These are selective and targeted investigations and should be considered in addition to routine 
evaluation for patients with suspected acute MI, including clinical assessment, ECG, cardiac 
biomarkers (with cTn preferred) and echocardiogram. 
† These are selective and targeted therapies and should be considered in addition to cardiopro-
tective therapies, lifestyle changes and cardiac rehabilitation. 

STEMI and NSTEMI 
An MI can also be categorized according to STEMI or NSTEMI depending 
on whether ST-segment elevation is present or not, respectively, on the ECG 
at presentation (Figure 2). STEMI and NSTEMI patients are generally man-
aged in a similar manner, where guidelines recommend coronary angiography, 
revascularization if appropriate, echocardiography, management of cardiovas-
cular risk factors, cardiac rehabilitation, and medical treatment with possibly 
dual antiplatelet therapy (DAPT), betablockers, renin-angiotensin-aldosterone 
system (RAAS) inhibitors and statins3, 4. However, coronary angiography and 
percutaneous coronary intervention (PCI) is performed earlier in STEMI pa-
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tients3 ,4 since they more often have a total occlusion of the culprit artery com-
pared to NSTEMI patients21, with subsequent higher incidence of transmural 
ischemia and larger infarcted myocardial area22. Yet, STEMI patients tend to 
have less history of cardiovascular disease (prior stable and unstable angina, 
MI, PCI, coronary artery bypass grafting [CABG], stroke, peripheral artery 
disease [PAD], heart failure and atrial fibrillation)23, 24. Importantly, both 
STEMI and NSTEMI patients are represented among all different types of MI, 
including type 1, type 2 and MINOCA, requiring differentiated management2-

6. 
 

 
Figure 2. Examples of ECG findings in STEMI or NSTEMI. 

Myocardial injury 
Myocardial injury is defined as elevated blood concentrations of cTn in an 
acute setting with a dynamic rising or falling pattern, or chronic setting with 
persistently elevated cTn concentrations, but do not fulfill the criteria of MI2. 
Causes of cTn release are myocyte necrosis and apoptosis, but also reversible 
cell damage due to increased cell membrane permeability and the formation 
and release of membranous blebs2. Potential reasons include cardiac contu-
sion, stroke, sepsis, myocarditis, heart failure, pulmonary embolism or hyper-
tension, Takotsubo syndrome, chronic kidney disease, cardiac procedures and 
situations with critical illness in general2. 

Incidence and prognosis 
The number of patients initially treated for symptoms suggestive of MI is un-
known, but chest pain remains the most common reason for visits to the emer-
gency department, composing about 20% of all visits25. The absolute inci-
dence of IHD and MI has increased globally from 2010 to 20191, although it 
has steadily decreased in Sweden26. In Sweden during 2019, around 24,300 

STEMI 

NSTEMI 
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individuals developed a MI, of whom 20,800 were hospitalized26, which rep-
resented an incidence of admitted MI patients of 201 per 100,000 inhabit-
ants27.  

Mortality of IHD and MI has increased in numbers recent decades, remain-
ing the leading cause of death worldwide, although relative death rates have 
declined during the same time period1. Thirty-day and one-year mortality were 
around 10% and 20%, respectively, for those hospitalized for MI in Sweden 
in 201926. 

MINOCA 
MINOCA is estimated to constitute around 5-10% of MI patients5, 6, 13, 14, in 
which 14.7% was STEMI at Swedish hospitals from 2005 to 201328 and in 
similar proportions internationally14. MINOCA patients have a better progno-
sis than other MI patients, although it has a one-year mortality of 3.4% in a 
meta-analysis14 from 2021. During a mean follow-up of 4.1 years in Swedish 
patients, mortality, recurrent MI and admission for heart failure were 13.4%, 
7.1% and 6.4%, respectively29. 

STEMI and NSTEMI 
Several studies have reported a relative decrease in STEMI in relation to 
NSTEMI with time. To illustrate, in two studies on patients in the US the pro-
portion of STEMI decreased from 45.0% in 1997 to 32.1% in 200523 and 
40.2% in 2001 to 26.9% in 201130. STEMI patients have a worse short-term 
prognosis than NSTEMI31, whereas the opposite applies for long-term prog-
nosis32. From a large US cohort of MI patients who underwent coronary angi-
ography and were included from 2007 to 2010, all-cause mortality after two 
years was 16.0% in STEMI and 19.8% in NSTEMI patients32. 

Risk factors and medications 

STEMI and NSTEMI 
Among the known risk factors of MI, there are some differences between 
STEMI and NSTEMI patients. In several large-scale studies23, 24, 33, STEMI 
patients were younger and more often men. They also had a higher prevalence 
of current smoking and lower prevalence of prior hypertension and diabetes 
mellitus. Estimated glomerular filtration rate (eGFR) was higher in STEMI 
patients. There was no consensus about prior hyper-/dyslipidemia. At dis-
charge, STEMI patients to a higher degree received pharmacological second-
ary prevention of aspirin, P2Y12 blockers, betablockers, RAAS inhibitors and 
statins. However, NSTEMI patients were more often discharged with calcium 
channel blockers and long-acting nitrates24. STEMI patients also received 
more in-hospital PCI, but the same degree23 or less24, 33 of CABG. 
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MINOCA 
Comparing patients with MINOCA to MI-CAD, the most comprehensive 
meta-analysis13 showed that MINOCA patients were younger, more often fe-
male and had a lower prevalence of hyperlipidemia. However, there was no 
difference for common risk factors such as hypertension, smoking or diabetes 
mellitus. In a more recent meta-analysis14 from 2021 however, MINOCA pa-
tients tended to have fewer traditional risk factors in general compared to MI-
CAD. Furthermore, MINOCA patients more often presented with NSTEMI 
instead of STEMI6, 14. They were also discharged with less aspirin, P2Y12 
blockers, betablockers, RAAS inhibitors and statins than MI-CAD patients, 
but more oral anticoagulants28. 

Biomarkers 
The definition of protein biomarkers 
There has been some confusion about the definition of a biomarker and their 
application in research and clinical practice34. This resulted in the formation 
of a joint task force on the initiative of the US Food and Drug Administration 
and the National Institutes of Health with the aim to create common defini-
tions and to make them publicly available: the “Biomarkers, EndpointS, and 
other Tools” (BEST) resource35. In the version of November 29th 2021, bi-
omarkers are “a defined characteristic that is measured as an indicator of nor-
mal biological processes, pathogenic processes, or biological responses to an 
exposure or intervention, including therapeutic interventions” (page 45) and 
include biomarker categories such as susceptibility/risk, diagnostic, monitor-
ing, prognostic, predictive, response and safety.  

Protein expression is becoming popular as an objective biomarker in pa-
tients, and biomarkers in medicine often refers to disease-related proteins or 
biochemical indicators36. Protein concentrations are derived from genome ex-
pression, corresponding mRNA concentrations and on translational control 
and regulation, therefore being the final effectors of biological function. Thus, 
the full set of protein biomarkers in an individual would be considered a rele-
vant data set to characterize phenotype37. In this thesis, a biomarker will 
henceforth refer to a protein. 

Applications of biomarkers in myocardial infarction 
Several biomarkers reflective of different pathophysiology with diagnostic 
and prognostic implications have been described in MI, ranging from well-
known to novel biomarkers4, 7-10, 38-40. They include biomarkers of myocardial 
injury (i.e. cTn, myoglobin, ST2 protein), myocardial dysfunction (i.e. natri-
uretic peptides), inflammation (i.e. C-reactive protein [CRP], interleukin [IL] 
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family, growth differentiation factor 15 [GDF-15]), hemostasis (i.e. tissue fac-
tor, prothrombin, tissue-type plasminogen activator [tPA]), atherogenesis/ath-
erosclerosis (i.e. pappalysin-1 [PAPPA], myeloperoxidase [MPO], matrix 
metalloproteinases) and lipid metabolism (i.e. apolipoproteins). For some bi-
omarkers, the pathobiology is clear and specific, whereas other biomarkers’ 
biological functions are difficult to define and can have several overlapping 
functions in a cardiovascular setting7, 8. Many of these biomarkers are prog-
nostic for a broad variety of secondary outcomes such as mortality, heart fail-
ure, recurrent MI or other cardiovascular events7, 8, 10. Inflammatory bi-
omarkers have also been implied for targeted treatment9.  

Traditionally however, only one or a few biomarkers at a time have been 
studied in MI patients7, 8. Moreover, studies have usually focused on either 
STEMI or NSTEMI, which precludes in-depth investigations on pathophysi-
ological differences between these conditions. Biomarkers may also be used 
to reflect pathological processes in MINOCA, but only a few biomarkers have 
been investigated41-47. Additionally, most of these biomarkers were collected 
at a single time-point during the index hospitalization41-46. 
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Aims of the thesis 

The main aim of this thesis was to explore and describe differences in bi-
omarker concentrations in different types of MI in order to better understand 
differences in pathobiology and prognosis. This information may be utilized 
to improve treatment, outcome estimates and follow-up of these patients. 
Moreover, a methodological aim was to combine epidemiology with advanced 
biomarker and statistical analyses for this purpose. In more detail, the follow-
ing study aims were set up: 
 
Study I Investigate the prognostic value of high sensitivity (hs) cardiac 

troponin T (hs-cTnT) during index hospitalization in patients 
with MINOCA in comparison to MI-CAD. 

 
Study II Examine concentrations of multiple biomarkers reflecting var-

ious pathophysiological mechanisms in stable post-MINOCA 
patients and compare to post-MI-CAD patients and healthy 
controls. 

 
Study III Investigate concentrations of multiple biomarkers in acute 

STEMI and NSTEMI patients in order to elucidate differences 
in pathobiology and its prognostic implications. 

 
Study IV Study concentrations of hs-cTnT, N-terminal pro-B-type natri-

uretic peptide (NT-proBNP), hs-CRP and GDF-15 in both the 
acute and stable setting of MINOCA and MI-CAD, in order to 
reveal differences in temporal changes and pathophysiological 
mechanisms. 
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Thesis overview 

Table 2. Overview of thesis. 

Study I II III IV 
Design Observational 

cohort study 
Observational 
cross-sectional 
study 

Observational 
cohort study 

Observational co-
hort study 

Data source SWEDE-
HEART, Na-
tional Patient 
Registry, Na-
tional Cause of 
Death Registry 

SMINC SWEDE-
HEART, Na-
tional Patient 
Registry, Swe-
dish Population 
Registry 

PLATO  

Years of 
data collec-
tion 

2009-2013 2007-2011 2008-2014 2006-2008 

Study popu-
lation 

MINOCA and 
MI-CAD pa-
tients at hospi-
tals using hs-
cTnT 

Age- and sex-
matched 
MINOCA and  
MI-CAD pa-
tients, and 
healthy controls 

STEMI and 
NSTEMI pa-
tients included 
in the SWEDE-
HEART bi-
obank 

MINOCA and 
MI-CAD patients 
at hospital stay 
(baseline) and a 
subset of these 
patients at one 
month later (fol-
low-up) 

Numbers in-
cluded in 
analyses 

n=18,943 n=292 n=1,082 nbaseline=11,660 
nfollow-up=2862 

Biomarker 
numbers in-
cluded in 
analyses 

1 (hs-cTnT) 91 175 4 

Main labor-
atory 
method 

Standard labor-
atory chemistry 

PEA PEA, MRM Standard labora-
tory chemistry 

Biomarkers 
collected at 

Index hospitali-
zation 

Three months 
after MI 

Index hospitali-
zation 

1) Baseline: in-
dex hospitaliza-
tion 
2) Follow-up 
subcohort: One 
month after MI 
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Study I II III IV 
Prognostic 
follow-up 
time 

One year - 6.6 years for 
mortality, 5.8 
years for 
MACE 

- 

Assessed 
outcomes 

Mortality, 
MACE, MI, 
stroke or heart 
failure 

Differences in 
biomarker con-
centrations 

Differences in 
biomarker con-
centrations and 
associated risk 
of mortality or 
MACE 

Differences in 
biomarker con-
centrations at 
baseline and 
one month later, 
and temporal 
changes 

Main statis-
tical anal-
yses 

Cox regression, 
Kaplan-Meier 
analysis, Mann 
Whitney test 

Lasso analysis, 
multiple linear 
regression 

Lasso analysis, 
Cox regression 

Multiple linear 
regression, re-
stricted cubic 
spline model, 
Mann-Whitney 
test 

Conclusions Higher in-hos-
pital hs-cTnT 
concentrations 
was strongly 
and inde-
pendently asso-
ciated with 
worse outcome 
in MINOCA 
patients and 
were at least as 
prognostic as in 
MI-CAD pa-
tients  

Biomarker con-
centrations in 
the stable phase 
indicated that 
MINOCA pa-
tients had 
1) greater pro-
inflammatory 
activity than 
MI-CAD pa-
tients and con-
trols  
2) lower degree 
of myocardial 
dysfunction and 
coagulation ac-
tivation than 
MI-CAD pa-
tients  
3) greater de-
gree of myocar-
dial dysfunction 
than controls 

Biomarkers in-
dicated greater 
myocardial 
damage, dys-
function and in-
flammation in 
acute STEMI 
and a more di-
verse pathobiol-
ogy in acute 
NSTEMI pa-
tients. These bi-
omarkers were 
similarly prog-
nostic between 
the two MI 
types 

Biomarker con-
centrations sug-
gested greater 
initial inflam-
matory activity, 
similar myocar-
dial dysfunction 
and less pro-
nounced myo-
cardial injury 
during the acute 
phase of 
MINOCA com-
pared to MI-
CAD. Temporal 
changes of bi-
omarkers also 
indicated faster 
recovery in 
MINOCA 
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Methods 

Data sources 
Studies I and III utilized data from the Swedish Web-System for Enhance-
ment and Development of Evidence-Based Care in Heart Disease Evaluated 
According to Recommended Therapies (SWEDEHEART) registry merged 
with the Swedish National Patient Registry, that holds data on discharge diag-
noses of all hospital stays in Sweden since 1987, the National Cause of Death 
Registry with information on causes of death, and the Swedish Population 
Registry that contains vital status data of all Swedish residents. Linking these 
registries together is possible by using the unique personal identification num-
ber of the patients. Studies II and IV used data from the Stockholm Myocar-
dial Infarction with Normal Coronaries (SMINC) study and the PLATelet in-
hibition and patient Outcomes (PLATO) trial, respectively. Table 3 summa-
rizes how MINOCA patients were identified in the registries in studies I, II 
and IV. 

Table 3. Definitions of MINOCA in the individual studies. 

Study 
Study 

popula-
tion 

Angi-
ography 
criteria 

Exclusions (clinical charac-
teristic or medical history) Comment 

I SWEDE-
HEART 

Stenoses 
<50% 

No previous MI or coronary re-
vascularization. 
No in-hospital PCI. 

Retrospectively identi-
fied. 
Compared to MI-
CAD. 

II SMINC Stenoses 
<30% 

No myocardial injury or type 2 
MI with a likely genesis.  
No history of structural heart 
disease or CAD, pacemaker, 
COPD with hypoxemia due to 
acute exacerbation, severe renal 
failure, non-sinus rhythm on the 
admission ECG, myocarditis or 
pulmonary embolism. 

Prospectively identi-
fied. 
25% of patients ful-
filled all the Mayo 
Clinic criteria for Ta-
kotsubo syndrome. 
Compared to MI-CAD 
and controls. 
 

IV PLATO Stenoses 
<50% 

No previous or in-hospital coro-
nary revascularization. 
 

Retrospectively identi-
fied. 
Compared to MI-
CAD. 
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SWEDEHEART 
SWEDEHEART was formed in 2009 and is a Swedish national registry of 
CAD care and valvular interventions. It is a merger of the Register of Infor-
mation and Knowledge About Swedish Heart Intensive Care Admissions 
(RIKS-HIA), the Secondary Prevention after Heart Intensive Care Admission 
(SEPHIA) and the Swedish Coronary Angiography and Angioplasty Registry 
(SCAAR). In addition, it also includes the Swedish Heart Surgery Registry, 
the Cardiogenetic Registry and the national percutaneous valve device registry 
SWENTRY. RIKS-HIA annually enrolls about 18,000 MI patients including 
prospectively collected data on about 100 variables such as demography, me-
dial history, clinical presentation and characteristics, ECG findings, biomarker 
concentrations, interventional treatments, discharge diagnosis and medica-
tions both at admission and discharge. The coverage of MI hospitalizations in 
RIKS-HIA is about 87% and coverage of angiographic findings and interven-
tions in SCAAR is about 98%48. In addition, the agreement between the infor-
mation entered in the registry and the medical records is around 96%49. The 
reporting physician are required to classify MI into STEMI or NSTEMI, and 
since 2010 also categorize into different MI subtypes such as type 1 and type 
2 MI50. However, the MINOCA diagnosis is not set by the treating physicians 
in SWEDEHEART but can be distinguished from other MI by findings on 
coronary angiography.  

Furthermore, some of the SWEDEHEART patients provided an additional 
blood sample to the SWEDEHEART biobank, which includes Uppsala 
SWEDEHEART biobank, LUNDHEARTGENE and StockholmHeartBank. 
These biobank patients were utilized in study III. 

SMINC 
In the SMINC case-control study, a total of 176 patients were screened for 
MINOCA on the basis of being 35 to 70 years old, fulfilling the diagnostic 
criteria of acute MI and having normal coronary arteries or minimal obstruc-
tion (<30% stenosis) on coronary angiography at five coronary care units in 
Stockholm, Sweden between June 2007 and May 201147. Hence, these patients 
had less atheromatosis than MINOCA which is customarily defined as steno-
sis <50%. Also, measures were taken to eliminate other closely related condi-
tions to MINOCA, such as myocardial injury or type 2 MI with a likely gen-
esis, but also other conditions. Thus, seventy-six patients were excluded due 
to a history of structural heart disease or CAD, pacemaker, severe chronic ob-
structive pulmonary disease (COPD) with hypoxemia due to acute exacerba-
tion, severe renal failure, non-sinus rhythm on the admission ECG, myocardi-
tis or pulmonary embolism. After exclusions, a total of 100 patients with 
MINOCA were included in the study. Notably, 25% of these patients fulfilled 
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all the Mayo Clinic criteria51 for Takotsubo syndrome, indicating that the syn-
drome is represented in the study cohort. In a next step, the MINOCA patients 
were compared with 100 age/sex-matched MI-CAD patients but also 100 sub-
jects without clinical signs of CAD (no angina, no previous MI or coronary 
intervention, and who performed a normal exercise stress test), henceforth re-
ferred to as controls.  

For all subjects, demography, medical history, clinical characteristics and 
medications (both at the initial hospitalization and at three months post-MI for 
patients, or at the study visit for controls) were registered. Routine clinical 
blood samples were collected at the hospital stay for MI patients. Also, extra 
blood samples were collected and biobanked at the follow-up visit after three 
months for MI patients or at the study visit for controls. In study II, infor-
mation on medications at three months in addition to biobanked blood samples 
were utilized. 

PLATO  
The PLATO trial (ClinicalTrials.gov identifier: NCT00391872) was an inter-
national, multicenter, double-blind, randomized control trial (RCT) compar-
ing ticagrelor and clopidogrel in addition to aspirin for the prevention of car-
diovascular events in 18,624 patients hospitalized between October 2006 and 
July 2008 because of an acute coronary syndrome (ACS)52, 53. The main result 
was that ticagrelor as compared with clopidogrel significantly reduced the rate 
of death from vascular causes, MI or stroke without an increase in the rate of 
overall major bleeding, but with an increase in the rate of non–procedure-re-
lated bleeding53. An extensive substudy program also explored the pathophys-
iology of ACS, indicators of prognosis and response to treatment, mechanisms 
of effect and safety of the study medications, health economics, and quality of 
life52. Blood samples were collected at the time of randomization during the 
index hospitalization. Also, additional blood sampling at one month was done 
in a subset of around 4000 patients as predefined in a biomarker substudy52. 
In study IV, blood samples at both the hospital stay and at one month later 
were studied. The final diagnoses of ACS and MI together with STEMI and 
NSTEMI were determined at discharge by the investigators at each trial site. 
There was no adjudication of these index diagnoses. MINOCA patients are 
not separated from other MI patients in PLATO, but can be identified accord-
ing to angiography findings.  

Laboratory methods 
For all studies, peripheral blood samples were collected by venous puncture 
and stored in aliquots in -70 to -80 °C until analysis. In studies I and IV, 
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conventional laboratory methods were exclusively utilized. Proximity exten-
sion assay (PEA) was used in study II and both PEA and multiple reaction 
monitoring (MRM) assay were utilized in study III. 

Standard laboratory chemistry  
In study I, hs-cTnT were determined with the Elecsys Troponin T high-sen-
sitivity assay by Roche Diagnostics (Basel, Switzerland)54 and measured at 
each hospital with 14 ng/L as the diagnostic cut-off2 according to the 99th 
percentile URL for healthy individuals. This assay has a lower limit of detec-
tion (LOD) of 5 ng/L and an analytical range that extends to 10,000 ng/L. The 
coefficient of variation (CV) is <10% at 14 ng/L. We considered the highest 
hs-cTnT concentration measured during the hospitalization, which is docu-
mented in SWEDEHEART.  

For study IV, biomarker concentrations were centrally measured at the 
Uppsala Clinical Research Center Laboratory (Uppsala, Sweden). Hs-cTnT, 
NT-proBNP and GDF-15 were analyzed on Cobas Analytics Immunoanalyz-
ers by Roche Diagnostics (Basel, Switzerland) and hs-CRP on the Architect 
platform using spectrophotometric analysis by Abbott Diagnostics (North 
Chicago, USA). All analyses were done according to the instructions of the 
assay manufacturers and have been described in detail previously55. The ana-
lytical range of hs-cTnT is 3 to 10,000 ng/L. The CV is <10% at 14 ng/L, 
again being the URL. For NT-proBNP, the LOD is 5 ng/L with an analytical 
range that extends to 35,000 ng/L. The lowest concentration with a CV of 
<20% is 50 ng/L and URL is set at 300 ng/L for men and 400 ng/L for women 
in an apparently healthy elderly population. For hs-CRP, the analytical range 
is 0.2 to 320 mg/L. The intra-assay CV is 4.0% at 0.46 mg/L and 1.3% at 11.35 
mg/L, whereas the inter-assay CV is 2.38% at 0.46 mg/L and 0.96% at 11.35 
mg/L. The total CV at 0.46 mg/L is 4.66% and at 11.35 mg/L is 1.62%. The 
URL is <5 mg/L. The GDF-15 assay has an analytical range of 400 to 20,000 
ng/L. It has an intra-assay CV of 0.8% at 1100 ng/L and 0.9% at 18600 ng/L, 
and an inter-assay CV of 2.3% at 1100 ng/L and 1.8% at 17200 ng/L. 

Proximity extension assay 
The Olink Proseek® Multiplex CVD I96x96 chip (Olink Proteomics, Uppsala, 
Sweden) is a commercially available analysis kit with a panel of 92 selected 
proteins that are related to cardiovascular disease. It utilizes the PEA technol-
ogy56, 57 (Figure 3) in order to detect and quantify biomarkers that are coupled 
by their corresponding antibody pairs using multiplex immunoassay, requiring 
merely 1 μl plasma for the analysis of all 92 biomarkers (Table 4). Only when 
both antibodies in the pair bind to the correct target biomarker protein in the 
plasma sample, their attached matching DNA molecules hybridize to each 
other through proximity. This allows a DNA polymerase to bind and give rise 
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to a new DNA sequence that are unique for the biomarker. This specific DNA 
sequence is then amplified and subsequently quantified using quantitative 
real-time polymerase chain reaction (qPCR) on the Fluidigm BioMark™ HD 
real-time PCR platform. The results are expressed as normalized protein ex-
pression units, which are relative log2-transformed values. PEA concentra-
tions below the LOD were replaced by the LOD value itself. This technique 
has been shown to have a high reproducibility and repeatability with a mean 
intra-assay CV of 8%56. In studies II and III, one biomarker (interleukin-4; 
IL-4) had only around 3% of the measurements over the LOD and was there-
fore removed, leaving 91 biomarkers available for analysis. 

Multiple reaction monitoring assay 
MRM is a sensitive targeted tandem mass spectrometric technique for quanti-
fying proteins58. The technique can determine and quantify a large number of 
proteins in a single sample. Proteins are not measured directly, but instead 
following digestion into unique peptides that are clearly representative of the 
proteins. The MRM assay used in this thesis was specifically developed at 
Lund University in close collaboration with cardiologists at Uppsala Univer-
sity and Karolinska Institutet to target proteins relevant for cardiovascular dis-
ease and MI59, 60. 

A) Both antibodies 
in the pair bind to 
the correct target 
biomarker protein 

B) Attached match-
ing DNA molecules 
hybridize by proxim-
ity. Allows a DNA pol-
ymerase to bind and 
give rise to a new 
DNA sequence 

C) DNA sequence is 
then amplified using 
PCR  

D) The amount of each DNA 
strand is quantified with qPCR 
and results are expressed on 
a log2-transformed scale 

Figure 3. Description of the PEA technology. Reprinted by permission of Olink Pro-
teomics, Uppsala, Sweden.  



 

29 

Several steps are involved in the workflow of the technique (Figure 4). First, 
the protein mixture from a sample is digested by enzymes into peptides and 
separated by high performance liquid chromatography (HPLC). MRM assay 
is then performed on a triple quadrupole mass spectrometer using two mass 
filters to provide a highly specific response of the targeted peptide. In brief, 
peptides are ionized in an electrospray ion source followed by acceleration, 
whereby the parent ion of the target peptide is isolated in the first quadrupole 
(Q1). The parent ion is then fragmented in the collision cell (Q2) and the se-
lected specific fragment ions are monitored in the third quadrupole (Q3). Fi-
nally, the ion sequence is detected and matched to a known peptide sequence, 
which in turn is matched to a known protein.  

In the current MRM assay, the measurements were performed on a TSQ Van-
tage and a Quantiva mass spectrometer connected to an EASY n-LC II and an 
EASY n-LC 1000 pump, respectively. The protein targets of the MRM assay 
were quantified using concentration-balanced stable isotope standards (SIS). 
The mean intra-assay CV of this assay was 4.7%59. In total, 87 different pro-
teins, but also including isoforms of apolipoprotein E, were quantified (Table 
4).  

In study III, two peptides were measured for adiponectin, CRP and cysta-
tin C in the MRM assay, and therefore only one of the respective peptides 
were counted. Also, only total apolipoprotein E but not its isoforms were con-
sidered. Subsequently, 84 biomarkers were available for statistical analysis.  

Figure 4. Description of the MRM assay. Reprinted and adapted by permission of 
Elsevier61 and Dr. Wout Bittremieux62. 



30 

Biomarker categorization according to pathobiology 
In both the PEA and MRM assay, biomarkers had been selected a priori based 
on biological plausibility and clinical relevance in cardiovascular disease. For 
comprehensive and comparative reasons in studies II and III, each individual 
biomarker’s biological function (Table 4) was determined by searches in the 
Universal Protein Resource (UniProt)63 and PubMed in 2019 and 2020. Bi-
omarkers with several overlapping biological functions were assigned the cat-
egory of best fit in a cardiovascular setting. Many biomarkers in both assays 
reflect similar pathophysiological mechanisms (i.e. inflammation), although 
there were also important differences. Figure 5 shows the distributions of bi-
omarkers in each category and assay. The PEA assay exclusively captured 
glucose metabolism, atherogenesis and endothelial function, and had more bi-
omarkers reflecting apoptosis, myocardial damage/function and angiogenesis. 
Conversely, the MRM assay alone distinguished lipid metabolism and in-
cluded acute phase reactants. It was also more weighed towards hemostasis 
compared to the PEA assay. 

Hs-cTnT in study I and additionally NT-proBNP, hs-CRP and GDF-15 in 
study IV, are established biomarkers in MI. Both their pathobiology (hs-cTnT 
in myocardial damage; NT-proBNP in myocardial dysfunction; hs-CRP in in-
flammation; GDF-15 in inflammation, oxidative stress and hypoxia) and prog-
nostic implications have been intensively studied7, 8, 40.  
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Table 4. Biomarkers analyzed by PEA and MRM platforms and their suggested bio-
logical function in cardiovascular disease. 

  
PEA MRM 
  
  

Pro-inflammatory biomarkers 
  
C-C motif chemokine 3 CD5 antigen-like 
C-C motif chemokine 4 Complement C1q subcomponent subunit A 
C-C motif chemokine 20 Complement C1q subcomponent subunit B 
Chitinase-3-like protein 1 Complement C1q subcomponent subunit C 
C-X-C motif chemokine 1 Complement C1r subcomponent 
C-X-C motif chemokine 6 Complement C1s subcomponent 
C-X-C motif chemokine 16 Complement C2 
Eosinophil cationic protein Complement C3 
Fatty-acid binding protein 4 Complement C4-B 
Follistatin Complement C5 
Fractalkine Complement component C6 
Interleukin-4 Complement component C7 
Interleukin-6 Complement component C8 alpha chain 
Interleukin-6 receptor subunit alpha Complement component C8 beta chain 
Interleukin-8 Complement component C8 gamma chain 
Interleukin-16 Complement component C9 
Interleukin-18 Complement factor B 
Interleukin-27 subunit alpha IgA-1 chain C region 
Macrophage colony-stimulating factor 1 IgA-2 chain C region 
NF-kappa-B essential modulator IgG-1 chain C region 
CA 125 IgG-2 chain C region 
Pentraxin 3 IgG-3 chain C region 
Protein S100-A12 IgG-4 chain C region 
Proto-oncogene tyrosine-protein kinase Src IgK chain C region 
P-selectin glycoprotein ligand 1 IgM chain C region 
Receptor for AGE L-selectin 
Stem cell factor Mannan-binding lectin serine protease 1 
TNF-related activation-induced cytokine Mannan-binding lectin serine protease 2 
TNF-receptor superfamily member 5 N-acetylmuramoyl-L-alanine amidase 
TNF-ligand superfamily member 14 Properdin 
suPAR  
 
 

Anti-inflammatory biomarkers 
 
Growth differentiation factor 15 Complement factor I 
Interleukin-1 receptor antagonist protein Complement factor H 
 Complement decay-accelerating factor 
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PEA MRM 

 
 

Acute phase reactants 
 
 Alpha-1-acid glycoprotein 1 
 Alpha-1-antichymotrypsin 
 Alpha-1-antitrypsin 
 C-reactive protein 
 Ceruloplasmin 
 Mannose-binding protein C 
 Lipopolysaccharide-binding protein 
 Plasma protease C1 inhibitor 
 Serum amyloid A-1 protein 
 Serum amyloid A-2 protein 
 
 

Pro-coagulatory biomarkers 
 
Tissue factor Alpha-2-antiplasmin 
CD40 ligand Alpha-2-macroglobulin 
Proteinase-activated receptor 1 Coagulation factor IX 
 Coagulation factor V 
 Coagulation factor X 
 Coagulation factor XI 
 Coagulation factor XII 
 Coagulation factor XIII A chain 
 Coagulation factor XIII B chain 
 Fibrinogen alpha chain 
 Fibrinogen beta chain 
 Fibrinogen gamma chain 
 Prothrombin 
 Serine protease inhibitor 
 Thrombospondin-1 
 Vitamin K-dependent protein Z 
 von Willebrand factor 
 
 

Anti-coagulatory biomarkers 
 
Thrombomodulin Antithrombin III 
Tissue-type plasminogen activator Beta-2-glycoprotein 1 
 Plasminogen 
 Tetranectin 
 Tissue factor pathway inhibitor 
 Vitamin K-dependent protein C 
 Vitamin K-dependent protein S 
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PEA MRM 
 
 

Biomarkers of endothelial function 
 
Adrenomedullin  
E-selectin  

 
Biomarkers of the renin-angiotensin-aldosterone axis 

 
Renin Angiotensinogen 
 
 

Biomarkers of angiogenesis 
 
Angiopoietin-1 receptor Leucine-rich alpha-2-glycoprotein 
Beta-nerve growth factor  
Endothelial cell-specific molecule 1  
Platelet-derived growth factor subunit B  
Prolactin  
Vascular endothelial growth factor A  
Vascular endothelial growth factor D  
 
 

Atherogenic biomarkers 
 
Cathepsin D  
Cathepsin L1  
Cystatin-B  
Heat shock 27 kDa protein  
Kallikrein-6  
Kallikrein-11  
Lectin-like oxidized LDL receptor 1  
Matrix metalloproteinase-1  
Matrix metalloproteinase-3  
Matrix metalloproteinase-7  
Matrix metalloproteinase-10  
Matrix metalloproteinase-12  
Monocyte chemotactic protein 1  
Myeloperoxidase  
Osteoprotegerin  
Pappalysin-1  
Placenta growth factor  
Platelet endothelial cell adhesion molecule  
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PEA MRM 
 
 

Biomarkers of myocardial function and damage 
 
B-type natriuretic peptide Carbonic anhydrase 1 
Galectin-3 Fibronectin 
Melusin  
Myoglobin  
N-terminal pro-B-type natriuretic peptide  
ST2 protein  
 
 

Biomarkers of apoptosis 
  
Caspase-8 Clusterin 
TNF-related apoptosis-inducing ligand  
TNF-related apoptosis-inducing ligand receptor 2  
TNF-receptor 1  
TNF-receptor 2  
TNF-receptor superfamily member 6  
  
 

Biomarkers of glucose metabolism 
  
Galanin peptides  
SIR2-like protein  
  
 

Biomarkers of lipid metabolism 
 
 Apolipoprotein A-I 
 Apolipoprotein A-II 
 Apolipoprotein A-IV 
 Apolipoprotein B-100 
 Apolipoprotein C-I 
 Apolipoprotein C-II 
 Apolipoprotein C-III 
 Apolipoprotein D 
 Apolipoprotein E 
 Apolipoprotein E2 isoform 
 Apolipoprotein E3 isoform 
 Apolipoprotein E4 isoform 
 Apolipoprotein E phenotype 
 Apolipoprotein L1 
 Apolipoprotein M 
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PEA MRM 

 
 

Adipokines 
  
Leptin Adiponectin 
Resistin  
 
 

Other biomarkers of metabolism 
  
Agouti-related protein Haptoglobin 
Membrane-bound aminopeptidase P Hemopexin 

 
 

Growth hormones and biomarkers involved in endocrine regulation 
 
Dickkopf-related protein  Sex hormone binding globulin 
Epidermal growth factor  
Fibroblast growth factor 23  
Growth hormone   
Heparin-binding EGF-like growth factor  
Hepatocyte growth factor  
Spondin-1  
 
 

Biomarkers of renal function 
 
TIM-1 Cystatin C 
  

AGE: advanced glycosylation end products; CA 125: ovarian cancer-related tumor marker; CD: 
cluster of differentiation; EGF: epidermal growth factor; Ig: immunoglobulin; LDL: low-den-
sity lipoprotein; NF: nuclear factor; SIR2: silent mating-type information regulation 2; Src: 
sarcoma; TIM-1: T-cell immunoglobulin and mucin domain 1; TNF: tumor necrosis factor. 
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Figure 5. Distributions of biomarkers in the PEA and MRM assays according to 
their suggested biological function in cardiovascular disease. 
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Definitions of outcome variables 
The diagnosis of the index MI that defined the population in each study was 
made by the local physicians or investigators at the treating hospitals and re-
ported in SWEDEHEART (studies I and III), SMINC (study II) and PLATO 
(study IV). For study I, the assessed outcomes included all-cause mortality, 
cardiovascular mortality (all causes of death diagnosed with the International 
Classification of Diseases, 10th revision, Clinical Modification [ICD-10-CM] 
codes I00-I99), readmission for non-fatal MI (ICD-10-CM code I21), admis-
sion for heart failure (ICD-10CM code I50) and ischemic stroke (ICD-10-CM 
code I63) as primary discharge diagnosis for hospital stays obtained from the 
National Cause of Death Registry or National Patient Registry. In addition, 
we assessed major adverse cardiovascular events (MACE), defined as the 
composite of cardiovascular death, readmission for non-fatal MI and admis-
sion for heart failure or ischemic stroke, whatever occurred first within one 
year from the index admission. These outcomes were also evaluated in study 
III for all-cause mortality (from the Swedish Population Registry) and 
MACE, although the definition of MACE included all-cause death instead of 
cardiovascular mortality. Patients were followed from March 2008 until May 
16, 2018, regarding death, and until December 31, 2017, regarding MI, stroke 
and heart failure. During the first 30 days it is not possible to separate a new 
MI from the index MI in the National Patient Registry and therefore only non-
fatal MI occurring 30 days after the index hospitalization were counted.  

Study populations 
Study I 
The study cohort was based on 63,946 patients admitted to hospitals using the 
hs-cTnT assay from 2009 to 2013 and registered in SWEDEHAEART. Only 
first-time admissions during the study period were counted. To reduce the po-
tential bias of systematic reporting errors, patients were excluded from this 
analysis if hs-cTnT results had been obtained less than one week after the im-
plementation of the hs-cTnT assay at each respective hospital or if several cTn 
assays had been used in parallel. Furthermore, patients with previous MI or 
coronary revascularization were excluded. Of the remaining patients, we se-
lected those who had been discharged with a diagnosis of MI and who had 
undergone coronary angiography. To fulfil the study criteria for MINOCA, 
patients were required to have <50% stenosis in all coronaries and not to have 
undergone PCI during the hospitalization. MI patients with ≥50% coronary 
stenosis were regarded having MI-CAD. Also, patients having <50% stenosis 
and who received in-hospital PCI were also classified as MI-CAD. After ex-
clusions, a total of 1639 MINOCA and 17,304 MI-CAD patients remained for 
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the analyses (Figure 6). Blood samples of hs-cTnT were collected during the 
index hospitalization and only the highest hs-cTnT concentration for each 
patient was considered. 

Study II 
All patients included in the SMINC study from June 2007 to May 2011 were 
included in study II, which after exclusions constituted of age/sex-matched 
100 MINOCA and 100 MI-CAD patients, and 100 healthy controls without 
apparent CAD. In eight subjects however, blood samples were lacking. Thus, 
292 subjects (97 MINOCA; 97 MI-CAD; 98 controls) had biomarker results 
available for statistical analysis. Blood samples were collected in a stable post-
MI setting at a study visit three months after the index MI in the MINOCA 
and MI-CAD groups, and at the study visit for controls. 

Figure 6. Inclusion of patients into MINOCA and MI-CAD groups in study I. 
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Study III 
We included 1263 patients hospitalized because of ACS and registered in the 
SWEDEHEART biobank between March 2008 and September 2014. Only 
first-time admissions during the study period were counted. Blood samples 
from fasting MI patients were collected during index hospitalization at day 1-
3 after admission. After exclusion for incomplete biomarker data and no MI 
diagnosis or STEMI/NSTEMI classification, 538 STEMI and 544 NSTEMI 
patients remained for analysis (Figure 7). 

Study IV 
All 18,624 patients presenting with ACS and enrolled in the PLATO study 
from October 2006 to July 2008 were assessed post-hoc for inclusion in study 
IV. After exclusion of patients without available hs-cTnT, angiographic data 
or MI diagnosis, a total of 11,745 MI patients remained. Out of these, patients 
were further divided according to angiographic findings and coronary inter-
vention: 554 MINOCA (<50% stenoses, no coronary revascularization prior 
to or during the index hospitalization) or 11,106 MI-CAD (≥50% stenoses, or 
<50% stenoses and in-hospital coronary revascularization). Blood samples 
were obtained at the time of randomization at the index hospitalization (me-
dian 15.1 and 8.9 hours from onset of symptoms for MINOCA and MI-CAD 
patients, respectively), which will henceforth be referred to as blood sampling 
at baseline. A subset of these patients were also assessed as a follow-up cohort 
and gave blood samples at one month later. Since biomarker concentrations 
might be affected by intercurrent ischemic stroke or new MI, we excluded 

Figure 7. Inclusion of patients into STEMI and NSTEMI cohorts in study III. 
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such patients from follow-up. Hence, the follow-up cohort included 107 
MINOCA and 2755 MI-CAD patients (Figure 8). 

Statistical methods 
For the descriptive variables, all continuous variables are reported as medians 
with interquartile ranges. Categorical variables are expressed as frequencies 
and/or percentages. In study I, baseline characteristics were compared with 
Mann-Whitney tests for continuous variables, including biomarkers, and chi-
squared test for categorical variables. However, we did not perform any sta-
tistical test on baseline characteristics in the other studies, since this is no 
longer recommended according to the guidelines of STrengthening the Re-
porting of OBservational studies in Epidemiology (STROBE).  

For all statistical test, a two-sided p-value <0.05 was considered statisti-
cally significant. Statistical analyses were performed with SPSS (SPSS Inc., 
Chicago, USA) in studies I and III, R (R Foundation for Statistical Compu-
ting, Vienna, Austria) in studies II, III and IV, and SAS in study IV (SAS 
Institute Inc., Cary, USA).  

Figure 8. Inclusion of patients into MINOCA and MI-CAD groups in study IV. 
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Study I 
Mann-Whitney tests were utilized to compare differences in hs-cTnT concen-
trations among those who did and did not suffer an event of all-cause mortal-
ity, cardiovascular mortality or MACE within the MINOCA or MI-CAD co-
horts (Figure 9).  

Kaplan-Meier curves and the corresponding log-rank tests were used to 
study cumulative one-year event rates between hs-cTnT quartile groups (Fig-
ure 10).  

Cox regression analyses were used to investigate the associations of hs-
cTnT with one-year adverse outcome after having checked the proportional 
hazard assumptions by computing log[-log(event)]plots. In all these models, 
continuous variables (including hs-cTnT) were ln-transformed to achieve nor-
mal distributions. Cox regressions were calculated in MINOCA patients and 
additionally in MI-CAD patients as reference (Table 5). Adjustments were 
made for established cardiovascular risk factors captured by the SWEDE-
HEART registry: age, sex, current smoking, hypertension, diabetes mellitus, 
previous heart failure, previous ischemic stroke, ST-segment changes on ad-
mittance ECG, eGFR and in-hospital coronary revascularization (patients with 
MI-CAD only). Also, adjustment was made for year of admittance and hospi-
tal as a random effect in a mixed model. For comparative analyses between 
MI groups (MINOCA/MI-CAD), interaction terms on the association of hs-
cTnT with outcome were added to the fully adjusted models. In sensitivity 
analyses, additional adjustment was made for discharge medications with an-
tiplatelets, betablockers, RAAS inhibitors and statins, but also independently 
for categorized left ventricular ejection fractions (LVEF) during hospital stay.  

Furthermore, subgroups of MINOCA patients were defined according to 
sex, age ≤ or >68 years, LVEF ≥ or <0.50, diabetes mellitus and eGFR ≥ or 
<60 mL/min/1.73m2 (Table 6). For each subgroup, both adjusted hazard ratios 
(HRs) along with interaction terms were calculated on the association of hs-
cTnT with MACE. 

Study II 
The results from the PEA analysis provided all biomarker results on a log2-
scale. Concentrations below the LOD were replaced by the LOD value itself. 
We assessed differences in biomarkers concentrations in MINOCA patients, 
MI-CAD patients and healthy controls for 91 biomarkers in several steps. 
First, we utilized logistic regression through Lasso analysis64 to determine 
which biomarkers discriminate MINOCA from MI-CAD (Table 7) and from 
controls (Table 8), respectively. The Lasso is a penalized logistic regression 
model that considers all biomarkers simultaneously and selects (or predicts) 
those who provide discriminative information. The penalization is done by 
statistically discarding biomarkers that give insufficient group discrimination. 
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Biomarker results are expressed as standardized odds ratios (OR) correspond-
ing to an increase by one standard deviation in biomarker concentrations. An 
OR >1 corresponds to an increased probability of MINOCA and an OR <1 
corresponds to an increased probability of MI-CAD or controls, respectively. 

Second, for biomarkers selected by the Lasso analyses, multiple linear re-
gression analyses were performed in order to evaluate how group affiliation 
influences the concentrations (Table 9 and Table 10). In Model 1 (crude 
model), the biomarker represented the dependent variable and group affilia-
tion was the independent variable. In Model 2, adjustment was made for dia-
betes mellitus, cystatin C (log2-transformed) and relevant medications (an-
tiplatelets, anticoagulants, lipid-lowering drugs, anti-inflammatory drugs, be-
tablockers, RAAS inhibitors, diuretics and mineralocorticoids). Medications 
for each individual biomarker were selected according to their potential influ-
ence on biomarker concentrations. In nine patients with missing values for 
medication, values were imputed using the method of chained equations65. 

Third, Mann-Whitney tests were used as sensitivity analyses to assess dif-
ferences for each separate biomarker between groups. For these analyses, cor-
rection for multiple testing was made with a permutation-based method66, 
providing adjusted p-values. 

Study III 
In order to facilitate comparative statistical analyses between PEA and MRM 
results, SIS concentrations from the MRM assay were log2-transformed. Also, 
missing results of variables added in the statistical analyses (58 biomarker 
values, 68 entries for clinical characteristics and 52 entries for medications) 
were handled using single imputation with age, gender and all biomarkers as 
predictors, and with logistic regression models for dichotomous results and 
predictive mean matching for numerical results.  

We assessed differences in biomarker concentrations between STEMI and 
NSTEMI patients for 175 biomarkers (91 from PEA; 84 from MRM) in sev-
eral steps. In similarity to study II, Lasso analysis was utilized but with some 
differences in the statistical approach. First, we calculated the c-statistics as 
an estimate of the overall discriminative value of biomarkers with respect to 
STEMI/NSTEMI status using Lasso. A c-statistic of 1.0 indicates ideal dis-
crimination whereas a c-statistic of 0.5 indicates a random finding. 

Second, Lasso analysis was used to select those biomarkers that discrimi-
nated STEMI from NSTEMI (Table 11). As previously mentioned, OR were 
based on log2-transformed biomarker concentrations. An OR >1 corresponds 
to an increased probability of STEMI and an OR <1 corresponds to an in-
creased probability of NSTEMI. Results are reported from crude analyses, in 
model 1 adjusted for age and sex, and in model 2 with additional adjustment 
for clinical characteristics and estimates of disease severity (hypertension, di-
abetes mellitus, current smoking, renal failure [eGFR <60 mL/min/1.73m2], 
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prior MI, prior coronary revascularization, prior heart failure, atrial fibrillation 
on the admission ECG, prior ischemic stroke, PAD, COPD, prior or present 
cancer and pulmonary rales or cardiogenic shock at admission). In a final 
model 3, additional adjustment was made for medications at admission (an-
tiplatelets, oral anticoagulants, betablockers, RAAS inhibitors and statins). 

Third, and for comparative reasons, we conducted Mann-Whitney tests to 
assess differences between MI types (STEMI/NSTEMI) in the concentrations 
of each separate biomarker. For these analyses, correction for multiple testing 
was made with a permutation-based method66 in analogy with the methodol-
ogy in study II. 

For subsequent prognostic analyses, we fourth and finally focused on bi-
omarkers with discriminative value according to Lasso analysis. The associa-
tion of these biomarkers with all-cause mortality and MACE was investigated 
in STEMI and NSTEMI patients using Cox regressions (Table 12) with ad-
justment for clinical characteristics (as outlined in model 2). Additionally, in-
teraction analyses between STEMI and NSTEMI patients were conducted.  

Study IV 
To study differences between MINOCA and MI-CAD in adjusted biomarker 
concentrations at baseline and at one month, we performed linear regression 
analyses using ln-transformed concentrations of hs-cTnT, NT-proBNP, hs-
CRP and GDF-15 as response variables (Table 13). The concentrations are 
presented as geometric means and were calculated using the antilogs of the 
model-adjusted means of the ln-transformed data, and thus the comparisons 
between MINOCA and MI-CAD are presented as adjusted geometric mean 
ratios (GMRs). A GMR >1 corresponds to a higher biomarker concentration 
in MINOCA and a GMR <1 corresponds to a higher concentration in MI-
CAD. The analyses were adjusted in two models. Model 1 was unadjusted at 
baseline, whereas at one month it was adjusted for randomized treatment 
(clopidogrel versus ticagrelor) and corresponding biomarker concentration at 
baseline. Model 2 was additionally adjusted for baseline clinical characteris-
tics (age, sex, body mass index, current smoking, hypertension, dyslipidemia 
[medical history and/or lipid treatment at admission], diabetes mellitus, 
chronic kidney disease [medical history], MI type [STEMI/NSTEMI], previ-
ous MI, previous ischemic stroke, previous heart failure and PAD). Additional 
adjustment was made at baseline for hours from the onset of symptoms to 
blood sampling, and at one month for revascularization during index hospital-
ization. A further analysis was done with adjustment for medications at one 
month (antiplatelets, P2Y12 inhibitors, betablockers, RAAS inhibitors, statins 
and calcium channel blockers). 

In order to visualize temporal biomarker concentration changes in 
MINOCA and MI-CAD during hospital stay, linear regression models includ-
ing time from symptom onset, MINOCA/MI-CAD classification and MI type 
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(STEMI/NSTEMI), as well as all pairwise interactions between the three, 
were fitted. Time was modeled as a restricted cubic spline (Figure 11), with 
four knots placed at the 5th, 35th, 65th and 95th sample percentiles, to allow for 
non-linear associations. The model was adjusted for the same variables as in 
Model 2. Also, the global hypothesis of no two-way interaction (between any 
pair of: time from symptom onset, and MINOCA/MI-CAD and 
STEMI/NSTEMI status) was tested. 

To study differences in crude biomarker concentrations between MINOCA 
and MI-CAD at baseline and at one month, but also delta changes of bi-
omarker concentrations, Mann-Whitney tests were utilized (Figure 12).  

There were a few missing biomarker values (Table 13) that were not ac-
counted for in the statistical analyses. 

Ethical considerations 
Patients received information about their participation in the SWEDEHEART 
registry during their hospital stay and had the possibility to opt out. Additional 
written informed consent was acquired before enrolment in the SWEDE-
HEART biobank. For the SMINC and PLATO studies, all participants gave 
written informed consent at inclusion. Data were made pseudonymized before 
statistical work-up and analyzed on a group level, thereby limiting the possi-
bility of results to be linked back to an individual patient. All patients partici-
pating were given standard medical care with the exception of randomized 
treatment in PLATO (ticagrelor or clopidogrel). All studies were approved by 
regional ethical review boards and conducted in accordance with the declara-
tion of Helsinki. 
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Results 

Study I 
In study I, 63,946 patients were admitted because of suspected ACS to hos-
pitals using the hs-cTnT assay and registered in SWEDEHEART from 2009 
to 2013, where 1639 MINOCA and 17,304 MI-CAD patients remained for 
analyses after exclusions. In comparison to MI-CAD, MINOCA patients were 
more often females and had less prevalent cardiovascular risk factors with the 
exception of higher prevalence of hyperlipidemia in MINOCA. There was no 
difference regarding age, hypertension and eGFR. MINOCA patients had sig-
nificantly lower event rates compared to MI-CAD patients for all outcomes 
except for ischemic stroke (p=1.000). 

Overall, hs-cTnT concentrations were markedly higher in MI-CAD com-
pared to MINOCA patients (618 [150-2346] versus 180 [69-467] ng/L; 
p<0.001). In MINOCA patients with LVEF ≥50%, 40-49%, 30-39% and 
<30%, the median hs-cTnT concentrations were 162 (63-412), 251 (110-595), 
329 (116-687) and 601 (194-1230) ng/L, respectively. In Figure 9, hs-cTnT 
concentrations in MINOCA and MI-CAD patients with and without events are 
shown. Hs-cTnT concentrations within each MI group (MINOCA or MI-
CAD) were significantly higher for patients with compared to without events 
for cardiovascular mortality and MACE, but not all-cause mortality among 
MINOCA patients. 
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Figure 9. Hs-cTnT concentrations in relation to one-year A) all-cause mortal-
ity, B) cardiovascular (CV) mortality and C) MACE in patients with 
MINOCA and MI-CAD. 
 
Data are presented as box (25th percentile, median and 75th percentile) and whisker (10th and 
90th percentiles) plots. Filled and unfilled boxes represent hs-cTnT concentrations for patients 
with and without events, respectively. P-values indicate the difference in hs-cTnT concentra-
tions within each MI group.  

The cumulative one-year event rates regarding all-cause mortality, cardiovas-
cular mortality and MACE in MINOCA patients according to hs-cTnT quar-
tiles are shown in Figure 10. The results indicate that patients belonging to 
the highest hs-cTnT quartile (≥467 ng/L) had a markedly poorer prognosis 
regarding cardiovascular mortality and MACE compared to patients in the 
three lower quartiles. However, there were no differences in outcome for the 
hs-cTnT quartiles for all-cause mortality.  
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Figure 10. Kaplan-Meier event-free survival curves for one-year A) all-cause 
mortality, B) cardiovascular (CV) mortality and C) MACE in MINOCA pa-
tients divided by hs-cTnT quartiles (Q). 
 
Q1: hs-cTnT <69 ng/L; Q2: hs-cTnT 69-179 ng/L; Q3: hs-cTnT 180-466 ng/L; Q4: hs-cTnT 
≥467 ng/L. 

Table 5 shows the adjusted HRs for hs-cTnT regarding the assessed outcomes 
for both patients with MINOCA and MI-CAD. The multivariable-adjusted HR 
of ln-transformed hs-cTnT concentrations regarding MACE was 1.44 (95% 
confidence interval [CI] 1.20-1.72) in MINOCA patients. The prognostic 
value of hs-cTnT (ln) regarding MACE was mainly driven by its associations 
with cardiovascular mortality (HR 2.11 [95% CI 1.51-2.96]) and admission 
for heart failure (HR 1.51 [1.14-2.00]). Hs-cTnT (ln) was independently pre-
dictive in patients with MI-CAD for MACE, all-cause mortality, cardiovascu-
lar mortality, hospitalization for heart failure and stroke. Interaction analyses 
of the associations of hs-cTnT (ln) with MI group (MINOCA/MI-CAD) on 
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the risk of adverse outcome indicated that hs-cTnT (ln) was similarly predic-
tive in both MI groups apart from cardiovascular mortality, for which a 
stronger association in MINOCA patients emerged.  

Table 5. Multivariable-adjusted HRs in patients with MINOCA and MI-CAD in re-
lation to hs-cTnT (ln). 

 
All analyses are adjusted for hospital, admittance year, age, sex, current smoking, hypertension, 
diabetes mellitus, prior heart failure (HF), prior stroke, ST-segment changes on admittance 
ECG, eGFR and in-hospital revascularization, if appropriate.   
* P-values refer to the interaction terms of MINOCA versus MI-CAD on the association of hs-
cTnT (ln) with outcomes. 
Table from study I. 

In order to further explore the prognostic implications of hs-cTnT concentra-
tions in MINOCA, a set of sensitivity analyses was performed. Adding infor-
mation on discharge medications with antiplatelets, betablockers, RAAS in-
hibitors and statins as covariates to the fully adjusted Cox model did not alter 
the association of hs-cTnT (ln) with MACE (HR 1.43 [95% CI 1.20-1.71]). 
When the LVEF was considered as a categorized variable in the fully adjusted 
model, it emerged as an independent predictor of MACE (HR 1.56 [95% CI 
1.21-2.02]) while the prognostic value of hs-cTnT (ln) was slightly attenuated 
but remained independent (HR 1.26 [95% CI 1.03-1.56]).  

Table 6 presents data on the prognostic value of hs-cTnT (ln) concentra-
tions in MINOCA subgroups defined by sex, age, LVEF, diabetes mellitus, 
eGFR and ST-elevation upon admission. As indicated by the non-significant 
interaction terms, hs-cTnT (ln) concentrations exhibited similar prognostic 
value in all subgroups. 
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Study II 
From June 2007 to May 2011, we measured 91 biomarkers in blood plasma 
with PEA three months after MI and compared results in 97 MINOCA patients 
with 97 age and sex-matched MI-CAD patients and 98 controls. Compared to 
MI-CAD patients, MINOCA patients had lower prevalence of current smok-
ing, diabetes mellitus and hyperlipidemia, and lower concentrations of hs-
CRP; they had higher prevalence of thromboembolic disorders (previous 
thromboembolic diagnoses and known coagulopathy) and inflammatory con-
ditions (diagnosed asthma, COPD, rheumatic diseases, pancreatitis, hepatitis, 
primary biliary cirrhosis, diverticulitis, collagenous colitis and chronic tooth 
infections). MINOCA patients, compared to controls, had a higher prevalence 
of all cardiovascular risk factors, but comparable concentrations of hs-CRP. 
In the Lasso analysis comparing MINOCA to MI-CAD patients, the concen-
trations of eight biomarkers provided discriminatory value (Table 7): P-selec-
tin glycoprotein ligand 1 (PSGL-1), C-X-C motif chemokine 1 (CXCL1), tu-
mor necrosis factor (TNF)-related activation-induced cytokine (TRANCE) 
and PAPPA with increasing probabilities of MINOCA, and tPA, B-type natri-
uretic peptide (BNP), MPO and interleukin-1 receptor antagonist protein (IL-
1RA) with increasing probabilities of MI-CAD. 

Table 6. Multivariable-adjusted HRs for MACE in relation to hs-cTnT 
(ln) in MINOCA subgroups. 

All analyses are adjusted for hospital, admittance year, age, sex, current smoking, hy-
pertension, diabetes mellitus, prior heart failure, prior stroke, ST-segment changes on 
admittance ECG and eGFR, if appropriate.
* P-values refer to the interaction terms of sex, age ≤ or >68 years, LVEF ≥ or <0.50,
diabetes mellitus and eGFR ≥ or <60 mL/min/1.73 m2, respectively, on the association 
of hs-cTnT (ln) with MACE.  
Table from study I. 
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In the Lasso analysis comparing MINOCA patients to controls, the concentra-
tions of seven biomarkers provided discriminatory value (Table 8): NT-
proBNP, renin (REN), NF-kappa-B essential modulator (NEMO), PAPPA, 
interleukin-6 (IL-6) and soluble urokinase plasminogen activator surface re-
ceptor (suPAR) with increasing probabilities of MINOCA, and agouti-related 
protein (AgRP) with increasing probabilities of controls. 

Table 7. Biomarker results for MINOCA versus MI-CAD in Lasso analyses. 

Biomarker concentrations are reported as medians with 25th and 75th percentiles. Positive and
 

negative odds ratios (per standard deviation [SD]) represent higher and lower biomarker con-
centrations in MINOCA, respectively. 
Table from study II. 

Table 8. Biomarker results for MINOCA versus controls in Lasso analyses. 

Biomarker concentrations are reported as medians with 25th and 75th percentiles. Positive and
negative odds ratios (per SD) represent higher and lower biomarker concentrations in
MINOCA, respectively. 
Table from study II. 
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Results of the crude (Model 1) and adjusted (Model 2) multiple linear regres-
sion analyses are presented in Table 9 and Table 10. Group affiliation was 
associated with the concentrations of all biomarkers selected by the Lasso 
analysis even after adjustment for diabetes mellitus, cystatin C and relevant 
medications, except for PAPPA (comparison of MINOCA versus MI-CAD; 
Table 9), and REN or AgRP (comparison of MINOCA versus controls; Table 
10). Further adjustment for hs-CRP (log2-transformed) in the analyses of the 
inflammatory and arteriosclerotic biomarkers only marginally altered the re-
gression coefficients (data not shown).

Table 9. Regression coefficients in multiple linear regression analyses for MINOCA
compared to MI-CAD. 

b Model 1: crude model. Model 2: adjustment for diabetes mellitus, cystatin C (log2-trans-
formed) and relevant medications. 
c b: regression coefficient. 
d Adjusted for diabetes mellitus, cystatin C (log2-transformed), antiplatelets and anticoagulants.
e Adjusted for diabetes mellitus, cystatin C (log2-transformed), lipid-lowering drugs and anti-
inflammatory drugs. 
f Adjusted for diabetes mellitus, cystatin C (log2-transformed), betablockers, RAAS inhibitors, 
diuretics and mineralocorticoids. 
Table from study II. 
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In the sensitivity analyses, biomarker concentrations were compared one by 
one with Mann–Whitney tests with correction for multiple testing. For the 
comparison MINOCA versus MI-CAD, significant differences were found for 
only tPA (p=0.020) and BNP (p=0.012) with higher concentrations in MI-
CAD. However, for the comparison MINOCA versus controls, significantly 
higher concentrations were found in MINOCA patients for four of the seven 
biomarkers identified in the Lasso analysis: NT-proBNP (p=0.009), NEMO 
(p=0.028), PAPPA (p=0.044), suPAR (p=0.017), and in addition lectin-like 
oxidized LDL receptor 1 (LOX-1; p=0.012). 

Study III 
The study population consisted of 1263 patients hospitalized for an ACS and 
who provided a blood sample to the SWEDEHEART biobank. After exclu-
sions, 538 STEMI and 544 NSTEMI patients remained for analyses. Patients 
from both cohorts were comparable in cardiovascular risk factors with the ex-
ception of NSTEMI patients being older, having numerically fewer present 
smokers and higher prevalence of hypertension and hyperlipidemia. Because 
NSTEMI patients had a higher incidence of previous MI, heart failure and 

Table 10. Regression coefficients in multiple linear regression analyses for MINOCA
compared to controls. 

b Model 1: crude model. Model 2: adjustment for diabetes mellitus, cystatin C (log2-trans-
formed) and relevant medications. 
c b: regression coefficient. 
d Adjusted for diabetes mellitus, cystatin C (log2-transformed), betablockers, RAAS inhibitors, 
diuretics and mineralocorticoids. 
e Adjusted for diabetes mellitus, cystatin C (log2-transformed), RAAS inhibitors and mineral-
ocorticoids. 
f Adjusted for diabetes mellitus, cystatin C (log2-transformed), lipid-lowering drugs and anti-
inflammatory drugs. 
g Adjusted for diabetes mellitus and cystatin C (log2-transformed). 
Table from study II. 
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coronary revascularization, they also had more cardiovascular medications at 
admission compared to STEMI patients. This difference in medications was 
balanced out at discharge. STEMI patients displayed lower LVEF during the 
index hospitalization compared to NSTEMI patients. 

The Lasso analysis yielded a high discriminative value of biomarkers over-
all with respect to STEMI versus NSTEMI, where the c-statistic was 0.745 in 
the crude model and remained largely unchanged following adjustment for 
age and sex (c-statistic 0.750; model 1), additionally clinical characteristics 
and estimates of disease severity (c-statistic 0.761; model 2) and medications 
at admission (c-statistic 0.764; model 3). 

The Lasso analysis also identified 27 individual biomarkers that provided 
discriminatory value in the crude model. In the fully adjusted model 3 how-
ever, only 11 biomarkers provided consistent discriminatory value (Table 11). 
The concentrations were higher in STEMI than in NSTEMI patients for seven 
biomarkers (Table 11A): myoglobin, NT-proBNP, serum amyloid A-1 and 
A-2 protein (SAA1 and SAA2), ST2 protein, IL-6 and chitinase-3-like protein 
1 (CHI3L1). Likewise, the concentrations were higher in NSTEMI than in 
STEMI patients for four biomarkers (Table 11B): fibroblast growth factor 23 
(FGF 23), membrane-bound aminopeptidase P (MAMP), TRANCE and 
apolipoprotein C-I. All biomarkers presented in the fully adjusted Lasso 
model (model 3) were also found to have different concentrations (p<0.05) in 
unadjusted Mann-Whitney tests for STEMI versus NSTEMI, except for 
MAMP (p=0.271) and apolipoprotein C-I (p=0.797). 
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Table 11. Biomarker concentrations and results from the adjusted Lasso analysis. A) 
Biomarkers with higher concentrations in STEMI patients; B) Biomarkers with higher 
concentrations in NSTEMI patients. 

 
Only biomarkers that differentiated STEMI from NSTEMI patients in adjusted models are dis-
played. Biomarker concentrations are based on log 2-transformed results. Concentrations are 
given as medians with 25th and 75th percentiles.  
Model 1: adjusted for age and sex.  
Model 2: additionally adjusted for clinical characteristics: hypertension, diabetes mellitus, cur-
rent smoking, renal failure [eGFR <60 mL/min/1.73 m2], previous MI, previous coronary re-
vascularization, previous heart failure, atrial fibrillation on the admission ECG, previous stroke, 
PAD, COPD, previous or present cancer, as well as pulmonary rales or cardiogenic shock at 
admission.  
Model 3: additionally adjusted for medications at admission: antiplatelets, betablockers, RAAS 
inhibitors, statins and oral anticoagulants. 
Table from study III 

During a median follow-up time of 6.6 years, 75 (13.9%) STEMI and 104 
(19.1%) NSTEMI patients died. Likewise, during a median follow-up time of 
5.8 years for MACE, 155 (28.8%) STEMI and 187 (34.4%) NSTEMI patients 
suffered an event. All the biomarkers apart from MAMP and apolipoprotein 
C-I displayed significant HRs for death or MACE when analyzed in the total 
group of STEMI and NSTEMI patients (Table 12), but not all biomarkers 
reached statistically significant HRs when STEMI and NSTEMI patients were 
analyzed separately. However, the interaction analyses did not indicate any 
differences in predictive ability of the independent biomarkers (p>0.05) be-
tween STEMI and NSTEMI patients. 
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Table 12. Associations of biomarker concentrations with outcome. A) All-cause mor-
tality; B) MACE. 

Adjusted for age, sex and clinical characteristics: hypertension, diabetes mellitus, current smok-
ing, renal failure [eGFR <60 mL/min/1.73 m2], previous MI, previous coronary revasculariza-
tion, previous heart failure, atrial fibrillation on the admission ECG, previous stroke, PAD, 
COPD, previous or present cancer, as well as pulmonary rales or cardiogenic shock at admis-
sion. P int. refers to the interaction of STEMI versus NSTEMI on the association of each re-
spective biomarker with the respective outcome. Table from study III. 
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Study IV 
From the 18,624 patients with ACS included in the PLATO trial, biomarker 
results were available at baseline in 554 patients with MINOCA and 11,106 
patients with MI-CAD; at one month, biomarker results were available in 107 
MINOCA patients and 2755 MI-CAD patients. Compared to patients with MI-
CAD, those with MINOCA were more often women, had less cardiovascular 
risk factors and less often angina pectoris, previous MI, PAD and chronic kid-
ney disease.  

Overall, the time from onset of symptoms to blood sampling at baseline 
was 15.1 (8.1-21.3) hours in patients with MINOCA and 8.9 (3.9-17.3) hours 
in those with MI-CAD. Blood samples were collected closer to the onset of 
symptoms in patients with STEMI (MINOCA 7.5 [3.9-14.9] hours and MI-
CAD 4.7 [2.8-9.6] hours) compared to NSTEMI (MINOCA 17.5 [11.3-22.4] 
hours and MI-CAD 14.8 [8.2-20.3] hours). Additionally, the global test of in-
teraction between any pair of MINOCA/MI-CAD classification, time from 
symptom onset and STEMI/NSTEMI status was statistically significant 
(p<0.05) for each independent biomarker in the spline models (Figure 11).  

Biomarker concentrations at baseline and short-term changes 
Crude hs-cTnT concentrations were similar between MINOCA and MI-CAD 
(Table 13A; Model 1). Overall, mean hs-cTnT concentrations peaked at 10 
hours from the onset of symptoms in NSTEMI with a more rapid decrease 
seen in MINOCA compared to MI-CAD (Figure 11). Mean hs-cTnT concen-
trations continued to increase in MI-CAD patients with STEMI until at least 
50 hours from the symptom onset, which was in contrast to MINOCA patients 
with STEMI. Upon multivariable adjustment, the GMR of hs-cTnT was sta-
tistically significantly below 1 (Table 13A; Model 2). This indicates lower hs-
cTnT concentrations in MINOCA when considering clinical characteristics 
including time from symptom onset and MI type (STEMI/NSTEMI). 
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MINOCA patients had higher crude NT-proBNP concentrations compared to 
those with MI-CAD (Table 13A; Model 1), although concentrations were in-
stead similar following adjustments (Model 2). Figure 11 illustrates that mean 
NT-proBNP concentrations peaked at 10-20 hours in patients with NSTEMI 
with a more rapid decrease in those with MINOCA. Among STEMI patients, 
mean NT-proBNP concentrations increased steadily and similarly between 
MINOCA and MI-CAD. 

Figure 11. Adjusted spline models illustrating the association of mean biomarker concentrations 
with time in MINOCA and MI-CAD patients divided on STEMI or NSTEMI status. A) Hs-cTnT; 
B) NT-proBNP; C) Hs-CRP; D) GDF-15. 
Time was modelled as a restricted cubic spline and included MINOCA/MI-CAD classification and MI type 
(STEMI/NSTEMI) as well as all pairwise interactions among these three variables. P-values (top right corner; 
all p<0.05) are from a global test of the hypothesis of no two-way interaction between any pair of the three
variables. The shaded colored area represents pointwise 95% CI intervals. The model is adjusted for baseline 
clinical characteristics (age, sex, body mass index, current smoking, hypertension, dyslipidemia [medical his-
tory and/or lipid treatment at admission], diabetes mellitus, chronic kidney disease [medical history], previous
MI, previous ischemic stroke, previous heart failure and PAD). 
Larger illustrations can be found in paper IV. 
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Table 13. Biomarker concentrations and multiple linear regression results for 
MINOCA and MI-CAD patients. A) Total cohort at baseline; B) Follow-up cohort at 
one month. 

A) Total cohort at baseline 
Biomarker Biological 

function 
MINOCA 
(n=554) 

MI-CAD 
(n=11,106) 

Missing 
(MINOCA/ 
MI-CAD) 

Multiple linear  
regression 

  Biomarker concentration Geometric mean ratio 
(95% CI) 

Model 1 Model 2 

hs-cTnT 
(ng/L) 

Myocardial 
damage 

241 
(86-630) 

242 
(78-735) 

0/0 0.93 
(0.82-1.06) 

0.77 
(0.68-0.88) 

NT-proBNP 
(ng/L) 

Myocardial 
dysfunction 

572 
(199-1823) 

451 
(149-1218) 

0/1 1.43 
(1.26-1.62) 

1.10 
(0.99-1.23) 

hs-CRP 
(mg/L) 

Pro-inflam-
mation 

4.8 
(1.9-14.0) 

3.6 
(1.6-9.0) 

17/298 1.32 
(1.17-1.48) 

1.21 
(1.08-1.37) 

GDF-15 
(ng/L) 

Inflammation 
Oxidative 

stress 
Hypoxia 

1454 
(1075-2099) 

1513 
(1129-2144) 

0/1 0.98 
(0.93-1.02) 

1.06 
(1.02-1.11) 

Biomarker data presented as medians (with interquartile ranges). Bold geometric mean ratios 
indicate statistical significance. 
Model 1: unadjusted (baseline) or adjusted (one month) for randomized treatment (clopidogrel 
versus ticagrelor) and corresponding biomarker concentration at baseline. 
Model 2: adjusted for baseline clinical characteristics (age, sex, body mass index, current smok-
ing, hypertension, dyslipidemia [medical history and/or lipid treatment at admission], diabetes 
mellitus, chronic kidney disease [medical history], MI type [STEMI/NSTEMI], previous MI, 
previous ischemic stroke, previous heart failure, PAD, hours from the onset of symptoms to 
blood sampling [only at baseline] and revascularization during index hospitalization [only at 
one month]). 

B) Follow-up cohort at one month 
Biomarker Biological 

function 
MINOCA 
(n=107) 

MI-CAD 
(n=2755) 

Missing 
(MINOCA/ 
MI-CAD) 

Multiple linear  
regression 

  Biomarker concentration Geometric mean ratio 
(95% CI) 

Model 1 Model 2 

hs-cTnT 
(ng/L) 

Myocardial 
damage 

9 
(6-14) 

13 
(9-22) 

0/0 0.65 
(0.56-0.76) 

0.71 
(0.60-0.84) 

NT-proBNP 
(ng/L) 

Myocardial 
dysfunction 

224 
(92-437) 

566 
(243-1230) 

0/0 0.36 
(0.29-0.44) 

0.45 
(0.36-0.56) 

hs-CRP 
(mg/L) 

Pro-inflam-
mation 

1.5 
(0.9-3.4) 

2.3 
(1.1-4.9) 

0/27 0.67 
(0.55-0.82) 

0.68 
(0.53-0.86) 

GDF-15 
(ng/L) 

Inflammation 
Oxidative 

stress 
Hypoxia 

1196 
(889-1718) 

1366 
(1027-1891) 

0/0 0.97 
(0.91-1.05) 

0.95 
(0.88-1.02) 
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Hs-CRP concentrations were higher in MINOCA compared to MI-CAD pa-
tients in both crude and adjusted analyses (Table 13A; Model 1 and 2). Re-
gardless of the presence of STEMI or NSTEMI, mean hs-CRP concentrations 
were higher in MINOCA patients during the first 20 hours (Figure 11). Mean 
hs-CRP changes differed among NSTEMI patients with constant or slightly 
decreasing concentrations in MINOCA, however increasing concentrations in 
MI-CAD over time. In STEMI patients in contrast, mean hs-CRP concentra-
tions progressively increased in both MINOCA and MI-CAD during up until 
50 hours from the index event. Notably, after the initial 20-30 hours of higher 
mean CRP concentrations in MINOCA than MI-CAD, concentrations were 
instead lower in MINOCA due to a more pronounced increase of concentra-
tions in MI-CAD in both STEMI and NSTEMI. 

The crude GDF-15 concentrations were similar between MINOCA and MI-
CAD (Table 13A; Model 1) but marginally higher in MINOCA after adjust-
ments (Model 2). Mean GDF-15 concentrations were higher during the first 
35 hours in patients with MINOCA and STEMI, although only slightly higher 
during the first 25 hours in NSTEMI (Figure 11). Furthermore, mean concen-
trations after these first hours were then similar and decreased in MINOCA 
and MI-CAD regardless of the presence of STEMI or NSTEMI. 

Biomarker concentrations at one month and long-term changes 
Hs-cTnT concentrations decreased in both MINOCA and MI-CAD from base-
line to one month (Figure 12A) with lower concentrations in MINOCA at one 
month according to adjusted analyses (Table 13B). For NT-proBNP, concen-
trations decreased in MINOCA but increased in MI-CAD (Figure 12B). Ac-
cordingly, the latter group had higher concentrations at one month. Hs-CRP 
concentrations decreased in both MINOCA and MI-CAD (Figure 12C). The 
degree of decrease was more pronounced in MINOCA, resulting in lower con-
centrations in this cohort. There was a slight decrease in GDF-15 concentra-
tions that was similar between MINOCA and MI-CAD (Figure 12D), and 
conditional on the baseline concentration, adjusted one-month concentrations 
were also similar in MINOCA and MI-CAD (Table 13B). Additional adjust-
ment for medications at one month (antiplatelets, P2Y12 inhibitors, betablock-
ers, RAAS inhibitors, statins and calcium channel blockers) did not alter the 
results (data not shown).
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Biomarkers of myocardial injury/dysfunction and 
inflammation in MINOCA 
Studies I, II and IV explored biomarkers of inflammation and myocardial 
damage and dysfunction in MINOCA patients. Together, they depict concen-
trations in both the acute phase at hospitalization and the stable phase one or 
three months later. Figure 13 summarizes the results from these three studies.

Figure 12. Temporal changes in biomarker concentrations from baseline to one month in the fol-
low-up cohort of MINOCA and MI-CAD patients. A) Hs-cTnT; B) NT-proBNP; C) Hs-CRP; D)
GDF-15. 
Biomarker data presented as medians (with interquartile ranges). P-values indicate unadjusted differences in
concentrations between MINOCA and MI-CAD patients at baseline and at one month, respectively. ∆ P-
values indicate unadjusted differences between MINOCA and MI-CAD patients in absolute change of con-
centrations from baseline to one month. Bold P-values indicate statistical significance. 
Larger illustrations can be found in paper IV. 
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Figure 13. Biomarker results in studies I, II and IV that reflect myocardial injury/dysfunc-
tion and inflammation in MINOCA. 
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Discussion 

MINOCA constitutes around 5-10% of all MI patients, yet the pathobiology 
of the condition is still uncertain5, 6, 16-18 and, perhaps because of this, no com-
prehensive treatment guidelines exist5, 6. While MINOCA patients have a bet-
ter prognosis than MI-CAD, they have a discouraging one-year mortality of 
3.4%14. All MI patients can be classified as STEMI or NSTEMI and the patho-
biology of these entities is better comprehended, although some aspects still 
remain unexplained. For example, STEMI patients more often have a total 
occlusion of the culprit artery21, yet perhaps as many as 20-30%13, 14 of patients 
with suspected MINOCA and non-obstructive coronaries also had ST-eleva-
tion at presentation. Furthermore, STEMI patients have a worse short-term31 
but better long-term32 prognosis than NSTEMI, suggesting that there might be 
different underlying mechanisms between the MI types that are not fully rec-
ognized. In this thesis, biomarkers were studied in order to elucidate the patho-
biology in MINOCA, STEMI and NSTEMI, and its potential prognostic im-
plications.  

Major findings 

Study I Hs-cTnT is an important prognostic marker in MINOCA pa-
tients. Higher hs-cTnT concentrations in the acute phase inde-
pendently predicted various one-year outcomes, in particular 
cardiovascular mortality and readmission for heart failure. Hs-
cTnT was at least as prognostic as in MI-CAD patients. 

Study II Results from examining 91 biomarkers in post-MINOCA pa-
tients compared to post-MI-CAD patients and controls, indi-
cated greater pro-inflammatory activity in MINOCA. Addi-
tionally, our data indicated a lower degree of myocardial dys-
function and coagulation activation in MINOCA than in MI-
CAD patients. Compared to controls however, a greater degree 
of myocardial dysfunction was noted in MINOCA patients. 
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Study III By measuring 175 biomarkers in the acute setting, biomarkers 
indicated greater myocardial damage, dysfunction and inflam-
mation in STEMI, whereas they displayed a more diverse path-
ophysiological pattern in NSTEMI patients. Although most of 
the biomarkers that separated STEMI from NSTEMI patients 
were prognostic for future events, they were similarly prognos-
tic between the MI types.  

Study IV Concentrations of hs-cTnT, NT-proBNP, hs-CRP and GDF-15 
suggested greater initial inflammatory activity, similar myocar-
dial dysfunction and less pronounced myocardial injury during 
the acute phase of MINOCA compared to MI-CAD. Their tem-
poral changes also indicated faster recovery in MINOCA.  

Biomarkers of myocardial injury and dysfunction 
STEMI patients displayed more pronounced myocardial injury and dysfunc-
tion than NSTEMI in the acute phase of MI, reflected by higher concentrations 
of myoglobin, ST protein and NT-proBNP in study III, and hs-cTnT and NT-
proBNP in study IV. In accordance with this, LVEF was generally lower in 
STEMI compared to NSTEMI patients during hospitalization in study III. 
These findings are in line with previous studies showing higher incidence of 
transmural ischemia and larger infarcted myocardial area22 in STEMI com-
pared to NSTEMI patients. Furthermore, concentrations of these biomarkers 
correlate positively to the size of the ischemic insult and degree of left ven-
tricular (LV) dysfunction in ACS10, 67-70. In studies I and III, these biomarkers 
did also predict adverse outcome, which has also been demonstrated previ-
ously7, 8, 10. Despite this consistent data, myoglobin, ST protein or NT-proBNP 
did not demonstrate any significant interactions between the MI types and 
prognosis, indicating that there are no important differences in their predictive 
capacity in STEMI and NSTEMI patients. Hence, the prognostic interpreta-
tion of the concentrations of these biomarkers in acute MI can be made with-
out taking the classification of STEMI or NSTEMI in consideration. 

Compared to MI-CAD, MINOCA patients displayed lower concentrations 
of hs-cTnT (studies I and IV) in the acute phase and lower hs-cTnT, NT-
proBNP (study IV) and BNP (study II) in the stable phase after MI. In study 
IV, hs-cTnT and NT-proBNP concentrations in MINOCA patients also have 
more pronounced decreases to one month after the event. Thus, myocardial 
injury seems to be less pronounced in MINOCA than MI-CAD initially and 
also results in less remaining myocardial injury and dysfunction. This notion 
is verified by a lower risk of later hospitalization for heart failure in MINOCA 
in study I, but also in a previous SWEDEHEART study28 with more included 
patients. It is reasonable to assume that MI-CAD patients have larger acute 
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release of hs-cTnT and also later release of natriuretic peptides from the my-
ocardium than MINOCA patients, since the cause of MI-CAD is an instant 
total or subtotal blockage of a major coronary artery11, 12 resulting in substan-
tial injury and remaining dysfunction to the affected myocardial area, whereas 
this is not the case in MINOCA5, 6.  

Still, our results in study I emphasize that hs-cTnT concentrations carry 
important and independent information in MINOCA. Hs-cTnT concentrations 
were independently predictive of adverse outcomes in the MINOCA patients, 
similarly as in MI-CAD patients. The prognostic impact of hs-cTnT concen-
trations in the MINOCA patients was robust and mainly driven by their asso-
ciation with cardiovascular mortality and admission for heart failure. 
MINOCA patients having hs-cTnT concentrations in the highest quartile 
(≥467 ng/L) had a particularly high rate of MACE. Notably, hs-cTnT concen-
trations demonstrated a stronger prognostic value for cardiovascular mortality 
in MINOCA compared to MI-CAD, despite higher hs-cTnT concentrations in 
the latter group.  

On another note, despite indications of lower degree and more transient 
myocardial dysfunction in MINOCA than MI-CAD, concentrations of NT-
proBNP in study II were still higher in stable post-MINOCA patients com-
pared to apparently healthy controls. This indicates that MINOCA has long-
lasting or chronic myocardial dysfunction that might not dissolve over time, 
rendering an elevated risk of congestive heart failure and adverse events13, 14, 

28. 

Biomarkers of inflammation 
In study III, STEMI patients exhibited higher in-hospital concentrations of 
the pro-inflammatory markers CHI3L1 and IL-6, and of the acute phase reac-
tants SAA1 and SAA2. For the latter two biomarkers however, ORs were not 
consistently significant across hierarchical adjustments in the Lasso analyses. 
The degree of inflammatory response in acute MI is mainly determined by the 
size of the myocardial insult and by LV dysfunction, for which these cytokines 
have been shown to be markers71. IL-6 concentrations is elevated locally at 
the site of plaque rupture72 and produced in the ischemic myocardium, which 
results in remote production of SAA1 and SAA2 in the liver (together with 
CRP)9, although elevation of SAA concentrations at the plaque rupture has 
also been observed72. IL-6 and SAA concentrations correlate positively in 
MI73 and are proportional to the size of myocardial injury74, 75. CHI3L1 is ex-
pressed by several immune cells including macrophages in atherosclerotic 
plaques, and the highest expression was found in macrophages in early ather-
osclerotic lesions76. In unison with this, CHI3L1 concentrations also increase 
in acute MI and correlate initially with CRP levels76 and poorer LVEF recov-
ery, however not to infarction size investigated with CMRI77. In study IV, hs-
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CRP concentrations did increase more rapidly in STEMI than NSTEMI pa-
tients during the first 50 hours from onset of symptoms, rendering higher and 
still increasing concentrations in STEMI patients after 20 hours, both in pa-
tients with MI-CAD and MINOCA. In resemblance with the previously men-
tioned cytokines, hs-CRP/CRP concentrations in the acute phase of MI are 
correlated with infarct size, LV remodeling, LV dysfunction78, 79 and risk of 
heart failure and mortality80. Taken together, we interpret that STEMI patients 
have higher concentrations of hs-CRP, SAA1, SAA2, IL-6 and CHI3L1 than 
NSTEMI in the acute phase because of greater degree of plaque rupture, my-
ocardial necrosis and remodeling in STEMI. 

Accordingly, the pro-inflammatory markers SAA1, SAA2, IL-6 and 
CHI3L1 were also associated with mortality and MACE in study III. How-
ever, despite having higher concentrations in STEMI than NSTEMI, interac-
tion analyses indicated that these biomarkers were similarly prognostic be-
tween the two MI types. This is analogous to the results for biomarkers of 
myocardial injury and dysfunction in study III, further implying that inflam-
mation and myocardial necrosis and remodeling are interrelated in the acute 
setting.  

In study II, there were higher concentrations of the pro-inflammatory 
markers NEMO, IL-6 and suPAR three months after the acute episode in 
MINOCA patients compared to controls. Intriguingly, we also found higher 
levels of the pro-inflammatory marker PSGL-1, CXCL1 and TRANCE, and 
lower levels of the anti-inflammatory marker IL-1RA, in MINOCA patients 
compared to MI-CAD patients. Accordingly, several inflammatory markers 
indicated a higher degree of chronic inflammatory activity in MINOCA, both 
in comparison to healthy controls and other MI patients.  

In contrast, hs-CRP concentrations in stable post-MINOCA patients were 
similar between MINOCA patients and controls in study II. Additionally, 
concentrations were lower, albeit numerically small, in MINOCA compared 
to MI-CAD. This was also verified in study IV, displaying lower hs-CRP 
concentrations after one month in post-MINOCA compared to post-MI-CAD 
patients.  

Concerning hs-CRP in the acute phase, concentrations were instead overall 
higher in MINOCA compared to MI-CAD patients in study IV. Other reports 
have failed to find a difference in hs-CRP/CRP concentrations41, 43, 81 between 
MINOCA and MI-CAD patients. Possible reasons for these discrepant find-
ings might be that these studies did not include adjusted comparisons of con-
centrations and/or had differences in strategies of blood sampling, since myo-
cardial injury in the acute phase per se is likely to influence the concentrations 
of hs-CRP due to rapid temporal changes82. Again, this is notable in study IV 
showing steadily increasing hs-CRP concentrations during the index hospital-
ization in patients with MINOCA and STEMI, but also those with MI-CAD. 
Importantly, we also found that the mean and adjusted hs-CRP concentrations 
were initially higher in MINOCA during the first 20 hours from onset of 
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symptoms regardless of the presence of STEMI or NSTEMI, explaining the 
overall higher concentrations of hs-CRP. After 20-30 hours however, hs-CRP 
concentrations were instead lower in MINOCA due to a more pronounced in-
crease of concentration in MI-CAD. This observation further establishes the 
notion of chronic underlying inflammation in MINOCA patients, but that it is 
later overshadowed by an acute phase reaction in close adjacency to the MI 
event, related to myocardial necrosis and remodeling. 

MINOCA may be linked to inflammation through different pathways. An 
intriguing finding by Gaibazzi et al.83 was that MINOCA patients had greater 
pericoronary inflammation compared to controls with atypical chest pain, as-
sessed by coronary computed tomography angiography (CCTA) within seven 
days of the MI event. Thus, since coronary imaging methods such as CCTA, 
F-fluorodeoxyglucose positron emission tomography/computed tomography 
(F-FDG PET/CT) and optical coherence tomography (OCT) also have demon-
strated elevated coronary inflammation in patients with vasospastic angina84, 
one might speculate that coronary inflammation in MINOCA could trigger 
vasospasm and transient ischemia of the MI event. Inflammation may also 
play an important role in the development of microvascular dysfunction lead-
ing to MINOCA6, 16, 18. For instance, patients with stable angina and no epi-
cardial CAD who had hs-CRP concentrations >3 ng/L, demonstrated more 
severe impairment of coronary flow reserve compared to patients with lower 
CRP85. Others however, have failed to correlate inflammatory biomarkers to 
microvascular dysfunction86. Finally, rupture of an angiographically non-sig-
nificant atherosclerotic plaque is another possible cause of MINOCA5, 6, 87. 
The importance of inflammation in the development of atherosclerosis and 
destabilization of atherosclerotic plaques is well established88. However, the 
increased inflammatory activity might just be a parallel phenomenon without 
any causative relation to MINOCA, reflecting MINOCA patients being of a 
vulnerable phenotype28, or attributable to a pro-inflammatory disposition47, 89. 

Other and novel biomarkers 
An interesting finding was that TRANCE discriminated post-MINOCA from 
post-MI-CAD in study II and acute STEMI from NSTEMI in study III, with 
higher concentrations in MINOCA and NSTEMI patients in adjusted anal-
yses. TRANCE is also known as receptor activator of nuclear factor kappa-Β 
ligand (RANKL) and involved in osteoclastic activation and bone reabsorp-
tion. However, recent data suggest a role of TRANCE in inflammation and 
vascular calcification90. Furthermore, concentrations decrease in STEMI pa-
tients69 and appear to remain lower compared to healthy controls for several 
weeks following the ischemic event91. In STEMI, lower concentrations of 
TRANCE are associated with greater MI size and poorer LV function69. Ac-
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cordingly, TRANCE appears to be down-regulated in proportion to the sever-
ity of myocardial injury. This is supported by the higher concentrations in sta-
ble MINOCA and acute NSTEMI in our cohorts and an overall inverse asso-
ciation of TRANCE with adverse outcome in both acute STEMI and NSTEMI 
patients. Altogether, it might also be suggested that TRANCE is a marker for 
some unique pathobiology in MINOCA or NSTEMI. Remember, MINOCA 
patients also predominantly present with NSTEMI in our study cohorts (study 
I and IV) and previously13, 14. However, it could just as well be a marker of 
better prognosis in MI unrelated to MINOCA and NSTEMI. Accordingly, re-
search is warranted to elucidate the mechanisms contributing to the findings 
reported here. This notion is further supported by contradictory results in a rat 
model, showing that treatment with neutralizing antibodies for TRANCE re-
duced MI size and improve LV function92. 

GDF-15 is a stress-responsive member of the transforming growth factor-
β cytokine superfamily and is a well-established marker of poor prognosis and 
future adverse events in patients with MI, but also other cardiovascular dis-
ease7, 8, 40. It is expressed in many tissues in different pathological conditions, 
although the pathobiology in MI is not fully understood40. GDF-15 is up-reg-
ulated in ischemic cardiomyocytes in rat/mouse models and humans and has 
been associated with inflammation, oxidative stress and hypoxia40. In corre-
spondence with hs-CRP in study IV, mean GDF-15 concentrations were ini-
tially higher in MINOCA compared to MI-CAD. In contrast however, mean 
GDF-15 concentrations consistently decreased after the first 25 hours, indi-
cating the involvement of different pathways in the secretion of these two bi-
omarkers. Indeed, GDF-15 concentrations at the acute MI event seem not to 
be independently related to the extent of myocardial injury as reflected by ne-
crosis biomarkers, such as cTn, or CMRI40. Additionally, as noticed both in 
the present study and in previous studies, GDF-15 concentrations remain 
fairly constant from the acute to stable phase after ACS93, 94 in contrast to hs-
CRP, cTn and natriuretic peptides93. Furthermore, the change in GDF-15 con-
centrations and levels at one month did not differ between MINOCA and MI-
CAD patients. Consequently, GDF-15 seems to demonstrate more chronic 
pathophysiological processes that are less influenced by the acute event and 
whether the event is MINOCA or MI-CAD. 

In study III, the Lasso analyses also indicated higher concentrations of 
FGF 23, MAMP and apolipoprotein C-I in acute NSTEMI compared to 
STEMI patients. According to searches in UniProt63, these biomarkers are in-
volved in phosphate regulation, bradykinin metabolism, and lipid transport 
and metabolism, respectively. Therefore, these findings can be interpreted as 
indicative of a more heterogeneous activation of pathophysiological pathways 
in NSTEMI compared to STEMI. However, these biomarkers did not emerge 
consistently across hierarchically adjusted Lasso models and the ORs were 
close to 1. Thus, these data need to be interpreted with caution. 
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The concentrations of tPA were lower in MINOCA compared with MI-CAD 
patients in study II three months post-MI, but not different to controls. These 
results were robust after adjustment for antiplatelets and anticoagulants. Also, 
measuring 29 hemostasis biomarkers including tPA in STEMI and NSTEMI 
(study III), Lasso analyses indicated similar activation of coagulation. This 
emphasizes the importance of persistent activation of the coagulation-fibrinol-
ysis system three months after MI-CAD95 regardless of STEMI or NSTEMI, 
whereas that seems less important in MINOCA patients. 

Additional insights from investigations of biomarkers in 
myocardial infarction 
The pathobiology of MI is a complex process involving atherosclerosis, in-
flammation, hemostasis, and myocardial damage, dysfunction and remodel-
ing. Moreover, MINOCA itself is recognized as a heterogeneous condition 
and the cause of the acute event is often unknown5, 6, 16-18. Therefore, when 
exploring biomarker patterns in order to study pathophysiological mecha-
nisms in MI, we recognize several important aspects to consider. First, in order 
to properly evaluate biomarkers in MI, preferably several biomarkers reflect-
ing these different mechanisms should be measured. There is otherwise a po-
tential risk of misinterpreting biomarker patterns, since many of these pro-
cesses are intertwined and simultaneously active. This may occur in the case 
of inflammation and hemostasis, or inflammation and atherogenesis, just to 
mention some. Also, biomarkers with similar biology may be expressed very 
differently, which is sometimes difficult to predict. For example, in study II 
we observed that several inflammatory biomarkers indicate a more pro-
nounced chronic inflammation in post-MINOCA patients that was unnoticed 
when considering hs-CRP alone in the same study or in study IV. Second, we 
utilized clinical and biological judgement, comparisons to other conditions 
with known pathobiology (i.e. MINOCA versus MI-CAD) and statistical 
methods (i.e. Lasso analysis) to guide the interpretation of the biomarker re-
sults. Third, it is important to adjust for confounding variables when possible, 
since clinical characteristics, medications and MI type (STEMI/NSTEMI) of-
ten influence biomarker concentrations, as illustrated in studies II, III and 
IV. Fourth and importantly, temporal changes in biomarker concentrations 
from the acute phase up until clinical stabilization is optimally measured, since 
the concentrations of several biomarkers can vary significantly, and may also 
represent different pathobiology over time. This is evident for hs-CRP in our 
investigations, displaying significant temporal changes during hospital stay 
related to myocardial injury and acute phase reaction, that later stabilize at 
much lower concentrations, instead potentially reflecting remaining inflam-
mation and artherosclerosis96.  
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An interesting observation in study IV was that the duration from onset of 
symptoms to blood sampling was substantially longer for MINOCA than for 
MI-CAD. This might depend on a longer delay for MINOCA patients to seek 
medical attention and/or a slower response from caregivers. Importantly, such 
structural biases might also have been present in other studies investigating 
biomarker concentrations in mixed MI populations, i.e. not only consisting of 
patients with MINOCA or MI-CAD but also, and more importantly, of pa-
tients with STEMI and NSTEMI. In study IV, NSTEMI patients experienced 
a two-three-fold longer time to blood sampling from the onset of symptoms. 
Moreover, bear in mind that STEMI and NSTEMI, in addition to MINOCA 
and MI-CAD, displayed rather different biomarker dynamics of hs-cTnT, NT-
proBNP and hs-CRP during the first 50 hours. Accordingly, time from symp-
tom debut to blood sampling, MINOCA/MI-CAD and STEMI/NSTEMI sta-
tus need to be considered when evaluating biomarker concentrations in MI 
patients. Indeed, the importance of considering these three variables was con-
firmed by the significant global tests of interaction in the spline models (study 
IV). 

Strengths and limitations 
Study populations and definitions 
In general, observational registry data from large-sized cohorts as the 
SWEDEHEART registry (studies I and III) provides generalizability. This is 
reflected by the cohort of 1639 MINOCA patients in study I that had similar 
numbers of prevalence41, 45, 97 and one-year all-cause mortality13, 14, 43 com-
pared to previous reports. Study III had similar long-term mortality rates as 
other STEMI and NSTEMI cohorts32, 98. Furthermore, the national represent-
ativeness of SWEDEHEART is high. It captures about 87% of all MI hospi-
talizations48. Also, regular monitoring is performed to ensure correctness of 
the enrolled data and the agreement with the medical records is around 96%49. 
The subsequent cross linkage with national registries containing information 
on death minimizes loss to follow-up. For outcome measures other than death 
however, the validity of the studied events relies on collected data. The disad-
vantages compared to a RCT or prospective observational study include lower 
data quality, selection bias and confounding, aspects that quality control, strat-
ifications and the most rigorous multivariable adjustments cannot fully ac-
count for.  

On this topic, study IV was a post-hoc study with patients from the PLATO 
trial, a large RCT in which patients were carefully included and monitored. 
This was also an international MINOCA cohort, since PLATO included pa-
tients from 862 centers in 43 countries53 from Europe, North, Central and 
South America, Asia and Australasia, strengthening the generalizability of our 
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results. However, because of the nature of a RCT, the study population prob-
ably represents a healthier subset of the general MI population99. The patients 
included in the one-month follow-up cohort were also somewhat healthier 
than those in the baseline cohort. 

The number of MINOCA patients included in study II and in the one-
month cohort in study IV was small, which increases the risk of random find-
ings. Likewise, there was a limited number of events during follow-up in 
study III, hence our prognostic estimations may have been underpowered. 

We lack some data on the results of examinations performed during hospi-
talization, i.e. more detailed findings on angiography or echocardiography. In 
studies I and IV for instance, we did not have information on the indication 
for coronary revascularization performed in some patients having coronary 
stenoses <50% and counted as MI-CAD. Possible indications include unstable 
coronary plaques without lumen narrowing, intervention after reassessment of 
the initial angiography, or due to intercurrent complications. This information 
in addition to biomarker results might have given valuable insights to the 
pathobiology of MINOCA. 

We cannot exclude erroneous diagnosis of MI or classification of 
STEMI/NSTEMI in some cases, as these were set locally by the treating phy-
sicians in all studies and no central adjudication was performed. However, in 
Sweden the diagnoses of MI as well as stroke and heart failure have been 
shown to have high validity100-102. Furthermore, the MINOCA diagnosis or 
STEMI/NSTEMI classification in studies I, III and IV was not verified by a 
review of hospital records. Patients were instead retrospectively classified us-
ing the clinical information provided, acknowledging the limitations related 
to this approach.  

On a similar note, as many as 25% of the MINOCA patients in SMINC 
(study II) fulfilled all the Mayo Clinic criteria51 for Takotsubo syndrome47. 
Remember, Takotsubo syndrome is nowadays considered to be a separate con-
dition from MINOCA6, 18. However, the SMINC study had otherwise a well-
defined MINOCA cohort, where great effort was put into excluding differen-
tial diagnoses such as myocarditis and pulmonary embolism.  

Moreover, we considered a MINOCA cohort as one entity in our analyses, 
although it is likely that it is a heterogeneous group with different underlying 
mechanisms5, 6, 16-18. However, this would influence the results mainly through 
dilution. Additionally, except for study II, cohorts were restricted to MI pa-
tients alone, therefore preventing inferences on biomarkers concentrations in 
other acute cardiac conditions or in healthy individuals. In the SMINC study 
however, the comparison to a control group provided some novel insights re-
garding post-MINOCA patients. 
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Biomarkers and statistics 
In studies II and III, we applied a novel approach to assess potential differ-
ences in pathobiology in MINOCA versus MI-CAD and STEMI versus 
NSTEMI. The PEA and MRM assays were able to measure a large number of 
biomarkers with high sensitivity and specificity, thereby accurately addressing 
a large spectrum of pathophysiological processes. Furthermore, advanced sta-
tistical methods were utilized to allow studying these numerous biomarkers 
together with adjusted variables. In general, handling of many data simultane-
ously may lead to overfitting and multiplicity issues. However, since Lasso 
analysis is a prediction and not a permutation model, there is no issue of mul-
tiplicity. Additionally, by penalizing ORs in the Lasso analyses, the risk of 
overfitting is restricted. Perhaps because of this, the concentrations of all 15 
biomarkers identified in the Lasso analyses in study II were also found to be 
significantly associated with group affiliation after adjustments in the multiple 
linear regression analyses, except for AgRP, REN and PAPPA. Analogous, 
all 11 biomarkers presented in the fully adjusted Lasso model in study III 
were also found to have different concentrations in unadjusted Mann-Whitney 
analyses, except for MAMP and apolipoprotein C-I.  

In studies II and III, and perhaps also for GDF-15 in study IV, the cate-
gorization of the biomarkers can be debated, as some of the biomarkers are 
reflective of different pathophysiological pathways that, in addition, can be 
interrelated. However, the proposed biological function of a biomarker was 
assigned according to the best fit in a cardiovascular setting to facilitate the 
interpretation of the results. Results were often also based on or related to hs-
cTnT, natriuretic peptides and hs-CRP that are established in MI and have 
well-defined pathophysiological mechanisms7, 8. However, cTn is not in-
cluded in the PEA and MRM assays, precluding comparisons between cTn 
and the biomarkers in these assays. Also, the PEA technique does not provide 
absolute concentration but only relative values, which prohibits comparisons 
with clinically applied cut-offs.  

In all studies except study IV, we did not have detailed information on the 
time-point of blood sampling, preventing us from conducting a proper tem-
poral evaluation of biomarker concentrations. Although this was possible in 
study IV and provided novel results in MINOCA patients, we acknowledge 
that timing variables may be imprecise estimates of the event of myocardial 
injury in NSTEMI. Also, the biomarker dynamics during the first 50 hours 
from symptom onset were based on one blood sample from different patients 
in PLATO instead of serial blood sampling of the same patients.  
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Conclusions 

By measuring several cardiovascular biomarkers in different types of MI, ap-
plying advanced biomarker assays and statistics, results suggested differences 
in the pathobiology between MINOCA and MI-CAD patients or healthy con-
trols, but also in STEMI compared to NSTEMI patients. Additionally, some 
of these differences had prognostic implications.  

Biomarkers indicated greater myocardial damage, dysfunction and inflam-
mation in STEMI patients at hospitalization, whereas they demonstrated a 
more diverse pathobiology in NSTEMI. Although most of the biomarkers that 
separated STEMI from NSTEMI patients also predicted future outcomes, they 
were similarly prognostic between the two MI types. 

In close proximity to the MI event, MINOCA displayed a more pronounced 
initial inflammatory activity, similar myocardial dysfunction and less myocar-
dial damage compared to MI-CAD. There was also faster recovery of these 
processes over time and a more benign secondary acute phase reaction in 
MINOCA. Despite less myocardial injury in MINOCA than MI-CAD pa-
tients, higher hs-cTnT concentrations during hospitalization predicted various 
one-year outcomes, especially cardiovascular death and heart failure. Indeed, 
hs-cTnT was similarly prognostic as in MI-CAD patients.  

In the later stable phase, the biomarker pattern indicated a more pronounced 
chronic inflammatory activity in MINOCA patients compared to both MI-
CAD patients and healthy controls. Also, MINOCA displayed a lower degree 
of myocardial dysfunction/injury and coagulation activation than in MI-CAD. 
Compared to controls however, a greater degree of myocardial dysfunction 
was noted in MINOCA. 
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Clinical implications 

In study I, we for the first time demonstrated that hs-cTnT is an important 
prognostic marker in MINOCA when measured at the hospital stay. In fact, 
the predictive value is comparable to MI-CAD patients. Hence, despite having 
lower diagnostic hs-cTnT concentrations and event rates than MI-CAD pa-
tients, it is important to consider hs-cTnT concentrations for risk estimation in 
MINOCA patients. 

Our results in study I and other reports13, 14, 28 indicate a poor prognosis in 
MINOCA patients. Moreover, information on optimal clinical management in 
MINOCA is lacking, although position papers exist5, 6. Our data may have 
clues for optimized cardioprotective pharmacotherapies in MINOCA patients. 

Although acute MINOCA patients displayed less and more transient myo-
cardial injury compared to MI-CAD in studies I and IV, there were still signs 
of residual myocardial dysfunction three months later compared to controls 
(study II). This highlights that RAAS inhibitors might be beneficial. Indeed, 
these drugs have recently shown beneficial effects in MINOCA29. However, 
in SWEDEHEART (study I) only 66% of MINOCA patients were discharged 
with RAAS inhibitors, compared to 83% of MI-CAD patients, with similar 
differences observed at follow-up in SMINC and PLATO. This undertreat-
ment might have contributed to more adverse remodeling, leading to poorer 
outcome in MINOCA.  

Considering our findings of chronic inflammatory activity in MINOCA pa-
tients in study II, one might speculate that an anti-inflammatory drug targeted 
against the appropriate inflammatory pathways would be beneficial as second-
ary treatment. Anti-inflammatory treatments in MI and cardiovascular disease 
have been tried before with varying effects on outcome103, even though no 
studies on MINOCA patients exist. However, the increased inflammatory ac-
tivity we noticed might just be a parallel entity in MINOCA patients. Careful 
mechanistic studies are needed to elucidate whether there is a causal relation-
ship between chronic inflammation and the development of MINOCA. 

In study II, tPA concentrations were lower in MINOCA than in MI-CAD 
patients three months after the MI event, but were similar to healthy controls. 
This was still true after adjustment for antiplatelets and anticoagulants. Con-
sequently, these findings suggest that antiplatelet therapy is less important in 
MINOCA patients. This notion is supported in SWEDEHEART, where DAPT 
showed a neutral effect at one year follow-up29. 
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Eleven biomarkers (reflecting e.g. inflammation, myocardial dysfunction/in-
jury and lipid transport) differentiated STEMI from NSTEMI patients in study 
III. NSTEMI patients also exhibited a more diverse biomarker expression. 
Accordingly, MI has a multifactorial pathobiology where treatment can be di-
rected at several aspects. However, all of these 11 biomarkers were also sim-
ilarly prognostic between MI types. Consequently, we did not find evidence 
that STEMI and NSTEMI patients should be treated differently. 
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Future perspectives 

We have in studies I, II and IV shown the potential of utilizing biomarkers 
to explore pathobiology and prognostic implications in MINOCA patients. In 
further biomarkers studies, the results of increased inflammatory activity in 
stable post-MINOCA patients in study II would be interesting to replicate and 
validate in other MINOCA cohorts, both in the acute and stable phase. As 
mentioned earlier, it is also desirable to examine inflammatory biomarkers for 
a potential causal relationship in MINOCA, but also for future adverse out-
come. If these investigations establish that chronic inflammation may cause 
or aggravate MINOCA and have prognostic implications, this would stress the 
need for RCTs to evaluate anti-inflammatory treatment for secondary preven-
tion. As a first step, we plan to pursue a biomarker validation study in a 
SWEDEHEART cohort, focusing on the biomarker results from SMINC in 
study II.  

On a similar note, there were several other novel candidate biomarkers 
identified within the context of study III that were positively associated with 
poor prognosis in STEMI or NSTEMI patients, and in the total group of MI 
patients. Also, TRANCE was associated with improved outcome. These bi-
omarkers could therefore be further investigated in cross-sectional and longi-
tudinal studies. 

Since the methodology of conducting large-scale biomarker studies yielded 
intriguing results in patients with MINOCA and STEMI or NSTEMI, it could 
also be explored in other MI groups. Importantly, MI type (STEMI/NSTEMI), 
time from symptom onset to blood sampling, but also other clinical character-
istics and modifications as outlined earlier, need to be accounted for in order 
to evaluate the results. At the moment, other MI cohorts are being investigated 
within the Tailoring Of Treatment in All comers with Acute Myocardial In-
farction (TOTAL-AMI) project by other research groups. 

Our biomarker results in MINOCA patients indicate myocardial damage 
with persistent myocardial dysfunction that seem to contribute to later heart 
failure and other adverse outcome. Interestingly, the prognostic effects of 
RAAS inhibitors and betablockers for secondary prevention after MINOCA 
are evaluated in an ongoing registry-based RCT104 (Randomized Evaluation 
of Betablocker and ACEI/ARB Treatment in MINOCA patients; MINOCA-
BAT) that is estimated to be completed in 2026. 
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Although DAPT treatment in MINOCA is controversial18, aspirin is often rec-
ommended6. Around 89% of MINOCA patients were discharged with aspirin 
in our SWEDEHEART data (study I) and 71% remained on antiplatelets at 
three-month follow-up in SMINC (study II). However, since results in study 
II indicated lower coagulation activation in MINOCA compared to MI-CAD 
and similar activation to controls, aspirin treatment may be questioned. Future 
studies evaluating the efficacy and risks of aspirin treatment for secondary 
prevention in MINOCA are therefore needed. 
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Sammanfattning på svenska 

De patofysiologiska mekanismerna för hjärtinfarkt med icke-obstruktiva 
kranskärl (MINOCA) är i stora delar okända. I likhet med detta är även skill-
nader i patobiologi ofullständigt förstådda mellan ST-höjningsinfarkt 
(STEMI) och icke-ST-höjningsinfarkt (NSTEMI). Det övergripande syftet 
med denna avhandling var att undersöka om koncentrationer av kardiovasku-
lära biomarkörer under den akuta och stabila fasen kan erbjuda nya patofysi-
ologiska insikter. Koncentrationerna jämfördes dels mellan MINOCA (krans-
kärlsstenoser <50%) och hjärtinfarkt med obstruktiv kranskärlssjukdom (MI-
CAD; stenoser ≥50%) eller kontroller, dels mellan STEMI och NSTEMI. 
Dessutom undersöktes det prognostiska värdet av biomarkörerna.  

Studiepopulationerna bestod av försökspersoner inkluderade i kvalitetsre-
gistret SWEDEHEART vid sjukhusvistelsen och uppdelat i två kohorter 
(n=18 943 respektive n=1082), i SMINC-studien vid tre månaders uppföljning 
(n=292) samt slutligen i PLATO studien i samband med sjukhusvistelse (n=11 
660) och vid en månads uppföljning (n=2862). Kardiovaskulära biomarkörer 
analyserades med proximity extension assay (91 biomarkörer), multiple re-
action monitoring (84 biomarkörer) och sedvanlig laboratoriekemi. Lassoana-
lys (en selektiv logistisk regressionsmodell) och multipel linjär regression an-
vändes för att identifiera biomarkörer som särskilde MINOCA- från MI-CAD-
patienter eller kontroller. Lassoanalys användes också för jämförelse mellan 
STEMI- och NSTEMI-patienter. För prognostisk utvärdering användes i 
första hand justerad Cox-regression. 

Ett sammanlagt mönstret av flera inflammatoriska biomarkörer antydde att 
MINOCA hade en mer uttalad kronisk inflammatorisk aktivitet jämfört med 
MI-CAD-patienter och kontroller. Koncentrationer av högsensitivt C-reaktivt 
protein (hs-CRP) var också initialt högre hos MINOCA än MI-CAD under 
sjukhusvistelsen, även om senare koncentrationsändringar av hs-CRP indike-
rade en lägre grad av akutfasreaktion. Högkänslig troponin T (hs-cTnT) och 
natriuretiska peptider avspeglade lägre grad av myokardskada hos MINOCA 
än MI-CAD under sjukhusvistelsen, men också en snabbare återhämtning hos 
MINOCA och mindre ihållande myokardskada och -dysfunktion. Jämfört med 
kontrollpersoner var det dock högre grad av kvarvarande myokarddysfunktion 
hos MINOCA tre månader senare. I överensstämmelse med detta prognosti-
cerade högre hs-cTnT-koncentrationer hos MINOCA under sjukhusvistelsen 
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flera olika oberoende ettårsutfall – särskilt kardiovaskulär mortalitet och hjärt-
svikt. Slutligen visade även prover tre månader efter MINOCA på lägre kon-
centrationer av tissue-type plasminogen activator än hos patienter efter MI-
CAD, vilket tyder på mindre ihållande koagulationsaktivering hos MINOCA.  

Hos STEMI- och NSTEMI-patienter indikerade biomarkörer större myo-
kardskada och -dysfunktion i den akuta fasen hos STEMI, tillsammans med 
mer uttalad inflammatorisk aktivitet. De visade också på ett mer varierat pa-
tofysiologiskt mönster hos NSTEMI. Alla biomarkörer som särskilde STEMI 
från NSTEMI var dock likvärdigt prognostiska för död och andra utfallsmått 
mellan de två hjärtinfarktgrupperna.  

Sammanfattningsvis visade en omfattande kartläggning av biomarkörer i 
kombination med avancerade statistiska analyser på intressanta patobiolo-
giska aspekter hos MINOCA, men även på skillnader mellan STEMI och 
NSTEMI. Några av de aktuella biomarkörerna var också relaterade till kliniskt 
utfall. 
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