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Aims The severity of myocardial tissue damage following ST-elevation myocardial infarction (STEMI) strongly determines
short- and long-term prognosis. This study explored the impact of the coronavirus disease 2019 (COVID-19) pan-
demic and associated public health restrictions on infarct severity.

...................................................................................................................................................................................................
Methods
and results

STEMI patients treated with primary percutaneous coronary intervention (PCI) and included in the prospective
Magnetic Resonance Imaging in Acute ST-Elevation Myocardial Infarction (MARINA-STEMI) cohort study from
2015- 2020 (n = 474) were categorized according to (i) timeframes with and without major public health restric-
tions in 2020, and (ii) timeframes of major public health restrictions during 2020 and during the corresponding
timeframes between 2015-2019. Myocardial damage was evaluated by cardiac magnetic resonance imaging. During
major public health restrictions in 2020 (n = 48), there was an increase in infarct size (22 [IQR 12-29] vs. 14 [IQR
6-23]%, P < 0.01), a higher frequency (77% vs. 52%, P < 0.01) and larger extent of microvascular obstruction (1.5
[IQR 0.1-11.4] vs. 0.2 [IQR 0.0-2.6]%, P < 0.01) and a higher rate of intramyocardial haemorrhage (56% vs. 34%, P
= 0.02) as compared to the phases without major restrictions in 2020 (n = 101). These findings were confirmed in
adjusted analysis and were consistent when comparing patients admitted in 2020 versus patients admitted in the
“pre-pandemic” era (2015-2019). Patient characteristics were comparable between groups, except for a significant-
ly longer total ischemia time (P < 0.01) and higher frequency of pre-PCI Thrombolysis in Myocardial Infarction
(TIMI) flow 0 during times of major restrictions (P = 0.03).

...................................................................................................................................................................................................
Conclusion This study provides novel mechanistic insights demonstrating a significant increase in myocardial damage in STEMI

patients admitted during the COVID-19 pandemic with a temporal relation to major public health restrictions.
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic has disrupted
usual healthcare around the world. Emerging evidence indicates a sub-
stantial increase in mortality during the pandemic that cannot be attrib-
uted to COVID-19 deaths alone.1–3 Concerns have therefore arisen
about the indirect impact of the pandemic, particularly for those with
cardiovascular disease and urgent need for interventions.4,5 In fact,
hospitalizations for acute cardiovascular conditions have declined sig-
nificantly, an observation that was most evident for acute myocardial
infarction.6,7 For patients suffering from ST-elevation myocardial infarc-
tion (STEMI), current data not only indicate significant reductions in ad-
mission rates and catheterization laboratory activation, but also
suggest a longer delay to reperfusion, altered reperfusion strategies, as
well as increased psychological stress in hospitalized individuals, which
may contribute to higher mortality during the pandemic and beyond.8,9

Nevertheless, current existing studies have left several unmet gaps in
knowledge, and the true indirect effect of the pandemic on STEMI out-
comes is still a matter of controversy.

Cardiac magnetic resonance imaging (MRI) is the non-invasive gold
standard for comprehensive myocardial tissue characterization after
STEMI.10 Specifically, cardiac MRI is highly accurate in defining the in-
farct size as well as the severity of microvascular injury11 The latter is
the consequence of failed myocardial tissue reperfusion despite a ‘suc-
cessful’ primary percutaneous coronary intervention (PCI) procedure
with restoration of epicardial blood flow12 and manifests clinically as
microvascular obstruction (MVO) with or without intramyocardial
haemorrhage (IMH). Infarct size, MVO, and IMH, revealed by cardiac
MRI during the first week after STEMI, are strongly associated with
worse functional recovery, heart failure events, and mortality.13–19

Using data from the ongoing prospective MARINA-STEMI
(Magnetic Resonance Imaging in Acute ST-Elevation Myocardial
Infarction) cohort study, we aimed to comprehensively investigate
myocardial tissue damage characteristics in patients with STEMI in
temporal relation to the COVID-19 pandemic and its associated pub-
lic health restrictions.

Methods

Study design and population
This study analysed data from the ongoing, prospective MARINA-
STEMI cohort study (NCT04113356), which includes STEMI patients
treated with primary PCI at the Heart Centre of Innsbruck. The
Heart Centre of Innsbruck represents the only PCI centre for a re-
gional STEMI network in western Austria. The detailed design was
published previously.20 Briefly, patients were eligible for the study if
they were >_18 years old and had a first-ever STEMI defined as having
symptoms of ischaemia and ST-segment elevation of at least 0.1 mV
in two contiguous extremity leads or at least 0.2 mV in two contigu-
ous precordial leads. Patients with contraindications for cardiac MRI
(estimated glomerular filtration rate <30 mL/min/1.73 m2, Killip clas-
sification higher than II at the time of cardiac MRI, pacemaker, claus-
trophobia, orbital foreign body, cerebral aneurysm clip, and known
or suggested contrast agent allergy to gadolinium), patients with a
history of previous myocardial infarction, and COVID-19-positive
STEMI patients were not eligible. For this study, we analysed all
STEMI patients that were included between 2015 and 2020. Data

were analysed for two pre-specified groups of patients. First, the
study population of the entire year 2020 was stratified and com-
pared according to time frames with and without major public health
restrictions. In Austria, three periods of major public health restric-
tions between 10 March and 30 April 2020, between 21 September
and 6 December 2020, and between 26 December 2020 and 18
January 2021 were imposed.21 During these time periods, people
were encouraged to minimize social interaction and stay at home
whenever possible. Furthermore, total self-isolation and quarantin-
ing were obligated during certain periods.21 Second, we divided the
study cohort into a pandemic and pre-pandemic group, where the
pandemic group was defined as patients admitted during major pub-
lic health restrictions in 2020 and the pre-pandemic group as
patients admitted during the exact same time frames between 2015
and 2019.

The primary outcome was defined as infarct size assessed by MRI, and
a comparison was made between groups. Further objectives were to ana-
lyse differences in other infarct severity characteristics (MVO and IMH),
left ventricular (LV) global strain parameters, LV ejection fraction, age,
sex, cardiovascular risk factors, as well as treatment and management fea-
tures. Total ischaemia time was defined as the time from the onset of
symptoms consistent with myocardial ischaemia (e.g. persistent chest
pain) to reperfusion (wire crossing) during primary PCI. The presence of
Q-waves was defined as duration >30 ms and depth >0.1 mV.22

The research ethics committee at the Medical University of Innsbruck
approved the study, and the investigation was conducted following the
Declaration of Helsinki. Before inclusion, all participants gave written
informed consent.

Cardiac magnetic resonance imaging
All cardiac MRI scans were performed on a 1.5 Tesla scanner (Magnetom
AVANTO, Siemens, Erlangen, Germany) within 1 week after STEMI. The
standardized MRI protocol as well as post-processing have been
described previously.20 Briefly, LV ejection fraction was assessed on
short-axis (10–12 slices) cine images using breath-hold, retrospective
electrocardiogram (ECG)-triggered trueFISP bright blood sequences.
Feature tracking analysis was conducted as described previously.20 Based
on the 16-segment model, the software algorithm calculated three-di-
mensional peak strains and subsequently, by averaging the according peak
values of the segments, the global strain parameters: global longitudinal
strain (GLS), global radial strain, and global circumferential strain. LV ejec-
tion fraction and feature tracking analysis was performed using the com-
mercially available LV-specific CVI42 Tissue Tracking software (Circle
Cardiovascular Imaging, Inc, Calgary, Canada). ECG-triggered, phase-sen-
sitive inversion recovery sequences were used to obtain late gadolinium
enhancement images 15 min after application of a 0.2 mmol/kg bolus of
contrast agent (GadovistVR , Bayer, Leverkusen, Germany). Hyperenhance-
ment was defined by a threshold of 5 standard deviations (SD) higher
than the signal intensity of remote myocardium in the opposite LV myo-
cardial segment.23 Infarct size was presented as a percentage of the entire
LV myocardial mass (LVMM). MVO was defined as an area of ‘hypoen-
hancement’ within the infarcted territory. IMH was determined by T2*
mapping and defined as a region of a hypointense core within the
infarcted area with T2* reduction below 20 ms.18 Experienced observers,
blinded to all clinical data, conducted the cardiac MRI measurements and
analyses.

Statistical analyses
Continuous variables were presented as the median with interquar-
tile range (IQR); categorical variables are shown as frequencies with
corresponding percentages. Comparison of continuous variables
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was made using Mann–Whitney U-test. Categorical variables were
compared by using v2 tests. Multivariable logistic regression analysis
was used to determine the independent association of major public health
restrictions with infarct size and occurrence of MVO and IMH. The cut-
off for large infarct size was defined as 19% according to previous data.16

All baseline characteristics and angiographic parameters shown in Table 1
were entered in univariable regression analysis. Those with a P-value
<0.10 in this analysis were further entered in the corresponding multivari-
able regression model using the forced entry method. In order to provide
a more informative summary of measures of association, odds ratios (OR)
are presented for a 1 SD increase. All tests were two-sided and P-values
<0.05 were considered significant. Statistical analysis was performed using
IBM SPSS Statistics 27.0.1 (IBM, Armonk, NY, USA) and MedCalc Version
19.0.7 (Ostend, Belgium). The frequency of infarct size percentiles of the
study cohort in relation to the COVID-19 pandemic in 2020 was calcu-
lated using MatlabVR (The MathWorks, Inc., Natick, MA, USA).

Results

Study population and baseline
characteristics
A total of 548 patients were evaluated for MARINA-STEMI between
2015 and 2020. After exclusion of 74 patients (13.5%), a final cohort of
474 patients was analysed. A flow chart of the study population includ-
ing the number of excluded patients and the reason for exclusion is
provided in Figure 1. A comparison of the main patient characteristics
between excluded (n = 74) and included (n = 474) patients did not re-
veal significant differences between groups (data not shown). Of the
patients included in 2020 (n = 149), 48 (32%) were admitted during
time frames of major public health restrictions and 101 (68%) outside
such time frames. A total of 124 patients were included during the cor-
responding time frames (for major restrictions in 2020) between 2015
and 2019. Characteristics of patients are reported in Tables 1 and 2.
The patient profile did not differ significantly between groups in terms
of age, sex distribution, and prevalence of cardiovascular risk factors
(all P > 0.05). Patients presenting during major public healthcare
restrictions had significantly longer total ischaemia times [263 (IQR
170–531) vs. 188 (IQR 119–381) min, P < 0.01] with no differences in
door to reperfusion times (P = 0.51). This was also evident when com-
paring patients admitted in 2020 vs. patients admitted between 2015
and 2019. Furthermore, Q-waves on admission ECG were significantly
more frequent in patients presenting during major public health
restrictions vs. patients presenting outside such restrictions in 2020
(55% vs. 34%, P = 0.01). Similarly, the frequency of admission Q-waves
was significantly higher in patients admitted during major public health
restrictions in 2020 as compared with patients admitted during the
corresponding time frames in 2015–2019 (55% vs. 34%, P = 0.01).

Periprocedural therapy and angiographic
characteristics
Periprocedural therapy and angiographic characteristics are shown in
Tables 1 and 2. Patients who presented during time frames of major
public health restrictions had a significantly higher occurrence of pre-
PCI TIMI flow 0 [n = 36 (75%) vs. n = 57 (56%), P = 0.03], while this
difference was not noted when comparing the pre-pandemic vs. pan-
demic groups. All other characteristics were comparable between
groups.

Cardiac magnetic resonance imaging
characteristics
All patients underwent cardiac MRI at 4 (IQR 3–5) days after PCI,
with no significant difference between groups (both P > 0.05).
Cardiac MRI characteristics are summarized in Tables 1 and 2.
Patients admitted during periods of major public health restric-
tions in 2020 had a significantly larger infarct size [22 (IQR 12–29)
vs. 14 (IQR 6–23)% of LVMM, P < 0.01] in comparison with
patients admitted outside major restrictions. The temporal associ-
ation between infarct size and COVID-19 restrictions during the
entire year 2020 is further illustrated in Figure 2A, which shows the
frequency of infarct size percentiles of the study cohort in tem-
poral relation to the COVID-19 pandemic in 2020. Moreover, a
higher frequency [n = 37 (77%) vs. n = 52 (52%), P < 0.01] and
larger extent of MVO [1.5 (IQR 0.1–11.4) vs. 0.2 (IQR 0.0–2.6)%
of LVMM, P < 0.01] was observed. IMH was also more commonly
detected in these patients [n = 22 (56%) and n = 34 (34%), respect-
ively; P = 0.02] (Supplementary Material Online, Figure S3). In an ex-
ploratory analysis, we further compared the infarct size between
the three different time periods of major restrictions in 2020, and
observed a clear trend of a decline in infarct size as the pandemic
progresses (Supplementary Material Online, Figure S4). The associ-
ation of major public health restrictions with infarct size as well as
microvascular injury was confirmed in multivariable analysis after
adjustment for confounding factors including patient characteris-
tics and angiographic parameters [infarct size: OR 1.46, 95% confi-
dence interval (CI) 1.02–2.10, P = 0.04; MVO: OR 1.60, 95% CI
1.07–2.38, P = 0.02; IMH: OR 1.48, 95% CI 1.01–2.18, P = 0.04]
(Table 3). Also a significantly higher GLS [–8 (IQR –10 to –6) vs. –9
(IQR –11 to –7), P = 0.04] and lower LV ejection fraction [46 (IQR
35–54) vs. 50 (IQR 45–56)%, P < 0.01] was observed.

A significantly larger infarct size [22 (IQR 12–29) vs. 16 (IQR
9–24]% of LVMM, P = 0.02] and larger extent of MVO [1.5 (IQR
0.1–11.4) vs. 0.3 (IQR 0.0–1.8)% of LVMM, P < 0.01], with a
higher frequency of MVO [n = 37 (77%) vs. n = 66 (53%),
P < 0.01] and IMH [n = 22 (56%) vs. n = 38 (35%), P = 0.02] was
also observed in patients admitted during the pandemic com-
pared with ‘pre-pandemic’ times. A significantly higher GLS [–8
(IQR –10 to –6) vs. –12 (IQR –14 to –10), P < 0.01] and lower LV
ejection fraction among patients admitted during the pandemic
was found [46 (IQR 35–54) vs. 50 (IQR 43–57)%, P = 0.01]
(Figure 2B). MRI parameters in pre-pandemic patients admitted
during corresponding timeframes of major restrictions in 2020
and during timeframes of no major restrictions in 2020 did not
reveal significant differences between groups (Supplementary
Material Online, Table S4). Furthermore, no significant difference
in clinical characteristics and primary MRI findings in pre-pan-
demic patients in relation to times of major restrictions in 2020
was observed (Supplementary Material Online, Table S5).

Discussion

This analysis of STEMI patients enrolled in the prospective MARINA-
STEMI cohort study describes novel mechanistic insights regarding
the impact of the COVID-19 pandemic and associated restrictions
on myocardial tissue damage. We observed a larger infarct size,
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Table 1 Baseline characteristics and angiographic and magnetic resonance parameters in patients admitted during
2020

Total population

(n 5 149)

No major restrictions

in 2020 (n 5 101)

Major restrictions

in 2020 (n 5 48)

P-value

Baseline characteristic

Age, years 59 (51–66) 57 (51–64) 61 (53–68) 0.11

Female sex, n (%) 32 (22) 18 (18) 14 (29) 0.12

Body mass index, kg/m2 26 (24–29) 26 (24–29) 26 (23–28) 0.29

Smoking, n (%) 80 (54) 56 (55) 24 (50) 0.53

Hypertension, n (%) 62 (42) 46 (46) 16 (33) 0.16

Hyperlipidaemia, n (%) 75 (50) 53 (53) 22 (46) 0.45

Diabetes mellitus, n (%) 9 (6) 6 (6) 3 (6) 0.94

Renal insufficiency, n (%) 12 (8) 8 (8) 4 (8) 0.93

Heart rate, b.p.m. 77 (67–90) 78 (68–90) 73 (63–90) 0.27

Systolic blood pressure, mmHg 135 (116–153) 131 (113–151) 143 (118–158) 0.15

Diastolic blood pressure, mmHg 81 (73–91) 80 (71–91) 86 (75–94) 0.17

TIMI risk score 3 (1–4) 3 (1–4) 3 (1–5) 0.77

Admission Killip class 0.46

1 100 (67) 68 (67) 32 (67)

2 47 (31) 32 (32) 15 (31)

3 1 (1) 0 (0) 1 (2)

4 1 (1) 1 (1) 0 (0)

Total ischaemia time, min 203 (141–405) 188 (119–381) 263 (170–531) <0.01

Door to reperfusion time, min 14 (7–43) 12 (7–41) 20 (7–45) 0.51

Periprocedural therapy, n (%)

Aspirin 149 (100) 101 (100) 48 (100) –

P2Y12 inhibitors 149 (100) 101 (100) 48 (100) –

Clopidogrel 18 (12) 9 (9) 9 (19) 0.09

Prasugrel, ticagrelor 131 (88) 92 (91) 39 (81) 0.09

Heparin 149 (100) 101 (100) 48 (100) –

Glycoprotein IIb/IIIa inhibitors 10 (7) 8 (8) 2 (4) 0.39

Discharge medication, n (%)

Aspirin 147 (99) 100 (99) 47 (98) 0.59

P2Y12 inhibitors 147 (99) 99 (98) 48 (100) 0.33

Clopidogrel 23 (15) 13 (13) 10 (21) 0.21

Prasugrel, ticagrelor 124 (83) 86 (85) 38 (79) 0.36

Beta-blockers 137 (92) 94 (93) 43 (90) 0.47

ACE inhibitors/AT-1 antagonists 142 (95) 96 (95) 46 (96) 0.83

Statins 149 (100) 101 (100) 48 (100) –

Angiographic parameters

TIMI flow 0 pre-pPCI, n (%) 93 (62) 57 (56) 36 (75) 0.03

TIMI flow 3 post-pPCI, n (%) 133 (89) 93 (92) 40 (83) 0.11

Culprit lesion, n (%) 0.13

RCA 65 (44) 47 (46) 18 (38)

Segment 1 27 (18) 21 (21) 6 (13)

Segment 2 22 (15) 16 (15) 6 (13)

Segment 3 12 (8) 7 (7) 5 (10)

Segment 4 4 (3) 3 (3) 1 (2)

LAD 64 (43) 38 (38) 26 (54)

Segment 6 37 (25) 23 (23) 14 (29)

Segment 7 22 (15) 12 (12) 10 (21)

Segment 8 2 (1) 1 (1) 1 (2)

Segment 9 2 (1) 1 (1) 1 (2)

Continued
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.more extensive MVO, and a higher rate of IMH as well as a lower
GLS and LV ejection fraction during times of severe public health
restrictions due to COVID-19 waves in 2020. These findings were
consistent when comparing STEMI patients admitted during times
with major COVID-19 burden in 2020 with patients admitted during
the same times between 2015 to 2019 (Graphical Abstract). Given
that myocardial infarct severity determined by cardiac MRI strongly
determines short- and long-term prognosis after STEMI, these find-
ings may not only explain a part of the rise in cardiovascular deaths4

during the pandemic, but also suggest significant cardiac collateral
damage for the future.

STEMI remains a significant cause of morbidity and mortality
worldwide, mandating ongoing efforts to provide prompt recogni-
tion, uninterrupted emergency care, as well as structured follow-up
and long-term management. While multilevel strategies for pandemic
control limited the direct impact of COVID-19, there is increasing
concern that the pandemic and associated restrictions have discon-
tinued this continuum of care for patients suffering an acute

myocardial infarction, with potentially devastating consequences.4,6–

8,24,25 The so-far largest registry evaluating the impact of COVID-19
on the treatment and outcome of patients with STEMI was published
by De Luca et al.8 This analysis found a higher mortality rate in STEMI
patients admitted during the COVID-19 pandemic, probably
reflected by the longer ischaemia time related to treatment, while
other patient characteristics were similar to those of the control
group in 2019. However, while others described comparable find-
ings.24,26,27 there have also been reports questioning a true indirect
impact of COVID-19 on STEMI outcomes.28,29 These studies are,
however, limited by small sample sizes for clinical outcome evalu-
ation, outcomes were often not systematically reported, missing data
were frequent, and observation times were restricted to a few weeks
or months in 2020. Moreover, in some studies, patients admitted dur-
ing the pandemic were younger, and had fewer risk factors and
comorbidities, which may have confounded outcome data.29 The
lack of cardiac MRI data for a detailed in vivo infarct severity assess-
ment is another important limitation of the current literature. The

....................................................................................................................................................................................................................

Table 1 Continued

Total population

(n 5 149)

No major restrictions

in 2020 (n 5 101)

Major restrictions

in 2020 (n 5 48)

P-value

Segment 10 1 (1) 1 (1) 0 (0)

LCX 20 (13) 16 (16) 4 (8)

Segment 11 14 (9) 12 (12) 2 (4)

Segment 12 2 (1) 1 (1) 1 (2)

Segment 13 4 (3) 3 (3) 1 (2)

Number of affected vessels, n (%) 0.98

1 83 (56) 56 (55) 27 (56)

2 43 (29) 29 (29) 14 (29)

3 23 (15) 16 (16) 7 (15)

Thrombectomy, n (%) 2 (1) 2 (2) 0 (0) 0.33

Stenting, n (%) 147 (99) 99 (98) 48 (100) 0.33

Number of stents 2 (1-3) 2 (1-3) 2 (1-3) 0.46

Multivessel acute PCI, n (%) 28 (19) 19 (19) 9 (19) 0.99

MRI parameters

Time to MRI, days 4 (3–5) 4 (3–5) 4 (3–6) 0.20

Transmurality, n (%) 0.01

0–75% 38 (26) 32 (32) 6 (13)

75–100% 111 (74) 69 (68) 42 (88)

Infarct size, % LVMM 16 (9–25) 14 (6–23) 22 (12–29) <0.01

MVO, n (%) 89 (60) 52 (52) 37 (77) <0.01

MVO, % LVMM 0.6 (0.0–3.5) 0.2 (0.0–2.6) 1.5 (0.1–11.4) <0.01

IMH, n (%) 56 (41) 34 (34) 22 (56) 0.02

LVEF, % 49 (41–56) 50 (45–56) 46 (35–54) <0.01

LVEF <_35%, n (%) 18 (12) 6 (6) 12 (25) <0.01

LVEF <_40%, n (%) 32 (22) 14 (14) 18 (38) <0.01

LV GLS, % –9 (–11 to –7) –9 (–11 to –7) –8 (–10 to –6) 0.04

LV GRS, % 24 (19–29) 23 (20–29) 21 (16–29) 0.11

LV GCS, % –15 (–17 to –12) –15 (–17 to –13) –14 (–16 to –10) 0.03

MRI, magnetic resonance imaging; ACE angiotensin-converting enzyme; TIMI, Thrombolysis in Myocardial Infarction; pPCI, primary percutaneous coronary intervention; RCA,
right coronary artery; LAD, left anterior descending artery; LCX left circumflex artery; RI ramus intermedius; LVMM, left ventricular myocardial mass; MVO, microvascular ob-
struction; IMH, intramyocardial haemorrhage; LV, left ventricular; LVEF, left ventricular ejection fraction; GLS, global longitudinal strain; GRS, global radial strain; GCS, global cir-
cumferential strain.
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..present study therefore provides unique mechanistic insights into
this issue by reporting for the first time on the impact of COVID-19
and associated restrictions on myocardial damage as determined by
state-of-the-art cardiac MRI in STEMI patients treated within a STEMI
network with a catchment area of �0.8 million people. The main
finding is a marked increase in infarct size (�6–8%) in patients admit-
ted during times of high COVID-19 burden and associated major
government restrictions in 2020. The impact of COVID-19 was seen
throughout 2020, as the mean extent of myocardial damage tended
to be greater in that year than in previous years. Nevertheless, the

increase in myocardial tissue damage was mainly driven by those
patients presenting during times of severe COVID-19 burden. At the
same time, there was a trend for a decreasing effect of restrictions on
infarct size during the pandemic. Infarct size as measured by cardiac
MRI is known to be a principal determinant for worse functional re-
covery, and ultimately poor clinical outcome.13,16 Stone et al. demon-
strated that every 5% increase in infarct size contributes to a 19%
increase in 1-year all-cause mortality.13 The study also showed that
the influence of prolonged ischaemia time on mortality30 may be
mainly affected through increased infarct size.13 As such, the increase

Figure 1 Flow diagram of the study cohort. STEMI, ST-elevation myocardial infarction; MRI, magnetic resonance imaging; MI, myocardial infarction;
COVID-19, coronavirus disease 2019.
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Table 2 Baseline characteristics and angiographic and magnetic resonance parameters in patients admitted between
2015–2019 and 2020

Total population

(n 5 172)

Pre-pandemic

2015–2019 (n 5 124)

Pandemic, 2020

(n 5 48)

P-value

Baseline characteristic

Age, years 58 (51–68) 58 (50–68) 61 (53–68) 0.26

Female sex, n (%) 36 (21) 22 (18) 14 (29) 0.10

Body mass index, kg/m2 26 (24–28) 26 (24–28) 26 (23–28) 0.57

Smoking, n (%) 93 (54) 69 (56) 24 (50) 0.51

Hypertension, n (%) 68 (40) 52 (42) 16 (33) 0.30

Hyperlipidaemia, n (%) 91 (53) 69 (56) 22 (46) 0.25

Diabetes mellitus, n (%) 14 (8) 11 (9) 3 (6) 0.57

Renal insufficiency, n (%) 14 (8) 10 (8) 4 (8) 0.98

Heart rate, b.p.m. 73 (62–88) 74 (61–87) 73 (63–90) 0.61

Systolic blood pressure, mmHg 140 (118–160) 140 (115–160) 143 (118–158) 0.90

Diastolic blood pressure, mmHg 85 (74–100) 85 (72–100) 86 (75–94) 0.91

TIMI risk score 3 (1–4) 3 (1–4) 3 (1–5) 0.47

Admission Killip class 0.27

1 116 (67) 84 (68) 32 (67)

2 55 (32) 40 (32) 15 (31)

3 1 (1) 0 (0) 1 (2)

4 0 (0) 0 (0) 0 (0)

Total ischaemia time, min 202 (132–354) 184 (124–314) 263 (170–531) <0.01

Door to reperfusion time, min 21 (7–45) 22 (7–45) 20 (7–45) 0.90

Periprocedural therapy, n (%)

Aspirin 172 (100) 124 (100) 48 (100) –

P2Y12 inhibitors 170 (99) 122 (98) 48 (100) 0.38

Clopidogrel 37 (22) 28 (22) 9 (19) 0.58

Prasugrel, ticagrelor 133 (77) 94 (76) 39 (81) 0.44

Heparin 171 (99) 123 (99) 48 (100) 0.53

Glycoprotein IIb/IIIa inhibitors 27 (16) 25 (20) 2 (4) 0.01

Discharge medication, n (%)

Aspirin 169 (98) 122 (98) 47 (98) 0.83

P2Y12 inhibitors 171 (99) 123 (99) 48 (100) 0.53

Clopidogrel 31 (18) 21 (17) 10 (21) 0.55

Prasugrel, ticagrelor 140 (81) 102 (82) 38 (79) 0.55

Beta-blockers 159 (92) 116 (94) 43 (90) 0.38

ACE inhibitors/AT-1 antagonists 165 (96) 119 (96) 46 (96) 0.97

Statins 172 (100) 124 (100) 48 (100) –

Angiographic parameters

TIMI flow 0 pre-pPCI, n (%) 120 (70) 84 (68) 36 (75) 0.35

TIMI flow 3 post-pPCI, n (%) 152 (88) 112 (90) 40 (83) 0.20

Culprit lesion, n (%) 0.35

RCA 58 (34) 40 (32) 18 (38)

Segment 1 26 (15) 20 (16) 6 (13)

Segment 2 21 (12) 15 (12) 6 (13)

Segment 3 10 (6) 5 (4) 5 (10)

Segment 4 1 (1) 0 (0) 1 (2)

LAD 86 (50) 60 (48) 26 (54)

Segment 6 53 (30) 39 (31) 14 (29)

Segment 7 25 (15) 15 (12) 10 (21)

Segment 8 4 (2) 3 (2) 1 (2)

Segment 9 3 (2) 2 (2) 1 (2)

Segment 10 1 (1) 1 (1) 0 (0)

Continued
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.
in total ischaemia time during the COVID-19 pandemic observed in
previous studies.8,9, and re-confirmed in our investigation, might be
the main explanation for the findings of increased infarct size.
Moreover, patients presenting during times of major restrictions
more often exhibited Q-waves on their baseline ECG. These findings
further support the observation of a distinct clinical profile that por-
tends more advanced disease in these patients.31 In contrast, we
observed no significant differences in age, sex, cardiovascular risk fac-
tors, and periprocedural antithrombotic management strategies be-
tween STEMI groups which could also have explained our
observations. Another strength of our study is that it evaluates, for
the first time, the entire year 2020 and compares these findings with
a long pre-pandemic period (2015–2019).

In the present study, the cardiac MRI examination was per-
formed within the first days after STEMI, and therefore provides
pathophysiological insights not only into the effect of COVID-19
on infarct size but also on markers of severe reperfusion injury

(MVO and IMH). It is well known that successful restoration of
epicardial blood flow through PCI does not guarantee adequate
myocardial reperfusion. We observed a similar rate of post-PCI
TIMI flow 3 between groups, but a higher rate of MVO and IMH
in STEMI patients who presented during times of major COVID-
19 burden. At the same time, a significantly higher rate of pre-
PCI TIMI flow 0 among patients admitted during time frames of
major public health restrictions was noted. Pre-PCI TIMI flow 0
strongly correlates with mortality after primary PCI.32 This asso-
ciation is independent of infarct size by cardiac MRI13, but might
be explained through higher rates of MVO and IMH. In fact, both
tissue markers of severe reperfusion injury are increasingly rec-
ognized as key prognostic biomarkers after STEMI, even after
accounting for infarct size by cardiac MRI.15,18 While the fre-
quency of MVO in our study during ‘non-COVID’ times (53%) is
very comparable with a recent analysis of 1688 post-myocardial
infarction patients (measured by cardiac MRI at a median of

....................................................................................................................................................................................................................

Table 2 Continued

Total population

(n 5 172)

Pre-pandemic

2015–2019 (n 5 124)

Pandemic, 2020

(n 5 48)

P-value

LCX 26 (15) 22 (18) 4 (8)

Segment 11 14 (8) 12 (10) 2 (4)

Segment 12 4 (2) 3 (2) 1 (2)

Segment 13 7 (4) 6 (5) 1 (2)

Segment 15 1 (1) 1 (1) 0 (0)

RI 2 (1) 2 (2) 0 (0)

Segment 16 2 (1) 2 (2) 0 (0)

Number of affected vessels, n (%) 0.59

1 107 (62) 80 (64) 27 (56)

2 42 (25) 28 (23) 14 (29)

3 23 (13) 16 (13) 7 (15)

Thrombectomy, n (%) 34 (20) 34 (27) 0 (0) <0.01

Stenting, n (%) 172 (100) 124 (100) 48 (100) –

Number of stents 1 (1–2) 1 (1–2) 2 (1–3) 0.01

Multivessel acute PCI, n (%) 23 (13) 14 (11) 9 (19) 0.20

MRI parameters

Time to MRI, days 4 (3–5) 4 (3–5) 4 (3–6) 0.53

Transmurality, n (%) 0.17

0–75% 33 (19) 27 (22) 6 (13)

75–100% 139 (81) 97 (78) 42 (88)

Infarct size, % LVMM 18 (11–27) 16 (9–24) 22 (12–29) 0.02

MVO, n (%) 103 (60) 66 (53) 37 (77) <0.01

MVO, % LVMM 0.6 (0.0–2.8) 0.3 (0.0–1.8) 1.5 (0.1–11.4) <0.01

IMH, n (%) 60 (40) 38 (35) 22 (56) 0.02

LVEF, % 50 (40–56) 50 (43–57) 46 (35–54) 0.01

LVEF <_35%, n (%) 23 (13) 11 (9) 12 (25) <0.01

LVEF <_40%, n (%) 41 (24) 23 (19) 18 (38) <0.01

LV GLS, % –11 (–13 to –8) –12 (–14 to –10) –8 (–10 to –6) <0.01

LV GRS, % 25 (19–31) 25 (19–32) 21 (16–29) 0.04

LV GCS, % –14 (–16 to –12) –14 (–16 to –12) –14 (–16 to –10) 0.43

MRI, magnetic resonance imaging; ACE, angiotensin-converting enzyme; TIMI, Thrombolysis in Myocardial Infarction; pPCI, primary percutaneous coronary intervention; RCA,
right coronary artery; LAD, left anterior descending artery; LCX, left circumflex artery; LVMM, left ventricular myocardial mass; MVO, microvascular obstruction; IMH, intra-
myocardial haemorrhage; LV, left ventricular; LVEF, left ventricular ejection fraction; GLS, global longitudinal strain; GRS, global radial strain; GCS, global circumferential strain.
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..3 days post-myocardial infarction) 15, the frequency during the
investigated time frames of the COVID pandemic (77%) is much
higher than expected. We observed a very similar picture for the
incidence of IMH as well. Importantly, the higher rate of IMH
observed in our study is also of particular concern since recent
data demonstrated that: (i) persistent iron within the infarct core
is common (�3 in 5) in patients with IMH during the early stage
after STEMI; (ii) persistent iron is associated with prolonged
proinflammatory burden and is predictive of adverse cardiac
remodelling and worsening function; and (iii) persistent iron is
strongly associated with all-cause death or heart failure and
major adverse cardiac events in the longer term.33

Given the steep increase in cardiac MRI features of myocardial tis-
sue damage, these findings suggest the presence of significant cardiac
collateral damage caused by the COVID-19 pandemic and associated
restrictions. The worse LV function as reflected by lower LV ejection
fraction and GLS values further underscores this notion.

Limitations
The present study is observational, and thus we cannot conclude
that the reported associations are causative. Moreover, these
data derived from a STEMI cohort who survived the acute phase
of infarction and were stable enough to undergo cardiac MRI
within the first week after infarction. Although this represents

Figure 2 Impact of the COVID-19 pandemic on cardiac magnetic resonance features in patients with ST-elevation myocardial infarction. (A)
Frequency of infarct size percentiles of the study cohort in relation to the COVID-19 pandemic in 2020. Red boxes indicate time frames of major
public health restrictions. To obtain a sufficient signal to noise ratio, a sliding window of 40 days has been applied (i.e. each case is expanded by a 20-
day time span on the left and right x-axis). Please note that a sliding window adjustment results in an incomplete presentation of the first and last
20 days of the year. (B) Boxplots and bar chart illustrate cardiac magnetic resonance features in STEMI patients admitted during time frames of major
public health restrictions in 2020 compared with patients admitted during corresponding time frames in 2015-2019. Abbreviations: COVID-19, cor-
onavirus-disease 2019; LVMM, left ventricular myocardial mass; MVO, microvascular obstruction; IMH, intramyocardial haemorrhage; LVEF, left ven-
tricular ejection fraction.
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..the majority of the STEMI population, our findings are not gener-
alizable to unstable patients (e.g. cardiogenic shock) or patients
with out-of-hospital cardiac arrests. Based on the study design, a
survivor bias cannot be excluded. This study represents a rea-
sonably large STEMI cohort undergoing systematic MRI scans;
however, the sample size is still limited and further confirmation
would be desirable. Hospitalizations due to STEMI have declined
significantly during certain phases of the pandemic.6,7, an obser-
vation that is unlikely to reflect a true reduction in the incidence
of myocardial infarction. This would be consistent with studies
indicating that death at home and out-of-hospital cardiac arrests
have increased substantially during the pandemic, particularly in
areas most affected by COVID-19.1,2,5,29 Therefore, our analysis
could have even underestimated the true impact of COVID-19
on myocardial damage since infarcts may be even larger in those
who died before assessment or those who refrained from seek-
ing emergent treatment. Although representing only a minority
of STEMI patients,34 COVID-19-positive STEMI patients were
not enrolled in this study. Other studies, however, have recently
demonstrated an even worse outcome in COVID-19-positive
STEMI patients.35 This ‘high risk’ subgroup should be investigated
in dedicated studies. Total ischaemia time was longer during the
COVID-19 pandemic in our study, with no differences in door to
reperfusion times. However, data on more details regarding dif-
ferent components of total ischaemia time (such as patient-
related delays or emergency medical system-related delays)
were not available in our cohort and warrant further investiga-
tion. In the present analysis, we focused on established MRI-
based myocardial tissue damage parameters, whereas T2-
weighted oedema imaging was not included, mainly due to exist-
ing controversies regarding the validity and clinical significance of

this sequence. The single-centre design represents another limi-
tation. Although the pandemic had a negative impact on health-
care systems worldwide, it should be noted that they were
affected differently (including differences in the timing and extent
of restrictions imposed), which may limit the generalizability of
our results.

Conclusion

This cardiac MRI study provides novel mechanistic data that show a
significant increase in infarct size, MVO and IMH in STEMI patients
admitted during the COVID-19 pandemic with a temporal relation-
ship to major public health restrictions. While further investigation is
necessary for a better understanding of the full impact of COVID-19
for patients with STEMI, these data suggest worse short- and long-
term outcomes in these patients.

Supplementary material

Supplementary material is available at European Heart Journal online.
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Table 3 Logistic regression analysis for the prediction of infarct size and microvascular injury

Univariable Multivariable

OR (95% CI) P-value OR (95% CI) P-value

Model A: large infarct size

Admission Killip class 1.40 (1.02–1.93) 0.04 – –

Total ischaemia time 1.42 (1.04–1.93) 0.03 – –

TIMI flow 0 pre-pPCI 1.60 (1.14–2.26) <0.01 – –

Number of affected vessels 0.72 (0.51–1.02) 0.06 – –

Major restrictions 1.57 (1.12–2.20) 0.01 1.46 (1.02–2.10) 0.04

Model B: occurrence of MVO

Diastolic blood pressure 1.36 (0.95–1.96) 0.1 – –

TIMI flow 0 pre-pPCI 1.82 (1.31–2.54) <0.01 1.82 (1.28–2.59) <0.01

Culprit lesion 1.36 (0.94–1.97) 0.1 – –

Major restrictions 1.75 (1.20–2.55) <0.01 1.60 (1.07–2.38) 0.02

Model C: occurrence of IMH

Admission Killip class 1.38 (0.99–1.92) 0.06 – –

TIMI flow 0 pre-pPCI 1.86 (1.29–2.67) <0.01 1.77 (1.22–2.56) <0.01

Major restrictions 1.16 (1.08–2.24) 0.02 1.48 (1.01–2.18) 0.04

Abbreviations: OR, odds ratio; CI, confidence interval; TIMI, Thrombolysis in Myocardial Infarction; pPCI, primary percutaneous coronary intervention; MVO, microvascular ob-
struction; IMH, intramyocardial haemorrhage.
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