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Myocardial injury in COVID-19 is associated with in-hospital mortality. However, the
development of myocardial injury over time and whether myocardial injury in patients
with COVID-19 at the intensive care unit is associated with outcome is unclear. This study
prospectively investigates myocardial injury with serial measurements over the full course
of intensive care unit admission in mechanically ventilated patients with COVID-19. As
part of the prospective Maastricht Intensive Care COVID cohort, predefined myocardial
injury markers, including high-sensitivity cardiac troponin T (hs-cTnT), N-terminal pro-
B-type natriuretic peptide (NT-proBNP), and electrocardiographic characteristics were
serially collected in mechanically ventilated patients with COVID-19. Linear mixed-effects
regression was used to compare survivors with nonsurvivors, adjusting for gender, age,
APACHE-II score, daily creatinine concentration, hypertension, diabetes mellitus, and
obesity. In 90 patients, 57 (63%) were survivors and 33 (37%) nonsurvivors, and a total of
628 serial electrocardiograms, 1,565 hs-cTnT, and 1,559 NT-proBNP concentrations were
assessed. Log-hs-cTnT was lower in survivors compared with nonsurvivors at day 1 (b
�0.93 [�1.37; �0.49], p <0.001) and did not change over time. Log-NT-proBNP did not
differ at day 1 between both groups but decreased over time in the survivor group (b
�0.08 [�0.11; �0.04] p <0.001) compared with nonsurvivors. Many electrocardiographic
abnormalities were present in the whole population, without significant differences
between both groups. In conclusion, baseline hs-cTnT and change in NT-proBNP were
strongly associated with mortality. Two-thirds of patients with COVID-19 showed electro-
cardiographic abnormalities. Our serial assessment suggests that myocardial injury is
common in mechanically ventilated patients with COVID-19 and is associated with out-
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SARS-CoV-2 resulting in COVID-19 is often compli-
cated by multiorgan failure, including myocardial injury1

and thrombosis.2,3 Myocardial injury, based on elevated
cardiac troponin (cTn),4 is reported in 4% to 37% of
patients with COVID-19 and may be the consequence of
viral myocarditis, type I myocardial infarction caused by
atherosclerotic plaque disruption, or type II myocardial
infarction caused by an imbalance between oxygen demand
and supply.5−7 N-terminal pro-B-type natriuretic peptide
(NT-proBNP) is a marker of hemodynamic myocardial stress
and heart failure, but it can also be elevated in patients with
severe inflammatory and respiratory disease.8,9 Moreover,
abnormal electrocardiographic (ECG) findings including
arrhythmias, ST-segment deviation, and prolonged PR and
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QTc intervals are associated with major adverse events,
infection severity, and transfer to the intensive care unit
(ICU).10,11 Myocardial injury in patients with COVID-
19 is strongly associated with in-hospital mortality.12−14

Current evidence as used in COVID-19 guidelines is
based on retrospective and cross-sectional studies on
myocardial injury in patients with COVID-19 without
serial measurements.15 Therefore, in this study, we
investigated myocardial injury development by serial
cardiac biomarkers and serial electrocardiograms from
intubation onward over the disease course, comparing
ICU survivors and nonsurvivors.
Methods

This study is part of the Maastricht Intensive Care
COVID (MaastrICCht) cohort, which is a prospective
observational study that included all patients on mechan-
ical ventilation for COVID-19 admitted to our ICU
(Trial Register number NL8613). The study protocol has
been described before in more detail16 and has been
approved by the institutional review board of the Maas-
tricht University Medical Centre+ (MUMC+) (METc,
2020-1565/ 300523). The manuscript was written fol-
lowing the “STrengthening the Reporting of OBserva-
tional studies in Epidemiology” (STROBE) guideline.17

Maastricht UMC+ is a tertiary care university teaching
hospital in the Netherlands. Usually, the Maastricht
UMC+ ICU had a capacity of 27 ICU beds. However,
during the COVID-19 pandemic, our ICU was rapidly
upgraded to a maximum of 64 beds.

All patients with respiratory insufficiency requiring
mechanical ventilation and at least 1 polymerase chain
reaction test positive for SARS-CoV-2 and/or a chest com-
puted tomography scan strongly suggestive for SARS-
CoV-2 infection, based on a CORADS (COVID-19 Report-
ing and Data System) score of 4 to 5 scored by a radiolo-
gist,18 were included. After training by qualified research
staff and with daily supervision by a senior investigator,
medical research interns and PhD candidates included par-
ticipants and collected clinical, physiological, and labora-
tory variables using a predefined study protocol as
previously described.16 Participants were included from
March 25, 2020, to June 23, 2020.

Participants were followed up until death in the ICU or
ICU discharge and categorized based on the primary out-
come. Patients who were transferred to other hospitals were
followed up and reclassified to the nonsurvivor group if
they had died in hospital. Population characteristics and
potential confounding variables have been described exten-
sively elsewhere.1,2,16

Cardiomyocyte injury was assessed daily in serum
samples using high-sensitivity cardiac troponin T (hs-
cTnT) (ng/L), creatinine kinase (CK) (U/L), and creati-
nine kinase-MB (CK-MB) (mg/L) using the Cobas 8000
analyzer (Roche Diagnostics, Mannheim, Germany). In
addition, as hemodynamic myocardial stress and heart
failure biomarker, we assessed NT-proBNP (pmol/L) in
serum, as measured on the Cobas 8000 analyzer. Fur-
thermore, creatinine (mmol/L) was measured on the
Cobas 8000 analyzer. Assay characteristics were all
according to the package inserts. The cardiac biomarkers
were scored as follows:

1. Hs-cTnT: concentration at inclusion (day of intubation),
lowest, highest, and delta (between lowest and highest)
concentration. Normal concentration: <14 ng/L

2. CK: concentration at inclusion, highest, lowest, and delta
concentration. Normal concentration: 0 to 225 U/L

3. CK-MB: concentration at inclusion, highest, lowest, and
delta concentration. Normal concentration: <4.9 mg/L

4. NT-proBNP: concentration at inclusion, highest, lowest,
and delta concentration. Normal concentration: <35
pmol/L

Within the MaastrICCht cohort, ECGs were performed
at least every other day. All ECGs were recorded at
25 mm/s speed and 10-mm/mV amplitude. ECG assess-
ment, with an appropriate scoring system, was predesigned
(Supplementary Material 1) by a team of 4 physicians,
including a cardiologist specialized in electrophysiology
(KV), a cardiologist-intensivist (RD), and 2 cardiologists in
training (MG and CG). The first 10 ECGs were assessed
and discussed by all 4 physicians to score the ECG as objec-
tively as possible. After the scoring was objective, 1 investi-
gator assessed all ECGs using a preset protocol and solved
uncertainties within the team. The ECG characteristics
were scored systematically based on (1) rhythm, (2) con-
duction, (3) right ventricular (RV) strain, (4) repolarization
abnormalities, (5) T-wave abnormalities, and (6) other. Fur-
ther specification of these items can be found in the Supple-
mentary Material.

All participants eligible for the study were included in
the cohort until June 23, 2020. Data were analyzed with R
version 3.6.1 (R Core Team, 2020. R: A language and envi-
ronment for statistical computing. R Foundation for Statisti-
cal Computing, Vienna, Austria). First, the cohort was
categorized into ICU survivors and ICU nonsurvivors.
Then, the sample characteristics were described using mean
and SD, median and interquartile range (IQR), or percent-
age, as appropriate. Finally, differences were tested using
the independent-samples t test, chi-square test, Fisher’s
exact test, or Mann-Whitney U test, as appropriate. We
used linear mixed-effects regression models with a random
intercept and random slope with time to compute differen-
ces in cardiac biomarkers over time between both groups.
We used an unstructured variance-covariance matrix for
random effects and an autoregressive correlation structure
of the first order for longitudinal measures. Using the
Akaike Information Criterion, the best fitting model for
change over time was selected. Biomarkers were log-trans-
formed due to skewed residuals. We computed the crude
group differences (model 1). Subsequently, we investigated
potential confounding by clinical characteristics, disease
severity, daily renal function, and COVID-19−related risk
factors for cardiovascular disease (CVD) to challenge our
hypothesis. Therefore, the model was first adjusted for gen-
der and age (model 2), and additionally for APACHE-II
score at baseline (model 3), daily creatinine concentrations
(model 4), and hypertension, diabetes mellitus, and obesity
(model 5). Results of the regression models were expressed
as regression coefficient b, including 95% confidence



Figure 1. Flowchart of the study.
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interval (CI). A p value <0.05 was considered statistically
significant.
Results

The MaastrICCht cohort included a total of 94 partic-
ipants at the time of data extraction. Four patients were
excluded, as there were no ECGs or biomarkers avail-
able because these patients were transported or died
within 48 hours after ICU admission. Of all 90 included
patients, 33 patients (37%) had died (ICU nonsurvivor
group), and 57 (63%) were discharged alive from the
Table 1

Characteristics of the study population in ICU survivors and ICU nonsurvivors

ICU survivors (n =

Age, year 62 (§12)

Gender, men 42 (74%)

Time of ICU stay, days* 22 (17)

Body mass index, kg/m2 27.9 (§4.2)

Admission location:

Emergency room 12 (21%)

Ward 28 (49%)

Transfer from other hospital 17 (30%)

Previous myocardial infarction 1 (2%)

Cardiomyopathy/LV dysfunction 2 (4%)

Coronary artery disease 3 (5%)

Chronic renal disease 1 (2%)

Presence of any cardiovascular risk factorx 25 (44%)

Apache II score, points 15 (5.5)

Mean arterial pressure, mm Hg (lowest in first 24 h) 61.8 (23.9)

Hydroxychloroquine administered 38 (67%)

Data are presented as mean (SD) or count (percentage), unless indicated ot

Pearson’s chi-square test unless indicated otherwise.

ICU = intensive care unit.

*Median and first and third quartiles.
z Fisher’s exact test.
xDiabetes mellitus, hypertension, dyslipidemia, smoking, obesity.
ICU (ICU survivor group) (Figure 1). The nonsurvivor
group was on average older, had more often a history of
myocardial infarction, and had a higher APACHE II
score (Table 1).

In total, we studied 628 serial ECGs and 1,565 hs-cTnT,
1615 CK, 1,535 CK-MB, and 1,559 NT-proBNP concentra-
tions. Figure 2 shows the median with interquartile range
(IQR) cardiac biomarker concentrations at admission and
lowest, highest, and delta (change between lowest and high-
est) during ICU stay for ICU survivors and nonsurvivors.
Hs-cTnT at admission was 23 (15 to 144) ng/L for nonsur-
vivors and 14 (9 to 22) ng/L for survivors (p = 0.177). The
57) ICU nonsurvivors (n = 33) p value for difference

69 (§10) 0.006

28 (85%) 0.220

13 (9) 0.001

27.2 (§4.0) 0.430

8 (24%) 0.600z

15 (45%) 0.740

10 (30%) 0.960

5 (15%) 0.020z

0 (0%) 0.530z

5 (15%) 0.140z

1 (3%) 1.00z

21 (64%) 0.070

18 (5.8) 0.040

63.2 (13.0) 0.760

23 (69%) 0.880

herwise. Differences were tested using the independent-samples t test or
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Figure 2. Cardiac biomarkers (hs-cTnT, CK, CK-MB and NT-proBNP) on day 1. Concentrations are median (IQR). Red bars depict all patients, green bars

survivors, and blue bars nonsurvivors. Arrows above the figures indicate number of outliers exceeding the range of this figure.*p <0.05
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lowest hs-cTnT was significantly higher in nonsurvivors
versus survivors (23 [12 to 65] ng/L vs 11 [6-16] ng/L,
p = 0.001). For CK and CK-MB, the concentrations did not
differ between the 2 groups. Log-CK and log-CK-MB
concentrations are depicted in Supplementary Table 1 panel
A and B. For NT-proBNP, the highest, lowest, and delta
concentrations were all significantly higher in nonsurvivors
compared with survivors.
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Table 2 depicts the results of the linear mixed-effect
models showing the difference in biomarker concentrations
at the start of mechanical ventilation and the difference in
development over time between the 2 groups. Log-hs-cTnT
was lower for survivors compared with nonsurvivors at day
1 (b �0.93, 95% CI �1.37 to�0.49, p <0.001), and this
association remained statistically significant after adjust-
ment for gender and age (b �0.74, 95% CI �1.17 to �0.30,
p = 0.001) (model 2), APACHE II score (b �0.66, 95% CI
�1.08 to �0.24, p = 0.003) (model 3), daily creatinine con-
centrations (b �0.47, 95% CI �0.95 to 0.00, p = 0.049)
(model 4) and cardiovascular risk factors (b �0.55, 95% CI
�1.04 to �0.07, p = 0.028) (model 5). The change over
time in log-hs-cTnT did not differ statistically significantly
between the groups (Figure 3, Table 2). Log-NT-proBNP at
day 1 did not differ statistically significantly between the 2
groups, but over time, it decreased significantly more in the
survivor group (b �0.08, 95% CI �0.11 to �0.04, p
<0.001). This association remained statistically significant
after adjustment for gender and age (b �0.08, 95% CI
�0.11 to �0.05, p <0.001), APACHE II score (b �0.08,
95% CI �0.11 to �0.05, p <0.001), daily creatinine con-
centrations (b �0.08, 95% CI �0.12 to �0.05, p <0.001),
and COVID-19−related cardiovascular risk factors (b
�0.08, 95% CI �0.12 to �0.05, p <0.001) (Figure 3,
Table 2).

In general, ECG abnormalities occurred in a large number
of patients with COVID-19 with the highest presence at
baseline of flat T waves (n = 83, 92%), QRS fragmentations
(n = 71, 79%), p-wave split (n = 39, 43%), RV strain
(n = 38, 42%), and occurrence of repolarization abnormali-
ties (n = 20, 22%). When assessing not only baseline but all
ECGs, abnormalities were largely found in QRS fragmenta-
tions (n = 86, 96%), followed by p-wave split (n = 69, 77%),
flat T waves (n = 67, 74%), RV strain (n = 65, 72%), and
occurrence of repolarization abnormalities (n = 57, 61%).
These data are summarized in in Table 3 and Supplementary
Table 1. At baseline, 80 of 90 patients (89%) were in sinus
rhythm and 7 patients had atrial fibrillation. Rhythm at base-
line ECG did not differ between survivors and nonsurvivors
(Supplementary Table 1). However, over time, 9 patients
developed atrial fibrillation, 5 in survivors and 4 in nonsurvi-
vors (p = 0.72) (Table 3). At baseline (Supplementary Table
1), left bundle branch block was present in 5 patients (6%), 2
(4%) in the survivor group and 3 (9%) in the nonsurvivor
group (p = 0.35) and did not change over time (Table 3).
QRS duration did not differ between survivors and nonsurvi-
vors. The PR time at baseline did not differ statistically sig-
nificantly between groups (150 § 20 ms vs 153 § 25 ms).
When assessing baseline and all subsequent ECGs, the prev-
alence of first-degree atrioventricular block was comparable
in both groups. At baseline, the prevalence of right bundle
branch block did not differ between both groups and was
seen in 2 survivors (4%) compared with 2 nonsurvivors
(6%) (p = 0.62). Over time, this number did not change in
both groups. Right axis deviation was also comparable
between groups and present in 2 survivors (4)% and 2 non-
survivors (6%) (p = 0.62). RV strain was found in 21 survi-
vors (37%) and 17 nonsurvivors (52%) and was comparable
between both groups (p = 0.17). Of the individual criteria, a
broad S wave in I, aVL, V5, or V6 was statistically
significantly more present in nonsurvivors (23 patients,
70%) compared with survivors (27 patients, 47%)
(p = 0.04). When comparing all ECGs, RV strain did not dif-
fer between both groups (Table 3). At baseline, ST-segment
elevation in at least 2 contiguous leads did not differ between
groups and was present in 3 survivors (5%) and 1 nonsurvi-
vor (3%) (p = 1.0). Over time, the presence of ST-segment
elevation increased but remained comparable between both
groups. ST-segment depression was present in 10 survivors
(18%) and 7 nonsurvivors (21%) (p = 0.67).

T-wave abnormalities neither differed between both
groups at baseline nor when comparing serial ECGs, with a
markedly higher presence for flat T-waves in both groups
(52 (91%) and 31 (94%) for survivors and nonsurvivors,
respectively) (Supplementary Table 1). When comparing
serial ECGs, no difference in ST-segment abnormalities
and T-wave abnormalities were seen between both groups
(Table 3).

At baseline, QTc was 429 § 52 ms in the survivor group
and 448 § 58 ms in the nonsurvivor group (p = 0.118).
Over time, QTc was statistically significantly of longer
duration in nonsurvivors when compared with survivors
(450 § 61 ms vs 430 § 51 ms, p <0.001) (Table 3). We did
not observe a statistically significant difference in the
occurrence of a prolonged QTc (>500 ms) between patients
who received hydroxychloroquine and those who did not.
The average heart rate was 92 beats/min on average at base-
line and comparable between both groups. R-wave height in
lead V2 over time was statistically significantly higher in
nonsurvivors compared with survivors. At baseline, p-wave
splitting, QRS-fragmentations, and microvoltages occurred
in 43%, 79%, and 4%, and over time in 77%, 96%, and
17%, respectively. These characteristics did not differ
between both groups (Table 3).
Discussion

We assessed serial cardiac biomarkers and ECG charac-
teristics in mechanically ventilated patients of the Maas-
triCCht cohort and compared them in survivors to
nonsurvivors. Our main findings are that (1) higher hs-
cTnT at day 1 was associated with mortality (p <0.001),
and this association remained significant after adjustment
for gender, age, APACHE II score, daily creatinine concen-
trations, and COVID-19−related cardiovascular risk fac-
tors; (2) the lowest, highest, and delta NT-proBNP
concentrations were higher in nonsurvivors versus survi-
vors, with serial NT-proBNP concentrations that decreased
more in survivors compared with nonsurvivors in adjusted
models (p values <0.001); and (3) the presence of ECG
abnormalities in all patients, irrespective of survival was
high but did not essentially differ between survivors and
nonsurvivors. Our findings underscore the importance of
serial assessment of the cardiac biomarkers, especially NT-
proBNP, as opposed to single measurements. In addition,
hs-cTnT was associated with mortality on admission in the
ICU.

Previous studies of myocardial injury in COVID-19
were retrospective by design,14 did not include mechani-
cally ventilated patients,13 and solely investigated either
biomarker19 or ECG parameters.20 These studies
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Table 2

Associations between serial biomarkers over time and survival in mechanically ventilated patients with COVID-19

Log(hs-cTnT) Log(CK) Log(CK-MB) Log(NT-proBNP)

Model Regression Coefficient

(95% CI)

p Value Regression Coefficient

(95% CI)

p Value Regression Coefficient

(95% CI)

p Value Regression Coefficient

(95% CI)

p Value

Model 1

ICU-nonsurvivor (reference) ref ref ref ref ref ref ref ref

ICU-survivor* �0.93 (�1.37; �0.49) <0.001 �0.20 (�0.57; 0.17) 0.289 �0.41 (�0.70; �0.13) 0.005 �0.39 (�0.96; 0.19) 0.182

Interaction between group and timey 0.01 (�0.01; 0.03) 0.348 0.03 (0.01; 0.06) 0.059 0.02 (0.00; 0.03) 0.049 �0.08 (�0.11; �0.04) <0.001
Model 2

ICU-nonsurvivor (reference) ref ref ref ref ref ref ref ref

ICU-survivor* �0.74 (�1.17; �0.30) 0.001 �0.18 (�0.55; 0.20) 0.360 �0.29 (�0.57; 0.00) 0.048 �0.32 (�0.90; 0.26) 0.279

Interaction between group and timey 0.01 (�0.01; 0.03) 0.449 0.04 (0.01; 0.06) 0.003 0.02 (0.00; 0.03) 0.059 �0.08 (�0.11; �0.05) <0.001
Model 3

ICU-nonsurvivor (reference) ref ref ref ref ref ref ref ref

ICU-survivor* �0.66 (�1.08; �0.24) 0.003 �0.14 (�0.52; 0.24) 0.460 �0.25 (�0.52; 0.03) 0.084 �0.28 (�0.85; 0.29) 0.331

Interaction between group and timey 0.01 (�0.02; 0.03) 0.560 0.03 (0.01; 0.06) 0.005 0.01 (0.00; 0.03) 0.088 �0.08 (�0.11; �0.05) <0.001
Model 4

ICU-nonsurvivor (reference) ref ref ref ref ref ref ref ref

ICU-survivor* �0.47 (�0.95; 0.00) 0.049 �0.03 (�0.41; 0.35) 0.871 �0.13 (�0.40; 0.14) 0.342 �0.10 (�0.62; 0.43) 0.717

Interaction between group and timey 0.01 (�0.02; 0.03) 0.588 0.01 (0.03; 0.05) 0.014 0.02 (0.00; 0.03) 0.179 �0.08 (�0.12; �0.05) <0.001
Model 5

ICU-nonsurvivor (reference) ref ref ref ref ref ref ref ref

ICU-survivor* �0.55 (�1.04; �0.07) 0.028 �0.09 (�0.47; 0.29) 0.634 �0.15 (�0.42; 0.12) 0.284 �0.13 (�0.67; 0.40) 0.631

Interaction between group and timey 0.01 (�0.02; 0.03) 0.511 0.03 (0.01; 0.06) 0.008 0.02 (0.00; 0.03) 0.161 �0.08 (�0.12; �0.05) <0.001

Biomarker data were log-transformed for reasons of normality and skewed residuals.

Results of the linear mixed-effects models show the difference in log-biomarker development over time between ICU survivors and ICU nonsurvivors, with ICU nonsurvivors as the reference category. Data

are regression coefficients (b) with 95% confidence intervals (CIs). The regression coefficient b indicates the mean difference in log biomarker over time. The regression b for the between-group and time inter-

action indicates the changes in log biomarker over time between ICU survivors and ICU nonsurvivors (with ICU nonsurvivors as reference: ref). Model 1 is the crude model; model 2 adjusts for gender and age;

model 3 additionally adjusts for APACHE-II score at baseline; model 4 also adjusts for daily creatinine concentration; model 5 also adjusts for smoking status, the presence of hypertension, diabetes, and

obesity.

APACHE = Acute Physiology and Chronic Health Evaluation; CI = confidence interval; ICU = intensive care unit.

* A negative regression coefficient indicates that the average log-biomarker concentration of survivors at day 1 is lower compared with the nonsurvivors.
yA negative regression coefficient for the interaction term indicates that the log-biomarker concentration of survivors decreases more over time compared with the nonsurvivors. (i.e., the interaction between

group and time models the change over time for both groups separately).
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Figure 3. Observed and predicted log-biomarker values over time for ICU-survivors and ICU non-survivors. Biomarkers were log-transferred due to non-

normal distribution.
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consistently showed that patients with signs of myocardial
injury had an up to 10 times higher mortality rate compared
with patients without myocardial injury.14,21,22 Several
studies showed that 6% to 10% of patients with COVID-19
had elevated cTn concentrations and 13% to 15% had ele-
vated NT-proBNP, and both were associated with increased
mortality. Furthermore, although myocardial injury is asso-
ciated with fatal outcomes, the prognosis of patients with
COVID-19 with underlying CVD without myocardial
injury was shown to be relatively favorable compared with
those with underlying CVD with myocardial injury.12 As
the risk factors of both CVD and COVID-19 disease sever-
ity are similar, adjustment for confounders such as hyper-
tension, diabetes mellitus, and obesity is important. Renal
function is modified over the course of critical illness and
affects hs-cTnT, NT-proBNP concentrations, and survival,
thus acting as a potential confounder.

Although the mechanism of cardiac injury in COVID-19
is not fully elucidated, the downregulation of angiotensin-
converting enzyme 2 by SARS-CoV-2 may lead to
increased microvascular damage, myocardial hypertrophy,
atrial dilatation, and diastolic dysfunction during COVID-
19 infection.23,24 In addition, SARS-CoV-2 elicits a host
response that triggers wide-ranging immune-inflammatory
thrombotic and parenchymal derangements,2,25 also leading
to myocardial damage reflecting myocarditis, thromboem-
bolism,2 endothelitis, cardiac arrhythmias, or myocardial
ischemia (either type I or II).

Previous studies investigating ECG alterations in
patients with COVID-19 primarily included hospitalized
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Table 3

ECG characteristics in serial ECGs (n = 628 ECGs) for the whole population and stratified for ICU survivors and ICU nonsurvivors

All (n = 90) ICU survivors (n = 57) ICU nonsurvivors (n = 33) p value for difference

1.Rhythm

Sinus rhythm 83 (92%) 53 (90%) 30 (91%) 0.70*

Supraventricular tachycardia 12 (13%) 7 (12%) 5 (15%) 0.70

Atrial fibrillation 9 (10%) 5 (9%) 4 (12%) 0.72*

Atrial flutter 1 (1%) 1 (2%) 0 (0%) 1.0*

Atrial tachycardia 3 (3%) 2 (4%) 1 (3%) 1.0*

Escape rhythm 4 (4%) 2 (4%) 2 (6%) 0.62*

Paced rhythm 1 (1%) 1 (2%) 0(0%) 1.0*

2.Conduction

LBBB 5 (6%) 2 (4%) 3 (9%) 0.27

QRS duration (ms) 98 § 16 98 § 15 99 § 17 0.49

QRS>120 ms 10 (11%) 5 (9%) 5 (15%) 0.35

1st degree AV block 14 (16%) 7 (12%) 7 (21%) 0.26

PR time (ms) 150 § 25 149 § 24 153 § 26 0.05

3.RV strain

RBBB 4 (4%) 2 (4%) 2 (6%) 0.62*

Right or extreme axis 6 (7%) 4 (7%) 2 (6%) 1.0*

At least 2 of the following 65 (72%) 40 (70%) 25 (76%) 0.57

RsR’ pattern 33 (37%) 19 (33%) 14 (42%) 0.39

qR pattern 12 (13%) 4 (7%) 8 (24%) 0.027*

Broad S in I, aVL, V5 or V6 67 (74%) 39 (68%) 28 (85%) 0.09

Slurred S in I, aVL, V5 or V6 66 (73%) 44 (77%) 22 (67%) 0.28

P-pulmonale 12 (13%) 8 (11%) 4 (12%) 1.0*

4.Repolarization abnormalities

ST-segment deviation in at least 2 consecutive leads 57 (61%) 36 (61%) 21 (60%) 0.92

ST-segment elevation in at least 2 consecutive leads 22 (24%) 14 (25%) 8 (24%) 0.97

ST-segment depression in at least 2 consecutive leads 44 (49%) 28 (49%) 16 (49%) 0.95

5.T-wave abnormalities

Any T-wave abnormality 73 (81%) 47 (83%) 26 (79%) 0.67

T-waves inversion in at least consecutive 2 leads 20 (22%) 13 (23%) 7 (21%) 0.86

Flat T-waves in at least 2 consecutive leads 67 (74%) 44 (77%) 23 (70%) 0.43

Biphasic T-waves in at least 2 consecutive leads 15 (17%) 9 (14%) 6 (18%) 0.60

6.Other

QTc time (ms) 436 (55) 430 (51) 450 (61) <0.001
Prolonged QTc time (ms)>500 ms 34 (38%) 18 (32%) 16 (49%) 0.11

Heartrate (bpm) 86 (21) 86 (21) 85 (21) 0.46

Height R-wave V1 (mV) 0.15 (0.14) 0.15 (0.13) 0.16 (0.17) 0.162

V2 (mV) 0.50 (0.36) 0.48 (0.32) 0.55 (0.44) 0.04

Depth S-wave in I (mV) 0.23 (0.14) 0.22 (0.12) 0.27 (0.14) 0.10

P-wave split 69 (77%) 43 (75%) 26 (79%) 0.71

QRS fragmentations 86 (96%) 55 (96%) 31 (94%) 0.62*

Microvoltages 15 (17%) 11 (19%) 4 (12%) 0.56*

Left heart axis 25 (28%) 12 (21%) 13 (39%) 0.06

Data are presented as mean (standard deviation) or count (percentage), unless indicated otherwise. Differences were tested using the independent-samples t

test or Pearson’s chi-square test unless indicated otherwise.

ICU = intensive care unit.

* Fisher’s exact test.
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patients who were not admitted to the ICU.10,20 Translating
these findings to patients admitted to the ICU with mechani-
cal ventilation and hemodynamic support may be difficult
because these factors may affect ECG alterations. Further-
more, previous studies did not perform serial ECGs every
other day as was done in this study. We found a high
incidence of ECG abnormalities in patients with COVID-
19, which is in line with previous observations.10,20 Most
ECG characteristics did not differ between survivors and
nonsurvivors. This can be explained by the fact that our
study population consisted of mechanically ventilated ICU
patients and thus more severely affected patients with



126 The American Journal of Cardiology (www.ajconline.org)
COVID-19. In contrast, other studies investigated ECGs at
the emergency department or non-ICU departments, includ-
ing less severe cases.26 Hydroxychloroquine use was not
associated with the occurrence of a prolonged QTc (>500
ms) in our study (p = 0.362). Strikingly, we found fragmen-
tation of the QRS in 79% of patients, whereas previously,
fragmented QRS was identified in 36.8% of patients and
was a predictor of cardiac mortality in patients with
COVID-19.27

This study has several strengths. First, this is a compre-
hensive prospective cohort study. We determined bio-
markers daily in all patients, thereby including many serial
measurements over time. Furthermore, we performed an
ECG every other day in all patients, thereby investigating
ECG features and changes over time during ICU admission
owing to COVID-19. Second, all ECGs (n = 632) were
interpreted manually, which has several advantages, includ-
ing improved accuracy over automated interpretation.28

Except for the first 10 ECGs, 1 physician manually evalu-
ated the ECGs. However, uncertainty was solved within the
team of 4 physicians. Third, we addressed potential con-
founding extensively by adjusting the models for gender,
age, APACHE II score, daily creatinine concentrations, and
COVID-19−related cardiovascular risk factors. A limitation
of this study is that it is a single-center study, solely includ-
ing ICU patients with COVID-19 on mechanical ventila-
tion. This limits generalizability to other mechanically
ventilated patients with COVID-19 only. Furthermore, we
studied variables over time, and during admission, many
interventions might influence these variables. For example,
except for hydroxychloroquine, we did not report/adjust for
daily medication, which can influence some ECG character-
istics such as QTc time.

In conclusion, to our knowledge, this prospective study
is the first to serially investigate cardiac biomarker and
ECG characteristics over time in mechanically ventilated
ICU patients with COVID-19. We show that higher hs-
cTnT at admission and increasing NT-proBNP over time
are associated with mortality, irrespective of gender, age,
APACHE II score, daily creatinine concentrations, and
COVID-19−related cardiovascular risk factors. Significant
ECG abnormalities are prevalent in more than 2/3 of
mechanically ventilated patients with COVID-19. These
findings shed light on the cardiac pathophysiology over
time in critically ill patients with COVID-19. This suggests
that serial measurement can provide direction to physicians
for clinical decision making and prognostication in future
studies of patients with COVID-19.
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