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BACKGROUND: The extent of cardiac dysfunction post-COVID-19 varies, and there is a lack of data on arrhythmic burden.

METHODS AND RESULTS: This was a combined multicenter prospective cohort study and cross-sectional case-control study.
Cardiac function assessed by echocardiography in patients with COVID-19 3 to 4 months after hospital discharge was
compared with matched controls. The 24-hour ECGs were recorded in patients with COVID-19. A total of 204 patients
with COVID-19 consented to participate (mean age, 58.5 years; 44% women), and 204 controls were included (mean age,
58.4 years; 44% women). Patients with COVID-19 had worse right ventricle free wall longitudinal strain (adjusted estimated
mean difference, 1.5 percentage points; 95% ClI, =2.6 to —0.5; P=0.005) and lower tricuspid annular plane systolic excursion
(-0.10 cm; 95% Cl, —0.14 to —0.05; P<0.001) and cardiac index (-0.26 L/min per m?, 95% Cl, —0.40 to —0.12; P<0.001), but
slightly better left ventricle global strain (-0.8 percentage points; 95% Cl, 0.2-1.3; P=0.008) compared with controls. Reduced
diastolic function was twice as common compared with controls (60 [30%] versus 29 [15%)], respectively; odds ratio, 2.4;
P=0.001). Having dyspnea or fatigue were not associated with cardiac function. Right ventricle free wall longitudinal strain was
worse after intensive care treatment. Arrhythmias were found in 27% of the patients, mainly premature ventricular contractions
and nonsustained ventricular tachycardia (18% and 5%, respectively).

CONCLUSIONS: At 3 months after hospital discharge with COVID-19, right ventricular function was mildly impaired, and diastolic
dysfunction was twice as common compared with controls. There was little evidence for an association between cardiac
function and intensive care treatment, dyspnea, or fatigue. Ventricular arrhythmias were common, but the clinical importance
is unknown.

REGISTRATION: URL: http://clinicaltrials.gov. Unique Identifier: NCT04535154.
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tory syndrome coronavirus 2 (SARS-CoV-2) and

primarily affects the lungs.! During the pandemic
course, persistent organ dysfunction and symptoms,
such as dyspnea and fatigue, during the convalescence
have been emphasized.?® Preexisting cardiovascular
disease is common and associated with an increased
risk of severe acute COVID-19.* Studies in hospitalized
patients with COVID-19 have demonstrated impaired

COVID—19 is caused by the severe acute respira-

right ventricular (RV) and left ventricular (LV) function.>®
These findings have been associated with an increased
risk of COVID-19 mortality.>® A prospective multicenter
study of patients 2 to 3 months after COVID-19 infection
found a high rate of diastolic dysfunction and signs of
pulmonary hypertension, but few had LV dysfunction.’
In contrast, an ltalian single-center study compared
survivors of COVID-19 with matched controls 41 days
after hospital discharge and found no considerable
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CLINICAL PERSPECTIVE

What Is New?

e By comparing echocardiography of patients
3 months after hospitalization for COVID-19 with
matched controls, we found mild right ventricu-
lar dysfunction and diastolic dysfunction in half
of the patients with COVID-19.

e Cardiac arrhythmias of unknown clinical impor-
tance were common 3 months after COVID-19
hospitalization, with premature ventricular beats
present in 20% and nonsustained ventricular
tachycardia present in 5%.

e Half of the patients had persistent dyspnea, and
nearly two-thirds had fatigue 3 months after
hospitalization for COVID-19, but these symp-
toms were not associated with echocardio-
graphic measures of cardiac function.

What Are the Clinical Implications?

e Left ventricular dysfunction is not common after
COVID-19 infection, and the mild right ventricu-
lar dysfunction was likely associated with pul-
monary pathology.

e Patients with  symptomatic  palpitations
3 months after COVID-19 should be considered
for at least 24-hour monitoring of heart rhythm.

e Persistent dyspnea and fatigue after COVID-19
are more likely caused by pulmonary pathology
than cardiac dysfunction.

Nonstandard Abbreviations and Acronyms

EDV end-diastolic volume
GLS global longitudinal strain

HUNT4 fourth wave of the Trondelag Health
Study

NSVT nonsustained ventricular tachycardia
RVLS  right ventricle free wall longitudinal strain
TAPSE tricuspid annular plane systolic excursion

structural or functional differences in cardiac function
assessed by echocardiography.?

Direct cardiac involvement attributed to the virus
has recently been shown in magnetic resonance imag-
ing studies and from autopsies.®'" Conduction system
damage and drug treatment could lead to arrhyth-
mias.'”? In a multicenter study with non-intensive care
unit (ICU) hospitalized patients with COVID-19, 28%
developed supraventricular tachycardia, and serious
arrhythmias were rare.'® Whether dyspnea or fatigue
after COVID-19 are related to cardiac function is not
known.
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There is limited information if hospitalized patients
with COVID-19 will fully recover or have sustained im-
pairment of the myocardium and the heart’s electrical
system. Therefore, we aimed to assess cardiac func-
tion and arrhythmias 3 to 4 months after hospitalization
for COVID-19. We hypothesized that the patients had
impaired cardiac function compared with controls and
increased prevalence of arrhythmia. Furthermore, we
hypothesized that the patients with the most severe dis-
ease, requiring ICU care, would have more pronounced
cardiac dysfunction than patients with less severe dis-
ease not requiring ICU and that persistent dyspnea and
fatigue would be associated with cardiac dysfunction.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Participant Population and Study Design
PROLUN (Patient-Related Outcomes and Lung
Function After Hospitalization for COVID-19) is a mul-
ticenter prospective cohort study at 6 major hospitals
in Norway, where patient-reported outcomes and lung
function after hospital admission for COVID-19 were
investigated.® Between February and June 2020,
patients aged >18 years who had been admitted for
>8 hours with a discharge diagnosis of COVID-19 or
viral pneumonia combined with a positive severe acute
respiratory syndrome coronavirus 2 polymerase chain
reaction test, were considered eligible. Exclusion cri-
teria included living outside the hospitals’ catchment
areas, inability to provide informed consent, or partici-
pation in the World Health Organization Solidarity trial.

A total of 388 patients were eligible for PROLUN,
and of these, 69 patients did not respond to the invita-
tion, and 55 patients declined participation.

This substudy included patients from 5 hospi-
tals because 1 hospital (h=28) lacked the resources
to perform echocardiography. In total, 236 consent-
ing patients in PROLUN were invited to this sub-
study (Figure S1). Informed consent was obtained by
returning a written signed consent form or through
a secure digital consent form (Services for Sensitive
Data, services for sensitive data [TSD], University of
Oslo). The study was approved by the Regional Ethics
Committee for South-Eastern Norway (no. 125384)
and by data protection officers at each participating
center and registered with the ClinicalTrials.gov data-
base (NCT04535154).

Clinical Data Collection

Baseline demographic characteristics (sex, age), co-
morbidities, and data from the COVID-19 hospital
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admissions were obtained from the electronic patient
records. World Health Organization Ordinal Scale for
Clinical Improvement was used to score the severity of
the COVID-19." Height, weight, body mass index (BMI),
current smoking status, and history of hypertension
were collected by interview at follow-up after 3 months.

Controls and Matching

The controls comprised participants from HUNT4 (the
fourth wave of the Trondelag Health Study; 2017-2019),
a Norwegian population-based cohort. The HUNT4
echocardiography study collected data from a random
sample and included 2448 participants.'® A total of 204
patients with COVID-19 were matched with 204 controls
from the HUNT4 echocardiography study on age, sex,
BMI, systolic blood pressure, and comorbidity (previous
myocardial infarction, congestive heart disease, chronic
obstructive pulmonary disease, diabetes; Figure S1).
A mixed model was used to match the controls with
the patients with COVID-19. Sex and comorbidity were
matched individually and age, BMI, and systolic blood
pressure on a group level. From the total population of
2448 HUNT4 echocardiography study participants, the
control population was matched according to mean
(SD) for age, BMI, and systolic blood pressure.

Echocardiography in Patients With
COVID-19

A 2-dimensional transthoracic echocardiography of pa-
tients in the left lateral decubitus position was performed
by 4 experienced operators according to standard meth-
ods'® using commercially available ultrasound systems
(Vivid E 95, GE Horten, Norway). Motion-mode was used
in the apical 4-chamber view to measure tricuspid annular
plane systolic excursion (TAPSE) and mitral annular plane
systolic excursion. Pulsed tissue Doppler S, €, and A
velocities were obtained from the septal and lateral walls
of the mitral annulus. Left atrial volume and end-diastolic
volume (EDV) were measured in the apical 4-chamber
and 2-chamber views and indexed to body surface area
(EDV index). LV ejection fraction (EF) was calculated using
Simpson’s biplane method. Mitral valve E/A ratio, dias-
tolic dysfunction, and E/e’ were assessed according to
the international recommendations from 2016" (Data S1).
Systolic pulmonary artery pressure was calculated from
the peak tricuspid regurgitant velocity and adding this to
an estimate of right atrial pressure. LV global longitudinal
strain (LV GLS) and RV free wall longitudinal strain (RVLS)
were quantified by semiautomatic 2-dimensional speckle
tracking software Automated functional imaging (AFl)
based on the apical 4-chamber, 2-chamber, and long-
axis views and the RV focus view.'® Data were stored digi-
tally for offline analysis (GE EchoPAC PC SWO versions
203 and 204). Analyses were performed blinded, and
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only study-specific patient identifications were known.
The LHL Hospital Gardermoen served as the echocardi-
ography core laboratory.

Echocardiography HUNT4 Reference
Population
Echocardiographic recordings were performed ac-
cording to standard operating procedures aligned with
the current recommendations, which were the same
used for the COVID-19 group.®

A total of 2 sonographers performed the echocar-
diography. Of these sonographers, 1 experienced in
strain analyses performed offline analysis using the
AFI package in EchoPAC SWO (203 version). The RV
strain analyses were performed offline as for the pa-
tients using EchoPAC 204 version by a cardiologist
experienced in strain analyses. The same ultrasound
systems were used as for the patients with COVID-19.

Ambulatory 24-Hour Electrocardiography
Registration

A 24-hour ECG was obtained using Schiller Medilog
FD12 Plus (Germany) and Philips DigiTrak XT (Germany)
in the patients with COVID-19, but not in controls. Schiller
Medilog Darwin 2 (Germany) and Philips Holter 2010
Plus (Germany) with Zymed Algorithm (Release 3.0.1.1.
2015) were used for the analysis. Clinically significant
arrhythmias were defined as ventricular tachycardia
(nonsustained or sustained), premature ventricular con-
tractions (PVCs) >200/24 hours or coupled PVCs, atrial
fibrillation/flutter, second-degree atrioventricular block
type 2, complete atrioventricular block, sinoatrial block
>3 seconds, premature atrioventricular nodal beats in
bigeminy, supraventricular tachycardia >30 seconds,
and extreme sinus bradycardia with <30 beats/min.

Biochemistry

Nonfasting venous blood samples were collected dur-
ing the hospital stay and at the 3-month follow-up to
measure NT-proBNP (N-terminal pro—brain natriuretic
peptide) and hs-cTnT (high-sensitive cardiac troponin
T) (Roche Diagnostics, Rotkreuz, Switzerland).

Assessment of Dyspnea

The modified Medical Research Council (dyspnea scale
is a self-rating tool to measure the degree of disability
that breathlessness poses on day-to-day activities on
a scale from O (no dyspnea) to 4 (maximum dyspnea).”®

Assessment of Fatigue

Fatigue was assessed using the Chalder Fatigue
Scale.?® A bimodal scoring algorithm was used, where
each item response was dichotomized O (0—1) or 1 (2-3)
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and summed to a scale of 0 to 11. Conventionally, fa-
tigue case status (fatigued versus nonfatigued) was de-
fined using this scale with >4 denoted as fatigued.?%?’

Outcome Measures

The primary outcome measures were RVLS, LV GLS,
and arrhythmias. The secondary outcome measures
were RV dimension, TAPSE, systolic pulmonary artery
pressure, pulmonary vein flow, mitral annular plane
systolic excursion, S’, EF, EDV index, cardiac index,
mitral valve E/A ratio, €', E/e’, and diastolic dysfunction.

Data Storage

All collected data were stored in Services for Sensitive
Data (TSD, University of Oslo, Norway), designed for
storing and postprocessing sensitive data in compli-
ance with the Norwegian Personal Data Act®® and
Health Research Act®2.

Statistical Analysis

Data are summarized as mean (SD), median (25th—
75th percentiles), or number (percentage), as appro-
priate. Echocardiography variables were compared
between the patients with COVID-19 and the controls
using multiple regression analysis, adjusting for age,
sex, BMI, resting systolic blood pressure, chronic ob-
structive pulmonary disease, diabetes, previous heart
failure, and previous myocardial infarction. Because of
the partly individual matching of controls, linear mixed
models were first fitted to account for potential within-
pair correlations. However, these correlations turned
out to be very small, and thus ordinary regression
models were used. The normal distribution for residu-
als from linear regression models was assessed by the
Anderson-Darling test and visual inspection of normal
QQ-plots. Generalized linear regression models using
a gamma distribution with identity link were used when
such models improved residual model fit compared
with linear models. Logistic regression was used for
dichotomized diastolic dysfunction. Similar models
were used to compare the echocardiography variables
between non-ICU and ICU patients with COVID-19,
patients with or without dyspnea, and with or without
fatigue, adjusting for age and sex. Correlations be-
tween variables were assessed using the Spearman
correlation coefficient (p).

Normal values from similar populations before the
pandemic were used to compare the echocardio-
graphic variables for the patients with COVID-19 and
controls using z scores, that is, the z score indicates the
difference from the mean of the age-specific and sex-
specific stratums of the reference population reported in
number of SDs. Where possible, we used age-specific
and sex-specific reference values from the Norwegian
HUNT4 study, a large population-based cohort.?+2°
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Other large population-based cohorts were used in
addition.'6-26:27

The z scores for the patients with COVID-19 and the
matched controls were calculated from normal values
for means and SDs, specified by age group (<40, 40—
60, >60 years) and sex. The z scores are summarized
as medians with 2.5 and 97.5 percentiles.

All statistical analyses were performed using R ver-
sion 3.4.4 (R Foundation for Statistical Computing,
Vienna, Austria) or Stata version 16.1 (StataCorp.,
College Station, TX). To give some protection against
false-positive results attributed to multiple testing, P
values <0.01 were considered statistically significant.

RESULTS

Participant Characteristics

In total, 204 consented to participate in the substudy.
The examinations were conducted a median of 102 days
(range, 70-172 days) after discharge from the hospital.
Of the patients, 3 did not undergo a 24-hour ECG and
were excluded from this analysis. Baseline demograph-
ics and data from the hospital stay, laboratory meas-
ures, dyspnea rating, fatigue score, and World Health
Organization ordinal scale are presented in Table 1.

There were 114 (56%) men. A total of 5 patients (3%)
were current daily smokers, and 76 (41%) were former
daily smokers. Table 2 summarizes the most important
comorbidities.

Hypertension was found in 65 (32%) patients. The
majority were White patients (82%), followed by Asian
patients (8%) and African American patients (7%).
Mean BMI was 28.3 (4.5) kg/m?, and obesity (BMI >30
kg/m?) was found in 70 patients (34%). In total, 32/236
(14%) of the patients invited from the main study did
not participate in our substudy. The nonparticipants
were older (61.3 years), and there were more men
(73%) compared with the participants. There was no
difference in comorbidity, World Health Organization
severity scale, or dyspnea, but fewer nonparticipants
had fatigue (41%).

Cardiac Function and Morphology
Cardiac function and morphology are detailed in
Table 3.

In a linear regression model adjusted for age,
sex, BMI, blood pressure, and several comorbidities
(Table 3), there was evidence of worse RVLS and
slightly better LV GLS in the COVID-19 group versus
controls. Cardiac index and EDV index were lower in
the COVID-19 group than controls. Only weak or little
evidence was found for a difference in EF or mitral an-
nular plane systolic excursion between the COVID-19
group and controls. Patients with COVID-19 had lower
€', and 30% had diastolic dysfunction compared with
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Table 1. Baseline Demographics, Data From Hospital, Risk Factors, and Comorbidity (n=204)

No. (%) Mean (SD) (range) Median (25th-75th percentiles)
Age at hospital discharge, y 58.5 (13.6) (30-83)
Laboratory
hs-cTn peak, hospitalization, ng L' 169 (83) 10 (6-17)
hs-cTn at 3 mo, ng L 169 (83) 8 (5-11)
NT-proBNP peak, hospitalization, ng L 174 (85) 186 (70-526)
NT-proBNP at 3 mo, ng L™ 174 (85) 58 (41-120)
CRP peak, hospitalization, mg L™ 201 (99) 112 (39-190)
ICU stay 41 (20)
Intubated and invasively ventilated 25 (12)
No. of days in ICU M 10.7 (2-22)
No. of days on ventilator 24 11.9 (5-18)
Length of stay in hospital, d 203 10.2 (1-55)
mMRC dyspnea scale 163 (80)
0 77 (47)
1 50 (31)
2 26 (16)
3 8(5)
4 2(1)
mMRC 0 vs 1-4 86 (53)
Chalder Fatigue Scale 163 (80)
<4 62 (38)
>4 101 (62)
WHO Ordinal Scale for Clinical 203 (99)
Improvement
3 71(35)
4 97 (48)
5-7 35 (17)

CRP indicates C-reactive protein; hs-cTn; high-sensitivity cardiac troponin; ICU,

N-terminal pro—brain natriuretic peptide; and WHO, World Health Organization.

15% of the controls. There was evidence for reduced
TAPSE, but no evidence for a difference in RV di-
mension or pulmonary vein flow compared with the
controls. In the COVID-19 group, the median of the in-
dividual z scores was highest for RVLS, RDV, and LV
GLS (Table 4). For the controls, LV GLS, RV dimension,

intensive care unit; MMRC, modified Medical Research Council; NT-proBNP,

and Left atrial volume index had the highest median z
scores (Table 4).

Cardiac Function in Subgroups

When the COVID-19 group was differentiated into ICU
stay or ward, the RVLS was slightly worse after ICU

Table 2. Summary Statistics for the Additional Covariates in the Multiple Regression Models

Controls COVID-19

No. Mean (SD) or n (%) No. Mean (SD) or n (%) P value*
Age, y 204 58.4 (13.4) 204 58.5 (13.6) 0.980
Male patients 204 114 (56%) 204 114 (56%) 1.000
Body mass index, kg/m? 204 281 (4.1) 202 28.2 (4.6) 0.796
Systolic blood pressure, mm Hg 204 135.8 (18.3) 199 135.8 (18.6) 0.976
Previous myocardial infarction 196 14 (7%) 203 14 (7%) 0.923
Congestive heart failure 192 7 (4%) 203 8 (4%) 0.878
COPD 196 7 (4%) 203 7 (3%) 0.947
Diabetes 201 18 (9%) 203 19 (9%) 0.888

COPD indicates chronic obstructive pulmonary disease.
*Chi-square tests for dichotomous variables; t tests for continuous variables.
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Table 3. Summary Statistics and Estimated Mean Differences Between COVID-19 and Reference Population From Multiple

Regression for the Echocardiographic Variables

Control COVID-19 COVID-19 vs control
Mean (SD) Mean (SD) or
No. or n (%) No. n (%) No. Estimate* (95% ClI) P value

LV systolic function

LV GLS, % 171 -17.8 (2.6) 187 -18.5 (2.8) 338 -0.8(-1.3t0-0.2) 0.008

Ejection fraction, % 194 58.4 (7.2) 196 56.5 (6.7) 368 1.7 (3.1 t0 -0.3) 0.015

MAPSE, cm 202 1.5(0.3) 201 1.4 (0.2) 382 -0.10 (-0.14 to —0.05) <0.001

S, cm/s 199 8.3(1.8) 183 8.0(1.6) 361 -2.4(-5.6100.8) 0.135

Cardiac index, L/min per m? 196 2.9(0.8) 193 2.6(0.7) 369 -0.26 (-0.40 to -0.12) <0.001
LV volumes

EDV index, mL/m? ‘ 194 ‘ 587 (15.9) 186 495 (13.8) ‘ 360 ‘ -8.8 (-11.4 10 -6.1) <0.001
LV diastolic function

MV E/A ratio 191 11 (0.4) 200 1.1 (0.4) 371 0.01 (-0.06 to 0.07) 0.860

e, cm/s 198 9.1 (2.7) 193 8.4 (2.4) 370 -6.0(-9.810 -2.2) 0.002

E/e’ 194 8.3(2.3) 188 8.4 (3.1) 362 —-0.03 (-0.46 to 0.40) 0.886
RV function and dimensions

RV free wall strain, % 168 -26.2 (4.7) 165 -24.6 (5.0) 315 1.5(0.5t02.6) 0.005

RVD, cm 136 3.8(0.7) 196 3.9(0.6) 314 0.11 (-0.03 to 0.25) 0.111
TAPSE, cm 187 2.5 (0.5) 199 2.4 (0.5) 366 ~0.16 (-0.27 to —0.06) 0.002

SPAP, mm Hg 96 28 (6.8) 157 23.8(8.7) 239 -3.9(-61 to -1.8) <0.001
Left atrial size and PV flow

LA volume index, mL/m? 198 33.1 (14.3) 190 27.1(8.3) 368 -5.0 (-7.0to -3.1) <0.001

PV systolic/diastolic ratio 170 1.3(0.4) 174 1.4 (0.4) 326 0.09 (0.01 to 0.16) 0.023
Heart rate 200 68.2 (13.2) 201 66.9 (11.7) 379 -1.0(-3.4 10 1.4) 0.409

Diastolic dysfunction* 200 29 (15%) 201 60 (30%) 380 2.4 (1.4104.2) 0.001

DD with normal EF 11 (6%) 15 (8%)

DD grade 1 with reduced EF 13 (6%) 38 (19%)

DD grade 2 with reduced EF 3 (2%) 4 (2%)

DD grade 3 with reduced EF 2 (1%) 3 (2%)

DD indicates diastolic dysfunction; €', mean value of septal and lateral early diastolic pulsed tissue Doppler velocities; E/e’, filling pressure; EDV, end-diastolic
volume; EF, ejection fraction; GLS, global longitudinal strain; LA, left atrial; LV, left ventricular; MAPSE, mitral annular plane systolic excursion; MV E/A, mitral
valve E wave velocity and A wave velocity ratio; PV, pulmonary vein; RV, right ventricular; RVD, right ventricular dimension; S’, peak systolic tissue Doppler
velocity; SPAP, systolic pulmonary artery pressure; and TAPSE, tricuspid annular plane systolic excursion.

*Estimate is odds ratio from multiple logistic regression on dichotomized diastolic dysfunction, otherwise estimated mean difference. Estimates are adjusted
for age, sex, body mass index, systolic blood pressure, previous myocardial infarction, heart failure, chronic obstructive pulmonary disease, and diabetes.

stay (23% [5.2%)] versus 25.1% [4.8%]; adjusted mean
difference, —2.2 percentage points; 95% Cl, -3.9 to
-0.4; P=0.016), and there was no difference in LV GLS
(-18.2% [3.8%)] versus —18.6% [2.5%)]; adjusted mean
difference, 0.2 percentage points; 95% Cl, —-0.8 to
-1.3; P=0.63; Tables S1 and S2). There was little or
no evidence of differences in other cardiac function
variables. Moreover, there was little or no evidence of
any differences in cardiac function if dyspnea or fatigue
were present (Tables S2 through S4).

All patients with pulmonary hypertension (h=6) had
reduced RVLS, and half of the patients (h=3) had both
pulmonary hypertension and diastolic dysfunction.

In total, 60 of the patients with COVID-19 had dia-
stolic dysfunction (Table 3). There was no difference in
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age (P=0.22), BMI (P=0.83), comorbidities (P=0.07), EF
(P=0.21), RVLS (P=0.02), or cardiac index (P=0.26) com-
pared with those without diastolic dysfunction. Diastolic
dysfunction was the same for patients treated at ICU
compared with no ICU treatment (37% versus 29%;
P=0.21).

Arrhythmias

Cardiac arrhythmias were detected in 27% of the pa-
tients with COVID-19 (Table 5). PVCs were the most
frequent cardiac arrhythmia. More than 200 PVCs per
day were observed in 37 patients (18%), with a mean
of 1300 PVC/day, and in 35 (95%) of these patients,
the PVCs were polymorphic (Table 5). Nonsustained
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Table 4. The Z Scores Derived From Normal Populations and Calculated for Controls and COVID-19

Control COVID-19
Median 2.5 percentile 97.5 percentile Median 2.5 percentile 97.5 percentile

LV systolic function

LV GLS, % 1.67 -0.19 4.07 1.48 -0.37 3.79

Ejection fraction, % -0.72 -5.11 1.38 -1.20 -4.20 1.40

MAPSE, cm -0.13 -2.07 215 -0.56 -2.10 1.25

S, cm/s 0.13 -2.42 3.09 -017 -2.23 278

Cardiac index, L/min per m? -0.20 -1.68 2.38 -0.50 -1.84 1.83
LV volumes

EDV index, mL/m? 0.74 -1.562 4.04 -0.05 —2.66 2.81
LV diastolic function

MV E/A ratio -0.43 -1.53 1.41 -0.48 -1.67 1.51

e’, cm/s 0.39 -1.43 2.08 0.52 -1.13 2.22

E/e’ 0.46 -0.84 2.64 0.39 -1.67 3.37
RV function and dimensions

RV free wall strain, % 1.04 -1.41 3.92 1.47 -1.08 415

RVD, cm 119 -2.37 5.56 1.50 -1.25 4.50

TAPSE, cm 0.11 -2.33 3.1 0.00 -2.57 2.86

SPAP, mm Hg -0.22 -2.19 3.34 -1.08 -3.73 2.49
Left atrial size and PV flow

LA volume index, mL/m? 1.47 -1.12 6.80 0.72 -1.32 3.88

PV systolic/diastolic ratio -0.20 -2.29 2.08 -0.06 -1.30 2.63

DD indicates diastolic dysfunction; e’ indicates mean value of septal and lateral early diastolic pulsed tissue Doppler velocities; E/e’, filling pressure; EDV,
end-diastolic volume; EF, ejection fraction; GLS, global longitudinal strain; LA, left atrial; LV, left ventricular; MAPSE, mitral annular plane systolic excursion; MV
E/A, mitral valve E wave velocity and A wave velocity ratio; PV, pulmonary vein; RV, right ventricular; RVD, right ventricular dimension; S’, peak systolic tissue
Doppler velocity; SPAP, systolic pulmonary artery pressure; and TAPSE, tricuspid annular plane systolic excursion.

ventricular tachycardia (NSVT) was found in 10 (5%)
of the patients with COVID-19. Of the patients with
NSVT, 5 had previous cardiovascular diseases: coro-
nary heart disease (h=1), atrial fibrillation (n=1), venous
thromboembolism (n=2), and heart failure (n=4). The
patients presenting with atrial fibrillation on 24-hour
ECG all had atrial fibrillation before hospitalisation for
COVID-19. Sinoatrial block >3 seconds was only ob-
served in 1 patient.

Cardiac Function, Arrhythmias, and
Correlations With Biochemical Markers
PVCs showed a weak positive correlation with hs-cTn
during hospitalization (p=0.30; 95% CI, 0.15-0.43;
P=0.0001) and at 3 months (p=0.33; 95% ClI, 0.20-
0.46; P<0.001) and to peak NT-proBNP level during
hospitalization (p=0.21; 95% CI, 0.06-0.35; P=0.007)
and at 3 months (p=0.30; 95% Cl, 0.17-0.43; P<0.001).
There was a weak negative correlation between RVLS
and NT-proBNP during hospitalization (p=-0.20;
95% ClI, —=0.35 to —0.04; P=0.02) but not at 3 months
(p=—0.08; 95% ClI, —0.23 to 0.08; P=0.34). There was
no correlation between RVLS and hs-cTn during hos-
pitalization or at 3 months.

J Am Heart Assoc. 2022;11:e023473. DOI: 10.1161/JAHA.121.023473

DISCUSSION

This combined cohort and cross-sectional case-control
study reports the severity of cardiac dysfunction in pa-
tients with COVID-19 3 months after hospitalization
compared with matched controls and describes the
prevalence of cardiac arrhythmia. The main findings

Table 5. Cardiac Arrhythmias (n=201)

No. Percentage
Nonsustained ventricular tachycardia 10 5.0
Premature ventricular contractions 37 18
>200/24 h
Atrial fibrillation/flutter* 7 4
Second degree or complete 0 0
atrioventricular block
Extreme sinus bradycardia (<30 bpm) 0
Sinoatrial block >3 s 1
Premature atrioventricular-nodal beats 0 0
in bigeminy
Supraventricular tachycardia >30 s 3 2

bpm indicates beats per minute.
*Paroxysmal, persisting, or chronic.
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were worse RV strain and TAPSE suggesting RV dys-
function and increased arrhythmic burden.

Recently, RV dilatation, reduced RV fractional area
change, and TAPSE were demonstrated in hospital-
ized patients with COVID-19.28 Another study showed
that RVLS was reduced by 4.4 percentage points
compared with controls in a hospitalized COVID-19
cohort® We demonstrated slightly reduced RVLS
compared with controls, with a value around the lower
limits of normality.?”

Patients with severe COVID-19 treated at an ICU
exhibited a higher prevalence of pulmonary vascular
defects, leading to pulmonary hypertension and sub-
sequent RV dysfunction.® There was weak evidence in
our study that patients with ICU treatment had worse
RVLS than those without ICU treatment.

It is possible that decreased RV function may be at-
tributed to abnormal pulmonary physiology from more
severe COVID-related lung disease because there
was no relationship between cardiac troponin and RV
strain. In the acute and subacute settings, NT-proBNP
production may be more responsive to increased RV
stretch secondary to lung pathology than cardiac tro-
ponin release. This may partially explain the closer as-
sociation observed between NT-proBNP and RVLS
than between hs-cTn and RVLS. Elevated NT-proBNP
can be seen in RV dysfunction related to pulmonary
pathology.?® Increased afterload and elevated pulmo-
nary arterial pressure can affect the assessment of RV
function. RV dysfunction in patients with COVID-19
could reflect impaired lung function and not myocar-
dial function.

There was a tendency to a poorer LV cardiac func-
tion by EF and mitral annular plane systolic excursion
among the patients with COVID-19. The difference in
LV GLS was statistically significant, but hardly clinically
different. The z scores for LV GLS indicated that LV
GLS was worse than the normal values for patients
with COVID-19 as well as controls. LV function by EF
in patients with COVID-19 vary from relatively well pre-
served to a range of dysfunction between 11% and
20%.28*30

The cardiac index and EDV index were signifi-
cantly lower in our patients compared with the con-
trols. These findings may be attributed to inactivity
over time.®! We have recently shown in the same study
population a reduction in peak oxygen uptake in every
third patient with COVID-19 caused by deconditioning
in the majority.3?

A prospective multicenter study reported a high
rate of diastolic dysfunction at 3 (55%) months after
COVID-19.” We found that the odds ratio of diastolic
dysfunction for patients with COVID-19 was 2.4 com-
pared with the controls. The majority of the patients
had mild diastolic dysfunction.
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It was recently shown that hospitalized patients with
COVID-19 had a higher likelihood of heart failure with
preserved ejection fraction associated with structural
and functional cardiac alterations and myocardial in-
jury.3334 However, of 30% with diastolic dysfunction,
only 25% of the patients with diastolic dysfunction had
a normal ejection fraction.

Information concerning persisting cardiac arrhyth-
mias has, to our knowledge, not been reported in pre-
vious studies of patients with COVID-19. In a worldwide
survey of 4526 hospitalized patients with COVID-19,
associated arrhythmias were common and found in
18%.%5 In a meta-analysis comprising 9 studies, car-
diac arrhythmias during hospitalization with COVID-19
were found in 19% of patients,*® slightly lower com-
pared with our study. The clinical implications of per-
sistent ventricular arrhythmia following COVID-19 are
not clear, but ventricular ectopy has been linked to
an increased risk of cardiac disease, including car-
diomyopathy and sudden cardiac death.®” Ventricular
ectopy is usually a benign arrhythmia,® but may in
some patients cause persisting palpitations, chest
pain, and dizziness leading to reduced quality of life.3°
Potential serious ventricular arrhythmias such as NSVT
were observed in 5%, which is twice as many com-
pared with a Norwegian population-based study with
2.6% NSVT among 498 participants, and in total, 9%
had complex ventricular ectopy (bigeminy, trigem-
iny, or NSVT).*° Frequent PVCs (>5 per hour, 120 per
24 hours) were observed in 9% and were associated
with significantly higher concentrations of NT-proBNP
and high-sensitivity troponin 1.4 We found twice as
many PVCs using a stricter definition (>200 PVCs
per 24 hours). In healthy volunteers, >200 PVCs per
24 hours were observed in 3% and NSVT in 0.7%.%
However, without a matched control group, it is diffi-
cult to conclude the relation to COVID-19. A modest
correlation between PVCs and NT-proBNP and hs-cTn
levels during hospitalization and at 3 months was found
in our study. These arrhythmias may be more closely
related to myocardial damage reflected in increased
hs-cTn concentrations than RV function because there
was no correlation between RVLS and hs-cTn. A re-
cent retrospective cohort study, conducted by review-
ing electronic medical records from a global federated
health research network, showed that 718 365 pa-
tients with COVID-19 (6.5%) developed new-onset per-
imyocarditis.* The extent of micro scars is unknown
in COVID-19, which could be triggers for arrhythmias.

Persistent dyspnea was common among our pa-
tients and were not associated with cardiac dysfunc-
tion. When performing cardiopulmonary exercise
testing in the same study population, dyspneic partic-
ipants were characterized by lower exercise capacity
as a result of obesity and lower ventilatory efficiency.3?
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Earlier studies have demonstrated a lower cardiac
index and in individuals with high fatigue than in indi-
viduals with moderate and low fatigue.*® Fatigue was
common among our patients but was not associated
with cardiac dysfunction.

Limitations

This study has some important limitations. RVLS and
LV GLS could not be analyzed in 19% and 8% of the
patients, respectively, similar to other studies.?>** The
inconsistency in LV GLS with a 0.8 percentage point
higher value (ie, better GLS) among patients with
COVID-19 was not clinically significant and could be
operator dependent.

Although there are limitations estimating tricuspid re-
gurgitation jet velocity, it is included in the present guide-
lines for estimation of diastolic dysfunction, which we used.

Some variables, such as history of hypertension
and cardiac disease, were self-reported and might not
be precise, but this would be equal in the compared
groups and should not cause differential misclassifica-
tion. Dyspnea and fatigue represent subjective phenom-
ena, which were based on self-reported questionnaires.

Being a multicenter study, the statistical analyses
should ideally account for the possibility of center ef-
fects. However, the controls used in the primary analy-
ses were population based, and 2 of the 5 centers had
few patients.

The patients included in this study were reason-
ably representative of the patients hospitalized with
COVID-19 in Norway, as it comprised about 25% of
those discharged alive with COVID-19 in Norway as of
June 1, 2020. The mean for age and BMI in our pop-
ulation was similar to those discharged in the whole
country.

CONCLUSIONS

At 3 months after COVID-19 hospitalization, patients
had mildly impaired RV function, reduced diastolic
function, and mainly preserved left ventricular function
compared with matched controls. Premature ventricu-
lar contractions and nonsustained ventricular tachy-
cardia were common, but the relation to COVID-19 is
unknown. Patients treated in an ICU had similar cardiac
function as those not admitted to an ICU. Persistent
dyspnea or fatigue were not found to be associated
with cardiac function.
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Data S1.

Supplemental Methods

Measurement of diastolic dysfunction was based on the Recommendations for the
Evaluation of Left Ventricular Diastolic Function by Echocardiography: An Update from the
American Society of Echocardiography and the European Association of Cardiovascular
Imaging. The patients were separated into normal or depressed ejection fraction (left

ventricle ejection fraction (EF) < 50%)'®%. An algorithm for diagnosis of LV diastolic

dysfunction in subjects with normal LVEF was used (Figure 8 a in the Guidelines). Another
algorithm was used in patients with depressed LVEFs (Figure 8 b in the Guidelines).

Table S1. Summary statistics for cardiac variables for non-ICU and ICU patients.

Non-ICU ICU ICU vs. non-ICU

n | Mean (SD) | n | Mean (SD) n Estimate (95% CI) | P value
LV systolic function
LV GLS, % 148 | -18.6(2.5) | 39| -18.2(3.8) 187 0.2 (-0.8t0 1.3) .630
Ejection fraction, % 156 | 56.9(6.4) | 40 54.9 (7.7) 196 -1.9 (-4.2t00.5) 119
MAPSE, cm 160 1.4(0.2) |41 1.3(0.2) 201 | -0.07 (-0.14 t0 0.01) .068
LV S', cm/s 146 8.0 (1.6) |37 8.2(1.7) 183 0.1 (-0.4100.7) .692
Cardiac index, 1/min/m2 154 | 2.6(0.7) |39 2.7(0.7) 193 | 0.14 (-0.09 to 0.39) 252
LV volumes
EDVi, mL/m2 146 | 48.8(11.9) | 40| 51.8(19.2) 186 2.3(-2.3t07.4) 341
LV diastolic function
MYV E/A Ratio 160 1.1(0.4) |40 1.1(0.3) 200 | 0.01 (-0.11t0 0.13) .929
e', cm/s 154 8.6 (2.6) |39 8.0 (1.7) 193 -0.7 (-1.4t00.1) .023
E/e' 150 8.3(3.2) |38 8.9 (2.9) 188 | 0.88 (-0.04 to 1.89) .076
RV function and
dimensions
RV Free wall strain, % 125 | -25.1(4.8) | 40| -23.0(5.2) 165 2.2 (0.4t03.9) .016
RVD, cm 157 | 3.8(0.6) |39 4.0 (0.5) 196 | 0.06 (-0.13 to 0.26) 514
TAPSE, cm 158 | 2.4(0.5) |41 2.3(0.5) 199 | -0.14 (-0.31 t0 0.02) .093
SPAP, mmHg 124 | 23.3(8.5) |33 25.6 (9.3) 157 2.3 (-1.0t0 5.6) .170
Left atrial size and PV flow
LA volume index, mL/m2 151 ] 26.5(7.5) |39 29.3(10.5) 190 2.7 (-0.1t0 5.8) .073
PV S/D Ratio 137 1.4(04) |37 1.4 (0.3) 174 | -0.04 (-0.15 t0 0.09) .575
Heart rate 160 | 66.0 (11.7) | 41| 70.2(11.2) | 201 4.7 (0.7 to 8.7) .021

Estimated mean differences between ICU and non-ICU patients, adjusted for age and sex by multiple regression. Estimate:
Regression coefficient, ICU vs non-ICU; CI : confidence interval; LV, left ventricular; GLS, global longitudinal strain;
MAPSE, mitral annular plane systolic excursion; S', peak systolic tissue Doppler velocity; EDVi, end-diastolic volume
index; MV E/A, mitral valve E wave velocity and A wave velocity ratio; e', mean value of septal and lateral early diastolic
pulsed tissue Doppler velocities; E/e'. filling pressure; RVD, right ventricular dimension; TAPSE, SPAP, systolic pulmonary
artery pressure; PV, pulmonary vein; S/D, systolic/diastolic.
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Non-ICU ICU No dyspnea | Dyspnea No fatigue Fatigue
(n=163) (n=41) n=77) (n=86) (n=62) (n=101)
Age, mean | 58.6 (14.4) 57.9 (10.0) | 55.9 (14.5) 58.5(12.9) | 61.5(14.0) 56.7 (13.3)
(SD)
Males n 86 (52.8) 28 (68.3) 51 (66.2) 42 (48.8) 35 (56.6) 53 (52.5)
(%)

ICU, intensive care unit

Table S3. Summary statistics for cardiac variables for patients with and without dyspnea.

No dyspnea Dyspnea grade 1-4 Dyspnea vs. no dyspnea
n | Mean(SD) | n Mean (SD) n | Estimate (95% CI) | P value

LV systolic function
LV GLS, % 73 | -185Q2.7) |75 -18.3(3.2) 148 0.3 (-0.6t0 1.3) 517
Ejection fraction, % 76 56.9(5.3) |83 55.4(7.7) 159 -1.7(-3.8t0 0.4) 121
MAPSE, cm 76 1.4 (0.2) 84 1.4 (0.2) 160 0 (-0.07 to 0.06) .893
S', cm/s 71 8.2 (1.5) 74 7.9 (1.8) 145 -0.07 (-0.6 t0 0.4) 794
Cardiac index, 1/min/m2 75 2.5 (0.6) 80 2.6 (0.7) 155 | 0.05(-0.15 t0 0.25) .614
LV volumes
EDVi, mL/m2 75 | 50.4(12.4) | 76 49.9 (15.5) 151 0.8 (-3.6105.3) 719
LV diastolic function
MYV E/A Ratio 75 1.1(0.4) 85 1.1(0.4) 160 | -0.03 (-0.14 t0 0.07) .544
e', cm/s 74 8.9 (2.5) 80 8.3(2.3) 154 -0.4 (-1.0t0 0.2) 214
E/e' 71 7.8 (3.1) 79 8.6 (3.2) 150 | 0.24 (-0.62 to 1.11) .588
RV function and
dimensions
RV Free wall strain, % 66 | -252(3.7) |67 -23.6 (5.8) 133 1.5(-0.3t03.2) .094
RVD, cm 74 3.8(0.5) 82 4.0 (0.6) 156 | 0.20(0.02 to 0.38) .029
TAPSE, cm 75 2.4 (0.5) 83 2.3(0.5) 158 | -0.09 (-0.25 t0 0.07) .250
SPAP, mmHg 60 24.1(9.4) |70 22.9 (8.0) 130 -1.8 (-4.8t0 1.3) 251
Left atrial size and PV flow
LA volume index, mL/m2 76 26.0 (7.7) | 82 27.9 (9.2) 158 1.1 (-1.5103.8) .393
PV S/D Ratio 63 1.3(0.3) 73 1.4 (0.4) 136 | 0.05 (-0.06 t0 0.15) 374
Heart rate 76 | 64.8(10.8) | 85 69.4 (12.4) 161 4.2 (0.5t07.9) .028

Estimated mean differences between patients with and without dyspnea, adjusted for age and sex by multiple regression.
Estimate: Regression coefficient, dyspnea vs non-dyspnea; CI : confidence interval ; LV, left ventricular; GLS, global
longitudinal strain; MAPSE, mitral annular plane systolic excursion; S', peak systolic tissue Doppler velocity; EDVi, end-
diastolic volume index; MV E/A, mitral valve E wave velocity and A wave velocity ratio; €', mean value of septal and lateral
early diastolic pulsed tissue Doppler velocities; E/e'. filling pressure; RVD, right ventricular dimension; TAPSE, SPAP,
systolic pulmonary artery pressure; PV, pulmonary vein; S/D, systolic/diastolic.
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Table S4. Summary statistics for cardiac variables for patients with or without fatigue.

No fatigue Fatigue Fatigue vs. no fatigue

n Mean (SD) n | Mean (SD) | n | Estimate (95% CI) | P value
LV systolic function
LV GLS, % 57| -18.6(3.5) 94 | -18.2(2.6) | 151 0.5 (-0.5t0 1.5) .303
Ejection fraction, % 60 56.5 (7.6) 97 | 56.6(6.8) | 157 -0.2 (-2.5t02.2) .890
MAPSE, cm 61 1.3(0.2) 101 1.4 (0.2) 162 | 0.02 (-0.06 to 0.09) .676
S', em/s 57 8.0 (1.5) 93 7.9 (1.6) 150 -0.3 (-0.7. 10 0.2) 263
Cardiac index, 1/min/m2 60 2.6 (0.7) 95 2.6 (0.6) 155 ] 0.07 (-0.14 to0 0.28) .505
LV volumes
EDVi, mL/m2 59 | 49.7(13.5) 92 | 50.4 (15.1) | 151 0.8 (-3.8t05.3) 725
LV diastolic function
MYV E/A Ratio 60 1(0.3) 99 1.1(0.4) 159 ] -0.01 (-0.13t0 0.11) .859
e', cm/s 61 8.4 (2.5) 98 8.5(2.3) 159 | -0.5(-1.1t00.06) .078
E/e' 58 8.3(3.3) 96 8.2 (2.6) 154 | 0.35(-0.48 to 1.15) .395
RV function and dimensions
RV free wall strain, % 47 -25.2(5.1) 83 | -24.3(5.2) | 130 0.9 (-1.0t0 2.8) 358
RVD, cm 61 3.8 (0.6) 96 3.9 (0.6) 157 | 0.06 (-0.13 to0 0.24) .537
TAPSE, cm 60 2.4 (0.5) 100 | 2.3(0.5) 160 | -0.01 (-0.17 t0 0.16) .945
SPAP, mmHg 51 25(9.2) 76 | 22.9(8.6) | 127 -1.6 (-4.8 t0 1.6) 313
Left atrial size and PV flow
LA volume index, mL/m2 59 28.9 (9.3) 98 | 26.1(7.2) | 157 -2.2 (-4.8t00.3) .096
PV S/D Ratio 51 1.4 (0.5) 90 1.3(0.3) 141 | -0.02 (-0.14 t0 0.10) 773
Heart rate 62| 65.6(11.3) 99 | 68.2(12.4) | 161 2.6 (-1.2t0 6.5) .183

Estimated mean differences between patients with and without fatigue, adjusted for age and sex by multiple regression.

Estimate: Regression coefficient, fatigue vs non-fatigue; CI, confidence interval ; LV, left ventricular; GLS, global

longitudinal strain; MAPSE, mitral annular plane systolic excursion; S', peak systolic tissue Doppler velocity; EDVi, end-
diastolic volume index; MV E/A, mitral valve E wave velocity and A wave velocity ratio; €', mean value of septal and lateral
early diastolic pulsed tissue Doppler velocities; E/e'. filling pressure; RVD, right ventricular dimension; TAPSE, SPAP,

systolic pulmonary artery pressure; PV, pulmonary vein; S/D, systolic/diastolic.
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Figure S1. Graph displaying the study flow with the total number of patients and dropouts.
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*Haukeland hospital not included in this flowchart, as cardiac substudy was not performed there.
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