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Background: The cardiovascular effects of SARS-CoV-2 in elite athletes are still a matter
of debate. Accordingly, we sought to perform a comprehensive echocardiographic
characterization of post-COVID athletes by comparing them to a non-COVID
athlete cohort.

Methods: 107 elite athletes with COVID-19 were prospectively enrolled (P-CA; 23
+ 6 years, 23% female) 107 healthy athletes were selected as a control group using
propensity score matching (N-CA). All athletes underwent 2D and 3D echocardiography.
Left (LV) and right ventricular (RV) end-diastolic volumes (EDVi) and ejection fractions
(EF) were quantified. To characterize LV longitudinal deformation, 2D global longitudinal
strain (GLS) and the ratio of free wall vs. septal longitudinal strain (FWLS/SLS) were also
measured. To describe septal flattening (SF—frequently seen in P-CA), LV eccentricity
index (El) was calculated.

Results: P-CA and N-CA athletes had comparable LV and RVEDVi (P-CA vs. N-CA; 77
+ 12 vs. 78 £ 13mL/m2; 79 4+ 16 vs. 80 £ 14mL/m2). P-CA had significantly higher
LVEF (58 £ 4 vs. 56 + 4%, p < 0.001), while LVGLS values did not differ between P-CA
and N-CA (—19.0 £ 1.9 vs. —18.8 £ 2.2%). El was significantly higher in P-CA (1.13 +
0.16vs. 1.01 £ 0.05, p < 0.001), which was attributable to a distinct subgroup of P-CA
with a prominent SF (n = 35, 33%), further provoked by inspiration. In this subgroup,
the El was markedly higher compared to the rest of the P-CA (1.29 £+ 0.15 vs. 1.04 +
0.08, p < 0.001), LVEDVi was also significantly higher (80 &+ 14 vs. 75 + 11 mL/m2,
p < 0.001), while RVEDVi did not differ (82 4+ 16 vs. 78 £ 15mL/m2). Moreover, the
FWLS/SLS ratio was significantly lower in the SF subgroup (91.7 + 8.6 vs. 97.3 £ 8.2,
p < 0.01). P-CA with SF experienced symptoms less frequently (1.4 +1.3vs. 2.1 £ 1.5
symptom during the infection, p = 0.01).

Conclusions: Elite athletes following COVID-19 showed distinct morphological and
functional cardiac changes compared to a propensity score-matched control athlete
group. These results are mainly driven by a subgroup, which presented with some
echocardiographic features characteristic of constrictive pericarditis.
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INTRODUCTION

The COVID-19 pandemic represents an unprecedented
challenge to the healthcare systems worldwide with still
increasing patient numbers. While the infection was initially
thought to be affecting mainly the respiratory tract, current
evidence suggests that the cardiovascular consequences
of COVID-19 are not negligible (1). SARS-CoV-2-related
myocardial injury is frequently reported as a worrisome
manifestation, whereas prior cardiovascular disorders are strong
negative prognostic factors for the course of the infection (2, 3).

Fortunately, COVID-19 is often asymptomatic or associated
with only mild symptoms, especially in the young (4). Still,
the potential cardiac effects of an uncomplicated SARS-CoV-2
infection need to be further explored.

Elite athletes are a distinguished group of young individuals
as a relatively high proportion of them underwent (or will
undergo) the infection. This is attributable to their high-risk
profile: a young community with frequent social interactions;
the majority of sport disciplines include direct physical contact;
and wearing a mask during training sessions or competitions
is rarely a realistic expectation (5). While the vast majority of
young athletes experience an uncomplicated disease course, it is
important to emphasize that high-intensity training and related
cardiac adaptation may even exaggerate the adverse effects of
COVID-19, as it does for other cardiac or non-cardiac disorders
(6). Initial reports demonstrated that a considerable proportion
of athletes may have detectable myocardial damage; however,
the lack of proper control groups limited the generalizability of
these results (7-10). Recent studies also proposed the possibility
of pericardial involvement (10, 11). Nevertheless, all of the
aforementioned studies utilized cardiac magnetic resonance
(cMR), an imaging modality that can hardly be incorporated
into the routine return to play examination protocol. As
a potential alternative, the clinical value of state-of-the-art
echocardiographic techniques, such as 3D echocardiography and
speckle-tracking echocardiography (STE) should be also tested.

Accordingly, we sought to perform a comprehensive
echocardiographic characterization of post-COVID athletes
and compare them to a propensity score (PS)-matched healthy
athlete cohort.

MATERIALS AND METHODS

Patient Characteristics

We consecutively enrolled elite athletes undergoing “return
to play” examinations between September and December
2020 at our Center’s Sports Cardiology Department (study
protocol approved by the National Public Health Center;
no: ETT TUKEB 1V/10282-1/2020/EKU). The study protocol
complies with the Declaration of Helsinki, and participants
gave written informed consent to every procedure. SARS-CoV-2
infection was diagnosed by real-time polymerase chain reaction
(rt-PCR) or by serum immunoglobulin G (IgG) antibody
titer measurement. All athletes were officially released from
quarantine defined by having two negative rt-PCR assays of
nasopharyngeal swab specimens following the infection and/or

passing the appropriate quarantine period (10 or 14 days
depending on the time of enrollment). All of the athletes
completed a questionnaire regarding the nature and duration
of their SARS-CoV-2 infection, based on the recommendation
of the National Institute of Health (12). Detailed medical
history and training regimen were obtained along with the
routine physical examination and 12-lead electrocardiogram.
Body surface area (BSA) was calculated using the Mosteller
formula (13). Subjects with previously documented uncommon
echocardiographic and/or electrocardiographic features or with
suboptimal echocardiographic image quality for further analysis
(n = 5) and athletes who suspended regular training in the
preceding 6 months before their SARS-CoV-2 infection (n = 2)
were excluded.

To enable the appropriate pairwise comparison of COVID
vs. non-COVID athletes, PS-matching was performed with the
optimal pair matching algorithm (14). Our institutional database
comprising 425 elite athletes served as the pool for the matching.
First, propensity scores were calculated based on age, BSA, and
weekly training hours. Then, each COVID athlete was paired
with one non-COVID athlete from our institutional database,
targeting the collective optimization of the overall criterion (i.e.,
minimizing the mean of the within-pair difference in propensity
score). Matching was applied in males and females separately to
ensure that each COVID athlete is paired with a non-COVID
athlete of the same sex. PS-matching was performed in R (version
3.6.3, R Foundation for Statistical Computing, Vienna, Austria)
using the MatchlIt package (version 3.0.2).

Conventional Echocardiography

Echocardiographic loops were recorded using a Vivid E95
ultrasound system equipped with a 4Vc-D phased-array
transducer (GE Vingmed Ultrasound, Horten, Norway). Cardiac
chambers were quantified according to current guidelines
(15). Left ventricular (LV) wall thicknesses and diameters were
measured in the parasternal long-axis view at the level of mitral
valve coaptation. Relative wall thickness (RWT) was calculated
as 2*posterior wall thickness/LV end-diastolic internal diameter.
LV diastolic eccentricity index was measured from parasternal
short-axis view at the level of the papillary muscles, defined
as the ratio of the distances between the anterior-to-posterior
wall and the septal-to-lateral wall in end-diastole. Left- and
right atrial volumes were measured using the Simpson method
and were indexed to BSA. LV diastolic inflow by pulsed-wave
Doppler at the level of the mitral valve coaptation was obtained
to determine early (E) and late diastolic (A) peak velocities, their
ratio, and E-wave deceleration time. Pulsed-wave tissue Doppler
imaging (TDI) was used to measure systolic (s/), early (e/), and
late diastolic (a/) velocities at the mitral lateral and medial annuli.
The ratio of E-wave velocity to averaged ¢ velocities of the mitral
medial and lateral annuli was calculated, serving as an estimate
of LV filling pressures. Tricuspid annular plane systolic excursion
(TAPSE) was measured by M-mode as the peak longitudinal
excursion of the tricuspid annulus on an apical four-chamber
view. Inferior vena cava (IVC) diameters estimated right atrial
pressure (RAP), pulmonary arterial systolic pressure (PASP),
diastolic pressure (PADP), mean pressure (PAMP), and also
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pulmonary vascular resistance (PVR) were quantified according
to the current echocardiographic recommendations (16). The
presence of a visually detectable septal flattening or pericardial
effusion was evaluated during postprocessing by a single expert
operator (B.L.) blinded to the study groups.

Speckle-Tracking Analysis

ECG-gated, LV-focused apical long axis, four- and two-chamber
view loops targeting a frame rate over 50 FPS were obtained
for further analysis. STE was performed by a single expert
operator (B.L.) blinded to the study groups using dedicated
semi-automatic software (EchoPAC v204 AFI, GE). The software
automatically detects the myocardial region of interest (ROI)
of the given acquisition and tracks its motion throughout the
cardiac cycle. If necessary, the ROI was adjusted manually in
order to provide adequate tracking. Segments with poor tracking
quality (driven by the software’s recommendation) were excluded
from the analysis; however, subjects with three or more excluded
segments were not included in the study (none). The software
automatically calculates global longitudinal strain (GLS) and
segmental longitudinal strain (LS) values as well. By averaging
the segmental data of the free wall (FW—average LS of inferior,
posterior, lateral, and anterior segments) and septal (S—average
LS of infero- and anteroseptal segments) regions, we have
quantified FWLS and SLS, respectively.

3D Echocardiography

LV- and RV-focused ECG-gated full volume 3D datasets were
obtained from apical four-chamber view using multi-beat
reconstruction from 4 cardiac cycles. Offline analyses of these
datasets focused on the LV and RV were performed by the same
expert, blinded operator using conventionally available software
packages (4D LV Analysis 3 and RV-Function 2, TomTec Imaging
Systems GmbH, Unterschleissheim, Germany). The algorithm
automatically generates LV and RV endocardial contours, which
were manually corrected on multiple short- and long-axis planes
throughout the entire cardiac cycle. We determined the LV
and RV end-diastolic volume index (EDVi), end-systolic volume
index (ESVi), and stroke volume index (SVi) normalized to BSA.
To quantify global ventricular function, LV and RV ejection
fractions (EF) were also calculated.

Statistical Analysis

All values are expressed as mean =+ standard deviation, or
median and interquartile range (IQR). The distribution of
the variables was assessed by the Shapiro-Wilk normality
test. An unpaired two-sided Students f-test, in case of
normal distribution, or a Mann-Whitney U test, in case
of non-normal distribution, was performed to compare
the continuous variables of the study groups. Fisher’s
exact test was used to compare the incidence of symptoms
between groups. A p < 0.05 was used as the criterion for
statistical significance.

Intra- and interobserver variability of the most
relevant parameters were also assessed. The operator
of the first measurements (B.L.) and a second expert
reader (A.F.), both blinded to the study groups, repeated

the measurements in a randomly chosen subset of
5-5 athletes from each group. Lins concordance
correlation  coefficient and  coefficient of  variation

were calculated.

RESULTS

One hundred and seven post-COVID athletes (handball n = 37,
ice hockey n = 26, water polo n = 26, basketball n = 12,
speedskating n = 2, other n = 4) were included in the current
analysis. Athletes were asymptomatic at the time of examination
with the exception of the loss of taste and/or smell in a handful
of cases (n = 12), as these symptoms frequently exceed the
period of active infection (17). A total of 59 subjects (55%)
were completely asymptomatic throughout the disease course.
The symptom burden of the study group is summarized in
Supplementary Table 1. The athletes were symptomatic for a
median of 4 [IQR: 1-7] days and presented for the return to play
examinations 22 [IQR: 17-25] days following the first rt-PCR or
IgG positivity.

The mean age of the post-COVID athletes was 23 £ 6
years. There were no differences in age, BSA and training hours
between the post-COVID and the PS-matched non-COVID
athletes, indicating successful matching. Systolic and diastolic
blood pressures also did not differ between post-COVID and
non-COVID athletes, while heart rate was significantly lower in
the post-COVID group (Table 1).

Basic echocardiographic parameters of the left and right
heart are shown in Table2. LV wall thicknesses and RWT
were significantly lower in the post-COVID group. Transmitral
E/A ratio was higher in the post-COVID group, along with a
longer deceleration time. TDI-derived mitral lateral and medial
velocities were significantly higher in the post-COVID group
resulting in a lower E/e’ ratio; however, ¢’ lateral/e’ medial
ratio was significantly lower. 2D RV, left and right atrial
dimensions did not differ between the study groups. Maximal
IVC diameter and right atrial pressure were significantly lower
in the post-COVID group, whereas other estimated pulmonary
artery pressures were comparable between post-COVID athletes
and PS-matched non-COVID athletes. TAPSE/PASP ratio was
also similar (Table 2).

3D echocardiographic and 2D LV STE parameters are
summarized in Table 3. 3D LV and RV EDVi were comparable
between groups, whereas 3D LV ESVi was significantly lower in
post-COVID athletes, resulting in elevated LV EF. 2D GLS, SLS,
and FWLS were comparable between the post-COVID and non-
COVID groups; however, a lower FWLS/SLS ratio was detected
in the post-COVID athletes.

Interestingly, LV diastolic eccentricity index was significantly
higher in the post-COVID subjects (1.13 £ 0.16 vs. 1.01 +
0.05, p < 0.001). This finding was mainly driven by a subgroup
(n = 35/107; 33%) of post-COVID athletes, in which an
early-diastolic septal flattening (SF) was present consistently
throughout the entire echocardiographic examination on
multiple views, showing an inspiratory enhancement (Figure 1,
Supplementary Video 1). This phenomenon was not detected in
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TABLE 1| Baseline characteristics of the post-COVID and the non-COVID athlete groups.

Post-COVID athletes (n = 107) Non-COVID athletes (n = 107) p-value
Age (years) 22.9 + 6.1 227 +7.0 0.82
Female (n [%)]) 25 (23%) 25 (23%) 1
Height (cm) 182.9 + 10.0 181.8 +12.0 0.45
Weight (kg) 80.2 +£15.3 80.6 +17.0 0.87
BSA (m?) 20+0.2 2.0+0.3 0.93
SBP (mmHg) 130.3 £+ 15.1 134.0 +£ 15.8 0.09
DBP (mmHg) 79.4+11.3 77.44+9.2 0.16
HR (1/min) 62.9 + 10.6 66.6 +13.3 <0.05
Training per week (hours) 13.1 £ 6.0 145+6.4 0.08

BSA, body surface area; SBR, systolic blood pressure; DBF, diastolic blood pressure. HR, heart rate. Bold values indicate a p < 0.05.

TABLE 2 | Conventional echocardiographic left- and right heart parameters in the post-COVID and the non-COVID athlete groups.

Post-COVID athletes (n = 107) Non-COVID athletes (n = 107) p-value
LVIDd (mm) 51.8+4.4 51.4+54 0.56
IVSd (mm) 9.4 +18 10.4+1.8 <0.01
PWd (mm) 84+13 9.0+1.3 <0.01
RWT (%) 0.33 £+ 0.05 0.35 + 0.05 <0.001
LAVi (mL/m?) 26.4 +£6.5 279+ 86 0.16
Transmitral E wave (cm/s) 81.7 +£16.0 82.3 +20.6 0.79
Transmitral A wave (cm/s) 50.2 £12.3 57.4+155 <0.001
E/A 1.68 £ 0.40 1.49 £0.43 <0.001
DT (ms) 192.7 £ 40.8 176.6 + 39.3 <0.01
E/e’ average 4.64 +0.88 5.65 +1.50 <0.001
Mitral lateral s* (crm/s) 128+25 121 +£23 <0.05
Mitral lateral €' (cm/s) 19.7 £3.2 17.7 £3.2 <0.001
Mitral lateral &’ (cm/s) 83+20 76+18 <0.01
Mitral medial s (cm/s) 10.3+1.5 96+ 14 <0.01
Mitral medial € (cm/s) 156 +£2.7 13.0+2.6 <0.001
Mitral medial a (cm/s) 84+ 14 75+18 <0.001
¢ lateral/e” septal 1.29 +0.21 1.40 £ 0.27 <0.001
LV diastolic eccentricity index 1.13+0.16 1.01 £0.05 <0.001
RV basal diameter (mm) 34.3+4.2 33.7+4.3 0.27
TAPSE (mm) 24.7 £ 3.9 23.6 £ 4.2 0.05
RAVi (mL/m?) 28.0 £ 6.6 28.1 +£8.1 0.89
PASP (mmHg) 20.7 £ 4.3 20.4 +£5.2 0.61
PADP (mmHg) 6.9+23 70+28 0.76
PAMP (mmHg) 18.4+4.2 123+ 3.7 0.19
IVC max (mm) 18.2+3.0 16.0 + 4.1 <0.001
IVC min (mm) 11.3+6.0 9.3+6.7 0.39
RAP (mmHg) 35+1.8 42+23 <0.05
RVOT VTl (cm) 20.0+3.5 18.8 + 3.4 <0.05
PVR (Wood units) 1.24 £0.21 1.21£0.26 0.51
TAPSE/PASP 1.23+£0.30 1.24 £0.42 0.86
Prevalence of mild pericardial effusion (n [%)]) 41 (38%) 10 (9%) <0.001

LVIDd, left ventricular end-diastolic diameter; IVSd, interventricular septal thickness;, PWd, posterior wall thickness; RWT, relative wall thickness; LAV, left atrial volume index; DT:
deceleration time; LV eccentricity index, left ventricular eccentricity index; RV basal diamater, right ventricular basal diameter; TAPSE, tricuspid annular plane systolic excursion; RAVi,
right atrial volume index; PASF, pulmonary arterial systolic pressure; PADF, pulmonary arterial diastolic pressure; PAMP, pulmonary arterial mean pressure; IVC, inferior vena cava; RAR,
right atrial pressure; RVOT VTI, right ventricular outflow tract velocity-time integral; PVR, pulmonary vascular resistance. Bold values indicate a p < 0.05.
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TABLE 3 | Comparison of 3D and speckle-tracking echocardiographic data between the post-COVID and the non-COVID athlete groups.

Post-COVID athletes (n = 107) Non-COVID athletes (n = 107) p-value
3D LVEDVi (mL/m?) 76.7 £12.2 78.3+13.3 0.39
3D LVESVi (mL/m?) 32.4 +6.3 347 +7.4 0.01
3D LVSVi (ml/m?) 444475 435+7.3 0.4
3D LVEF (%) 57.9+43 55.8 +4.2 <0.001
3D RVEDVi (mL/m?) 78.9 £15.5 79.6 £14.2 0.72
3D RVESVi (mL/m?) 354 +8.4 36.6 + 8.6 0.32
3D RVSVi (mL/m?) 435+ 8.5 431+ 7.1 0.72
3D RVEF (%) 55.3 £4.5 54.3 £ 4.7 0.14
2D LVGLS (%) —19.0+1.9 —-18.8+2.2 0.51
2D FWLS (%) —18.6 + 2.1 -18.6 £ 2.2 0.97
2D SLS (%) —19.6 £ 2.1 —19.0+24 0.06
2D FWLS/SLS (%) 955 +£8.7 98.3+6.8 <0.01

LVEDVi, left ventricular end-diastolic index; LVESVi, left ventricular end-systolic volume index; LVSVi, left ventricular stroke volume index; LVEF, left ventricular ejection fraction; RVEDV,
right ventricular end-diastolic volume index; RVESVi, right ventricular end-systolic volume index; RVSVi, right ventricular stroke volume index; RVEF, right ventricular ejection fraction;
LVGLS, left ventricular global longitudinal strain; FWLS, free wall longitudinal strain; SLS, septal longitudinal strain; FWLS/SLS, free wall to septal longitudinal strain ratio. Bold values

indicate a p < 0.05.

any athletes of the PS-matched non-COVID group. Therefore,
we have also assessed the differences between the athletes with
and without SF within the post-COVID group.

Post-COVID athletes with SF were younger; however,
they did not differ in other anthropometric or basic
hemodynamic measures and in average weekly training
hours (Supplementary Table 2).

The presence of detectable (trivial) pericardial effusion was
more frequent in the SF subgroup of post-COVID athletes
compared to the corresponding subset of PS-matched non-
COVID athletes (41% vs. 12%, p < 0.01). Post-COVID athletes
with SF and without SF did not differ in terms of the number
of symptomatic days (3 [IQR: 0-7.0] days vs. 5 [IQR: 2.5-
8.0] days, p = 0.09), the time between the onset of symptoms
and the examination (24 [IQR: 17.5-37.5] days vs. 23 [IQR:
18.0-29.0] days, p = 0.65), or the time elapsed between the
first positive PCR or IgG and the examination (22.5 [IQR:
17.0-25.0] days vs. 21 [IQR: 17.0-25.0] days, p = 0.70). The
incidence of fever (34 vs. 29%, p = 0.66), coughing (9 vs.
7%, p = 0.71), headache (29 vs. 44%, p = 0.15), and loss of
smell and/or taste (47 vs. 52%, p = 0.54) were also comparable
between the athlete groups. Interestingly, chest pain (0 vs. 15%,
p =0.01) and fatigue (17 vs. 34%, p = 0.04) were reported more
frequently in post-COVID athletes without SF (Figure 2). When
the symptom burden was summed as a “composite symptom
score”, athletes with SF generally had fewer symptoms (1.4 &
1.3 vs. 2.1 £ 1.5 symptom during the infection, p = 0.01,
Figure 2).

Regarding basic echocardiographic measures, post-COVID
athletes with SF showed significantly higher E/A ratio, while RAP
and PADP were also found to be significantly higher compared
to post-COVID athletes without SF (Supplementary Table 2).
LV diastolic eccentricity index was markedly higher in post-
COVID athletes with SE, while it was comparable between post-
COVID athletes without SF and their matched non-COVID
athletes (1.04 & 0.08 vs. 1.00 £ 0.04, p = 0.14). Regarding

3D echocardiographic measures, post-COVID athletes with SF
had significantly higher LV EDVi and LV ESVi compared
to post-COVID athletes without SE while RV morphological
measures along with LV and RV EF were similar (Table 4).
2D LV GLS did not differ between the post-COVID athlete
subgroups; however, the FWLS/SLS ratio was significantly lower
in athletes with SF compared to those without (Figure 3).
During the last phase of the enrollment and already having
our awareness at SF and related STE-based alterations, we
have referred athletes presented with SF to cMR examination
(n = 5). Notably, no myopericardial involvement was detected
by ¢cMR in these cases. Detailed case reports are presented in

Supplementary Table 3.
Intra- and interobserver variability of the key
echocardiographic parameters showed good intra- and

interreader agreements (Supplementary Table 4).

DISCUSSION

Our study is the first to investigate a relatively high number
of European elite athletes who underwent mild COVID-19,
while also comparing them to a PS-matched healthy athlete
group using a comprehensive echocardiographic approach. We
have shown that post-COVID athletes show distinct changes
in cardiac morphology and function compared to matched
non-COVID athletes. Of note, the vast majority of these
alterations was attributable to a subpopulation of athletes in
whom an inspiration-enhanced early diastolic SF could be
detected. In these athletes, the E/A ratio of mitral inflow, the 3D
echocardiography-derived LV volumes were significantly higher,
along with a significantly lower FWLS/SLS ratio.

The earliest reports from China already mentioned the
high prevalence of elevated cardiac necroenzymes and the
commonly deteriorated LV functional measures in COVID-19
patients (18). With the worldwide expansion of the pandemic,
several other studies demonstrated the high frequency of cardiac
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Post-COVID athlete
with septal flattening

FIGURE 1 | Representative case of the post-COVID septal flattening (SF) in athletes. Parasternal short-axis views at the level of the papillary muscles at mid-diastole
in a young athlete underwent asymptomatic SARS-CoV-2 infection and his matched control. In the post-COVID athlete, a prominent SF can be seen with early
diastolic dominance and inspiratory enhancement (left, SF shown by arrows), compared to the propensity score-matched control (right).

Matched non-COVID
athlete

Coughing
60%

40%

Fatigue

20%

Chest pain

Loss of
smell/taste

compared to athletes without SF (see details in text).

The prevalence of symptoms during SARS-CoV-2 infection
in athletes with and without septal flattening

Febrile or
subfebrile

Headache

FIGURE 2 | Radar chart comparisons of the most relevant symptoms in post-COVID athletes with our without septal flattening (SF). Athletes with SF (blue line) and
without SF (red line) did not differ in the incidence of fever or subfebrility, coughing, headache or the lost of smell and/or taste. On the other hand, chest pain and
fatigue were significantly more frequent in athletes without SF. In general, athletes with SF were less symptomatic, as shown by the smaller area of the radar chart

== Post-COVID athletes with septal flattening

=== Post-COVID athletes without septal flattening
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TABLE 4 | Echocardiographic comparison of post-COVID athletes with vs. without septal flattening.

Post-COVID athletes with SF (n = 35) Post-COVID athletes without SF (n = 72) p-value
LV diastolic eccentricity index 1.29 £0.15 1.04 £0.08 <0.001
3D LVEDVi (mL/m?) 80.1 + 14.4 749 +10.7 <0.05
3D LVESVi (mL/m?) 34.5+8.0 31.3+5.1 <0.05
3D LVSVi (mlL/m?) 46.2£82 435+ 741 0.09
3D LVEF (%) 575+ 4.6 58.1+4.1 0.52
3D RVEDVi (mL/m?) 82.1 £15.9 77.7+£15.3 0.3
3D RVESVi (mL/m?) 36.5+9.8 35.9+7.6 0.37
3D RVSVi (mL/m?) 447 +£7.8 42.9+88 0.31
3D RVEF (%) 55.6 £5.5 55.2 +4.0 0.68
2D LVGLS (%) —189+1.9 —19.0£2.0 0.70
2D FWLS (%) —-18.3+2.0 —18.8+2.1 0.20
2D SLS (%) —20.0+£23 —19.4+£20 0.16
2D FWLS/SLS (%) 917+ 8.6 97.3+8.2 <0.001

SF, septal flattening; LVEDVi, left ventricular end-diastolic index; LVESVi, left ventricular end-systolic volume index; LVSVi, left ventricular stroke volume index; LVEF, left ventricular ejection
fraction; RVEDVi, right ventricular end-diastolic volume index; RVESVI, right ventricular end-systolic volume index; RVSVi, right ventricular stroke volume index; RVEF, right ventricular
ejection fraction; LVGLS, left ventricular global longitudinal strain; FWLS, free wall longitudinal strain; SLS, septal longitudinal strain; FWLS/SLS, free wall to septal longitudinal strain ratio.

Bold values indicate a p < 0.05.

Post-COVID athlete
with septal flattening

ANT_SEPT

and free wall do not markedly differ (right).

FIGURE 3 | The “Hot Septum Sign” in a post-COVID athlete with septal flattening. While left ventricular global longitudinal strain is preserved, a relative decrease in the
free wall segments can be noted (left), suggestive of a characteristic feature of pericardial constriction. In the matched control, segmental strain values of the septum

athlete

ANT_SEPT

damage; however, the investigations were mainly focused on
the severe/critical cases (19). Nowadays, evidence is growing
that mild or even asymptomatic disease courses do not
exclude myocardial involvement of COVID-19 (20). Special
considerations are needed in the case of elite athletes following
SARS-CoV-2 infection, even though these young, exceptionally
healthy individuals usually undergo COVID-19 with no or very
mild symptoms. Robust evidence suggests that even minor
cardiac alterations can be exaggerated by high-intensity exercise,

and this can worsen the course of various diseases (6). Therefore,
the detailed characterization of the athlete’s heart following
COVID-19 is a relevant clinical demand.

In our post-COVID population, LV wall thicknesses and
RWT were significantly lower compared to the matched control
athletes. These findings may correspond to the effects of short-
term detraining: LV wall thicknesses are known to decrease
even after a few weeks of suspended athletic activity along with
unaltered ventricular volumes (21, 22). Regarding functional

Frontiers in Cardiovascular Medicine | www.frontiersin.org

January 2022 | Volume 8 | Article 760651


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Lakatos et al.

Constrictive-Like Findings in Post-COVID Athletes

measures, LV EF was found to be significantly higher in the post-
COVID group, with unaltered LV GLS. While data are conflicting
regarding the resting LV systolic function of the athlete’s heart,
low-normal values are commonly reported; therefore, an increase
in LV EF following detraining may be expected (23).

In a subpopulation of our post-COVID elite athletes, an
early diastolic SF was detected with inspiratory enhancement,
commonly resulting in marked LV eccentricity (Figurel,
Supplementary Video 1). This phenomenon may be attributable
to a handful of causes. Previous studies examining sedentary
COVID-19 patients and also elite athletes reported alterations of
the myocardium with a septal predominance (such as decreased
septal LS, or increased native T1 values and/or late gadolinium
enhancement of the septum) suggestive of SARS-CoV-2-related
myocarditis (7, 11). Nevertheless, in viral myocarditis, segmental
or global wall motion abnormalities would be expected rather
than a bouncing septal motion with preserved deformation.

COVID-19 is also known to affect the pulmonary vasculature
(24). However, in our post-COVID cohort, Doppler-based
estimated pulmonary pressures did not markedly differ from
matched control athletes, and post-COVID athletes with SF
were also comparable to those without SF regarding these
measures. Of note, estimated RAP and PADP were significantly
higher in athletes with SE nevertheless, only with a borderline
statistical significance. Moreover, a COVID-related imbalance
between intrapericardial and intrathoracic pressures should also
be considered.

The aforementioned study of Brito et al. reported a
surprisingly high prevalence of pericardial involvement in
their study enrolling student athletes (11). While acute viral
pericarditis does not usually alter myocardial function, previous
results suggest that a transient pericardial constriction-like
physiology may occur, which could explain the SF (25). As a
marker of a possible pericardial inflammation, the prevalence
of a detectable (although trivial) pericardial effusion was
significantly higher in our post-COVID athletes compared
to their matched non-COVID athletes. Furthermore, this
constriction-like behavior is also reinforced by the phenomenon
that the SF seems to be enhanced by inspiration and becomes
the most prominent during early diastole (Figurel) (26).
Regarding STE-markers, in our post-COVID athletes with SF,
the characteristic “hot septum” sign can be seen as shown by
the STE-derived FWLS/SLS ratio (Figure 3) (27, 28). Of note,
it is important to mention that other, less specific markers
of constrictive physiology, such as increased E/A ratio and
PADP, can also be measured in this subpopulation. In line
with the c¢cMR findings of the post-COVID population of
Brito and colleagues, LV volumes were significantly higher
in the post-COVID group with SF (11). This may be
attributable to the partially similar methodology of cMR
and a “multi-beat” 3D echocardiographic acquisition: during
expiratory breathhold, the enhanced ventricular interdependence
of the constrictive physiology may result in increased LV
volumes (26).

Interestingly, SF was more common in athletes with generally
fewer symptoms. This corresponds to previous large-scale cMR
data demonstrating that all athletes with confirmed inflammatory

heart disease were only minimally symptomatic (9). Moreover,
in another study, pericardial enhancement was significantly
more common in asymptomatic athletes (11). In a large
retrospective cardiac surgery registry, post-surgery constrictive
pericarditis patients were characterized by more commonly
detected postoperative pericardial effusion and a higher LVEF
(29). These results may indicate that the main driver of
disease progression is the interplay of ongoing serous membrane
inflammation and more pronounced friction of the pericardial
sac by a hyperdynamic LV. Theoretically, athletes with fewer
symptoms are likely to continue training during the infection,
potentially creating a similar pathophysiological scenario.

However, it is important to mention that in those cases where
cMR was also performed, no signs of pericardial inflammation
or constriction were detected. Considering that the main body
of data about the reverse remodeling after abrupted training is
derived from small sample studies of the early 90’s, it is plausible
that a temporary change in the pericardial constraint is a
benign phenomenon of athletic detraining (HIV). Hemodynamic
overload is proved to induce not only myocardial, but pericardial
remodeling as well (HIV). Therefore, it is suspected that intense
regular exercise may also induce changes of the pericardial
structure. While myocardial deconditioning is known to take
place over the course of a few weeks of abrupted training
regime, the altered characteristics of the pericardium may
persist for a longer time, resulting in temporary changes of the
pericardial constraint.

The current Sports Cardiology and Exercise Guideline of
the European Society of Cardiology recommends at least 30
days of suspended training in the case of pericarditis, however,
in the absence of a proven inflammatory process the clinical
implications of these findings are hard to judge (HIV).In the
case of persistent constriction-like changes in the SF post-COVID
group, an impaired peak exercise capacity has high possibility
(HIV)., Follow-up of athletes and further research are urged to
explain the appearance and the potential clinical consequences of
the constriction-like echocardiographic findings in the context of
the athlete’s heart.

LIMITATIONS

Our study carries limitations that have to be acknowledged
for adequate interpretation. First, our case number is limited.
Nevertheless, the number of subjects is considered to be relatively
high as compared to current COVID-19-related data in athletes.
The population has a male predominance; therefore, the study
was not powered to examine the role of gender differences. In
the post-COVID athlete group, echocardiographic loops prior
to the SARS-CoV-2 infection were not available. Therefore,
PS-matching was used to provide a matched control athlete
group. The observed changes were often subtle and only
statistically significant. The most common causes of SF are
pulmonary hypertension and constrictive pericarditis, and the
gold-standard evaluation method for both these diseases is still
right (and left-) heart catheterization (26). For obvious ethical
reasons, such invasive procedures were not performed in the
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mainly asymptomatic/paucisymptomatic post-COVID athlete
group. However, various echocardiographic pressure estimates
and other functional parameters were quantified, which may
also adequately assess the characteristic features of such diseases.
Nevertheless, certain indirect markers of pericardial constriction,
such as mitral and/or tricuspid inflow variation, hepatic vein
flow and M-mode assessment of the septal motion were not
obtained. Computed tomography was not included in this
study; therefore, possible pulmonary involvement of the post-
COVID athletes was not evaluated. cMR examinations were
only performed in a handful of athletes; therefore, the gold-
standard measurements of cardiac volumes are not available, and
c¢MR markers of myopericardial inflammation were not assessed
in the majority of the subjects. The cMR acquisitions were
obtained during breath holding, therefore, free breathing loops
confirming the septal flattening were not available. Respirometry
was not part of our routine echocardiographic image acquisition
protocol (used only in a few cases in the post-COVID group);
therefore, the inspiratory enhancement of the SF was not tested
consistently. Assessment of the long-term consequences and
clinical importance of these findings requires further work
and follow-up.

CONCLUSIONS

Our results suggest that even mild SARS-CoV-2 infection may
significantly affect cardiac morphology and function in elite
athletes. The observed alterations are mainly attributable to a
subgroup of athletes, in whom some features of pericardial
constriction could be detected, such as pericardial effusion, early
diastolic SF with inspiratory enhancement, and STE-derived “hot
septum” sign. Interestingly, these athletes seemed to experience
fewer symptoms during the course of the infection. Considering
that current guidelines usually propose a more thorough return
to play examinations in symptomatic athletes only, our data is
especially alarming, as many of our athletes presented with SF
would not have been eligible for a detailed assessment (30). The
pathophysiological background and clinical relevance of these
findings are unclear and require further research. Nevertheless,
our data support the use of a comprehensive echocardiographic
protocol applying advanced techniques in the return to play
examination of elite athletes.
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