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ABSTRACT

Background: Cardiovascular impairment has been observed in adults
with coronavirus disease 2019 (COVID-19), even in those with mild
symptoms. Physical activity can reveal subtle cardiovascular dysfunc-
tion that is not apparent at rest. However, there are limited data on
cardiovascular function in children and adolescents after the COVID-19
infection. This study aimed to assess cardiovascular function in pae-
diatric and adolescent populations with a history of COVID-19 infection
and controls by conducting 2-dimensional transthoracic echocardiog-
raphy at rest (TTE-R) and exercise stress echocardiography (ESE).

Many children and adolescents have experienced mild (42%-
54%) or no (15%-36%) upper respiratory tract symptoms due
to coronavirus disease 2019 (COVID-19)." However,
COVID-19—related  cardiovascular  lesions have been
observed in some patients.” One proposed mechanism in-
volves the virus entering cells via the angiotensin-converting
enzyme 2 receptor, damaging cardiomyocytes and vascular
endothelium. This damage may lead to myocardial inflam-
mation, coronary plaque destabilization, and coagulopathy. In
addition, cytokine storms can affect multiple organs and
induce myocardial inflammation.” In children and young
adults, a multisystem inflammatory (MIS-C/-A) can occur 2-6
Weeks after infection, sometimes accompanied by myocar-
ditis.” In addltlon, myocarditis has also been observed in the
absence of MIS."

Early in the pandemic, reports indicated potential

COVID-19—related  cardiac  injury, with 15% of
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RESUME

Contexte : Une atteinte cardiovasculaire a été observée chez des
adultes atteints de la maladie a coronavirus 2019 (COVID-19), méme
en présence de symptomes légers. L'activité physique peut faire
apparaitre une dysfonction cardiovasculaire subtile non manifeste au
repos. Les données sur la fonction cardiovasculaire d’enfants et
d’adolescents ayant eu la COVID-19 sont toutefois limitées. Cette étude
avait pour but de comparer la fonction cardiovasculaire d’enfants
et d’adolescents ayant déja contracté la COVID-19 a celle de témoins
a partir des résultats d'une échocardiographie transthoracique

postinfection athletes showing signs of myocardial damage via
cardiac magnetic resonance (CMR), even among those
asymptomatic or with mild symptoms.” Although the pre-
Vallmg perspective is that most young people recover without
serious cardiac sequalae,” the long-term health consequences
remain unclear. Although COVID-19 has become common,
identifying masked cardiovascular problems related to the
infection and preventing cardiovascular events in children and
adolescents remains crucial.

Exercise stress echography (ESE) is crucial for assessing
cardiovascular function and exercise tolerance and detecting
subclinical valvular disease and heart failure. In paediatric
cardlology, ESE combined with cardlopulmonary exercise
testing (CPET) has been used to evaluate junior athletes” and
cancer survivors.” This combination allows for quantified
high-intensity exercise, heart rate (HR) elevation, and blood
pressure (BP) and describes physiological responses.

Myocardial contractile reserve refers to the increase in left
ventricular (LV) contractility during exertion compared with
pre-exercise contraction. Factors such as myocardlal blood
flow and degeneration can reduce contractility.” Speckle-
tracking echocardiography strain values can detect potentlal
myocardlal dysfunction even in patients with preserved ejec-
tion fraction (EF),'® and thelr use in evaluating contractile
reserve has been reported.” These advantages contribute to
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Methods: We conducted TTE-R, including speckle tracking strain
analysis of both ventricles, on 100 individuals (median age 12.3 years,
82% male), divided into 2 groups: 73 adolescents with COVID-19
infection and 27 controls. A subset of male participants (40 cases,
15 controls) underwent ESE combined with a cardiopulmonary exer-
cise test (CPET-ESE) to examine the relationship between cardiovas-
cular parameters and contractile reserve. Myocardial contractile
reserve was evaluated by measuring the maximum increase in strain
values during exercise.

Results: At rest, no signs of myocardial injury or inflammation were
observed. Right and left ventricular contractility in the infected group
were clinically equivalent to those in the controls. During CPET-ESE,
peak oxygen consumption was similar between the infected and
control groups. Furthermore, contractile reserve under exercise was
similar in both groups.

Conclusions: We found no significant differences in left ventricular
systolic and diastolic function and right ventricle systolic function
evaluated by TTE-R between participants with a history of mild COVID-
19 infection and controls. ESE provided insights for post—COVID-19
young people resuming activities and sports.

risk assessment for individuals resuming daily activity and
sports.

The Long-term Impact of COVID-19 on Cardiovascular
and Cardiopulmonary Health and Quality of Life in Children
and Adolescents (LICO) study aimed to provide subacute and
chronic clinical follow-up of the cardiovascular health, phys-
ical performance, and quality of life after COVID-19. The
main objective of this study was to assess differences in car-
diovascular function in children and adolescents with a history
of COVID-19 infection and controls, both at rest and during
exercise. The study focused on male participants, particularly
examining the relationship between cardiovascular parameters
and contractile reserve measured by ESE.

Methods

Study design, participant, and inclusion criteria

This study was a prospective, cross-sectional, single-centre,
observational study in Bavaria, Germany. From July 2021 to
December 2022, participants were recruited through flyers
and website advertisements. Study information was dissemi-
nated to sports clubs in Bavaria, and face-to-face recruitment
was conducted with the permission of these organizations and
participants’ guardians.

The inclusion criteria were as follows: (1) participants aged
8-17 years, of both sexes in good general health; (2) informed
consent obtained from both participants and their guardians;
(3) no acute symptoms of infection at the time of examination
and a negative COVID-19 screening antigen test before the
examination; and (4) for the COVID-19 infected group:
participants with confirmed COVID-19 infection via an
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bidimensionnelle au repos (ETT-R) et d’'une échocardiographie a I'effort
(EE).

Méthodologie : Cent personnes (age médian : 12,3 ans, 82 % de sexe
masculin), réparties dans deux groupes (73 adolescents ayant con-
tracté la COVID-19 et 27 témoins) ont été évaluées par ETT-R, avec
analyse de la déformation par un suivi des marqueurs acoustiques
naturels (speckle tracking) des deux ventricules. Un sous-groupe de
participants de sexe masculin (40 avec antécédents de COVID-19, 15
témoins) s'est prété a une échocardiographie a I'effort couplée a un
test d’effort cardiopulmonaire (TECP-EE) qui avait pour but d’examiner
le lien entre les paramétres cardiovasculaires et la réserve contractile.
La réserve contractile myocardique a été évaluée en mesurant I'aug-
mentation maximale des valeurs de déformation a I'effort.

Résultats : Au repos, aucun signe d’atteinte ou d’inflammation myo-
cardiques n’a été observé. La contractilité des ventricules gauche et
droit des sujets ayant contracté la COVID-19 était cliniquement
équivalente a celle des témoins. Durant le TECP-EE, la consommation
maximale d’oxygéne des sujets ayant contracté la COVID-19 et des
témoins était semblable. De plus, la réserve contractile a I'effort était
comparable dans les deux groupes.

Conclusion : Nous n’avons observé aucune différence significative en
ce qui a trait a la fonction systolique et a la fonction diastolique du
ventricule gauche ainsi qu’a la fonction systolique du ventricule droit
évaluées par ETT-R entre les participants ayant présenté une forme
légére de la COVID-19 et les témoins. L'EE a fourni de I'information
concernant les jeunes ayant contracté la COVID-19 qui reprennent
leurs activités et se remettent au sport.

official polymerase chain reaction test or antibody test for
severe acute respiratory syndrome coronavirus type 2 (SARS-
CoV-2) during the acute phase, and for the control group:
participants with no history of suspected COVID-19 and no
positive COVID-19 test.

The resting cardiac assessment was conducted on all par-
ticipants. It included a series of procedures such as medical
history, physical examination, resting BP measurement, elec-
trocardiography (ECG), and resting 2-dimensional trans-
thoracic echocardiography (TTE-R). Information on the
health status of the participants (including their current and
past medical history, and family history) and physical activity
was collected via interviews and questionnaires with the par-
ticipants and their guardians. COVID-19 vaccination data,
including timing, number of doses received, and vaccine
name, were collected from all participants at the beginning of
Germany’s vaccination programme. The history of COVID-
19 infection (timing, acute symptoms, diagnostic method,
and late symptoms) was obtained from participants of the
infected group. The paediatric cardiologist’s examination re-
sults were evaluated before the exercise testing by ESE. In
cases of ECG or TTE-R abnormalities suggestive of cardio-
vascular involvement, a further cardiovascular workup using
other modalities was recommended without the exercise test.

Furthermore, the exercise testing by ESE was conducted
on a subcohort that met the following inclusion criteria: (1)
male participants between 10 and 15 years of age; (2) consent
obtained from both participants and their legal guardians; (3)
participants with sufficient body size to ride the recumbent
cycle ergometer in a semisupine position and the ability to
wear a facemask; and (4) safety confirmed by paediatric car-
diologists through interviews, physical examination, ECG,
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and TTE-R during the resting cardiac assessment. Because of
low enrolment among female participants and suboptimal
imaging quality in the few enrolled females, ESE was
restricted to male participants.

Definitions related to COVID-19

According to a review referring to the return to sports after
COVID-19 infection, the severity of acute COVID-19
symptoms was categorized into 4 groups based on clinical
history'" (Supplemental Fig S1). Long COVID-19 is usually
deﬁned as symptoms persisting beyond 12 weeks after infec-
tion.'” This study considered prolonged symptoms when
COVID-19—related symptoms persisted for more than 4
weeks in the post-acute phase, as the median interval between
COVID-19 diagnosis and cardiovascular evaluation was 75
days [interquartile range: 43-121 days]. The variants of
concern were classified into 3 periods based on ofﬁCial in-
formation on the infection situation in Germany.'” The first
period, from March 2020 to June 2021, was marked by the
predominance of the Alpha variant (B.1.1.7). The second
period, from July 2021 to December 2021, was dominated by
the Delta variant (B.1.617.2). The third period, starting from
January 2022, was dominated by the Omicron variant
(B.1.1.529). The COVID-19 vaccination for children in
Germany began in June 2021 for 12 years and older and in
December 2021 for those aged 5-11 years.

Assessment of physical activity

To assess the amount of sports activity in the sports clubs
and leisure time, the physical activity score (der Motorik-
Modul Aktivititsfragebogen: MoMo-AFB) was calculated
based on the questionnaire and the interview during the ex-
amination. Participants were asked about the frequency,
duration, and type of their habitual physical activity in sports
clubs and during leisure time. Exercise time was calculated
based on an algorithm,'* which accounted for the intensity of
different sports. Each reported sport was coded with the en-
ergy expended as metabolic equivalents of task (METs) per
hour. The MET-hours index for sports per week was calcu-
lated as the sum of the sports performed in sports clubs and
leisure time, 1nd1cat1ng the METs expended per week in
physical activity.'

Physical measurements and physiological examinations

Peripheral systolic and diastolic BP were measured while
participants were lying down after a 5-minute rest using the
Mobil-O-Graph on the left arm (Mobil-O-Graph; IEM,
Aken, Germany). A 12-lead resting ECG was conducted with
participants in a supine position (CARDIOVIT CS-200 Of-
fice; SCHILLER AG, Obfelden, Switzerland). Abnormal
ECG findings, including supraventricular tachycardia, ven-
tricular arrhythmia, conduction disorder, prolonged QTc¢ in-
terval, ST elevation, abnormal T-wave, wide QRS duration,
and low amplitude, were identified by paediatric cardiologists
according to the relevant guidelines.'

Echocardiography

_ Echocardiography (Aplio i900; Canon Medical Systems,
Otawara, Japan) was performed by paediatric cardiologists at
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rest and during exercise. Data analysis and evaluation were
conducted using the software installed in this echo machine
(Aplio i1900) by observers blinded to the participants’ infor-
mation. Basic measurements of wall thickness and ventricle
volume were assessed using M-mode. The Z-score for wall
thickness _was calculated using the Pediatric Heart Network
formula.'” This formula has been deemed reliable and used in
recent large clinical studies.'® The modified Simpson method
determined the left ventricular ejection fraction. The early
diastolic velocity of mitral inflow (E), peak systolic velocity
(s'), and early diastolic velocity (¢/) of mitral annular motion
by pulse wave Doppler at the septal wall were measured over
several cycles and averaged. The strain was measured under
digital loops (average 93 frames/s) with tracing endocardium
by an automatic or partially manual process and evaluated at
rest, including circumferential strain at the middle ventricle
(CS), global longitudinal strain (GLS) from apical 4-, 2-, and
3-chamber views, and longitudinal strain from the 4-chamber
view (LS). In the right ventricle (RV), contraction was assessed
by tricuspid annular plane systolic excursion (TAPSE), frac-
tional area change, and strain. RV longitudinal strain (RV
strain) was evaluated as the average strain values of the 6
segments at the RV-focused 4-chamber view. The LS, CS, and
RV strain values were accepted when tracking was satisfactory
in 6 segments. For the GLS evaluation, the values were
accepted up to one segment with poor monitoring, which was
excluded from the calculation.

Cardiopulmonary exercise test and protocol in exercise
stress echocardiography

ESE was performed in a semisupine position (approxi-
mately 45°) with a slight left-side rotation on a recumbent
cycle ergometer (eBike EL; GE Healthcare, Chicago, IL)
equipped with a spirometer (MetaMax 3B; Cortex Biophysik
GmbH, Leipzig, Germany) with face masks for expiratory gas
correction (Fig. 1). BP was measured every 3 minutes. ECG
was continuously recorded throughout the examination. The
exercise began with a warm-up at 0 watts (W), and the
workload was increased in steps every 3 minutes according to
a protocol selected from 3 different load types adapted to each
participant’s body size, age, and exercise experience. The in-
cremental protocols were as follows: protocol 1 load starts at
25 W and increases 25 W, protocol 2 starts at 50 W and
increases 25 W, and protocol 3 starts at 50 W and increases
50 W. Recovery was evaluated at 2 and 6 minutes after the
end of exercise. The participants were exercised to the point of
maximum exhaustion. The exercise was also terminated if
adverse events occurred, including arrhythmia, ischemic
electrocardiographic changes, chest pain, severe hypertension
(systolic BP >250 mm Hg), a decrease in systolic BP (>10%)
during loading, and low oxygen saturation (<90%). Reaching
the target HR (85% of maximum predicted HR) or achieving
at least 1.05 respiratory exchange ratio was used as the crite-
rion for a valid test.'”” The Tanaka formula “208 — (0.7 x
age) beats/minute (bpm)” was used for maximum predicted
HR. This formula was chosen because it provides a more
reliable estimate of maximum HR than others, even in chil-
dren and adolescents.”’ > The peak VO2 value refers to the
highest VO2z achieved during the test. Peak values were
determined to be the maximum values observed over 30
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Patients identified as eligible for the study
N =104

Excluded (n=4):

* No official exam to prove COVID-19

Resting cardiac assessment
* History

e Physical exam

¢ Electrocardiography (ECG)

Resting cardiac assessment
Males and females, ages 8 to 17 years old
(n=100)

(n=3)
* History of infection was undefined

(=1

* Resting Echocardiography ‘

(TTE-R) \ \
" COVID-19 infected group Control group
(n=173) (n=27) Excluded (n = 45?:
(Males, n=62; Females, n=11) (Males, n=20; Females, n=7) * Female partlclp'fmts due to 'low
> ’ | > | enrollment and image quality (n =
18)
\ \
erg c::sist : ;tt;lelsgs Exercise testing +  Male participants
x . Males, ages 10 to 15 years old o Participants aged <10 />=16
Echocardiography (ESE) o
(n=155) years-old (n = 12)
o Participants whose height was
[ I icip: hose heigh
| ‘ too short to ride a bicycle
® o ergqmpter (n=1)
Gl COVID-19 infected group Control group o Participants who refused the
(n = 40) (n=15) ESE by themselves/their
guardians (n = 14)

Figure 1. Study protocol and inclusion criteria.

seconds. The anaerobic threshold (AT) was determined using
the V-slope method or time trend by a well-trained observer
and confirmed by another observer.

In the LV, CS, LS, E, septal s/, and ¢’ were evaluated as
much as possible at each workload and recovery. LS from the
4-chamber view and CS at the middle of the LV were spe-
cifically evaluated to ensure clinical relevance and minimize
missing values, as maintaining adequate image quality
throughout the exercise was important in ESE. For the ab-
solute value of LS, the maximum value during exercise divided
by the pre-exercise value was expressed as max/base LS. This
study defined max/base LS, CS, and s’ as parameters indicative
of contractile reserve.

Statistical analysis

Continuous variables were presented as mean £ standard
deviation and compared using the t test. Values were
expressed as median [interquartile range] for continuous var-
iables without a normal distribution and compared using the
Mann-Whitney U test. Categorical variables were reported as
frequencies and compared using > tests. The correlation of
parameters was assessed using either Pearson’s or Spearman’s
rank correlation coefficient. The linear mixed-effect model
was used to compare the change in strain values over time
during exercise between the infected group and the controls. A
P value of <0.05 was used as a threshold for statistical sig-
nificance. We conducted the analysis using IBM SPSS Sta-
tistics7 ;/ersion 28.0 (IBM Co SPSS Inc, Chicago, IL) and
EZR.™

Intra- and interobserver reliability for strain values

Intra- and interobserver reliability was assessed using
randomly selected images taken at rest and during exercise

with an HR range of 80-130 bpm. The data sets were rean-
alysed at least 2 months after the initial assessment to evaluate
intraobserver reliability. For interobserver reliability, 2 inde-
pendent, well-trained observers performed a separate analysis.
A reliability threshold of more than 0.7 for intraclass corre-
lation coefficients (ICC) was considered statistically sufficient
to assess the reliability.

Results

Baseline characteristics

A total of 104 participants were prospectively enrolled in
the study. Four participants were subsequently excluded
because of the absence of officially proven COVID-19 or
unclear infection history (Fig. 1). The final cohort for the
resting cardiac assessment consisted of 100 participants, with
73 in the infected group and 27 in the control group. The
exercise testing by ESE was conducted on 55 participants
from the original cohort, compromising 40 from the
infected group and 15 from the control group. Both groups
exhibited similar characteristics, including age, sex, and body
size (Table 1). No participants were taking medication for
cardiovascular diseases. In the infected group, 85% were
asymptomatic or mildly symptomatic during the acute phase
of infection. Clinically significant dyspnea, fatigue, and ar-
rthythmias were not observed. Nearly all vaccinated partici-
pants (98%) received the Pfizer-BioNTech vaccine, with no
reported vaccine-related side effects. Vaccination rates were
higher in the control group. Compared with the control
group, the infected group showed no apparent reduction in
physical activity, as assessed by the MET-hours index in
sports per week.
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Table 1. Baseline characteristics in all and in subcohort for exercise stress echocardiography
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All (resting cardiac assessment)

Subcohort for ESE (exercise testing)

COVID-19 infected Control COVID-19 infected Control

Variables group (n = 73) group (n = 27) P group (n = 40) group (n = 15) P
Age (y) 12.0 [10.0-14.0] 13.0 [11.5-14.0] 0.20 13.0 [11.0-14.0] 14.0 [12.5-14.0] 0.49
Male, n (%) 62 (84.9) 20 (74.1) 0.25 40 (100.0) 15 (100.0) -
Height (cm) 160.8 + 15.9 163.0 + 14.5 0.52 165.5 + 14.5 164.6 + 15.6 0.84
Weight (kg) 50.8 [37.9-58.3] 50.2 [40.4-57.9] 0.89 53.9 [41.0-57.8] 53.2 [38.6-60.1] 0.90
BSA (mz) 1.51 [1.27-1.67] 1.51 [1.35-1.67] 0.68 1.57 [1.32-1.69] 1.59 [1.28-1.71] 0.93
SBP (mm Hg) 113.0 [107.0-116.0] 111.5 [108.0-121.0] 0.93 114.0 [109.3-119.0] 116.5 [109.5-126.0] 0.51
DBP (mm Hg) 62.0 [58.0-66.0] 62.0 [59.0-65.8] 0.89 62.0 [58.0-65.3] 62.0 [60.3-67.3] 0.40
Heart rate (bpm) 64.4 £+ 8.2 65.3 £ 9.9 0.66 64.0 9.2 63.8 £ 10.5 0.95
MET-hours index in 33.0 [22.5-58.8] 33.0 [10.7-55.6] 0.57 46.7 [30.3-75.6] 37.1 [15.1-51.9] 0.31

sports per week
COVID-19 Infected group Control group P Infected group Control group P
Time interval from 75.0 [43.0-121.0] 61.5 [39.3-103.5]

diagnosis (d)
Infection period, n (%)

First 7 (9.6) 2 (5.0)

Second 33 (45.2) 18 (45.0)

Third 33 (45.2) 20 (50.0)
Acute symptoms, n (%)

None 3 (4.1) 2 (5.0)

Mild 59 (80.8) 32 (80.0)

Mod 10 (13.7) 6 (15.0)

Severe 1 (1.4) 0
Prolonged symptoms, 55 (75.3) 36 (90.0)

n (%), none
Vaccination, n (%), yes 30 (41.1) 20 (74.1) <0.01 18 (45.0) 13 (86.7) 0.01

Parameters were expressed as mean & standard deviation. Continuous variables without a normal distribution were expressed as median [interquartile range].

MET-hours index in sports per week, sports activity time per week in sports club and leisure activity adjusted by metabolic equivalent.'” Acute symptoms are

classified with the severity score'' (Supplemental Fig. S1).

BSA, body surface area; ESE, exercise stress echocardiography; MET, metabolic equivalents of task; Mod, moderate; S(D)BP, systolic (diastolic) blood pressure.

Echocardiography at rest

There were no signs of global or localized myocardial
injury or pericardial effusion among the participants. In the
infected group, no abnormalities were observed in the ven-
tricular wall, suggesting the absence of edema or thinning. LV
wall thickness and LV volume were not meaningfully different
from those of the control group, with similar age and body
size (Table 2). The magnitude of the difference in LV septal s/
and the values between the 2 groups was clinically equivalent.
Furthermore, both groups’ LV strain values were similar,
indicating equivalent LV contractility (Table 2). In the RV,
the infected group exhibited a lower TAPSE value than the
controls. However, the measured values in both groups were
high above the threshold, indicating reduced contraction
(<17 mm for adults).” Considering the fractional area
change and RV strain value, the infected group demonstrated
no apparent reduction in RV contraction compared with the
controls. Consequently, the resting LV and RV contractions
observed in the infected group were similar to those in the
control group. LV diastolic parameters, including E wave, A
wave, and LV septal ¢/, were also equivalent between the 2
groups” (Table 2).

Expiratory gas analysis in exercise stress
echocardiography

Ninety-five percent of the participants reached the target
HR or achieved at least 1.05 of respiratory exchange ratio.

The infected group showed no apparent reduction in peak
oxygen consumption (VO,) (mL/min/kg). However, 15% of
participants in the infected group had a peak VO, lower than
40 mL/min/kg, the minimum value among the control par-
ticipants (Table 2). The mean AT value in ESE was approx-
imately 50% of peak VO,.

No parameters strongly correlated with baseline charac-
teristics and echocardiographic parameters related to peak
VO,. Under exercise, the rate of HR increase showed only a
weak correlation (r = 0.31, P = 0.02) with peak VO,
(Supplemental Table S1). Therefore, evaluating the time
trend and reladonship of parameters during exercise is
necessary for interpreting ESE data.

Physiological reactions to exercise and their relationships
evaluated via exercise stress echocardiography

The contractile reserve expressed by the change of CS,
LS, and s’ during exercise showed similar results between
the 2 groups (Table 2). Focusing on strain values, the
trends in CS and LS with changes in time and workload
were also not meaningfully different between the 2 groups
(Fig. 2).

Figure 3 provides parameter changes under exercise in
both groups. The increase in HR was notably higher after
30%-40% of the maximum workload, approximately 50%
of the peak VO,, and it meant around the AT. BP also
increased around this step. In contrast, the increase in strain
became smaller around this step. Because of limitations in
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Table 2. Resting echocardiography and exercise expiratory gas analysis and reserve of cardiac parameters

All (resting cardiac assessment)

Subcohort for ESE (exercise testing)

COVID-19 infected Control COVID-19 infected Control
Variables group (n = 73) group (n = 27) P group (n = 40) group (n = 15) P
Resting echocardiography
Left ventricle
IVSd (mm) 7.9 [7.2-9.1] 8.2 [7.3-9.1] 0.84 8.6 [7.6-9.2] 9.0 [7.6-9.4] 0.73
1VSd Z-score 1.36 £ 1.06 1.29 + 0.74 0.75 1.50 £ 0.99 1.51 £ 0.72 0.96
LVPWd (mm) 7.6 [7.0-8.7] 7.8 [7.0-8.2] 0.61 8.2 [7.5-9.0] 7.9 [7.4-8.2] 0.30
LVPWd Z-score 1.16 £+ 0.87 0.96 + 0.89 0.30 1.37 £ 0.90 1.17 £ 0.73 0.40
EDVI (mL/mz) 61.9 £ 8.9 622 £9.5 0.92 64.4 £+ 8.2 639 £7.0 0.85
ESVI (mL/mz) 22.7 £ 4.0 22.5 + 4.3 0.80 23.7 £ 4.0 23.0 £ 3.1 0.60
EF (%) 63.3 + 3.8 63.9 + 4.0 0.57 63.3 £ 3.9 63.8 + 3.9 0.68
CS (%) —273£29 —28.3 £ 2.9 0.14 —27.8 £3.0 —27.5 £ 3.3 0.74
GLS (%) —23.6 £ 2.0 —24.1 £ 23 0.40 —23.6 £2.2 —24.2 £ 2.7 0.45
LS (%) —23.8 £ 2.4 —24.9 £ 2.8 0.08 —24.2 £ 2.7 —24.9 £ 2.3 0.40
Septal s (cm/s) 7.3+ 0.9 7.8+ 1.0 0.02 73+ 1.0 7.6 £ 1.1 0.35
Septal ¢ (cm/s) 14.0 [12.5—-15.3] 14.6 [13.6-15.4] 0.18 13.9 [12.1-15.3] 14.6 [13.7-15.1] 0.40
E/e 7.0 [6.5-8.1] 7.3 [6.5-7.9] 0.88 7.3 [6.6-8.1] 7.71 [7.0-8.7] 0.37
E (cm/s) 100.1 [91.3-109.1] 108.3 [92.6-116.8]  0.19 101.3 [94.0-108.9] 110.8 [97.5-119.0] 0.08
A (cm/s) 45.7 [37.7-52.7] 43.4 [40.3-59.7] 0.41 44.6 [37.4-52.5] 54.5 [40.6-60.7] 0.12
Right ventricle
TAPSE (mm) 239 + 3.1 26.0 £+ 3.8 0.02 243 + 3.0 26.3 + 4.3 0.10
FAC (%) 45.0 [41.0-48.0] 43.5 [40.8-48.0] 0.76 45.0 [41.0-48.0] 41.0 [40.0-45.5] 0.14
Strain (%) —26.2 £ 29 —25.0 £ 3.0 0.09 —25.4 + 2.8 —24.8 + 3.1 0.52
Respiratory gas analysis (subcohort) Infected group Control group P
Rest VE/VCO, 247 £ 2.7 241+ 2.4 0.51
Anaerobic threshold
VO, (mL/min/kg) 234 + 4.7 24.5 + 4.0 0.45
Heart rate (bpm) 121.6 £ 11.5 126.4 + 12.7 0.20
Work load (W) 59.2 + 27.4 61.5 £ 24.6 0.78
Peak
VO, (mL/min/kg) 46.6 = 7.1 46.7 + 4.6 0.97
peak VO, <40 mL/min/kg (%) 6 (15.0) 0 0.17
Heart rate (bpm) 181.6 = 9.5 180.1 &+ 15.1 0.67
peak VO,/HR (mL/beat) 13.6 + 3.8 13.7 + 4.5 0.89
Work load (W) 160.8 + 53.8 153.2 4+ 54.0 0.64
RER 1.09 £+ 0.06 1.07 £ 0.03 0.20
VE/VCO, slope 27.0 £ 3.4 27.9 £3.7 0.44
Echocardiography under exercise Infected group Control group P
max/base BP (%) 160.2 £+ 25.6 163.6 + 25.2 0.66
max/base HR (%) 254.0 + 35.3 250.2 + 41.0 0.73
max/base CS (%) 121.0 £ 17.3 116.5 + 16.9 0.39
max/base LS (%) 125.4 + 15.1 123.3 + 16.9 0.67
max/base septal s’ (%) 210.4 + 43.6 210.1 + 47.4 0.98

The maximum value during exercise divided by the pre-exercise value was expressed as max/base. Parameters were expressed as mean + standard deviation.

Continuous variables without a normal distribution were expressed as median [interquartile range].

A, late diastolic velocity of mitral inflow; BP, blood pressure; CS, circumferential strain; E, early diastolic velocity of mitral inflow; €, early diastolic velocity of

mitral annular motion; ED (S) VI, left ventricular end-diastolic (systolic) volume index; EF, ejection fraction with modified Simpsons method; ESE, exercise stress

echocardiography; FAC, fractional area change; GLS, global longitudinal strain; HR, heart rate; IVSd, end-diastolic interventricular septum thickness; LS, longi-

tudinal strain (4-chamber); LVPW(d, end-diastolic left ventricle posterior wall thickness; RER, respiratory exchange ratios; s’, peak systolic mitral annular velocity;

TAPSE, tricuspid annular plane systolic excursion; VCO,, carbon dioxide production; VE, pulmonary ventilation; VE/VCO,, ventilatory equivalents for carbon

dioxide; VO,, oxygen consumption; VO,/HR, oxygen pulse.

image acquisition, strain values were occasionally not thor-
oughly evaluated under the maximum (90%-100%) or
submaximum (70%-80%) of the workload; however, both
parameters seemed to reach steady states from the sub-
maximum to early recovery. The curves of s’ followed HR
increase. The infected group showed reactions and relations
in systolic and diastolic parameters similar to the controls.
Changes in diastolic parameters are plotted in Supplemental
Figure S2. E and ¢ elevated, and E/e’ remained constant
under exercise.

Intra- and interobserver reliability in resting and exercise
stress echocardiography

Supplemental Table S2 provides the intra- and interob-
server reliability data. For intraobserver, the ICC surpassed 0.7
for all strain values at rest and during ESE. Regarding inter-
observer reliability, the ICC for CS under exercise was slightly
below 0.7. This could be attributed to the short-axis view
being influenced by frequent respiration and motion artefacts
under high-load exercise, requiring partially manual tracing
for CS.
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Figure 2. Time trends of myocardial strain during exercise. Both groups exhibited similar trends in longitudinal strain (graphs in the upper row, P =
0.08) and circumferential strain (in the lower row, P = 0.86). AT, anaerobic threshold; AT-+3min, 3 minutes after AT (the next workload after AT).

Discussion

The objective of the present study was to assess the impact
of COVID-19 infection on cardiovascular function at rest and
during exercise. From the resting cardiac assessment, most
baseline characteristics and TTE-R results did not reveal
specific abnormalities related to COVID-19 infection. In the
exercise testing, post—COVID-19 participants showed car-

diovascular responses to exercise similar to those of controls in
ESE with CPET.

Background: infection and the physical activity levels

The amount of physical activity assessed by the MET-
hours index per week was similar between the 2 groups.
However, the physical activity levels observed in this study
appear lower than those reported in previous studies con-
ducted before the pandemic (MET-hours index per week
average 47 in 11-13 years old and 52 in 14-17 years old)."
This discrepancy could be related to the pandemic, which
may have influenced the amount of physical activity recorded
during the study visit.

The influence of COVID-19 on cardiovascular function

and exercise tolerance

Several studies have reported on exercise tolerance after
COVID-19 infection using CPET with/without echocardi-
ography. In adults, peak VO, and an increase of EF under
exercise were reduced in post—COVID-19 patients, partic-
ularly those who experlencecl more than moderate symptoms
in the acute phase.”® A cohort study among adults with

moderate or severe infection showed that half of the patients
had percent-predicted peak VO, <80%, whereas LV
function was preserved.”” In young athletes with COVID-
19—related cardiac involvement, abnormalities during stress,
including ventricular ectopy, wall motion abnormalities,
and/or elevated ventilatory equivalents for carbon dioxide
(VE/VCQO,), were observed. However, VO, max and GLS
were not significantly different from cases without myocar-
dial 1nvolvement, although the study had a small sample
size.”® A meta-analysis indicated a mild reduction in exercise
tolerance among individuals with Long-COVID-19, with
factors such as deconditioning, dysfunctional breathing,
chronotroplc incompetence, and abnormal peripheral oxygen
extraction potentially contributing to reduced exercise
tolerance.”’

Resting echocardiographic parameters to evaluate
cardiac contraction and dilatation

Although intervendor differences should be accounted for
when measuring strain values, the LV and RV strain values in
the infected group in this study were clinically equivalent to
those of controls and within the reference values for the age
group.”’?” Regarding LV septal s', our data were deemed to
be w1th1n the normal range, glven that the standard threshold
for s on the LV lateral wall m adults is >8 cm/s.* The
reference values for LV lateral s in children and LV septal §'
are 7 and 6 cm/s, respectlvely TAPSE is a simple method to
evaluate RV function, with a standard threshold of 17 mm or
more for adults.”* However, TAPSE is an angle-dependent
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Figure 3. Rate of systolic parameters in LV and cardiovascular reaction during exercise (value under exercise/baseline [%]). The percentage of the
whole workload is presented on the horizontal line. The mean values of the increase from the pre-exercise baseline are shown on the vertical line.

Oxygen consumption (VO5,) and oxygen pulse (VO»/HR) are presented

as the rate per the maximum value during the exercise. The 10%-20% of the

workload has a small number of samples due to the protocol, and the 90%-100% of the workload has a low analysis rate due to the low feasibility of
echo evaluation under higher heart rate and respiration. 10-20, 10%-20% of the maximum workload; AT, anaerobic threshold; CS, circumferential
strain; HR, heart rate; LS, longitudinal strain (4-chamber); LV, left ventricular; mBP, mean blood pressure ; R2, recovery 2 minutes; s, peak systolic

mitral annular velocity; sBP, systolic blood pressure.

value and can occasionally overestimate or underestimate RV
function. RV strain is a more sensitive indicator of potential
RV dysfunctlon in patients with cardiac disease than
TAPSE.” In our study, a slight difference in height between
the groups may account for the variation in LV septal s’ and
TAPSE, as these values depend on body size.

We also evaluated LV diastolic function using parameters
reflecting elevated LV filling pressure, including E, A, and €.
Our findings indicated that these parameters were within
normal ranges, suggesting that LV diastolic function was not
significantly impaired in the infected group compared with
the controls. Furthermore, peak tricuspid regurgitation ve-
locity, left atrial volume index, and reservoir strain may be
assessed to provide comprehenswe insights into LV diastolic
function for adults;”® however, these were not evaluated i in the
present study. These parameters may be affected by age,”” and
reference values in children and adolescents are not well
defined and remain difficult to evaluate thoroughly.”

Contractile reserve and parameters assessed by exercise
stress echocardiography

Several parameters evaluate contractile reserve, including
the difference of left ventricular ejection fraction, wall motion
score index, the ratio between systolic arterlal pressure and LV
end-systolic volume, LV strain, and s'.” Because some pa-
rameters, such as ventricular volume, cannot be precisely
measured in children under exercise due to small heart size
and high HR, strain value and s’ under incremental load were
better for evaluation in the present research. Evaluating
intrinsic cardiac contractility is complex as preload and
afterload dynamically change under exercise. Under high heart

stimulation, contraction usually increases with an up-sloping
curve (force-frequency relatlonshlp) to the upper limitation,
typically around 125 bpm” or baseline HR +50 bpm."’
However, in patients with heart failure, contraction peaks at
a lower HR, for example, 100 bpm31 or baseline HR +10
bpm,”’ with a blpha51c or flat curve. Although the upper
limit HR for contraction in children remains unclear, the
increase in strain, especially LS, showed up-sloping curves and
reached a steady state in the present study (Fig. 3). Beyond the
upper limit of contraction, the significant increase in HR
more contributes to maintaining cardiac output.

Strong cardiac contraction does not simply mean good
function because cardiac efﬁc1ency should be con51dered in
the context of optlmal exercise oxygen demand.”’ Adequate
contractile reserve is required for increased HR, BP, and ox-
ygen demand. The diagnostic steps for cases with low peak
VO, and AT include confirming resting strain values
compared with normal thresholds and determining patho-
physiology during exercise by referring to the HR and con-
tractile reserve.

Concerning diastolic function, exercise tests can reveal an
elevation of LV filling pressure masked at rest in adults, such
as those with heart failure with preserved EF** or hypertrophic
cardiomyopathy.*’ Nonlnvaswe diastolic stress tests indicate 3
parameters: septal € <7 cm/s at baseline, septal E/e’ >15 with
exercise (or average E/e’ >14), and trlcuspld regurgitation
velocity >2.8 m/s with exercise.”* E and ¢ typlcally elevate
with incremental workload, and E/¢/ remains constant.
However, the role of E/e in assessmg LV filling pressure
under exercise is still controversial.*” Factors such as LV end-
diastolic stiffness, increased venous return as preload, and
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incomplete relaxation due to shortening of the diastolic phase
at high HR may affect this assessment.

The role of exercise stress
echocardiography—comparison with CMR

CMR has been a noninvasive tool in diagnosing myocarditis
in children.*° The original Lake Louise criteria, including T'; and
T, mapping in 2018, were more sensitive for diagnosing
myocarditis."” CMR’s efficacy was reported in diagnosing and
monitoring COVID-19—related or vaccine-associated myocar-
ditis lesions.”” CMR has a superior ability to detect inflammation
and fibrosis, can evaluate localized lesions, and is recommended
for patients with chest symptoms or abnormalities in other ex-
aminations. However, it is not always practical to perform CMR
on all post—COVID-19 patients, given health care economics
and resource limitations.” Regarding the duration with which
myocardial injury is detected, there have been reports of fulmi-
nant COVID-19—related myocarditds in which myocardial
injury findings via CMR persisted for 50-150 days.”’ In contrast
to other forms of viral myocarditis, patients with MIS-C-related
myocarditis tend to recover more rapidly.’” At the follow-up
CMR examination conducted 3-5 months later, only a few pa-
tients exhibited findings that met the criteria for myocarditis.”’

The advantages of ESE are the ability to assess cardiac
contraction in combination with other cardiovascular pa-
rameters and monitor arrthythmias during exercise. It can
provide helpful information for children and adolescents,
especially competitive athletes, concerned about when and
how to return to daily activities and sports in the subacute or
late stages of relatively mild COVID-19 infection or the
absence of abnormal cardiovascular findings at rest.

Limitations

Our study has limitations. As a single-centre investigation,
it may not fully capture the diversity of youth populations
across different regions or demographics. Despite our efforts
to reach out to female participants, the ESE assessment was
limited to male youth participants due to low female enrol-
ment. This restricts the generalizability of our ESE findings.
However, similar challenges regarding sex differences in in-
terest and willingness to participate have been reported in the
literature.”’>”” Future studies should explore the potential
causes for low female representation and implement strategies
to increase diverse participation.

Regarding the severity of cases, our infection group con-
sisted primarily of asymptomatic and mildly symptomatic
patients during the acute phase of infection. Consequently,
our findings may not reflect outcomes in moderate and severe
cases, which could potentially yield different results. From the
perspective of COVID-19 spread and vaccine development at
the time of study design, we selected the control group based
on the self-reported absence of clear infection history. Given
the subsequent widespread transmission, antibody testing
would have been ideal. However, because of limited resources,
we did not perform such testing. This introduces a potential
misclassification bias, as some asymptomatic infected in-
dividuals could have been inadvertently included among the
controls. Nevertheless, this scenario is not very likely because
most controls were enrolled before the large-scale pandemic
wave associated with the Omicron variant and subsequent

211

stay-at-home periods. Lastly, adjustments for factors such as
vaccination history and infection duration should be consid-
ered when estimating the impact of viral load on cardiovas-
cular function. However, our study lacked sufficient
participants for robust adjustment and matching,.

Conclusions

Among participants with a history of COVID-19 infection
and controls, we could not show any meaningful difference in
LV systolic and diastolic function, as well as in RV systolic
function, evaluated by TTE-R. Noninvasive evaluation by
ESE showed no apparent reduction in exercise tolerance or
cardiovascular response focusing on contractile reserve in the
infected group. This finding provides valuable insight for
children and adolescents concerned about resuming daily ac-
tivities and sports during the subacute and chronic stages of

COVID-19 infection.
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