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The risk of cardiovascular outcomes following SARS-CoV-2 infection has been
reported in adults, but evidence in children and adolescents is limited. This
paper assessed the risk of a multitude of cardiac signs, symptoms, and con-
ditions 28-179 days after infection, with outcomes stratified by the presence of
congenital heart defects (CHDs), using electronic health records (EHR) data
from 19 children’s hospitals and health institutions from the United States
within the RECOVER consortium between March 2020 and September 2023.
The cohort included 297,920 SARS-CoV-2-positive individuals and 915,402
SARS-CoV-2-negative controls. Every individual had at least a six-month follow-
up after cohort entry. Here we show that children and adolescents with prior
SARS-CoV-2 infection are at a statistically significant increased risk of various
cardiovascular outcomes, including hypertension, ventricular arrhythmias,
myocarditis, heart failure, cardiomyopathy, cardiac arrest, thromboembolism,
chest pain, and palpitations, compared to uninfected controls. These findings
were consistent among patients with and without CHDs. Awareness of the
heightened risk of cardiovascular disorders after SARS-CoV-2 infection can
lead to timely referrals, diagnostic evaluations, and management to mitigate
long-term cardiovascular complications in children and adolescents.

Recent research has highlighted post-acute sequelae of SARS-CoV-2
infection (PASC), a term encompassing post-acute or long-term health
issues following SARS-CoV-2 infection. The World Health Organization
(WHO) defines post-COVID-19 conditions (PCC) as symptoms occur-
ring 3 months from the onset of infection and lasting at least 2 months,
not attributable to alternative diagnoses™. In contrast, the National
Institute for Health and Care Excellence (NICE), Scottish Intercollegiate
Guidelines Network (SIGN), and Royal College of General Practitioners
(RCGP) differentiate between ‘ongoing symptomatic COVID-19’ (4 to
12 weeks) and ‘post-COVID-19 syndrome’ (beyond 12 weeks)>. In the
United States, the National Institutes of Health (NIH)* and the Centers

for Disease Control and Prevention (CDC)’ define PASC as new,
returning, or ongoing health problems present at least four weeks after
infection. Additionally, the EpiCore network and other international
organizations have developed diverse definitions tailored to their
healthcare settings®. Despite slight variations in definitions across
organizations, PASC is recognized as a complex condition affecting
multiple organ systems, including the cardiovascular system’®,

While studies have reported increased long-term cardiovascular
risks in adults following SARS-CoV-2 infection’, the incidence of
PASC-related cardiovascular outcomes in children and adolescents is
less clear. Pediatric studies have primarily focused on general
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cardiorespiratory signs and symptoms®”, myocarditis, pericarditis,

and multisystem inflammatory syndrome in children associated with
COVID-19 (MIS-C)'*?, often with short follow-up periods. In adults,
those with pre-existing cardiovascular risk factors or established car-
diovascular disease face a higher risk of severe COVID-19 and cardio-
vascular PASC*?. In children and adolescents, congenital heart
disease (CHD) constitutes the most common congenital disorder*, but
its effect on the risk of developing cardiovascular PASC has not been
reported.

Our study utilizes data from the Researching COVID to Enhance
Recovery (RECOVER) electronic health records (EHR) system to con-
duct a thorough evaluation of cardiovascular signs, symptoms, and
conditions in children and adolescents with and without CHDs, to
understand the post-acute cardiovascular impacts 28 to 179 days after
SARS-CoV-2 infection. In our study, we followed a definition commonly
used in pediatric literature®* %, focusing on features occurring
between 28 and 179 days after the index date. This timeframe aligns
with the post-acute phase while capturing meaningful cardiovascular
outcomes in children and adolescents.

Results
Cohort identification
We conducted a retrospective study from March 1, 2020, to September
1,2023, to evaluate the risk of cardiovascular outcomes in the pediatric
population during a standardized follow-up period of 28 to 179 days
after SARS-CoV-2 infection. The study included patients under 21 with
documented interactions within the healthcare system with certain
institutions, excluding those with diagnoses of MIS-C, Kawasaki dis-
ease, chronic kidney disease (CKD), or end-stage kidney disease
(ESKD). A detailed summary of the participant selection for both SARS-
CoV-2 positive and negative groups is shown in Fig. 1.

Within the RECOVER network, we identified a total of 297,920
SARS-CoV-2-positive individuals (24.6%; 13,646 with CHDs, 284,274

1 145 937 patients had at least one positive test/
COVID-19 diagnosis/PASC diagnosis
during 2020-03-01 ~ 2023-03-06,
captured in the RECOVER database

595 280 Excluded:
259 571 Patients had no visit during the baseline period?
228 683 Patients had no visit during the follow-up period?
107 026 Patients aged > 21 at cohort entry

550 657 Eligible for age constraint and interaction with the health system

248 792 Excluded:
Patients with incomplete demographic information*

301 865 Patients with complete demographic information

3 945 Excluded:
912 Patients had diagnosis of MIS-C during 2020-03-01 ~ 2023-09-01
454 Patients had diagnosis of Kawasaki disease during 2020-03-01 ~ 2023-09-01
2 579 Patients had diagnosis of CKD and ESKD during 2020-03-01 ~ 2023-09-01
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Fig. 1| Selection of individuals for both SARS-CoV-2-positive and SARS-CoV-2-
negative patients, stratified by CHD status. Flowchart illustrating the selection
process for SARS-CoV-2-positive and SARS-CoV-2-negative individuals from March
2020 to March 2023, stratified by CHD status. All individuals identified by this
process were included after propensity score stratification and therefore included

without) and 915,402 SARS-CoV-2-negative controls (75.4%; 46,962
with CHDs, 868,440 without). Among these patients, 623,806 (51.4%)
were male with a mean (SD) age of 7.75 (6.11) years.

The baseline characteristics stratified by SARS-CoV-2 infection and
CHD status are detailed in Table 1. Among the SARS-CoV-2-positive
cohort, there were 124,301 Non-Hispanic White (NHW) patients (41.7%),
53,446 Non-Hispanic Black (NHB) patients (17.9%), 74,031 Hispanic
patients (24.8%), 14,159 Asian American or Pacific Islander (AAPI) patients
(4.8%), and others classified as multiple or unknown. In the SARS-CoV-2-
negative cohort, 418,445 patients were NHW (45.7%), 154,870 were NHB
(16.9%), 196,687 were Hispanic (21.5%), 43,783 were AAPI (4.8%), and the
remainder were categorized as multiple or unknown.

The majority of patients entered the cohort between late 2021 and
early 2022. Patients with CHD tended to be younger, more often males,
had a higher Pediatric Medical Complexity Algorithm (PMCA)*® index
indicative of complex chronic condition, were more likely to undergo
COVID-19 testing, and were less likely to be vaccinated compared to
those without CHD in the database.

Statistical methods

We assessed the incidence of post-acute cardiovascular outcomes in
both SARS-CoV-2-positive and negative cohorts. To account for a large
number of measured confounding variables collected prior to cohort
entry, we employed propensity score stratification” ', To estimate the
relative risk (RR) for each outcome comparing the SARS-CoV-2-
positive and negative groups, we used a stratified modified Poisson
regression model for binary outcomes. All analyses were further stra-
tified based on the presence or absence of CHD to provide subgroup-
specific insights.

Incidence of post-acute cardiovascular events
Table 2 presents the incidence of 18 individual and 6 composite
post-acute cardiovascular outcomes for SARS-CoV-2-positive

3 512 986 patients had at least one negative test?, all virus tests
are negative and had no diagnosis of COVID-19,
PASC or MIS-C during 2020-03-01 ~ 2023-03-06,
captured in the RECOVER database

818 907 Excluded:
978 073 Patients had no visit during the baseline period?
818 907 Patients had no visit during the follow-up period?
237 003 Patients aged > 21 at cohort entry

1479 003 Eligible for age constraint and interaction with the health system

555 696 Excluded:
Patients with incomplete demographic information*

923 307 Patients with complete demographic information

7 905 Excluded:
8 Patients had diagnosis of MIS-C during 2020-03-01 ~ 2023-09-01
1 070 Patients had diagnosis of Kawasaki disease during 2020-03-01 ~ 2023-09-01
6 827 Patients had diagnosis of CKD and ESKD during 2020-03-01 ~ 2023-09-01

>

1 Including PCR, antigen,
l and serology tests.
‘ 46 962 with CHD ‘ ‘ 868 440 without CHD ‘ % 24 months to 7 days

before the index date

3: 28 days to 179 days
after the index date

4 Including COVID-19 test
results, vaccine records,
race/ethnicity, and sex.
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‘ Analysis cohort for SARS-CoV-2-negative patients ‘

in the analyses. Abbreviation: PASC post-acute sequelae of SARS-CoV-2 infection,
PCR polymerase chain reaction, MIS-C multisystem inflammatory syndrome in
children, CKD chronic kidney disease, ESKD end-stage kidney disease, CHD con-
genital heart defects.
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Table 1| Baseline characteristics of patients, stratified by SARS-CoV-2 status and CHD status

SARS-CoV-2-positive

SARS-CoV-2-negative

CHD (N=13,646) Non-CHD Overall CHD (N=46,962) Non-CHD Overall

(N =284,274) (N=297,920) (N=868,440) (N =915,402)
Age
Median [Q1, Q3] 3.0[1.0, 8.0] 8.0[2.0,14.0] 8.0 [2.0,14.0] 3.0[1.0, 8.0] 7.0 [2.0,13.0] 6.0 [2.0, 13.0]
Age Category, no. (%)
0-4y 8036 (58.9) 101,218 (35.6) 109,254 (36.7) 27,541 (58.6) 336,808 (38.8) 364,349 (39.8)
5-1y 3387 (24.8) 81,807 (28.8) 85,194 (28.6) 12,245 (26.1) 270,138 (31.1) 282,383 (30.8)
12-20y 2223 (16.3) 101,249 (35.6) 103,472 (34.7) 7176 (15.3) 261,494 (30.1) 268,670 (29.4)
Sex, no. (%)
Female 6333 (46.4) 141,868 (49.9) 148,201 (49.7) 22,066 (47.0) 419,249 (48.3) 441,315 (48.2)
Male 7313 (53.6) 142,406 (50.1) 149,719 (50.3) 24,896 (53.0) 449,191 (51.7) 474,087 (51.8)
Race/Ethnicity, no. (%)
NHW 6247 (45.8) 118,054 (41.5) 124,301 (41.7) 23,067 (49.1) 395,378 (45.5) 218,445 (45.7)
NHB 2307 (16.9) 51,139 (18.0) 53,446 (17.9) 7294 (15.5) 147,576 (17.0) 154,870 (16.9)
Hispanic 3197 (23.4) 70,834 (24.9) 74,031 (24.8) 9662 (20.6) 187,025 (21.5) 196,687 (21.5)
AAPI 586 (4.3) 13,573 (4.8) 14,159 (4.8) 2124 (4.5) 41,659 (4.8) 43,783 (4.8)
Multiple 400 (2.9) 7493 (2.6) 7893 (2.6) 1486 (3.2) 26,357 (3.0) 27,843 (3.0)
Other/Unknown 909 (6.7) 23,181(8.2) 24,090 (8.1) 3329 (7.1) 70,445 (8.1) 73,774 (8.1)
Obesity, no. (%)
No 8861 (64.9) 149,365 (52.5) 158,226 (53.1) 31,985 (68.1) 495,600 (57.1) 527,585 (57.6)
Yes 4425 (32.4) 110,883 (39.0) 115,308 (38.7) 13,057 (27.8) 288,267 (33.2) 301,324 (32.9)
Unknown 360 (2.6) 24,026 (8.5) 24,386 (8.2) 1920 (4.1) 84,573 (9.7) 86,493 (9.4)
PMCA, no. (%)
No chronic condition 3172 (23.2) 202,897 (71.4) 206,069 (69.2) 12,383 (26.4) 619,127 (71.3) 631,510 (69.0)
Non-complex 2544 (18.6) 48,078 (16.9) 50,622 (17.0) 8759 (18.7) 146,594 (16.9) 155,353 (17.0)
chronic condition
Complex chronic 7930 (58.1) 33,299 (11.7) 41,229 (13.8) 25,820 (55.0) 102,719 (11.8) 128,539 (14.0)

condition

Number of negative COVID-19 tests before index date, no. (%)

0 5633 (41.3) 169,814 (59.7) 175,447 (58.9) 29,732 (63.3) 649,004 (74.7) 678,736 (74.1)
1 2855 (20.9) 60,909 (21.4) 63,764 (21.4) 8764 (18.7) 141,107 (16.2) 149,871 (16.4)
2 1605 (11.8) 25,685 (9.0) 27,290 (9.2) 3637 (7.7) 44,266 (5.1) 47,9083 (5.2)
23 3553 (26.0) 27,866 (9.8) 31,419 (10.5) 4829 (10.3) 34,063 (3.9) 38,892 (4.2)
Dosage of COVID-19 vaccine, no. (%)

0 9995 (73.2) 175,674 (61.8) 185,669 (62.3) 34,796 (74.1) 566,168 (65.2) 600,964 (65.7)
1 773 (5.7) 17,218 (6.1) 17,991 (6.0) 2336 (5.0) 46,143 (5.3) 48,479 (5.3)
22 2,878 (21.1) 91,382 (32.1) 94,260 (31.6) 9830 (20.9) 256,129 (29.5) 265,959 (29.1)

CHD congenital heart defects, NHW Non-Hispanic White, NHB Non-Hispanic Black, AAPI Asian American or Pacific Islander, PMCA Pediatric Medical Complexity Algorithm (a validated algorithm used

to classify pediatric patients based on medical complexity).

compared to SARS-CoV-2-negative patients, stratified by CHD
status. The data indicate that SARS-CoV-2-positive patients gen-
erally have higher incidences in both CHD and non-CHD groups.
For example, the absolute risk of heart failure was 1.61% in SARS-
CoV-2-positive patients with CHD, compared to 1.18% in their
SARS-CoV-2-negative counterparts. Similarly, chest pain inci-
dence was 1.23% in SARS-CoV-2-positive patients without CHD,
versus 0.61% in SARS-CoV-2-negative patients. Overall, the CHD
group showed higher absolute risks of any post-acute cardiovas-
cular outcomes than the non-CHD group, with 5.57% for positive
and 4.00% for negative patients with CHD, compared to 2.19% and
1.26% respectively in those without CHD.

Adjusted relative risk of post-acute cardiovascular outcomes

The SARS-CoV-2 positive and negative patients achieved empirical
equipoise (Figure S2)***, implying the majority of individuals in both
the treatment (SARS-CoV-2-positive) and control (SARS-CoV-2-
negative) groups have similar probabilities of belonging to either

group based on their observed characteristics. The two groups have
well-balanced characteristics after propensity score stratification
(Figure S3). Figure 2 highlights that post-acute cardiovascular out-
comes are higher in both CHD and non-CHD groups among patients
post-infection compared to negative ones.

Composite outcomes demonstrated increased risks in both
groups. For CHD patients, there were increases across any cardiovas-
cular outcome (RR, 1.63; 95% Cl, 1.47-1.80), arrhythmias (RR, 1.52; 95%
Cl, 1.22-1.89), other cardiac disorders (RR, 1.69; 95% CI, 1.46-1.96),
thrombotic disorders (RR, 1.42; 95% CI, 1.13-1.78), and cardiovascular-
related symptoms (RR, 1.95; 95% Cl, 1.66-2.31). For non-CHD patients,
increases were noted in any cardiovascular outcome (RR, 1.63; 95% ClI,
1.57-1.69), arrhythmias (RR, 1.47; 95% Cl, 1.24-1.75), inflammatory heart
disease (RR, 2.92; 95% Cl, 2.25-3.78), other cardiac disorders (RR, 1.50;
95% Cl, 1.26-1.78), thrombotic disorders (RR, 1.26; 95% Cl, 1.09-1.45),
and cardiovascular-related symptoms (RR, 1.68; 95% ClI, 1.62-1.75).

Individual outcomes also showed increased risks. CHD patients
experienced higher risks in hypertension (RR, 1.58; 95% ClI, 1.32-1.89),
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Outcome Name CHD RR (95% CI) non-CHD RR (95% CI)
Hypertension Hypertension | —-— 1.58 (1.32 to 1.89) |- 1.47 (1.35 to 1.60)
Atrial fibrillation ——— 264 (1.15 to 6.05) — 1.02 (0.56 to 1.86)
. Ventricular arrhythmias | —— 1.50 (1.18 to 1.89) | —— 1.49 (1.23 to 1.81)

Arrhythmias X 1 |
Atrial flutter ——— 0.93 (0.42 to 2.07) B e — 1.52 (0.59 to 3.90)
Premature atrial or ventricular contractions e a— 1.36 (0.58 to 3.21) e— 1.77 (1.07 to 2.95)
Inflammatory Pericarditis — 1.29 (0.62 to 2.69) A — 1.85 (1.22 t0 2.81)
heart disease Myocarditis | ———————=—>3.82(1.35110.78) ! —=—> 3.66 (2.67 to 5.01)
Heart failure Lo 1.77 (1.48 t0 2.10) | —— 1.76 (1.24 to 2.48)
Other cardiac Cardiomyopathy ) == 1.78 (1.33 t0 2.38) == 1.50 (1.19 to 1.90)
disorders Cardiac arrest —— 1.45 (1.06 to 1.98) | 1.56 (1.19 to 2.03)
Cardiogenic shock o 1.39 (0.80 to 2.42) | ————=——>3.15(1.54106.43)
Pulmonary embolism e 2.02 (0.96 to 4.22) | —— 1.61 (1.15 to 2.24)
Thrombotic Deep vein thrombosis —f—-— 1.61 (0.79 to 3.28) —‘,-— 1.04 (0.67 to 1.60)
disorders Thrombophlebitis | ———=—————> 265 (1.18 to 5.96) —— 1.06 (0.76 to 1.49)
Thromboembolism | —— 1.44 (1.14 t0 1.81) |- 1.30 (1.12 to 1.52)
Cardiovascular-  Chest pain | 2.01 (1.64 to 2.46) ;. 1.84 (1.75 to 1.92)
related Palpitations | —— 2.14 (1.57 t0 2.92) L - 1.98 (1.83 to 2.16)
symptoms Syncope — 1.39 (0.98 to 1.98) |- 1.30 (1.21 to 1.40)
051 2 2 051 2 2
Any cardiovascular outcome : - 1.63 (1.47 to 1.80) 2 O 1.63 (1.57 to 1.69)
Any arrhythmias | 1.52 (1.22 to 1.89) i 1.47 (1.24 t0 1.75)
Composite Any inflammatory heart disease I— 1.65 (0.89 to 3.04) . —=—— 292 (2.25t0 3.78)
outcomes Any other cardiac disorders .- 1.69 (1.46 to 1.96) |- 1.50 (1.26 to 1.78)
Any thrombotic disorders = 1.42 (1.13 to 1.78) - 1.26 (1.09 to 1.45)
Any cardiovascular-related symptoms . 1.95 (1.66 to 2.31) .. 1.68 (1.62 to 1.75)
051 2 ) 051 2 2

Fig. 2 | Relative risk (RR) of incident post-acute cardiovascular outcomes
compared with the SARS-CoV-2-negative cohort, stratified by CHD status.
Forest plot presenting relative risk (RR) of post-acute cardiovascular outcomes
comparing SARS-CoV-2-positive cohort (n =297,920 patients) with SARS-CoV-2-
negative cohort (n = 915,402 patients), stratified by congenital heart defects (CHD)
status. Composite outcomes consisted of arrhythmias (atrial fibrillation, ventricular
arrhythmias, atrial flutter, and premature atrial or ventricular contractions),

inflammatory heart disease (pericarditis and myocarditis), other cardiac disorders
(heart failure, cardiomyopathy, cardiac arrest, and cardiogenic shock), thrombotic
disorders (pulmonary embolism, deep vein thrombosis, thrombophlebitis, and
thromboembolism), cardiovascular-related symptoms (chest pain, palpitations,
and syncope), and any cardiovascular outcome (incident occurrence of any cardi-
ovascular outcome studied). The error bars showed the 95% confidence interval
(CI) of the estimated RR.

atrial fibrillation (RR, 2.64; 95% Cl, 1.15-6.05), ventricular arrhythmias (RR,
1.50; 95% Cl, 1.18-1.89), myocarditis (RR, 3.82; 95% ClI, 1.35-10.78), heart
failure (RR, 1.77; 95% Cl, 1.48-2.10), cardiomyopathy (RR, 1.78, 95% ClI,
1.33-2.38), cardiac arrest (RR, 1.45; 95% ClI, 1.06-1.98), thrombophlebitis
(RR, 2.65; 95% ClI, 1.18-5.96), thromboembolism (RR, 1.44; 95% ClI,
1.14-1.81), chest pain (RR, 2.01; 95% Cl, 1.64-2.46), and palpitations (RR,
2.14; 95% Cl, 1.57-2.92). Non-CHD patients saw increased risks in hyper-
tension (RR, 1.47; 95% Cl, 1.35-1.60), ventricular arrhythmias (RR, 1.49;
95% Cl, 1.23-1.81), premature atrial or ventricular contractions (RR, 1.77;
95% CI 1.07-2.95), pericarditis (RR, 1.85; 95% ClI, 1.22-2.81), myocarditis
(RR, 3.66; 95% Cl, 2.67-5.01), heart failure (RR, 1.76; 95% ClI, 1.24-2.48),
cardiomyopathy (RR, 1.50; 95% Cl, 1.19-1.90), cardiac arrest (RR, 1.56; 95%
Cl, 1.19-2.03), cardiogenic shock (RR, 3.15; 95% ClI, 1.54-6.43), pulmonary
embolism (RR, 1.61; 95% Cl, 1.15-2.24), thromboembolism (RR, 1.30; 95%
Cl, 1.12-1.52), chest pain (RR, 1.84; 95% ClI, 1.75-1.92), palpitations (RR,
1.98; 95% Cl, 1.83-2.16), and syncope (RR, 1.30; 95% CI, 1.21-1.40).

Figure 3 demonstrated that the risks of post-acute cardiovascular
composite outcomes were evident across age groups, race/ethnicity,
sex, obesity status, severity of acute COVID-19, and dominant virus
variants.

Sensitivity analysis

We performed extensive sensitivity analyses to evaluate the robust-
ness of our findings, incorporating death as an outcome, conducting
negative control experiments to address systematic bias and control
unmeasured confounders, analyzing across different selected

populations, assessing potential overlap with other respiratory infec-
tions, and carrying out a series of subgroup analyses.

No significant associations were identified in the analysis of death
as an outcome (Section S4). Negative control experiments (Section S5)
indicated a slight systematic error, as shown by a minor shift in point
estimates with wider Cls. Analyses excluding patients solely based on
PASC (Section S6), those without prior cardiovascular history within
the baseline period (Section S7), those from the first COVID-19 wave
(March to May 2020, Section S8), and those at site L (Section S9), all
gave similar results as in the primary analyses. Among both SARS-CoV-
2 positive and negative groups, the presence or absence of flu or
respiratory syncytial virus (RSV) infection did not affect the incidence
of cardiovascular outcomes. However, when comparing patients with
SARS-CoV-2 infection to those without, regardless of their flu or RSV
status, the incidence of most cardiovascular outcomes remained
higher in the SARS-CoV-2-positive group (Section S10). Among
immunocompromised individuals, a higher risk of cardiovascular
outcomes was observed, regardless of the CHD status. (Section S11).
Adolescents over 12 and children aged 5 to 11 displayed higher risks of
any cardiovascular outcomes compared to children under 5 (Sec-
tion S12). NHW patients exhibited the highest risks of any cardiovas-
cular outcome, followed by Hispanic and NHB groups (Section S13).
Sex differences were noted: females showed higher risks for hyper-
tension, deep vein thrombosis, and cardiac arrest, whereas males were
more prone to premature atrial or ventricular contractions, pulmonary
embolism, and thrombophlebitis (Section S14). Obesity was associated
with increased risks of ventricular arrhythmias, premature atrial or
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Any cardiovascular . Inflammatory Other cardiac Thrombotic Cardiovascular-related
Arrhythmias . . .
outcome heart disease disorders disorders symptoms
Yes | - | - B | - R [
CHD 1 1 1 [ 1 1
No I m | - | —. I | I m
I 1 | 1 | 1
0tod | = i L — [ - I -
1 | 1 [ | 1
Age (years) 5to11 : - i : : —-— : —a— : -
12to 20 [ - | — N i, e
I 1 | 1 | 1
NHW I = | - | —_— | = |- [
1 1 1 1 | 1
Race/Ethnicity  Hispanic [ - 1 —_—> |—— —— [
1 1 1 [ 1 1
NHB | - —— —— | —-— | —.— | -
Male ] L] ; —-— | — — ; - |+ ; -
Sex 1 1 [ [ 1 1
Female (. |- 1 — | .- - [
T T T T T T
. Yes | = | —-— | —.— | —-— |—-— | =
Obesity I l | | | |
No | = .- | —a— | - - | o=
Severe : - : —— : D ——— : —a— : —-— : -
Severity | \ | \ | |
Non-severe | o= | - | — | - | - L
1 [ [ [ 1 [
pre-Delta | - [ == | —_—.— | - | -
. 1 1 [ 1 [ 1
Virus Delta ;= — | —— | | (s
1 | 1 1 1 1
Omicron | = | T . | TR (el | =
T | | T I 1 T I 1 T I 1 T | 1 [T | 1
0.5 2 3 0.51 2 3 0.51 2 4.5 0.51 2 3 0.51 2 3 0.5 2 3

Fig. 3 | Subgroup analyses of Relative risk (RR) of incident post-acute compo-
site cardiovascular outcomes compared with the SARS-CoV-2-negative cohort.
Forest plot presenting relative risk (RR) of post-acute cardiovascular outcomes
comparing SARS-CoV-2-positive cohort (n=297,920 patients) with SARS-CoV-2-
negative cohort (n=915,402 patients). The results are stratified according to

RR (95% Cl)

congenital heart defects (CHD) status, age, race/ethnicity, sex, obesity, severity
during the acute phase of COVID-19, and the dominant variant. The error bars
showed the 95% confidence interval (CI) of the estimated RR. Source data are
provided in Supplementary Table S11. Abbreviation: NHW Non-Hispanic White,
NHB Non-Hispanic Black.

ventricular contractions, cardiogenic shock, pulmonary embolism,
and thrombophlebitis, but lower risks of cardiovascular-related
symptoms (Section S15). Patients with severe COVID-19 during the
acute phase had higher risks across all composite cardiovascular out-
comes compared to the non-severe group (Section S16). The pre-Delta
period saw the highest risk of any cardiovascular outcome, with con-
sistent risks observed across all dominant virus variants (Section S17).
The interaction testing for subgroup analyses is available in
Section S18.

Discussion

Our study involved 297,920 children and adolescents with SARS-CoV-2
infection and 915,402 without SARS-CoV-2 infection. We found that
those infected with SARS-CoV-2 exhibited increased risks for a range of
post-acute cardiovascular outcomes, with RR between 1.26 and 2.92.
These outcomes included hypertension, ventricular arrhythmias,
myocarditis, heart failure, cardiomyopathy, cardiogenic shock,
thromboembolism, chest pain, and palpitations, compared to non-
infected controls. These findings applied to patients both with and
without CHDs, although children with CHD showed a notably higher
risk of atrial fibrillation. Especially noteworthy was the increased risk of
myocarditis and pericarditis (inflammatory heart disease) in both
groups consistent with prior studies showing an increased occurrence
of myocarditis in the months following the diagnosis of COVID-19,
across different ages and sexes®*'***. The composite outcome of
inflammatory heart disease was more common in the non-CHD group,
suggesting potentially distinct mechanisms of risk in this population
that warrant further investigation. Similarly, while cardiogenic shock
showed a higher RR in the non-CHD group, it remained a rare event in
both CHD and non-CHD groups. A cautious interpretation is needed
due to the limited number of cases. Studies have shown that children
generally experience fewer acute complications compared to adults. In
children, cardiogenic shock, when it occurred, was most often
observed in the setting of MIS-C*® or myocarditis®, both of which have
been reported more frequently during the post-acute phase (28-179

days) of SARS-CoV-2 infection. Palpitations and chest pain showed
high RRs in our study, aligning with the global literature on PPC*173%41,
Although these symptoms are subjective, they have been consistently
reported as part of the PASC in both pediatric and adult populations.
Risks were consistently observed regardless of age, sex, race/ethnicity,
obesity status, severity of acute COVID-19, or virus variant. Even
children and adolescents without a history of any cardiovascular
outcomes before SARS-CoV-2 infection showed increased risks, sug-
gesting a broad potential impact on those previously considered at low
risk of cardiovascular disease. Our results were robust through
extensive sensitivity analyses and negative control experiments.

Our analysis found similar cardiovascular outcomes in children
infected with the Delta and Omicron variants, despite some adult
studies suggesting higher risks associated with the Delta variant****,
This difference may stem from children’s generally lower baseline risk
of severe COVID-19 complications, distinct immune responses, and
viral pathogenicity compared to adults. Additionally, increasing vac-
cination rates, advancements in pediatric COVID-19 care, and evolving
public health measures may have reduced potential differences in
cardiovascular outcomes between these variants in pediatric popula-
tions. These findings highlight the importance of considering age and
population-specific factors when studying variant-specific effects.

This study observed an association between obesity and
increased risks for certain severe cardiovascular outcomes, coupled
with lower risks for cardiovascular symptoms, in children and ado-
lescents. While these findings were not substantial, they highlight the
complexity of obesity-related cardiovascular health in pediatric
populations. Obesity-related complications, including cardiovascular
outcomes, typically evolve over a longer period and may not fully
manifest within the follow-up period of 28 to 179 days. Future studies
with longer follow-up periods and comprehensive assessments are
warranted to better understand the long-term cardiovascular impli-
cations of obesity in pediatric populations.

It is important to note that our primary analysis utilized pro-
pensity score models to ensure comparability between SARS-CoV-2-
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positive and SARS-CoV-2-negative patients within the CHD and non-
CHD groups separately. However, CHD and non-CHD groups were not
balanced against each other; rather, they were analyzed as stratified
populations. This approach allowed us to reflect on the increased risk
after SARS-CoV-2 infection within these specific subpopulations with-
out direct comparisons between CHD and non-CHD groups.

Our study has several strengths. First, we used the RECOVER EHR
database to build a large cohort with and without SARS-CoV-2 infec-
tion, providing longitudinal follow-up throughout the post-acute per-
iod, which extended past findings in both populations and outcomes
definitions. Second, propensity score stratification, accommodating
hundreds of covariates while balancing the covariates in the two
comparative groups, improved confounder adjustment over tradi-
tional linear regression, and reduced non-linear confounder effects®™.
Third, all analyses were stratified by CHD status, a unique considera-
tion in the pediatric setting. A detailed breakdown of CHD types is also
provided, offering valuable insights into how specific congenital heart
defects influence post-acute cardiovascular outcomes. We also
employed RR as our comparative measure, important for its
collapsibility* and accurate interpretation in clinical research*. Lastly,
we conducted extensive sensitivity analyses to examine the robustness
of our findings, including negative control experiments*’*® to address
systematic bias and control unmeasured confounders, analyses across
different selected populations, an evaluation of potential overlap with
other respiratory infections, and a series of subgroup analyses.

The COVID-19 pandemic prompted the widespread use of social
distancing, masking, subsequently vaccines, and medications. As acute
cases declined, attention shifted towards long-term sequelae like car-
diovascular PASC, particularly significant in pediatric patients,
including competitive athletes with a history of COVID-19 and any
subsequent cardiac complications***°. The substantial risks of post-
acute cardiovascular effects of SARS-CoV-2 in pediatrics call for dedi-
cated healthcare resource allocation and long-term monitoring
focused on cardiovascular health.

Limitations

This study has several limitations. First, selecting high-quality SARS-
CoV-2 controls is challenging due to potential misclassification®; to
mitigate this, we incorporated a combination of PCR, antigen, and
serology tests, along with diagnosis codes for COVID-19 and PASC, to
define our SARS-CoV-2 control group more accurately. Despite these
efforts, some individuals in the control group may have experienced
asymptomatic or undiagnosed SARS-CoV-2 infections, especially dur-
ing and after 2021, when exposure became widespread in pediatric
populations. This potential misclassification could dilute observed
differences between the SARS-CoV-2-positive and control groups,
leading to an underestimation of the true impact of SARS-CoV-2
infection on cardiovascular outcomes. In addition, the increased use of
at-home rapid antigen tests later in the pandemic may have resulted in
underreported testing frequencies in EHRs. On the other hand,
although historical or pre-pandemic controls have been suggested,
this introduces distinct difficulties for pediatric research due to the
dynamic nature of rapid physical growth and physiological, cognitive,
emotional, and social development in children and adolescents, which
may not align with pre-pandemic benchmarks and could potentially
lead to misleading results. Therefore, we used contemporary controls
in our primary analyses for a valid comparison. Nonetheless, our sen-
sitivity analyses across different pandemic phases were consistent,
showing resilience to the influence of viral variants and mitigating
concerns about data capture completeness.

Second, observational studies inherently face the challenge of
confounding bias. To mitigate this, we used a propensity-score-based
stratification approach and included a large number of potential
confounders. We also incorporated the negative control
experiments**® in our sensitivity analyses to adjust for unmeasured

confounders. However, EHR data may still suffer from misclassification
biases, such as incorrect documentation of SARS-CoV-2 infection sta-
tus or incomplete follow-up data. Some efforts to lessen these biases
have been made*’*5°>%,

Third, the frequency of hospital visits®* by SARS-CoV-2-positive
patients might bias the observed post-acute cardiovascular outcomes
upward, as these patients may visit hospitals more frequently. We tried
to address this by including healthcare utilization factors such as
hospital visits and tests as confounders to balance the comparison
groups.

Fourth, this study did not exclude patients who had undergone
surgical correction, as these individuals may still have residual or
ongoing heart disease, which could influence their risk profile. Further
stratification of risks by CHD subtypes and surgical correction status is
an important area for future research, particularly in identifying which
subgroups are at greatest risk for adverse cardiovascular outcomes
following SARS-CoV-2 infection. This information could inform tar-
geted preventive strategies, such as proactive immunization or early
interventions, for those most vulnerable.

Fifth, our analysis did not account for reinfection or COVID-19
vaccinations during the study period, which could affect outcomes like
myocarditis or pericarditis'®**". We included the dosage of COVID-19
vaccines and the interval since the last immunization as confounders
to partially adjust for these variables to make SARS-CoV-2-positive and
SARS-CoV-2-negative groups more comparable, but vaccinations and
tests conducted outside hospital systems may not be captured accu-
rately in the EHR.

In addition, cardiovascular diagnoses were based on ICD or
SNOMED codes without chart review confirmation, which can lead to
misclassification. Also, the absence of family history data in our EHR
limits understanding of the predisposition of patients to cardiovas-
cular conditions due to familial trends.

Although this study focuses on pediatric populations in the Uni-
ted States, healthcare practices, testing protocols, and population
characteristics differ across countries. While definitions and timeframe
for PASC conditions may differ, our findings are consistent with similar
reports of post-acute cardiovascular outcomes in pediatric popula-
tions globally, including studies from Europe and other
regions'**9458-60_yglidation of these findings in European or UK
populations would provide important insights into the generalizability
of the observed associations and help address differences in health-
care delivery and surveillance practices.

Lastly, while the RECOVER database includes a diverse pediatric
population, it may not fully represent all healthcare providers across
the United States. The participating institutions represent a mix of
public and private healthcare systems. While some of these institutions
may serve insured individuals or fee-paying patients, many also pro-
vide care to uninsured or underinsured populations through govern-
ment programs. Although some institutions may serve specific
demographics or geographic areas, the overall dataset reflects a broad
and heterogeneous sample of pediatric patients, representing various
racial, ethnic, socioeconomic, and geographic backgrounds across the
United States. Future studies should incorporate such demographic
information to enable direct comparisons with the broader population
of individuals under 21 years of age in the United States.

In summary, this study shows a heightened risk of cardiovascular
disease in children following SARS-CoV-2 infection, with similar risks
observed in those with and without pre-existing congenital heart dis-
ease. Awareness of cardiovascular complications in the post-acute
phase will improve timely diagnosis and treatment of these conditions.

Methods

Ethics and inclusion

This study constitutes human subject research. Institute Review Board
(IRB) approval was obtained under Biomedical Research Alliance of

Nature Communications | (2025)16:3445


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56284-0

New York (BRANY) protocol #21-08-508. As part of the BRANY IRB
process, the protocol has been reviewed in accordance with the
institutional guidelines. The BRANY waived the need for patient-
informed consent and HIPAA authorization.

Data sources
This study is part of the National Institutes of Health (NIH) funded
RECOVER Initiative (https://recovercovid.org/), which aims to learn
about the long-term effects of COVID-19. The RECOVER pediatric cohort
draws from EHRs provided by large national healthcare networks within
the United States, covering regional catchment areas across 41 states.
For this analysis, data were obtained from nineteen US children’s hos-
pitals and health institutions, collectively covering over 30 million
patients under 21, including more than 3 million individuals under 21
affected by COVID-19. The EHR data cover a wide range of healthcare
interaction information routinely collected and stored by hospitals.

The institutions include Cincinnati Children’s Hospital Medical
Center, Children’s Hospital of Philadelphia, Children’s Hospital of
Colorado, University of lowa Healthcare, Ann & Robert H. Lurie Chil-
dren’s Hospital of Chicago, University of Michigan, University of Mis-
souri, Montefiore, Medical University of South Carolina, Nationwide
Children’s Hospital, Nemours Children’s Health System (in Delaware
and Florida), OCHIN, Inc., Ochsner Health System, Ohio State Uni-
versity, Seattle Children’s Hospital, Stanford Children’s Health, Temple
University, University of California, San Francisco, and Vanderbilt
University Medical Center. The participating institutions represent a
mix of public and private healthcare systems. While some of these
institutions may serve insured individuals or fee-paying patients, many
also provide care to uninsured or underinsured populations through
government programs. Although some institutions may serve specific
demographics or geographic areas, the overall dataset reflects a broad
and heterogeneous sample of pediatric patients, representing various
racial, ethnic, socioeconomic, and geographic backgrounds across the
United States.

The EHR data was standardized to the PCORnet Common Data
Model (CDM) and extracted from the RECOVER Database Version s10.
More details are available in the Supplementary Materials Section SI.

Cohort construction and selection criteria

We conducted a retrospective study from March 1, 2020, to September
1, 2023, with a cohort entry period extending from March 1, 2020, to
March 6, 2023, ensuring at least a 179-day follow-up for observing post-
acute cardiovascular outcomes.

In our study, documented SARS-CoV-2 infections were defined by
positive polymerase-chain-reaction (PCR), serology, antigen tests, or
diagnoses of COVID-19, or diagnoses of PASC. The index date for SARS-
CoV-2-positive patients was set as either the earliest date of positive
tests, COVID-19 diagnoses, or 28 days before a PASC diagnosis. For
SARS-CoV-2-negative patients, we required all tests to be negative, no
evidence or diagnosis of COVID-19 or PASC during the study period,
and at least one negative COVID-19 test within the cohort entry period.
The index date for the comparator group was a randomly selected date
from their negative tests to align the distribution of index dates
between the two groups, controlling for time effects.

We included patients under 21, who had at least one healthcare
visit within the baseline period, defined as 24 months to 7 days before
the index date, and at least one encounter within the follow-up period,
defined as 28 to 179 days after the index date, with certain institutions,
to ensure active interaction with the healthcare system and adequate
follow-up to assess post-acute outcomes.

Patients diagnosed with MIS-C, Kawasaki disease, CKD, or ESKD
were excluded® . Although MIS-C is considered a PASC, it was not
included in this study’s post-acute cardiovascular outcomes for two
reasons: children with MIS-C can be effectively treated with minimal
post-acute cardiac sequelae®’, and MIS-C has been and continues to be

extensively studied with significantly declining incidence over the past
year®,

Defining CHD

In this study, we included a range of CHD types, including: aortic
valve stenosis (AVS), atrial septal defect (ASD), atrioventricular septal
defect, bicuspid aortic valve, coarctation of aorta (CoA), dextro-
transposition of the great arteries, double outlet right ventricle,
Ebstein anomaly, hypoplastic left heart syndrome, interrupted aortic
arch, mitral insufficiency, mitral stenosis, patent ductus arteriosus
(PDA), pulmonary atresia, pulmonary valve stenosis, tetralogy of
Fallot, total anomalous pulmonary venous connection (TAPVC), total
anomalous pulmonary venous return (TAPVR), tricuspid atresia,
truncus arteriosus, ventricular septal defect (VSD). Details of the
code sets and the risk table detailing the breakdown of CHD types are
available in Tables S1-S2.

Defining cardiovascular outcomes

We identified 18 post-acute cardiovascular outcomes for our study,
including hypertension, atrial fibrillation, ventricular arrhythmias,
atrial flutter, premature atrial or ventricular contractions, pericardi-
tis, myocarditis, heart failure, cardiomyopathy, cardiac arrest, car-
diogenic shock, pulmonary embolism, deep vein thrombosis,
thrombophlebitis, thromboembolism, chest pain, palpitations, and
syncope. These outcomes were assessed during the follow-up period
in patients without a history of the specific condition during the
baseline period.

We also grouped related cardiovascular outcomes into cate-
gories, including arrhythmias (atrial fibrillation, ventricular arrhyth-
mias, atrial flutter, and premature atrial or ventricular contractions),
inflammatory heart disease (pericarditis and myocarditis), other car-
diac disorders (heart failure, cardiomyopathy, cardiac arrest, and car-
diogenic shock), thrombotic disorders (pulmonary embolism, deep
vein thrombosis, thrombophlebitis, and thromboembolism),
cardiovascular-related symptoms (chest pain, palpitations, and syn-
cope), and any cardiovascular outcome (any incident cardiovascular
condition studied).

The cardiovascular outcomes analyzed in this study were identi-
fied using validated diagnostic codes (ICD-10-CM, ICD-10, ICD-9-CM,
and SNOMED) applied across 19 institutions using the PCORnet
Common Data Model (CDM)**”". The EHR data in this study were
primarily entered by physicians and healthcare providers during rou-
tine clinical care. No free-text entries were used to identify cardio-
vascular outcomes in this study; all outcomes were derived directly
from these validated diagnostic codes stored in the EHR systems. We
used validated diagnostic codes confirmed by two board-certified
pediatricians (DT, CF), with details of the code sets available in Sup-
plementary Materials Table S1.

Covariates

We examined a detailed set of patient characteristics as measured
confounders collected before cohort entry, to be adjusted through
propensity score stratification” to balance the comparison groups.
These included demographic factors, including age at index date, sex
(female, male), and race/ethnicity (NHW, NHB, Hispanic, AAPI, Mul-
tiple, Other/Unknown); clinical factors, including obesity status, a
chronic condition indicator defined by the Pediatric Medical Com-
plexity Algorithm®® (PMCA, no chronic condition, non-complex
chronic condition, complex chronic condition), and a list of pre-
existing chronic conditions®”*; health care utilization factors col-
lected 24 months to 7 days before index date, including the number
of inpatient visits, outpatient visits, emergency department (ED)
visits, unique medications, and negative COVID-19 tests (0, 1, 2, >3);
vaccine information, including dosage of COVID-19 vaccine before
index date (0, 1, 22) and interval since the last COVID-19

Nature Communications | (2025)16:3445


https://recovercovid.org/
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56284-0

immunization (no vaccine, <4 months, >4 months); year-month of
cohort entry (from March 2020 to March 2023); indicators from the
19 data-contributing sites.

Statistical analysis

We calculated the incidence of post-acute cardiovascular outcomes in
SARS-CoV-2-positive and negative cohorts, stratified by CHD status.
For each outcome, incidence rates were calculated by dividing new
cases during the follow-up period by the total number of patients,
excluding those with the specific outcome at baseline.

We presented distributions of preference scores—a transforma-
tion of propensity scores that accounts for prevalence differences
between populations—to assess empirical equipoise®**. Preference
scores, unlike traditional propensity scores, measure the relative
likelihood of exposure versus non-exposure and adjust for differences
in exposure prevalence. Empirical equipoise is achieved for SARS-CoV-
2 positive and negative patients when the majority of individuals in
both groups have preference scores ranging from 0.3 to 0.7, indicating
substantial overlap in baseline characteristics?**%. This overlap sup-
ports valid causal inference by ensuring comparisons are made within
regions of the data with adequate representation.

To mitigate the effects of confounding, we used propensity score
stratification?’~' to adjust for a large number of measured confounders
collected before the index date. We fitted a logistic regression model
by regressing the response variable, SARS-CoV-2 infection status, on
covariates, including demographic, clinical, and healthcare utilization
factors as listed in the study variables. The predicted probabilities from
the logistic regression model give the PS for each patient, representing
their likelihood of belonging to the SARS-CoV-2 positive group given
the observed covariates. The population was then stratified into five
equally sized strata (quintiles) based on the distribution of propensity
scores. Each stratum represented a distinct level of risk for SARS-CoV-2
positivity, making more comparable groups across strata. After stra-
tification, we assessed the standardized mean difference (SMD) of each
covariate between SARS-CoV-2 positive and negative patients, with an
SMD of 0.1 or less indicating acceptable balance*”.

Within each stratum, the RR was estimated using a modified
Poisson regression model for binary outcomes’™. To combine esti-
mates across strata, a weighted average was applied, where the weights
were proportional to the number of individuals in each stratum. This
approach ensures that the combined RR reflects the population dis-
tribution accurately. RR is a collapsible measure, meaning the measure
of association conditional on some factors remains consistent with the
marginal measure collapsed over strata, which is crucial for accurate
interpretation in clinical research**,

We conducted an analysis stratified by immune status (immuno-
compromised versus not) within both the CHD and non-CHD groups
was conducted. Additionally, subgroup analyses were performed
across various demographic and clinical factors, including age (0-4,
5-11, 12-20 years), race/ethnicity (NHW, NHB, Hispanic), sex (male and
female), obesity status (obese and non-obese), severity of acute
COVID-19” (“non-severe” including asymptomatic and mild, “severe”
including moderate and severe), and estimated time frames corre-
sponding to dominant virus variants (pre-Delta, Delta, Omicron).
Specifically, the pre-Delta variant spanned March 1, 2021, to June 30,
2021; Delta from July 1, 2021, to December 31, 2021; and Omicron from
January 1, 2022, to March 6, 2023, with a minimum 179-day follow-up to
observe PASC outcomes’.

Sensitivity analysis

We conducted extensive sensitivity analyses to examine the robustness
of our findings. We assessed death as an outcome in Section S4. While
death is a major cardiac outcome, it is fortunately rare in the pediatric
population. Negative control outcome experiments***® were per-
formed to calibrate the residual study bias from unmeasured

confounders and systematic sources, in which the null hypothesis of no
effect was believed to be true utilizing a list of 36 negative control
outcomes determined by two board-certified pediatricians (DT, CF).
The empirical null distribution and calibrated risks were reported in
Supplementary Materials Section S5. Patients included solely based on a
PASC diagnosis (Section S6) or those without any cardiovascular out-
comes within the baseline period (Section S7) were excluded from
additional analyses to examine the influence of potential selection bias
and baseline differences. Given limited SARS-CoV-2 testing availability
during the first wave of COVID-19 (March to May 2020), we conducted
analyses excluding patients whose index dates fell within this period
(Section S8). Furthermore, we excluded data from site L where the
population is truncated at the ambulatory level (Section S9), to assess
whether differences in data capture influenced the findings. To address
the possibility that observed symptoms or manifestations attributed to
PASC might overlap with those from other respiratory infections, we
also compared the incidence of cardiovascular outcomes following
SARS-CoV-2 infections with those following influenza or RSV infections
(Section S10). All analyses were performed using R version 4.0.2. Sta-
tistical significance was set at a p-value < 0.05 (two-tailed).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The results reported in this study are based on detailed individual-level
patient data compiled as part of the RECOVER program. Due to the
high risk of reidentification based on the number of unique patterns in
the data, patient privacy regulations prohibit us from releasing the
data publicly. The data are maintained in a secure enclave, with access
managed by the program coordinating center to remain compliant
with regulatory and program requirements. Please direct requests to
access the data, either for the reproduction of the work reported here
or for other purposes, to the RECOVER EHR Pediatric Coordinating
Center (recover@chop.edu).

Code availability

The code used for the analysis in this study is available and can be
accessed in a public repository at https://doi.org/10.24433/CO.
5543902.v1.
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