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Racial/ethnic differences are associated with the symptoms and conditions of
post-acute sequelae SARS-CoV-2 infection (PASC) in adults. These differences
may exist among children and warrant further exploration. We conducted a
retrospective cohort study with difference-in-differences analyzes to assess
these differences in children and adolescents under the age of 21. The study
utilized data from the RECOVER Initiative in the United States, which aims to
learn about the long-term effects of COVID-19. The cohort included 225,723
patients with SARS-CoV-2 infection or COVID-19 diagnosis between March
2020 and October 2022. The study compared minority racial/ethnic groups to
Non-Hispanic White (NHW) individuals, stratified by severity during the acute
phase of COVID-19. Within the severe group, Asian American/Pacific Islanders
(AAPI) had a higher prevalence of fever/chills and respiratory signs and
symptoms, Hispanic patients showed greater hair loss prevalence in severe
COVID-19 cases, while Non-Hispanic Black (NHB) patients had fewer skin
symptoms in comparison to NHW patients. Within the non-severe group, AAPI
patients had increased POTS/dysautonomia and respiratory symptoms, and
NHB patients showed more cognitive symptoms than NHW patients. In con-
clusion, racial/ethnic differences related to COVID-19 exist among PASC
symptoms and conditions in pediatrics, and these differences are associated
with the severity of illness during acute COVID-19.

The post-acute sequelae SARS-CoV-2 infection (PASC) has emerged as
a significant concern'”, particularly among young individuals with a
previous diagnosis of COVID-19 *”. Defined by the World Health
Organization (WHO) as the persistence of at least one physical symp-
tom for 12 weeks following initial testing without an alternative diag-
nosis and expanded by the National Institutes of Health (NIH) to
include ongoing, relapsing, or new symptoms four or more weeks
post-acute infection, PASC potentially affects a significant proportion

of COVID-19 survivors®™. In pediatric populations, recent studies
show that PASC symptoms and conditions tend to be systematic and/
or syndromic, with higher incidence conditions such as loss of taste/
smell, myocarditis, and symptoms associated with cold-like illness
occurring in patients after the acute phase of COVID-19". The esti-
mated prevalence of PASC symptoms and conditions in the pediatric
population ranges from 23% to 45% among those previously infected
by SARS-CoV-2">", depending on study designs and PASC definitions.

A full list of affiliations appears at the end of the paper. e-mail: ychen123@upenn.edu
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These findings highlight the urgent need for further research and
comprehensive support to address the prevalence of PASC in pediatric
populations.

Prior investigations into potential racial/ethnic differences in
PASC among adults have unearthed important findings. For example,
the Centers for Disease Control and Prevention (CDC) have shown
variations in PASC’s impact based on race/ethnicity”®. A study by
Khullar et al'’®. reported that Non-Hispanic Black (NHB) individuals
exhibited a higher incidence of new PASC symptoms and conditions
compared to Non-Hispanic White (NHW) patients, a difference more
pronounced in hospitalized than in non-hospitalized patients. These
findings suggest the existence of potential racial/ethnic differences in
PASC among adults. Importantly, it is crucial to note that race and
ethnicity are social constructs rather than biological ones”'®, Con-
currently, research indicates children’s likelihood of testing positive
for COVID-19 correlates with their race/ethnicity'-*>. NHB, Hispanic,
and multi-racial children exhibited higher rates of COVID-19 positivity
compared to their NHW counterparts, indicating differences in infec-
tion rates across different racial/ethnic groups®. However, limited
research to date has addressed potential racial/ethnic differences in
PASC among children and adolescents, making it a pressing area of
study. Therefore, our study aimed to quantify such racial/ethnic dif-
ferences by conducting an association study involving children and
adolescents, to determine if the observed patterns are consistent with
the findings from studies conducted among adults.

Examining health outcomes through the lens of racial/ethnic dif-
ferences in the context of COVID-19 runs the risk of pre-existing racial/
ethnic differences being either overshadowed or underestimated. To
address this, we employed a difference-in-differences (DiD) approach
to disentangle the shifts in racial/ethnic differences before and after
COVID-19. Our investigation centered on a pediatric cohort from the
RECOVER electronic health records (EHR) database across thirteen
institutions. This study focused on the pediatric population with six
months of follow-up, aims to investigate racial and ethnic differences
in PASC symptoms and conditions attributable to SARS-CoV-2 infec-
tion. The study also included the Asian American/Pacific Islanders
(AAPI) population, which was absent in the prior research.

Our main aim is to ascertain whether COVID-19 status correlates
with any racial/ethnic differences across PASC symptoms and condi-
tions. We use the term PASC symptoms and conditions to include a
broad spectrum of health issues observed following COVID-19
infection'**, which are not exclusive to the post-COVID period. This
includes systemic manifestations such as fatigue and malaise,
respiratory symptoms, cardiovascular complications, and neurological
disorders. Our definition, broader than the clinical diagnosis of PASC
(ICD-10 code U09.9), enables us to investigate prevalence changes
across different racial/ethnic groups before and after COVID-19
infection. Importantly, we quantified the racial/ethnic differences
linked with COVID-19 by carefully accounting for pre-infection dis-
parities in PASC symptoms and conditions through the application of
DiD analyses.

Specifically, Fig. 1a demonstrates how to use the DiD model to find
the racial/ethnic differences attributable to COVID-19. We measured
the pre-infection racial/ethnic differences by comparing PASC symp-
toms and conditions between minority racial/ethnic groups and the
NHW group during the pre-infection period. We then measured post-
infection differences using the same metrics. The racial/ethnic differ-
ences attributable to COVID-19 were determined by calculating the
difference between these post-infection and pre-infection differences.
When COVID-19 may modify the effect of unmeasured confounding
variables, we applied a negative control method (Fig. 1c) to adjust for
the shifted impacts of these potential unmeasured confounders. By
addressing these questions, our objective is to shed light on racial/
ethnic differences in the relationship between COVID-19 and PASC
symptoms and conditions.

Results

Study cohort and characteristics

The study involved 225,723 children and adolescents with COVID-19
(COVID-19-positive cohort) from March 2020 to October 2022 (cohort
entry month). The index date for the cohort was the earliest date of
documented SARS-CoV-2 infection, determined by a positive poly-
merase chain reaction (PCR), serology, antigen test, or diagnosis of
COVID-19 or PASC (U09.9). The COVID-19-positive cohort comprised
109,022 NHW patients (48.3%), 45,823 NHB patients (20.3%), 60,012
Hispanic patients (26.6%), and 10,866 AAPI patients (4.8%) with SARS-
CoV-2 infection from March 2020 to October 2022 (Fig. 2). Of these,
50.2% were female.

We stratified the COVID-19-positive patients at cohort entry into
two groups based on the severity during the acute phase (seven days
before to fourteen days after the index date) of the COVID-19
infection™: the severe group (moderate and severe cases) and the
non-severe group (asymptomatic and mild cases). Table 1 and Table S4
present the baseline characteristics of the cohort, such as age, sex, and
Pediatric Medical Complexity Algorithm?® (PMCA), stratified by race/
ethnicity and severity. The definitions for each variable are shown in
Table S2 of Supplementary Section S1.

Statistical method overview

The PASC symptoms and conditions were defined using ICD-10-CM
codes (shown in Table S2) and were measured during the pre-infection
period (28 to 179 days before the index date) and the post-infection
period (28 to 179 days after the index date). We performed pairwise
propensity score matching for each minority racial/ethnic group (NHB,
Hispanic, AAPI) to the NHW group based on pre-specified covariates.
To adjust for pre-infection racial/ethnic differences, we applied a DiD
model with negative control outcome (NCO) calibration (Fig. 1c) to the
matched cohort.

Figure 1 illustrates the rationale and methodology of our
difference-in-differences (DiD) with the NCO calibration approach.
Figure 1b shows the rationale of the DiD model. The parallel trends
assumption in the DiD model within our study states that the racial/
ethnic differences do not change over time in the absence of COVID-19
infection. When the parallel trends assumption holds, unmeasured
confounding variables do not affect the racial/ethnic difference in
outcomes before and after COVID-19 infection. This is represented by
the absence of an arrow between the unmeasured confounding vari-
ables and the differences in outcomes in Fig. 1b. However, when the
parallel trends assumption is violated—specifically if COVID-19 modifies
the effect of unmeasured confounding variables—the outcome esti-
mates from the DiD may become biased without the NCO calibration.
To address this limitation, we implemented negative control experi-
ments for each minority racial/ethnic group compared to the NHW
group, as illustrated in Fig. 1c. This approach allows us to calibrate our
estimates from the unmeasured confounding bias. We provide details
for explanations for Fig. 1b and Fig. 1c in the “Methods” Section.

Racial/ethnic differences in PASC symptoms and conditions

To investigate racial/ethnic differences attributable to COVID-19, we
examined twenty-four PASC symptoms and conditions. We grouped
the PASC symptoms and conditions into two categories: systemic and
syndromic features (shown in Table S3). Syndromic features encom-
pass symptoms, signs, and non-specific laboratory abnormalities,
while systemic features are diagnosed health conditions. We used
thirty-one NCOs in this study, defined as outcomes assumed to have no
racial/ethnic differences attributable to COVID-19 (Table SI).

After achieving the balance of standardized mean difference
(SMD) by propensity score matching (Supplementary Section S11) and
conducting the DiD model with NCO calibration, Fig. 3 shows the
racial/ethnic differences attributable to COVID-19 in PASC symptoms
and conditions stratified by the severity of acute COVID-19 after the
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a. Rationale for difference-in-difference without NCO calibration
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Fig. 1| Illustration of difference-in-differences (DiD) analysis. a The rationale for
DiD without the negative control outcome (NCO) calibration. It disentangles the
racial/ethnic differences related to COVID-19 infection in PASC symptoms and
conditions from the pre-infection observed racial/ethnic differences. b The direc-
ted acyclic graph (DAG) for the DiD without NCO calibration. Each node in the DAG
represents each variable and the arrow symbol shows the causal effect. The left
panel illustrates the parallel trends assumption for DiD. The right panel demon-
strates how DiD without NCO calibration effectively blocks pathways from

| —
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| causal paths are equal |
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unmeasured confounders to PASC symptoms and conditions, provided the parallel
trends assumption holds. ¢ The DAG for the DiD with NCO calibration. The left
panel illustrates a scenario where the parallel trends assumption is violated. The
middle panel demonstrates that DiD without NCO calibration fails to block the
pathway from unmeasured confounders to PASC symptoms and conditions. The
right panel highlights that the DiD method with NCO calibration successfully
eliminates the bias from unmeasured confounding.

NCO calibration. Overall, we found evidence of an increase in com-
posite outcomes, i.e., at least one condition and any of the syndromic
conditions, after SARS-CoV-2 infection among the AAPI group in both
severe and non-severe COVID-19 group, but there was no evidence of
increased racial differences among Hispanic and NHB groups.

For patients with severe COVID-19, AAPI patients showed a higher
increase in at least one condition (risk ratio [RR] 1.24, 95% confidence
interval [CI] 1.04 to 149, two-sided Wald test P=0.019) and any of
syndromic conditions (RR 1.22, 95% CI 1.01 to 1.47, P=0.042) com-
pared to NHW after SARS-CoV-2 infection. Both Hispanic patients (RR
0.99, 95% CI1 0.91t0 1.08, P = 0.804) and NHB patients (RR 0.93, 95% CI
0.85t01.24, P = 0.147) showed a non-significant decrease in at least one
condition as compared to NHW patients. For patients with non-severe
COVID-19, AAPI patients showed an increase in at least one condition
(RR1.08,95% CI11.01to 1.14, P = 0.015) and any of syndromic conditions

(RR 1.08, 95% CI 1.01 to 1.08, P=0.017) compared to NHW. Hispanic
patients showed a non-significant increase in at least one condition (RR
1.01, 95% CI 0.98 to 1.04, P =0.498), while NHB patients had a similar
non-significant risk (RR 0.99, 95% CI 0.89 to 1.11, P=0.915) in at least
one condition.

However, there exist significant differences among all minority
groups across several PASC symptoms and conditions after SARS-CoV-2
infection. For example, for patients with severe COVID-19, the increased
prevalence of hair loss among Hispanic patients was greater (RR 2.62,
95% CI 1.06 to 6.49, two-sided Wald test P = 0.038) than the increased
prevalence among NHW patients. The corresponding increase in the
prevalence of fever and chills among AAPI was greater (RR 1.41, 95% Cl
1.01to 1.97, P = 0.045) than NHW. NHB patients had a smaller change in
skin symptoms (RR 0.74, 95% CI 0.58 to 0.96, P=0.021) than NHW
patients. For patients with non-severe COVID-19, AAPI patients had a
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1 015 966 patients had at least one positive
test'/COVID-19 diagnosis/PASC
diagnosis during 2020-03-01 ~
2022-10-03, captured
in the RECOVER database

529 618 Excluded:

A4

245 822 Patients had no visit during the baseline period?
232 071 Patients had no visit during the follow-up period®
51 725 Patients aged > 21 at cohort entry

486 348 Eligible for inclusion

1 Including PCR, antigen, serology
tests.

237 032 Excluded:

A4

Patients with incomplete variables

2: 7 days to 18 months prior to the
index date
3: 28 days to 179 days after the
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Fig. 2 | Flowchart for COVID-19 positive cohort. Flowchart illustrating the selection process for COVID-19-positive patients from March 2020 to October 2022.
Abbreviation: BMI, body mass index; PASC, Post-Acute Sequelae of SARS-CoV-2 infection; PCR, Polymerase Chain Reaction.

greater change concerning POTS/dysautonomia (RR 1.57, 95% CI1.02 to
2.40, P =0.037) and respiratory signs and symptoms (RR 1.11, P = 0.036)
with 95% CI 1.00 to 1.23 (significant; rounded to two decimals) com-
pared to NHW patients. NHB patients had an increase in cognitive
function (1.25, 95% CI 1.01 to 1.55, P =0.037) than NHW patients.

Furthermore, we observed that these racial/ethnic differences
varied depending upon the severity of the acute phase of COVID-19 as
well as the specific PASC symptoms and conditions being analyzed. For
example, among the severe group, the differential increase in
abdominal pain was more pronounced for all three minority groups
compared to those in the non-severe category.

Sensitivity analysis

Supplementary Section S2 showed the results of the NCO experiments
and estimated systematic errors, such as the unmeasured confounder
bias. Figure S14 in Supplementary Section S6 showed the racial/ethnic
differences using standard Poisson regression models. Among COVID-
19 patients within the severe group, NHB patients showed a greater
incidence in at least one condition (RR 1.16, 95% CI 1.02 to 1.32, two-
sided Wald test P=0.024) and any syndromic conditions (RR 1.14,
P=0.042) with 95% CI 1.00 to 1.30 (significant; rounded to two deci-
mals) as compared to NHW patients. Hispanic patients also showed a
non-significant greater incidence in at least one condition (RR 1.12, 95%
CI1 0.99 to 1.27, P=0.075) as compared to NHW patients.

In Fig. S14, among COVID-19 patients with severe illness during the
acute infection, Hispanic individuals exhibited a greater incidence of
respiratory signs and symptoms (RR 1.16, 95% CI 1.02 to 1.33, two-sided
Wald test P=0.024) and hair loss (RR 1.84, 95% CI 1.02 to 3.31,
P=0.043) as compared with the NHW patient group. NHB had a
greater incidence of respiratory signs and symptoms (RR 1.19, 95% CI
1.03 to 1.36, P=0.015) and heart disease (RR 1.48, 95% CI 1.06 to 2.07,
P=0.022), but a lower incidence of arrhythmias (RR 0.73, 95% CI 0.57
to 0.94, P=0.013) and headache (RR 0.66, 95% CI 0.48 to 0.93,

P=0.016) compared with the NHW group. Among those with non-
severe acute COVID-19, Hispanic patients displayed a higher incidence
of myocarditis (RR 4.28, 95% CI 1.53 to 11.98, P=0.006) and abnormal
liver enzyme (RR 2.06, 95% CI 1.08 to 3.94, P=0.029) compared with
NHW patients. Meanwhile, AAPI patients demonstrated a greater
incidence of hair loss (RR 3.32, 95% Cl1.43 to 7.72, P= 0.005) compared
with the NHW patient group.

These findings revealed that our DiD approach identified fewer
racial/ethnic differences compared to standard regression models. It is
worth noting that the DiD approach adjusted for the baseline racial/
ethnic differences before the SARS-CoV-2 infection, a step that a
standard regression analysis failed to take into consideration. Conse-
quently, some of the observed racial/ethnic differences with prior
work might not be attributed to COVID-19. Nevertheless, given its
adjustment for baseline racial/ethnic differences, the DiD approach
holds greater robustness.

To determine whether the defined set of twenty-four PASC
symptoms and conditions accurately reflect PASC, we conducted a
crude incidence analysis comparing these symptoms and conditions in
the COVID-19-positive cohort to that in the COVID-19-negative cohort
(Supplementary Section S4). A total of 677,448 COVID-19-negative
patients were included in the crude analysis. A random negative test
date was chosen as the index date for COVID-19-negative patients and
the selection criteria for the COVID-19-negative cohort are shown in
Fig. S13. The results indicated that the incidence of all PASC symptoms
and conditions was higher in all COVID-19-positive patients compared
to all COVID-19-negative patients (Table S7).

To further validate our definition of PASC symptoms and condi-
tions, as well as to investigate potential racial/ethnic differences in
PASC symptoms attributable to COVID-19, we applied the DiD
approach with NCO calibration to the COVID-19-negative cohort
(Fig. S14). This analysis revealed no racial or ethnic differences in PASC
symptoms and conditions attributable to COVID-19 within the
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Table 1 | Baseline characteristics of COVID-19 positive patients, by race/ethnicity and severity status

Severe® Non-severe®

NHW AAPI Hispanic NHB NHW AAPI Hispanic NHB

(N=9,140) (N=590) (N=3,786) (N=3,346) (N=99,882) (N =10,276) (N =56,226) (N=42,477)
Age categories
<1years 1601 (17.5%) 122 (20.7%) 767 (20.3%) 733 (21.9%) 9655 (9.7%) 965 (9.4%) 6154 (10.9%) 4686 (11.0%)
1to <5 years 2811 (30.8%) 197 (33.4%) 1174 (31.0%) 910 (27.2%) 22018 (22.0%) 2802 (27.3%) 11892 (21.2%) 9147 (21.5%)

5 to <12 years 1893 (20.7%) 133 (22.5%) 773 (20.4%) 568 (17.0%) 27547 (27.6%) 3191 (31.1%) 17205 (30.6%) 12991 (30.6%)
12 to <16 years 1243 (13.6%) 60 (10.2%) 489 (12.9%) 482 (14.4%) 18276 (18.3%) 1433 (13.9%) 10430 (18.6%) 7721 (18.2%)
16 to <21 years 1592 (17.4%) 78 (13.2%) 583 (15.4%) 653 (19.5%) 22386 (22.4%) 1885 (18.3%) 10545 (18.8%) 7932 (18.7%)
Sex

Female 4208 (46.0%) 255 (43.2%) 1728 (45.6%) 1580 (47.2%) 50682 (50.7%) 4968 (48.3%) 28412 (50.5%) 21408 (50.4%)
Male 4932 (54.0%) 335 (56.8%) 2058 (54.4%) 1766 (52.8%) 49200 (49.3%) 5308 (51.7%) 27814 (49.5%) 21069 (49.6%)
Obesity

No 6055 (66.2%) 422 (71.5%) 2230 (58.9%) 1926 (57.6%) 62750 (62.8%) 6141 (59.8%) 21525 (38.3%) 21711 (51.1%)
Yes 3085 (33.8%) 168 (28.5%) 1556 (41.1%) 1420 (42.4%) 37132 (37.2%) 4135 (40.2%) 34701 (61.7%) 20766 (48.9%)
PMCA

No condition 4333 (47.4%) 311 (52.7%) 1938 (51.2%) 1552 (46.4%) 67424 (67.5%) 7594 (73.9%) 41294 (73.4%) 27868 (65.6%)
Non-complex 1435 (15.7%) 79 (13.4%) 534 (14.1%) 524 (15.7%) 18614 (18.6%) 1564 (15.2%) 8820 (15.7%) 8692 (20.5%)
chronic condition

Complex chronic 3372 (36.9%) 200 (33.9%) 1314 (34.7%) 1270 (38.0%) 13844 (13.9%) 1118 (10.9%) 6112 (10.9%) 5917 (13.9%)
condition

Negative tests

prior entry

0 6038 (66.1%) 407 (69.0%) 2671 (70.5%) 2301 (68.8%) 73195 (73.3%) 7908 (77.0%) 45852 (81.5%) 32592 (76.7%)
1 1445 (15.8%) 97 (16.4%) 521 (13.8%) 497 (14.9%) 15999 (16.0%) 1440 (14.0%) 6650 (11.8%) 6233 (14.7%)
2 641 (7.0%) 32 (5.4%) 225 (5.9%) 238 (7.1%) 5875 (5.9%) 519 (5.1%) 2169 (3.9%) 2146 (5.1%)
>3 1016 (11.1%) 54 (9.2%) 369 (9.7%) 310 (9.3%) 4813 (4.8%) 4009 (4.0%) 1555 (2.8%) 1506 (3.5%)
Vaccine dosage

0 7860 (86.0%) 469 (79.5%) 3347 (88.4%) 3015 (90.1%) 82136 (82.2%) 7256 (70.6%) 46760 (83.2%) 37252 (87.7%)
1 240 (2.6%) 22 (3.7%) 80 (2.1%) 7 (21%) 2878 (2.9%) 474 (4.6%) 1667 (3.0%) 1159 (2.7%)

22 1040 (11.4%) 99 (16.8%) 359 (9.5%) 260 (7.8%) 14868 (14.9%) 2546 (24.8%) 7799 (13.9%) 4066 (9.6%)

NHW: Non-Hispanic White; NHB: Non-Hispanic Black; AAPI: Asian American or Pacific Islander; PMCA: Pediatric Medical Complexity Algorithm?®.
a: According to the definition of the severity of COVID-19%° at cohort entry, the positive patients with moderate or severe COVID-19 were grouped into the severe group.
b: Similarly, the positive patients with asymptomatic or mild COVID-19 were grouped into the non-severe group.

COVID-19-negative cohort. These findings suggest that the observed
racial/ethnic differences in PASC symptoms and conditions among
COVID-19-positive individuals are unlikely to be due to inherent dif-
ferences in symptom and condition incidence patterns but rather may
reflect factors specifically associated with COVID-19 infection or its
sequelae. This analysis validates that the racial and ethnic differences
in PASC observed in the COVID-19-positive cohort are related to
COVID-19 infection, rather than underlying population differences or
unrelated health trends.

In the analysis including only those patients identified based on
positive SARS-CoV-2 PCR or antigen testing (Supplementary Sec-
tion S7), differences among severe patients were diminished among
some PASC symptoms and conditions, while among the non-severe
patients, the differences that we identified were consistent in both sets
of analyses. To account for the potential bias from limited hospital
capacity during the initial COVID-19 period, we performed a secondary
analysis excluding COVID-19 patients from the first wave of the pan-
demic (March to May 2020). This exclusion did not significantly alter
the results, as demonstrated in Supplementary Section S8. Supple-
mentary Section S9 shows the results of subgroup analysis by age
group. No significant differences were observed for patients aged <S5.
For patients aged from 5 to 11, non-severe NHB patients showed an
increase in at least one condition (RR 1.08, 95% CI 1.02 to 1.15,
P=0.009) and any of the syndromic conditions (RR1.08, 95% CI1.02 to
1.15, P=0.010) compared to NHW group. For adolescents aged 12 to

20, differences among severe and non-severe patients had a similar
pattern. Supplementary Section S10 shows the results of stratified
analysis by virus variants. The Hispanic cohort showed less increase
among severe and non-severe groups during the pre-Delta period;
differences were consistent in both sets during the Delta period, and all
minority groups showed increased risk in at least one condition and
any syndromic conditions compared to NHW patients during the
Omicron period. Supplementary Section S12 provided the results of
adding the socioeconomic confounder Area Deprivation Index (ADI)
into the analysis, and the differences detected were consistent in both
sets of analyses.

Discussion

We examined racial/ethnic variations in long-term consequences of
documented SARS-CoV-2 infection across thirteen health institutions
in the RECOVER study for 225,723 children and adolescents. After
accounting for pre-existing differences and potential confounding
biases, we found evidence suggesting differences attributable to
COVID-19 for AAPI patients compared to NHW patients. Notably, AAPI
patients showed an increase in the risk of developing at least one PASC-
related condition and any syndromic conditions, both in severe and
non-severe COVID-19 cases. We observed specific symptom differ-
ences among minority racial/ethnic groups, despite no evidence indi-
cating disparities in composite outcomes for NHB or Hispanic
populations compared to NHW. For example, NHB patients showed a
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Fig. 3 | Racial/Ethnic differences attributable to COVID-19 in PASC symptoms
and conditions. Racial/Ethnic differences in risk ratio (RR) that are attributable to
COVID-19 for the prevalence of PASC symptoms and conditions among COVID-19-
positive cohort (n =225,723 participants), by race/ethnicity and severity status.

Each minority group—Asian American/Pacific Islanders (AAPI), Non-Hispanic Black

Ratio of relative risk

At least one group's relative risk < 1
(upper bound of confidence interval < 1)

Ratio of relative risk

At least one group's relative risk > 1
(lower bound of confidence interval > 1)

(NHB), and Hispanic—was compared to the Non-Hispanic White (NHW) group. The
dots in the figure showed the estimated RRs for each minority group versus the
NHW group from the difference-in-differences (DiD) analysis with NCO calibration
stratified by severity status. The error bars showed the 95% confidence interval (CI)
of the estimated RR. Source data are provided as a Source Data file.
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smaller change in skin symptoms compared to NHW patients, con-
sistent with previous findings in adults by Khullar et al*.

The increased cognitive function issues in NHB patients, the
greater prevalence of hair loss in Hispanic patients, the higher risk of
POTS or dysautonomia, and respiratory symptoms in AAPI patients
with severe COVID-19 all warrant particular attention in clinical set-
tings. It is worth noting that AAPI is the smallest racial/ethnic group,
and for this group, the results show evidence of differences compared
to NHW. Therefore, this strengthens the findings of racial/ethnic dif-
ferences across PASC symptoms and conditions for the other minority
groups compared to NHW.

While the observed racial/ethnic differences in RRs are subtle,
they remain significant when applied to large populations and may
reflect broader systemic issues. For example, the observed differences
in PASC can primarily be attributed to disparities in healthcare access
and the availability of specialized pediatric care, which vary sig-
nificantly across different regions of the country, according to a
national report?. These variations are not due to biological reasons but
are more closely linked to socioeconomic factors, healthcare infra-
structure, and regional healthcare policies.

This study examines PASC racial/ethnic differences among
pediatric populations, providing valuable insights into the clinical
relevance of these disparities. Understanding these differences is
crucial for developing targeted interventions to ensure equitable
healthcare access and outcomes for all pediatric populations affected
by PASC. The increased risk among minority racial/ethnic pediatric
patients may necessitate targeted follow-up care and support for the
minority racial/ethnic population. Healthcare providers should be
aware of the potential for varied PASC presentations across racial/
ethnic groups in pediatric populations. This knowledge can inform
more targeted screening and follow-up protocols, potentially
improving early detection and management of PASC symptoms in
different racial/ethnic patient populations.

The implications of this study on a broader public health level are
significant. By utilizing data from thirteen institutions, representing
approximately 10% of the US children population and encompassing
both urban and suburban health systems, this study offers a compre-
hensive national sample. Public health strategies are suggested to
prioritize the reduction of healthcare access disparities and the
enhancement of specialized pediatric care availability across all
regions. This will help in better managing and treating PASC in chil-
dren, ensuring that all affected patients receive the necessary care
regardless of their geographic location or socioeconomic status. Fur-
thermore, these findings underscore the importance of continuous
surveillance, research, and tailored public health policies to address
the evolving needs of this patient group.

The method utilized in our study has multiple strengths. First, we
used propensity score matching methods instead of standard linear
regression models in our adjustment of the confounders, which helped
us reduce the non-linear effects of the confounders®™. Second, we
accounted for the pre-infection racial/ethnic differences in PASC
symptoms and conditions. This approach enabled us to quantify racial/
ethnic differences attributable to COVID-19 more accurately. The DiD
model is particularly powerful in the context of studying racial/ethnic
differences, as it helps to isolate the effect of COVID-19 from pre-
existing health disparities. By comparing the change in health out-
comes before and after COVID-19 across racial/ethnic groups, we can
more confidently attribute observed differences to the impact of the
virus rather than to the pre-infection racial/ethnic differences.

A key strength of our study is the implementation of NCOs, which
are outcomes not expected to show racial/ethnic differences due to
COVID-19. This approach enhances the reliability and interpretability
of our findings. By analyzing these alongside our primary outcomes,
we enable the detection of systematic bias from unmeasured con-
founding variables. This approach allows us to calibrate results from

the DiD model. Importantly, NCOs help mitigate the impact of
unmeasured confounding that may change before and after the
infection. This is particularly crucial when studying racial/ethnic dif-
ferences, where many dynamic social and environmental factors may
not be captured in our dataset. Furthermore, we carefully addressed
potential bias related to differences in follow-up times. To ensure
comparability, we standardized the follow-up period for all partici-
pants, observing PASC symptoms and conditions over a consistent
timeframe of five months (28 to 179 days post-cohort entry). This
approach mitigates any bias that might arise from variations in follow-
up duration across individuals.

This study has several limitations. First, socioeconomic differ-
ences may exacerbate racial/ethnic differences in PASC symptoms and
conditions, thereby acting as a mediator effect in the causal pathway
between race/ethnicity and clinical outcomes. Such influences have
been suggested as risk factors for acute COVID-19 by Chisolm and
colleagues in a RECOVER EHR study®. Future research on PASC out-
comes is of interest to study such mediation effects.

Secondly, health-seeking behavior or healthcare access is an
important consideration, known as ascertainment bias”. Limited
access to care and associated medical records among certain minority
racial/ethnic groups may contribute to potential bias in the observed
racial/ethnic differences. Related issues were recently described by
Nasir et al. for the ascertainment of PASC symptoms and conditions in
adult populations through EHR*. Nevertheless, we tried to address the
ascertainment bias by including healthcare utilization factors in the
propensity score model, such as the number of inpatient, outpatient,
and ED visits during the baseline period.

Thirdly, confounding poses a significant bias threat in observa-
tional studies. To address this, we extensively adjusted for potential
confounders using a propensity-score-based matching method and
DiD analyses. We employed NCOs to reduce the residual bias, such as
unmeasured confounder bias. Additionally, EHR data completeness
issues may lead to misclassification and loss-to-follow-up bias. Some
attempts have been made to mitigate the impacts of these biases®**.
The analysis used a combined set of patients, but potential bias in
racial/ethnic differences may vary between outpatients and inpatients.
Addressing these issues can help improve the reliability of evidence
generated from these investigations.

Fourthly, asymptomatic cases are less likely to be captured in EHR
as they are less likely to be tested, impacting the findings for non-
severe COVID-19. This study focused on diagnosed or treated cases of
PASC, reflecting children who sought healthcare services. The direc-
tion of bias can be bidirectional, depending on whether asymptomatic
cases are disproportionately missed in minority or NHW groups. This
could attenuate the DiD analysis for the non-severe COVID-19 group
due to potential misclassification bias, leading to conservative or
inflated results. Future research should aim to capture a more com-
prehensive spectrum of COVID-19 severity.

Fifthly, our study design, requiring at least one healthcare visit
within 28-179 days after the index date, balanced selection bias against
loss to follow-up bias®. While this approach may overrepresent fre-
quent healthcare users, especially during 2020-2021, we mitigated this
by incorporating diverse testing data to reduce COVID-19 status mis-
classification. Furthermore, in the crude incidence analysis comparing
COVID-19 positive and negative patients, the resulting selection bias
likely included sicker patients in the COVID-19 negative group,
potentially biasing our results towards the null. Nevertheless, we still
observed a higher incidence of PASC symptoms and conditions for
COVID-19-positive patients compared to COVID-19-negative patients.
Future studies could explore alternative designs or data sources to
enhance the external validity of these findings.

In summary, we quantified the racial/ethnic differences in PASC
symptoms and conditions and the impact of SARS-CoV-2 infection on
these differences. The impact of COVID-19 varied across racial/ethnic
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groups, severity of acute COVID-19, and different PASC symptoms and
conditions.

Methods

Ethics and inclusion

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

This retrospective cohort study is part of the NIH Researching COVID-19
to Enhance Recovery (RECOVER) Initiative (https://recovercovid.org/),
which aims to learn about the long-term effects of COVID-19. The data
were contributed by thirteen sites. Participating institutions in this
study included: Children’s Hospital of Philadelphia, Cincinnati Chil-
dren’s Hospital Medical Center, Children’s Hospital of Colorado, Ann &
Robert H. Lurie Children’s Hospital of Chicago, Nationwide Children’s
Hospital, Nemours Children’s Health System (in Delaware and Florida),
Duke University, University of lowa Healthcare, University of Michigan,
University of Missouri, Oregon Community Health Information Net-
work (OCHIN), University of California, San Francisco, and Vanderbilt
University Medical Center. All analyses were conducted using R version
4.1.2, with statistical significance set at a two-tailed p-value threshold
of <0.05.

Cohort construction

We conducted a retrospective study from March 1, 2020, to October 3,
2022, with at least 6 months of follow-up time. We included patients
under the age of 21 who had at least one visit from 18 months before to
7 days before the index date (defined as the baseline period) and at
least one encounter within 28 days and 179 days after the index date
(defined as the follow-up period). For COVID-19-positive patients, we
included the patients who had positive PCR, serology, or antigen tests
or diagnoses of COVID-19, or diagnoses of PASC (U09.9), which we
defined as documented SARS-CoV-2 infection. The index date for these
patients was defined as the first time of SARS-CoV-2 infection. We used
patient race/ethnicity data included in the EHR and categorized
patients into six racial/ethnic groups: NHW, NHB, Hispanic, AAPI,
Multiple, and Other/Unknown. Multiple comprising less than 3% of the
population in any COVID-19 and severity category (Table S5 of Sup-
plementary Section S3) were considered small samples and excluded
from the analysis. The Other/Unknown categories were also excluded
due to interpretability issues. The selection of participants for COVID-
19-positive patients in real-world data is summarized in Fig. 2.

Defining outcomes

Our definition of PASC symptoms and conditions included 24 symp-
toms and conditions as shown in Rao et al', including abdominal pain,
abnormal liver enzyme, acute kidney injury, acute respiratory distress
syndrome, arrhythmias, cardiovascular signs and symptoms, changes
in taste and smell, chest pain, cognitive functions, fatigue and malaise,
fever and chills, fluid and electrolyte, generalized pain, hair loss,
headache, heart disease, mental health disorders, musculoskeletal
pain, myocarditis, myositis, Postural Orthostatic Tachycardia Syn-
drome (POTS) or dysautonomia, respiratory signs and symptoms, skin
symptoms, and thrombophlebitis and thromboembolism. We used
validated diagnostic codes (ICD-10-CM) confirmed by board-certified
pediatricians, with details of the code sets available in the Supple-
mentary Materials Table S2. Systematic and syndromic conditions

Patient characteristics

The primary exposure was race/ethnicity, categorized into NHW, NHB,
Hispanic, and AAPI. Various patient characteristics were considered as
confounders, such as age at the cohort entry date (< 5,5-12,12-21), sex
(female, male), cohort entry month (from March 2020 to October
2022), site indicators, obesity (obese, non-obese), a chronic condition
indicator as defined by the PMCA (no chronic condition, non-complex
chronic condition, and complex chronic condition)*, healthcare visits
(inpatient, outpatient, and emergency department visits), medications
(0, 1, 2, =3), negative tests (0, 1, 2, >3), vaccine doses (0, 1, =2), and
immunization duration during the baseline period (no vaccine,
<4 months, >4 months). The severity of COVID-19 at the cohort entry
date was stratified into the following categories: asymptomatic, mild
(symptomatic), moderate (involving moderately severe COVID-19-
related conditions like gastroenteritis, dehydration, and pneumonia),
and severe (comprising unstable COVID-19-related conditions, ICU
admission, or mechanical ventilation)”. We categorized patients
exhibiting either asymptomatic or mild symptoms as belonging to the
non-severe group, while all other patients were classified as part of the
severe group.

Propensity score matching

To quantify the racial/ethnic differences in the PASC symptoms and
conditions, we use RR as the comparative measure. The RR is known to
be a collapsible measure, where collapsibility* refers to the measure of
association conditional on some factors that remain consistent with
the marginal measure collapsed over strata®.

To eliminate the impact of potential measured confounders, we
used a propensity score matching technique with the covariates
detailed in the patient characteristics section. The propensity score is
calculated by the logistic regression model fitted by regressing the
racial/ethnic groups on the covariates. We performed this matching
separately for minority racial/ethnic groups (NHB, Hispanic, and AAPI),
each stratified by severity status, compared with the NHW group. After
performing the matching, we assessed the SMD between each cov-
ariate value for different racial/ethnic groups, with a difference of 0.1
or less indicating an acceptable balance®. The detailed characteristics
of the matched cohort are presented in Supplementary Section S5.

DiD models
Subsequently, we quantified the differential increase in the prevalence
of PASC symptoms and conditions across different racial/ethnic
groups by the DiD method on the matched cohort. Figure 1a provides a
visual representation of the DiD method used to estimate racial/ethnic
differences in the increased prevalence of PASC symptoms and con-
ditions related to COVID-19. We introduce the notation to illustrate the
DiD method. For each minority racial/ethnic group (AAPI, NHB, or
Hispanic) matched with the NHW cohort, we use a binary indicator R to
denote racial/ethnic groups (R= 0 for NHW, R =1 for NHB, Hispanic, or
AAPI). We define T as the time period, where T = I represents the post-
infection period (28 to 179 days after COVID-19 infection) and T = O
represents the pre-infection period (28 to 179 days before COVID-19
infection). Y is a binary indicator denoting the occurrence of PASC
symptoms and conditions, where Y = I indicates the patient has been
diagnosed with the specific PASC symptoms and conditions, and Y= 0
indicates the absence of such diagnosis. For each participant, we
observed the outcome Y in both pre-infection (T = 0) and post-
infection (7 = 1) periods.

We fitted a Poisson regression model by regressing each PASC
symptom or condition on racial/ethnic groups, time period, and the
interaction between racial/ethnic groups and time period:

related to PASC were grouped by the 24 PASC symptoms and condi- 10g(E[YIR, T]) =By + BR+B,T+BR*x T )
tions, which are detailed in Table S4.
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where log(-) is the log link function. From Eq. (1), the pre-infection
racial/ethnic difference is found by the coefficient, ;, shown in the
green part in Fig. 1a. The post-infection racial/ethnic difference is
denoted by the sum of the coefficients, S;+f;. Thus, the coefficient of
the interaction term, B3, represents the differential increase in racial/
ethnic differences attributable to COVID-19, shown in the blue part
in Fig.1a.

To illustrate the DiD model removes the bias from the unmea-
sured confounder when the parallel trends assumption holds, Fig. 1b
shows the directed acyclic graph (DAG) for the causal relationship®
when conducting the DiD model. We use Y, for the outcome during the
pre-infection period, Y; for the outcome during the post-infection
period, and U for the unmeasured confounding variables. For simpli-
city, we present the DAG for the matched cohort of each minority race/
ethnicity-NHW pair after adjusting for measured confounding vari-
ables X using the matching method.

Arrows between variables denote causal relationships. For
instance, the arrow from R to Y, represents the racial/ethnic difference
during the post-infection period, while the arrow from R to Y, repre-
sents the difference during the pre-infection period. The DiD model
aims to identify the racial/ethnic difference in the outcome change
between the post-infection and the pre-infection period, 4Y (where
AY=Y;-Y,), as shown by the arrow from R to 4Y.

The key advantage of the DiD model is its ability to adjust for
unmeasured confounding variables U under the parallel trends
assumption. This assumption states that the effect of U remains con-
stant over time, meaning the effect of U on Y, and Y; is equal. In the
DAG, this is represented by the path U~ Y, being equal to U~ Y;.

Under this assumption, the DiD model, by taking the difference
between Y, and Yy, effectively blocks the path from U to 4Y, allowing
us to isolate the effect of R on 4Y without interference from U. It is
worth noting that a specified model with adjusting for the pre-
infection outcomes Y, cannot adjust for the bias from the unmeasured
confounder U. The model effectively blocks the path R>Yy~>Y;. Addi-
tionally, it introduces new bias through the collider path R>Y,<U-Y;.
Collider bias occurs when two variables, such as R and U, influence a
common effect, such as Y, and controlling for this effect inad-
vertently creates a spurious association between the variables, leading
to biased results. This is why the DiD method is more accurate than the
model adjusting for the outcome during the pre-infection period.

Negative control outcome calibration

While we used propensity score matching to account for the measured
confounders and DiD analyses to address pre-infection racial/ethnic
differences, the results can still be impacted by unmeasured con-
founder bias when the parallel trends assumption does not hold, that
is, when COVID-19 modifies the effect of unmeasured confounding
variables. To mitigate such bias, we collected thirty-one NCOs pre-
specified by pediatric physicians, which are not expected to show
racial/ethnic differences due to COVID-19. We fitted the model from
Eq. (1) with the outcome replaced by each NCO. The residual bias thus
can be estimated from the average of f; s from the models for the
NCOs. By using these NCOs, the study was able to calibrate the residual
bias from unmeasured and systematic sources.

Figure 1c illustrates this by the expanded DAG. When the parallel
trends assumption is violated, a backdoor path from U to 4Y can
emerge, potentially biasing our estimates. To address this limitation,
we incorporate NCOs into our analysis. Similarly, we denote each NCO
during the post-infection period by W, and during the pre-infection
period by W,. Due to the influence of U, we observe a path from U to
AW (where AW=W;-W,). We then assume that the effect of U on AW is
equivalent to its effect on AY. By leveraging this assumption, we can
effectively block the path from Uto AY-AW by subtracting AW from A4Y.
This allows us to estimate the racial/ethnic difference in PASC symp-
toms and conditions with greater accuracy and robustness to

unmeasured confounding. We conducted a two-sided Wald test to
evaluate whether the racial/ethnic differences in PASC symptoms and
conditions were equal to zero and reported the corresponding p-
values. No adjustments were made for multiple comparisons.

Sensitivity analysis

We conducted a list of sensitivity analyses to examine the robustness
of our findings. First, to evaluate how different statistical methods
might influence the analytical results, we used an alternative approach,
standard Poisson regression analyses, with RR as the comparative
measure. Specifically, we considered the incidence of PASC symptoms
and conditions as outcomes, while controlling for the same con-
founders that were used in the matching process within the DiD ana-
lysis. The p-values are reported from two-sided Wald tests. Second, we
performed crude incidence analyses to compare PASC symptoms and
conditions between COVID-19 positive and negative groups, assessing
whether the prespecified outcomes accurately reflect PASC. We
showed the p-values for the statistical significance from two-sided two-
proportion Z-tests. In addition, to validate racial/ethnic differences
attributed to COVID-19, we conducted DiD analyses with NCO cali-
bration on COVID-19 negative groups. Third, we conducted analyses
for COVID-19 patients identified only by positive SARS-CoV-2 PCR or
antigen tests, because the recorded date of COVID-19 diagnosis may
not accurately reflect the actual infection date. Fourth, we conducted
analyses excluding patients whose index dates fell within the first wave
of COVID-19 (March to May 2020) due to limited SARS-CoV-2 testing
availability during this period. Additionally, our sensitivity analysis
featured stratification by a set of age group strata (<5, 5-11, 12-20),
differing from the ones previously specified, and by estimated time
frames corresponding to dominant virus variants (pre-Delta, Delta,
Omicron). Finally, we conducted a sensitivity analysis including ADI as
a measured confounder, which excluded patients who did not have
this information.

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

Data availability

Source data for figures are provided in this paper. The detailed
individual-level patient data was 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). Source data are
provided with this paper.

Code availability

The code used for the analysis in this study is available and can be
accessed in the code ocean repository at https://doi.org/10.24433/CO.
0460366.v1.
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