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COonTEXT: Long-term health effects after coronavirus disease 2019 (COVID-19) have been
increasingly reported but their prevalence and significance in the pediatric population remains
uncertain.

oBJECTIVE: To present the prevalence and characteristics of the long-term clinical features of
COVID-19 (long COVID) in the global pediatric population.

DATA SOURCES: PubMed, Embase, Web of Science, Cochrane Library, WHO COVID-19 database,
google scholar, medRxiv, bioRxiv, and multiple national public health databases.

STUDY SELECTION: Published articles and preprints from December, 2019 to December, 2022
investigating the epidemiology and characteristics of persistent clinical features at least 3
months after COVID-19 in children and adolescents (0-19 years old) were included.

DATA EXTRACTION: Study characteristics and detailed description of long COVID were extracted
into a predefined form.

REsULTS: Twenty seven cohorts and 4 cross-sectional studies met the inclusion criteria and
involved over 15000 pediatric participants. A total of more than 20 persistent symptoms and
clinical features were reported among children and adolescents. 16.2% (95% confidence
interval 8.5% to 28.6%) of the pediatric participants experienced 1 or more persistent
symptom(s) at least 3 months post COVID-19. Female gender might be associated with
developing certain long COVID symptoms.

uimiTations: Included studies presented with great heterogeneity because of significant variations
in the definition of “long COVID,” follow up duration, and method. There could be nonresponse
and other potential bias.

CONCLUSIONS: Persistent clinical features beyond 3 months among children and adolescents with

proven COVID-19 are common and the symptom spectrum is wide. High-quality, prospective
studies with proper controls are necessary in the future.
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Given that more than 758 million coronavirus disease 2019
(COVID-19) cases have been confirmed worldwide with
rates still escalating' increasing attention is being paid to
the long-term effects of COVID-19 on population health. Sev-
eral long-term clinical features post-COVID-19 have been ob-
served, mainly in the adult population,® involving multiple
organs and systems>* A clinical case definition for post-
COVID-19 condition (long COVID) was developed by the
World Health Organization (WHO) with multiple stakehold-
ers in October 2021 that can be applied to all settings.”

During the early stages of the COVID-19 pandemic, neo-
nates, children, and adolescents aged less than 19 years
occupied a small proportion (1% to 10%) of the total re-
ported COVID-19 cases.®” They were also more likely to
present with a milder clinical course and more favorable
short-term outcomes compared with adults.>™'° However,
with the subsequent surge of cases caused by the A and
o variants, and the fact that a large proportion of children
under 12 years old still remain unvaccinated globally, the
number of neonates, children, and adolescents infected
with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) have been increasing significantly.'*"** With
the increased epidemiologic burden of COVID-19, the
long-term health effects of SARS-CoV-2 infection on
this vulnerable group requires greater attention. It was
thought at first that the pediatric population was relatively
spared from the long-term effects of COVID-19 after infec-
tion,** but this changed rapidly with increasing reports
and studies of pediatric patients not fully recovering from
acute COVID-19.15-2° Furthermore, since it was first re-
ported in April 2020, multisystem inflammatory syndrome
in children (MIS-C) associated with COVID-19,°17%* also
called pediatric inflammatory multisystem syndrome,?
has become increasingly recognized and widely studied
worldwide. Not only can MIS-C lead to serious clinical
acute presentation in the short term, it can also impact pe-
diatric patients’ long-term health. For example, MIS-C can
cause the formation of coronary artery aneurysm that can
negatively impact cardiac function.”®> However, long-term
health data on neonates, children, and adolescents infected
with SARS-CoV-2 (including MIS-C patients) are limited
and of varying quality.

Our objective for this review was to synthesize and eval-
uate current evidence on the characteristics of the long-
term clinical features of SARS-CoV-2 infection, defined as
persistent or new onset clinical features and laboratory
findings at least 3 months after the index infection, in the
global pediatric population (0-19 years old) so as to inform
clinical practice and public health policy making.

METHODS

We evaluated the long-term clinical features of SARS-
CoV-2 infection in neonates, children, and adolescents de-
fined as new, recurring, or persistent signs, symptoms,

and laboratory findings that occur 3 or more months af-
ter a confirmed infection with SARS-CoV-2 in neonates,
children, and adolescents 19 years old or younger. We
also evaluated other factors associated with the develop-
ment of long-term symptoms and/or laboratory findings
in children and adolescents’ postinfection.

Literature Search

A systematic and comprehensive search of published pa-
pers was conducted in PubMed, Embase, Web of Science,
Cochrane Library, WHO COVID-19 Database, China National
Knowledge Infrastructure Database, WanFang Database,
Latin American and Caribbean Health Sciences Literature,
and Google Scholar, covering a timeline from December 1,
2019 to February 16, 2022. Then, we did a supplementary
search in December, 2022 for the most updated literature.
Although the WHO criteria for “long COVID” was not estab-
lished until October 2021, there might be earlier studies re-
porting post-COVID signs and symptoms that met the later-
established WHO criteria. Therefore, we decided to search
the databases since December 2019, the beginning of the
COVID-19 pandemic, so as to ensure capturing all qualified
studies. Preprints from medRxiv (https://www.medrxiv.org),
bioRxiv (https://www.biorxiv.org), and ChinaXiv (http://
www.chinaxiv.org/home.htm) were also covered. Comple-
mentary searches were conducted manually through the
search of national public health websites, the United States
Centers for Disease Control and Prevention, and news of
World Health Organization (WHO). All reference lists of re-
trieved articles were examined for relevant papers. There
was no language restriction.

Search strategies were developed for each database with a
combination of controlled vocabulary and free text (ie, MeSH
terms, Emtree terms). The following search terms were in-
cluded: “severe acute respiratory syndrome coronavirus 2,”
“novel coronavirus 2019,” “2019 nCoV,” “COVID-19,” com-
" “adolescents,”

»oous

bined with “children,” “neonates,” “infants,

“pregnancy,” “pregnant women,” “long,” “long-term,” “post,”
“post-acute,” “chronic,” “persistent,” “prolonged,” “follow-up,”
“outcome,” “consequence,” “sequalae,” and “complication.” An

information specialist with extensive experience in systematic
reviews was consulted. Specific search queries for each data-
base are provided in Supplemental Tables 4-7.

All search results were uploaded into Covidence System-
atic Review Software (Veritas Health Innovation, 2016) for
the screening process.

Inclusion and Exclusion Criteria

In this systematic review, we included cross-sectional
and cohort studies investigating the prevalence and/or
presentations of the long-term effects of SARS-CoV-2 in-
fection in the general population of neonates, children,
and adolescents (0-19 years old) postinfection. Studies
that included participants beyond the age group and
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those did not report on age-disaggregated data were ex-
cluded. Studies only focusing on a subgroup of the pedi-
atric population, eg, MIS-C, immunodeficiency children,
were excluded. SARS-CoV-2 infection status should be
confirmed by laboratory testing, ie, polymerase chain re-
action (PCR) test, serology antibody test. Long-term ef-
fects and outcomes were defined in this review as
persistent clinical features =3 months after the COVID-
19 diagnosis. We included all studies reporting long
COVID signs and symptoms at least 1 month from SARS-
CoV-2 infection at the very beginning, and then further
screened these studies’ follow-up details. For studies
with participants followed less than 3 months, if they re-
ported disaggregated data for those with a follow-up du-
ration = 3months, they were included. Their subgroup
data for those with = 3 months follow-up were extracted
and analyzed.

Case series, review articles, opinion articles, communi-
cations not presenting on data or description of long-
term outcome of COVID-19 in neonates, children, and
adolescents, as well as interventional, quasi-experimental
and modeling papers were excluded. Studies with possi-
ble duplication of cases demonstrated by overlapping
time periods and same institutions, cities, and countries
from where reported cases are from were also excluded
unless they reported the results of different lengths of
follow-up.

Study Selection

After search results had been uploaded into Covidence,
duplicates were identified with Covidence’s automatic de-
duplication function. A team member (L.J.) then manually
reviewed identified records to confirm duplication. The fi-
nal deduplicated library was used for title-abstract screen-
ing. Two review authors (LJ. and X.L.) independently
reviewed each title and abstract. A decision whether to
obtain the full text of the abstract based on the inclusion
and exclusion criteria specified above was made using
designations of “include,” “exclude,” or “unclear.” The full
text article was obtained if at least 1 reviewer marked the
study as “include” or “unclear.” For studies not written in
English (French, Spanish, Portuguese, Italian, and Ger-
man), if a decision could not be made by reading the En-
glish abstract, our colleagues who could read Chinese (L.J.
and X.L.) and French (LJ.) and Google Translate helped
with translating them into English.

In reference to the criteria specified in the earlier sec-
tion, the decision was made by the same reviewers to in-
clude or exclude the study. Disagreement between the 2
reviewers were discussed, and if no consensus was
reached, a third reviewer (J.N. or K.T.) casted the decid-
ing vote to resolve the conflict.
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Data Extraction

Two reviewers (L.J. and X.L.) independently reviewed
and extracted study data using a predefined form after
selection of eligible studies by the full-text screening pro-
cess. Data extracted included: study title, authors, year
and month of publication, country, language of the study,
study design, study period, setting, population (general
population, neonates, children and adolescents specific),
sample size, race, age, gender, comorbidities, SARS-CoV-2
infection confirmation method, severity of acute SARS-
CoV-2 infection (eg, asymptomatic, mild, moderate, or se-
vere symptoms, MIS-C or pediatric inflammatory multi-
system syndrome diagnosis; hospitalization, ICU admission),
duration of follow-up, follow-up method, persistent or new
symptoms reported at follow-up, physical examination or
laboratory findings at follow-up, and other clinical conditions
related to post-COVID-19 infection (eg, readmission, quality
of life score, etc).

Data Synthesis

For each dichotomous outcome, the weighted mean preva-
lence (in proportion) and the 95% confidence interval (CI)
were calculated. If multiple measures are reported for an
outcome, the measure most commonly reported across all
studies was used. Only self- and caregiver-reported symp-
toms reported by 2 or more studies were included in the
meta-analyses to generate a pooled estimate. Descriptive
analyses and meta-analyses were performed using SPSS
Statistics 22 and Comprehensive Meta-analysis version
2.2.027, respectively. A random-effect model was used for
the meta-analyses as it best accommodated the moderate
to high level of variation among included studies.

The characteristics, biases, and results of the included
studies were summarized using a narrative approach. Sta-
tistical heterogeneity across studies was evaluated using
the I? statistic. I values equal to or above 50% signified
“significant” heterogeneity. In addition, heterogeneity was
tested using the y-square test and visual inspection of the
forest plot. Meta regression using the metagen and meta-
reg functions of the meta package in R (Version 4.0.3) was
used to identify the linear relationship between demo-
graphics and medical history with long COVID symp-
toms.?® The results are presented as point estimates of
coefficient and 95% CIs. The level of statistical significance
is set at 5% (P < .05) for all statistical analyses.

Assessment of Methodological Quality and Risk of Bias

We consider cross-sectional studies and studies collect-
ing long COVID symptoms in a retrospective fashion are
predisposed to a higher risk of recall bias on this topic,
given that their participants needed to recall the nature,
duration, and intensity of any new, persistent, or recur-
ring symptom they had experienced after SARS-CoV-2 in-
fection. Therefore, we only assessed cohort studies that



prospectively identified or collected participants’ persis-
tent clinical features after SARS-CoV-2 infection for their
methodological quality.

The study quality assessment tool for observational
studies developed by the National Heart Lung and Brain
Institute and the Research Triangle Institute Interna-
tional was used (Supplemental Table 8).?” Quality was
assessed according to the study question (ie, was the ob-
jective and study population clearly defined), methods
(ie, study population selection, sample size, measurement
of exposure and outcome), and results (eg, length and
loss of follow-up). Two reviewers (L.J. and K.T.) indepen-
dently assessed each included study for methodological
quality and assigned an overall quality rating for each
study (ie, low, moderate, high risk of bias). A final rating
for each study was decided by comparing the rating of
both reviewers. A third reviewer (X.L. or ]J.N.) was con-
sulted to resolve any disagreements.

RESULTS

Our preliminary and updated systemic literature search
yielded 4660 results, of which, 243 passed initial screen-
ing; full articles were then obtained and reviewed. An ad-
ditional 6 articles were identified via manual searching
and reference-checking. Twenty seven cohort studies (19
prospective cohorts!®2%28=** and 8 retrospective cohort
studies**~>?) along with 4 cross-sectional studies®*>¢ on
the pediatric population with a post-COVID-19 follow-up
duration of at least 3 months or disaggregated data for
participants followed-up for =3 months were included in
our final systematic review (Fig 1). Studies’ characteris-
tics are summarized in Table 1.

Characteristics of Included Studies

Nineteen cohort studies prospectively collected informa-
tion related to any persistent clinical features or labora-
tory findings in participants with a laboratory-confirmed
SARS-CoV-2 infection. The majority of selected studies
were from Europe (13 in total). One study was conducted
in multiple countries.*” The remaining were from Iran
(2), Australia (1), China (1), and the United States (1)
(Table 1). The total number of children and adolescents
(0-19 years old) with confirmed COVID-19 diagnosis and
were followed-up for long COVID for at least 3 months
was over 15000, ranging from 15 to 11950 in each
study. The follow-up time varied from 3 to over 12 months.
Four studies?*>*3#4" mainly reported results from partici-
pants with a follow-up duration of greater than 12 months.
Eight studies exclusively included children and adoles-
cents who were hospitalized because of SARS-CoV-2 infec-
tion2%32:33,38.394L4344, 1 qwever, in 1 study from China,*3
hospitalized COVID-19 children were either asymptomatic
or only with mild symptoms. The participants of remain-
ing studies were either mainly outpatients during their

acute infection stage or recruited from the community. Two
studies included a mixed adult and children or adolescent
population and reported their results separately.>%3¢
Two studies had an overlapping study population®**?:
they were part of the Children and Young People with
Long COVID Study (the CLoCk study), a national,
matched, longitudinal cohort study describing the clini-
cal phenotype and rate of post-COVID physical and men-
tal problems in children and adolescents in England,
and reported the 3-month and up to 12-month follow
up results for adolescents aged 11 to 17 years, respec-
tively. Five studies included a matched control group of
SARS-CoV-2 tested negative counterparts to compare
the prevalence and/or clinical features of persistent
symptoms and signs between groups.>*3*3¢3742 Ty stud-
ies collected information from routine data from the health
insurance system.>*** Four studies collected data via ques-
tionnaires or data collection forms'®3**>42 and 6 studies
via telephone interview.?%??32373840  The remaining
7 studies collected data through clinical assessment and
evaluation,2830:3133,39,41,44

For included cohort studies identifying persistent symp-
toms after acute SARS-CoV-2 retrospectively, 3 studies*”**>
used telephone interview to collect data from pediatric pa-
tients with a previous SARS-CoV-2 infection, mainly about
the existence, nature, and duration of persistent symptoms
after recovering from acute COVID-19. The remaining 5
studies recruited children and adolescents who already pre-
sented with persistent symptoms after SARS-CoV-2 infection
as the study initiated and evaluated and/or followed these
participants afterward.*>*¢*3>152 Information such as the
time elapsed from COVID-19 diagnosis to the emergence of
new, persistent symptoms was collected retrospectively in
these studies. The majority of included cross-sectional and
retrospective cohort studies used questionnaires, surveys,
and telephone interviews to identify long-term clinical fea-
tures of COVID-19.

Risk of Bias of Included Studies

Six prospective cohort studies were evaluated to have
potentially high risk of bias, 8 with moderate risk, and 5
with low risk of bias (Supplemental Fig 4). However, cer-
tain items were unachievable. For example, assessors
were typically not blinded to the SARS-CoV-2 infection
status of participants. Furthermore, the recruitment pro-
cess, response rate, sample size justification, and power
descriptions were not clearly described in the majority of
studies. Some items cannot effectively distinguish studies
with different levels of quality. For instance, all included
studies had a follow-up duration of at least 3 months and
were rated as “low risk of bias” on “sufficient follow-up
frame.”
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4660 records identified through database searching after deduplication (PubMed,
Embase, Web of Science, WHO COVID-19 Database, CNK| database, WanFang

c
o database, LILACS, Google Scholar, and preprint databases)
©
0
E
€ 4417 excluded on title and abstract
o —p] .
- review
243 papers retrieved for full text review
g
'E We excluded 87 studies with the criteria as follows:
8 (1) not presenting outcome data (n=42);
t Added from other (2) without age-aggregated data (n=39);
[72] resources: 6 papers = - (3) of wrong study design: case reports, case series,
g »| reviewsand modeling studies (n =44);
(4) published as an abstract/poster (n=9);
(5) only focusing on a subpopulation, eg, MIS-C (n =28)
v
Published or preprint observational studies focusing on the long-term
> . . <
49 outcomes or persistent symptoms of SARS-CoV-2 in children
2
20
m
87 cohort and cross-sectional studies with a
follow-up duration of at least 1 month were
included in the first stage
=
7]
]
=l
]
=
a— y

31 studies with a =3-month follow-up were
included in our data extraction and analysis,
including 27 cohort and 4 cross-sectional studies.

FIGURE 1
PRISMA flow diagram of the study selection process.

Persistent Clinical Features of COVID-19 in the Pediatric
Population

More than 20 persistent or new onset symptoms after the
acute infection of SARS-CoV-2 were reported in children
and adolescents, including fatigue, depression, sleep distur-
bance, cough, throat pain, gastrointestinal symptoms, etc.
The vast majority of included studies described these
self- or caregiver-reported symptoms as “persistent” or
“long-term” symptoms after COVID-19. Among them, some
specified these symptoms did not exist before the index
SARS-CoV-2 infection (ie, described as “new,” “novel”),
whereas others did not. Therefore, we used the term
“persistent symptoms” in our review to represent them.
There was a very limited number of studies that had re-
ported signs and laboratory findings after COVID-19 in the
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general pediatric population and their findings were very
diverse. (Table 2)

We were able to perform a meta-analysis on 12 cohort
studies prospectively identifying and collecting informa-
tion related to the persistent clinical features 3 months
after acute SARS-CoV-2 infection in a general pediatric
COVID-19 population, including more than 6000 children
and adolescents. The other 7 cohort studies were not in-
cluded in the meta-analysis mainly because they only pro-
vided quantitative results for laboratory findings only or
they reported the incidence rate of persistent symptoms
instead of their absolute numbers. The pooled proportion
of postacute COVID-19 symptoms in children and adoles-
cents recovered from COVID-19 are presented in Fig 2.
There were 16.2% (95% CI 8.5%-28.6%) of children and
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TABLE 2 Laboratory Findings at the Latest Follow-up (at least 3 mo after acute COVID-19) in Children and Adolescents Infected With SARS-CoV-2

Laboratory Tests

Studies

Findings

Chest image: (X ray, CT,
or ultrasound)

Bogustawski S, et al*!

At the first follow-up visit, 26 patients had abnormal LUS findings, including: separate
B-lines (n = 16), coalescent B-lines (n = 15), small subpleural consolidations (n =
12), irregular pleural line (n = 6), and pleural effusion (n = 1). All children with
abnormal LUS findings at the second follow-up visit had abnormal LUS at the first
follow-up visit. The abnormalities included: coalescent B-lines (n = 10), separate
B-lines (n = 4), small subpleural consolidations (n = 7), irregular pleural line (n =
2), and pleural effusion (n = 1).

Oztiirk GK, et al**

There was no significant difference between the 2 groups with and without persistent
symptoms in terms of frequency of lobe involvement score, total lung severity score,
or the rate of bilateral lung disease by CT.

Tian X, et al*®

The lung imaging abnormalities gradually improved over 6—8 mo. In most patients, the
proportions of ground-glass opacities decreased, and lung lesions were absorbed.
However, patchy shadows were still seen in several cases.

Dolezalové K, et al”®

2 participants presented with basal limited infiltration; 5 with perihilar opacities.

Gonzalez-Aumatell, et al*®

1 patient had an abnormal thorax radiograph with infiltrate.

Pulmonary function

Bogustawski S, et al*!

At the first follow-up visit, 15 patients performed spirometry, body plethysmography,
and DLCO, and 17 patients performed I0S. There were no significant differences in
spirometry, body plethysmography, and I0S results between the study group and
healthy children. In the study group, 1 boy with untreated asthma presented an
obstructive ventilatory defect. A restrictive ventilatory defect was present in
3 subjects, 2 with severe COVID-19 pneumonia and 1 with a mild course of the
disease. 1 patient had a decreased DLCO. At the second follow-up visit, 12 patients
performed spirometry, body plethysmography, DLCO, and 13 patients performed 10S.
There were no significant differences in PFTs results between the 2 follow-up visits
in the study group. An obstructive ventilatory defect was present in 2 patients,

1 previously mentioned boy with untreated asthma and 1 girl with newly diagnosed
asthma. A restrictive ventilatory defect was found again in 3 patients.

Dolezalové K, et al®

5 participants had abnormal spirometry findings: 1 with mild reduction and 1 with
moderate reduction of vital capacity; 2 with mild obstruction on F-V loop, with
positive BDT, and 1 with moderate obstruction on F-V loop, with negative BDT,

3 participants had a decline in oxygen saturation during 6MWT to 83%, 88%, and
92%, respectively; 3 had declined DLCO (68%, 66%, and 60% of predictive value,
respectively).

Oztiirk GK, et al*

3 patients had an obstructive deficit (FEV1/FVC < 80%), and 1 had a restrictive deficit
(FVC < 80% and TLC < 80%). 4 patients had impaired DLCO). A significant decrease
in FEV1/FVC and an increase in lung clearance index were found in the patients with
persistent respiratory symptoms. DLCO was also significantly lower in the severe
disease group.

Tian X, et al*®

At the 6-8 mo follow-up, pulmonary function tests showed no pulmonary dysfunction or
mildly restrictive lesions in the 5-9-y-old or 10—14-y-old age group, respectively. In
the 0—4-y-old age group, 13% of patients presented mild-to- moderate obstructive
disease, and 25% of patients presented moderate obstructive disease.

Gonzalez-Aumatell, et al*®

10 of 41 spirometries showed an obstructive pattern (considered as FEV1/FVC < 0.8 or
FEV1 < 80%). Among them, 2 CYP, who had previous medication conditions including
asthma and allergic rhinitis, had a significant obstructive spirometry pattern.

8 suggested a mild-to-moderate restrictive pattern (however, without performing
confirmatory plethysmography), among whom only 2 had a medical condition before
(obesity and lupus, respectively).

La Regina DP, et al*®

The study followed up the pediatric participants for 12 mo and found irregular pleural
lines in 27.5%, B-lines in 16.9%, and subpleural consolidations in 8.6% of the cases.
These artifacts were observed more frequently in the lower lobe projections,
particularly patterns B1 and B2 in lower lobes were observed in 80% and 69%,
respectively. The frequency of artifacts decreases with increasing time since
infection. In symptomatic patients during COVID infection, B-lines (P = .02) and
pattern B1 (P = .04) were more frequently found. In some cases, even after months
of acute infection, have ultrasound artifacts and showed an improvement with the
passage of time from the acute episode.

JIANG et al



TABLE 2 Continued

Laboratory Tests Studies

Findings

Cardiac assessment (ECG 3!

or echocardiography)

Sirico D, et a

Left ventricular ejection fraction was within normal limits but significantly lower in the
cases group compared with controls (62.4+4.1% vs 65.2+5.5%; P = .012). Tricuspid
annular plane systolic excursion and LV global longitudinal strain were comparable
between the 2 groups. Regional LV strain analysis showed a significant reduction of
the LV midwall segments strain among cases compared with controls. Furthermore,
in the cases group, there were 14 subjects (26%) with a regional peak systolic
strain below —16% (—2.5 Z score in our healthy cohort) in at least 2 segments.

Gonzalez-Aumatell, et al*®

2 patients had abnormal ECG, with alternating atrial rhythm and ectopic atrial rhythm
without repolarization disturbances, respectively.

Hematologic tests Blomberg B, et al*®
(immune profile,
complete blood count,

biochemistry,

SARS-CoV-2 spike protein specific IgG and microneutralizing antibody titers detected
after 2 mo were significantly higher in hospitalized patients than home-isolated
patients. Increased antibody titers were independently associated with both
persistent fatigue and total number of symptoms at 6 mo.

inflammatory
markers, etc.)

Di Gennaro L, et al®?

Children with PCC presented more frequently with abnormal D-Dimer levels above the
reference range compared with children that had fully recovered at the 12 wk follow
up or more (41% vs 17.2%, P = .05), and in children with 3 or more symptoms at
12 wk follow up compared with those that had recovered (64.3% vs 22.2%, P = .002).
For the other coagulation profiles, there were abnormal values detected for VWF,
FVIII, RG, and fibrinogen but no significant differences between children with PCC
compared with controls.

Esmaeilzadeh H, et al®®

Complete blood cell count indicated that white blood cell, hemoglobin, platelet,
C-reactive protein, alanine aminotransferase, alkaline phosphatase, and eosinophil
count were not significantly different between COVID-19 patients with and without
posthospitalization asthma-like symptoms.

Oztiirk GK, et al*

The Lymphocyte count in the group with respiratory symptoms was significantly lower
than among those without persistent symptoms.

Tian X, et al*®

Representative inflammation signs returned to normal in all age ranges. The infants
and young children (0—4 y old) had lung lesions that persisted for 6-=8 mo and were
less responsive for antigen-specific IgG secretion. In the 5—14-y-old group, the IgG-
specific antibody response was the strongest. A robust IgM+ memory B cell
response was found in all age groups. Memory T cells specific for the spike or
nucleocapsid protein were generated, with no significant difference in IFN- response
among all ages.

Dolezalové K, et al®

2 girls had abnormal D-dimers.

Gonzalez-Aumatell, et al*®

17 CYP had inadequate levels of vitamin D (<20ng/mL); 16 had folic acid deficiencies
(<5.3ng/mL)

loop.

BDT, bronchodilator test; CT, computed tomography; CYP, children and young people; DLCO, diffusing capacity of the lungs for carbon monoxide; ECG electrocardiogram; FVIII, coag-
ulation factor VIII; IFN, interferon; 10S, impulse oscillometry; LUS, lung ultrasound; LV, left ventricular; PCC, post COVID condition; PFT, pulmonary function tests; BMWT, the 6-minute
walk test; RC, ristocetin cofactor; VWF, von Willebrand factor; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; TLC, total lung capacity; F-V loop, flow-volume

adolescents with a laboratory-confirmed diagnosis of COVID-
19 that experienced 1 or more persistent symptom(s) in
their latest follow-up, which was =3 months postinfec-
tion (the follow-up duration ranged between 3 to 13
months). The 5 most prevalent long-term clinical manifesta-
tions after COVID-19 in this pediatric population were sore
throat (2 studies, N = 3106; pooled estimate = 14.8%,
95% CI 4.8%-37.5%), persistent fever (4 studies, N =
5128; pooled estimate = 10.9%, 95% CI 2.4%-38.2%),
sleep disturbance (3 studies, N = 697; pooled estimate =
10.3%, 95% CI 4.9%-20.4%), fatigue (8 studies, N = 6110;
pooled estimate = 9.4%, 95% CI 4.1%-20.2%), and muscle
weakness (2 studies, N = 196; pooled estimated = 8.7%, 95%
CI 55%-13.6%), followed by cough (8 studies, N = 5890;
6.8%, 95% CI 2.4%-17.7%), headache (7 studies, N = 5809;
4.6%, 95% CI 1.2%-16.2%), dyspnea (5 studies, N = 5560;

PEDIATRICS Volume 152, number 2, August 2023

95% CI 4.3%, 95% CI 1.1%-15.1%), abdominal pain (4 studies,
N = 3718; 3.7%, 95% CI 2.3-5.8%) and diarrhea (2 stud-
ies, N = 3564; 3.5%, 95% CI 1.3%-8.9%). (Figs 2 and 3)

Sensitivity Analysis

We were able to conduct a sensitivity analysis by pooling
the data from 2 studies of low risk of bias*’** and 5
studies of moderate risk of bias!®2%3%3>4* together. The
5 most prevalent long-term symptoms reported by these
studies included persistent fever (2 studies, N = 559;
pooled estimate = 7.9%), fatigue (5 studies, N = 5654;
pooled estimate = 7.4%), altered smell and/or taste
(4 studies, N = 5433; pooled estimate = 6.1%), dyspnea
(5 studies, N = 5560; pooled estimate = 4.3%) and
headache (4 studies, N = 5493; pooled estimate = 3.9%).
(Supplemental Fig 5)



Followed-symptoms Number of studies
Number of children with persistent symptoms 9
Systemic symptoms
Fatigue 8
Persistent fever 4
Sleep disturbance 3
Headache 7
Weight loss 2
Dizziness 4
Neurocognitive symptoms
Difficulty in concentration
Cardiac symptoms
Chest pain and/or tightness
Palpitation
Respiratory symptoms
Dyspnea
Cough
Nasal congestion
Sore throat
Other respiratory symptoms
Gastrointestinal symptoms
Abdominal pain
Diarrhea
Neurologic and musculoskeletal symptoms
Depression
Paresthesia
Tinnitus
Altered smell and/or taste
Arthralgia
Muscle pain
Muscle weakness
Tremor
Skin manifestations
Skin rash
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Pooled proportion of persistent symptoms of COVID-19 (at least =3 months) in children and adolescents (0—19y) recovered from COVID-19.

Subgroup Analyses

Then, we performed a subgroup analysis of the included
prospective cohort studies according to their length of
follow-up: 3 to 6 months, 6 to 12 months, and =12
months. Studies whose follow-up duration cannot be dis-
aggregated to fit into these 3 subgroups were excluded
from this analysis. The clinical spectrum of long COVID
symptoms were quite different for these subgroups. Four
studies (N = 5158) had a follow-up duration of 3 to
6 months, with sore throat, persistent fever, muscle
weakness, fatigue and cough the most common persistent
symptoms at the time of follow-up. Three studies (N =
668) had a follow-up duration of 6 to 12 months, with
sleep disturbance, weight loss, persistent fever, fatigue,
and muscle weakness as the 5 most commonly reported
long-term symptoms after COVID-19. Only 1 study (N =
360) followed all its participants for any long COVID
symptoms for over 12 months and found fatigue, palpita-
tion, arthralgia, and muscle pain the most frequently re-
ported at that time. (Supplemental Fig 6)

None of the included studies were from low-income
countries. Seven studies collected data from 7 upper
middle-income countries (Argentina, China, Costa Rica,
Czech Republic, Iran, Russia, and Paraguay).?%333537-39.44
One of these studies was a multinational study also including
participants from high-income countries, and it did not pro-
vide data for individual countries.>” Pooled data from 4 stud-
ies?®3>384* reported that 33.4% (95% CI 17.3%-54.7%) of
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their pediatric participants had long COVID. The most com-
monly reported symptoms in studies from upper middle-
income countries were muscle weakness (1 study, N = 58;
10.3%, 95% CI 4.7%-21.1%), fatigue (3 studies, N = 914;
9.5%, 95% CI 4.0%-20.8%), sleep disturbance (2 studies,
N = 559; 7.9%, 95% CI 6.0%-10.5%), and dyspnea (3 studies,
N = 611; 5.6%, 95% CI 1.3%-20.9%). Twenty cohort and
4 cross-sectional studies were from high-income countries
(HICs). We were able to pool the data from 7 prospective co-
hort studies from HICs!82030.3240-42 together, which reported
that 14.4% (95% CI 6.7%-28.2%) of participants had long
COVID. The most commonly reported symptoms from HICs
were nasal congestion (1 study, N = 41; 34.2%, 95% CI
21.4%-49.7%), persistent fever (3 studies, N = 3244; 25.6%,
95% CI 10.5%-50.3%), sleep disturbance (1 study, N = 138;
18.8%, 95% CI 13.2%-26.2%), cough (4 studies, N = 3395;
17.9%, 95% CI 7.4%-37.3%) and fatigue (4 studies, N = 3312;
16.2%, 95% CI 74%-32.1%). (Supplemental Figs 7 and 8)

Seven studies only recruited the pediatric population for
follow-up, whereas 2 studies had a mixed adult and child or
adolescent population. The most commonly reported long-
term symptoms from studies included exclusively children
and adolescents were sore throat, fatigue, persistent fever,
muscle weakness, and sleep disturbance. For the 2 studies
including a mixed adult and children population, the spec-
trum of reported persistent symptoms were limited, with
sleep disturbance, weight loss, cough, skin rash, and persis-
tent fever as the leading complaints from the pediatric par-
ticipants. (Supplemental Fig 9)

JIANG et al



Persistent symptoms at least 3 months after SARS-CoV-2 infection in the
pediatric population

Sore throat
Persistent fever
Sleep disturbance
Fatigue
Muscle weakness
Cough
Headache
Dyspnea
Abdominal pain
Diarrhea
Nasal congestion
Altered smell and/or taste
Chest pain and/or tightness
Other respiratory symptoms
Weight loss
Paresthesia
Muscle pain
Skin rash
Arthralgia
Difficulty in concentration
Depression
Tinnitus
Dizziness
Palpitation
Tremor
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o
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% of persistent symptoms afte SARS-CoV-2 infection

FIGURE 3

Persistent symptoms of COVID-19 (at least 3 months after acute SARS-CoV-2 infection) reported in children and adolescents (0—19y).

Potential Influencing Factors for Developing Persistent
Symptoms After COVID-19

We planned to identify potential risk factors associated
with long COVID by using meta-regression analysis, which
is recommended to contain at least 5 studies per potential
risk factor to ensure a reliable result®’ In our included
prospective studies, only gender was presented in 9 studies.
Female gender was found to be associated with a higher
risk of developing certain long COVID symptoms, ie, sleep
disturbance and headache (P < .01). (Supplemental Table 7)
The other risk factors, such as race, morbidity, and severity
of disease during acute SARS-CoV-2 infection, were reported
in less than 5 included studies and could not be analyzed by
meta-regression for their potential relationship with develop-
ing long COVID in the pediatric population.

DISCUSSION

Our findings demonstrate that less than one fifth (16.2%,
95% CI 8.5%-28.6%) of children and adolescents (0-19y)
with COVID-19 continue to present with at least 1 persis-
tent symptom(s) beyond 3 months postinfection. A
wide spectrum of symptoms, physical, and laboratory

PEDIATRICS Volume 152, number 2, August 2023

findings was reported. Sore throat, persistent fever, sleep
disturbance, fatigue, and muscle weakness were among those
most commonly reported.

First reported in 2020, long COVID, also known as post-
COVID-19 syndrome or condition,>*®"*°postacute sequelae
of SARS-CoV-2,°" and chronic COVID syndrome,®? repre-
sents a group of symptoms that develop or persist after
the acute phase of SARS-CoV-2 infection. Hypotheses for
long COVID included persisting reservoirs of SARS-CoV-2
in tissues, immune dysregulation, autoimmunity, dysfunc-
tional signaling in the brainstem and/or vagus nerve,
etc.®> However, many definitions of long COVID exist
(Table 3).>°87° Current clinical definitions for long COVID
are generally broad and sensitive to ensure that as many
patients affected by long COVID are provided access to
services and support as possible. However, asymptomatic
patients and patients with undetectable levels of antibod-
ies during testing may be left out, leading to an underesti-
mation of the prevalence of long COVID. Furthermore,
case definitions also serve other purposes, such as re-
search. Broad definitions of long COVID can also hamper
comparison between studies. High heterogeneity was ob-
served in the inclusion criteria of individual studies,
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TABLE 3 Definition of Long COVID From Different Organizations

WH0® 8

Us cnc*®

NICE®®

Terminology used

Long COVID

Post-COVID conditions

Ongoing symptomatic COVID-19 and post-COVID-19 syndrome

Defined symptoms

New onset or persistent
symptoms

New, returning, or
ongoing health
problems

e Ongoing symptomatic COVID-19—persistent signs and
symptoms of COVID-19; e post-COVID-19 syndrome—signs
and symptoms that develop during or after an infection
consistent with COVID-19

Acute COVID-19
diagnosis

Probable or confirmed
SARS-CoV-2 infection

Being infected with
SARS-CoV-2 (not
specified whether
confirmatory test
is needed), no
matter
symptomatic or not
in the days or
weeks after they
were infected

Signs and symptoms of COVID-19

Duration of signs

Initially occurred within

4 or more weeks

e Ongoing symptomatic COVID-19—4 to 12 wk; e post-COVID-19

3 mo of acute GOVID-
19 and symptoms
lasting for at least 2
mo

and/or symptoms

syndrome—more than 12 wk, but may be considered
before 12 wk while the possibility of an alternative
underlying disease is also being assessed.

Exclude alternative
diagnosis

Alternative diagnosis Not specified

Not explained by an alternative diagnosis

resulting in varying prevalence of long COVID. Differences
mainly include the diagnostic method of acute COVID-19
infection (clinical diagnosis versus laboratory testing), du-
ration of the post-COVID period, and the inclusion or ex-
clusion of symptoms presented before COVID-19.
Estimates of the prevalence of long COVID vary con-
siderably among studies, as reflected by varying case
definitions and follow-up durations, as well as high
I and wide 95% Cls, suggesting great heterogeneity
among studies. Systematic reviews focusing on the per-
sistent symptoms of COVID-19 in the adult population
reported similar issues.'>®* There are several addi-
tional explanations for the high heterogeneity observed
between studies. Firstly, the study design of included
studies varies greatly. Even though we only included
cohort studies prospectively collected information re-
lated to long COVID in a general pediatric population in
our meta-analysis, there were still large differences
among their study details. For instance, some studies
only included hospitalized patients,?%:3233:38,39.41,43,44,47
whereas others had a mixed population recruited from
both the community and/or the hospital setting. Some
studies recruited participants through the review of
medical records, and therefore, only included symptom-
atic patients who had sought medical help. Some studies
recruited participants from the community. Only very
few studies were population-based studies®*®® in which
children and adolescents who tested positive in SARS-
CoV-2 confirmatory tests were identified for further fol-
low-up via national registry or by contacting households
or schools randomly selected in the community. This
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approach included both asymptomatic and symptomatic
cases and may better reflect the true prevalence of long
COVID. This is of particular importance as the proportion
of asymptomatic infection in neonates, children, and adoles-
cents are higher compared with the adult population.®®
Secondly, various data collection methods were used by in-
dividual studies. The majority of studies developed a study
specific standardized survey or interview questionnaire,
whereas only a number of studies used in-person clinical
assessment at the clinic. Thirdly, there exist many defini-
tions of long COVID and methods of describing or reporting
these symptoms. For instance, fatigue may be described as
fatigue in general in some studies, but others may describe
and categorize fatigue as feeling tired after sleep or feeling
tired after exercise, etc.

There are a large number of studies on long COVID in
the adult population.>*®” They have identified a large
number of long-term physical and psychological signs
and symptoms after recovering from COVID-19, including
weakness, fatigue, concentration impairment, headache,
dyspnea, depression, anxiety, etc. From the included
studies in our review, we identified more than 20 long
COVID clinical features in the pediatric population, relat-
ing to multiple organs and systems. Although the specific
sequence may differ according to study design and fol-
low-up duration, the symptoms most commonly reported
by children and adolescents after at least 3 months re-
covering from COVID-19 were sore throat, persistent fe-
ver, sleep disturbance, fatigue, and muscle weakness. Our
finding is not completely consistent with existing system-
atic reviews on this topic. The most common long COVID
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symptoms (=1 months after laboratory-confirmed SARS-
CoV-2 infection) found in a systematic review including
children and adolescents®® were mood symptoms, fatigue,
sleep disorders, headache, and respiratory symptoms,
which are similar with our findings. Such discrepancy can
be explained by the different inclusion criteria of studies.
From our systematic literature search, we noticed the de-
sign and focus of each individual study differed signifi-
cantly. Some researchers focused on specific post-COVID-
19 signs and symptoms (eg, ophthalmology findings,68
dysphonia, and dysphagia®®) or a specific population
(eg, MIS-C) within children and adolescents recovering
from COVID-19. Some studies adopted a broad approach
and identified a large number of long-term symptoms in
the pediatric COVID-19 population. Therefore, we only in-
cluded studies focusing on a more general pediatric COVID-19
population in our current analysis. We decided to exclude
studies using a self-reporting platform and to include only
cohort studies prospectively followed up their partici-
pants for any persistent symptoms and/or laboratory find-
ings to minimize selection and recall bias.

There are considerable gaps in terms of evidence on
long-term effects of COVID-19 in low and middle income
countries (LMICs) because of lack of fundings and re-
sources, as well as limited capacities to diagnose and
monitor long COVID. In a systematic review examining
the worldwide prevalence of long COVID,”® only a third
of included studies were from LMICs, and they found the
pooled estimated prevalence of long COVID in the United
States and Europe (most studies from HICs) was lower
than that in Asia (most studies were from China and India).
Research on long-term effects of COVID-19 in the pediatric
population from LMICs is further limited and of varying
quality. We were able to pool the data from 4 studies (3 of
moderate risk of bias, 1 of high risk of bias) conducted in
upper-middle-income countries in this review and found
the prevalence of long-COVID in neonates, children, and
adolescents were higher comparing to their counterparts in
HICs, with quite different clinical presentations as well.
However, because of the relatively low quality of these
studies, as well as the great heterogeneity observed, we still
could not draw a conclusion on the disease burden and
clinical spectrum of long COVID in the pediatric population
between LMICs and HICs.

Persistent clinical features after recovering from acute
COVID-19 have been shown to decline over time both in
adults and in children and young people. Pinto Pereira
et al®* examined within-individual change in symptom
profile of the CLoCk cohort population and found the
prevalence of 11 common symptoms at baseline declined
greatly by 12-month follow-up. For children and young
people who first described 1 of their symptoms at 6-
month follow-up, there was also a decline in prevalence
by 12 months. Similarly, it has also been observed in

PEDIATRICS Volume 152, number 2, August 2023

adults that persistent post-COVID-19 symptoms declined
with time.”* Therefore, we conducted a subgroup analy-
sis by different follow-up durations and found the spec-
trum of persistent, new symptoms after SARS-CoV-2
infection differed for the follow-up duration of 3 to
6 months, 6 to 12 months, and greater than 12 months.
But our subgroup analysis by follow-up duration covered
different study populations, and the trend we revealed
that long COVID symptoms may change with time could
be confounded by various factors. Future within-individ-
ual studies are needed to investigate the dynamic of
persistent clinical features and symptoms in the pedi-
atric population.

Only 6 studies included in our systematic review had a
control group without a previous history of COVID, 5 of
which collected persistent symptoms after SARS-CoV-2
infection in a prospective manner. The CLoCk study con-
ducted in the United Kingdom found that nearly all
symptoms reported by children with a positive SARS-
CoV-2 test result were also reported by those who tested
negative.34’42 Certain nonspecific symptoms, such as psy-
chological alterations, appetite, and weight changes may
be related to the pandemic, eg, lockdown, school closure,
etc, rather than COVID-19 infections. These symptoms
may also present after other viral infections. Two recent
cohort studies with a large sample size found SARS-CoV-
2-positive children were more likely to report long COVID
conditions compared with those who tested negative.
Roessler et al’? matched 11950 children and adolescents
with laboratory-confirmed COVID-19 with a control cohort
and found a significantly higher incidence rate for all
health outcomes combined in the COVID-19 cohorts. Funk
et al®” also matched SARS-CoV-2 positive children and
adolescents with those who tested negative and found
the positive group were more likely to report post-
COVID-19 conditions at 90 days than their SARS-CoV-2
negative counterparts. Behnood et al’® conducted a meta-
analysis of controlled and uncontrolled studies on persis-
tent symptoms following COVID-19 in children and young
people and found the majority of reported persistent
symptoms was similar in SARS-CoV-2 positive cases and
controls. These contradictory findings highlighted the im-
portance of a control group in future studies to adjust for
confounders and avoid potential bias. Furthermore, long
COVID may be diagnosed subjectively (eg, nonspecific com-
plains), or objectively (eg, laboratory and imaging). It would
be ideal to standardize the data collection process by using
a structured and validated survey or questionnaire to re-
duce variability. This will also help to standardize terminol-
ogies used and to ensure that validated tools are used.

In mixed studies with an adult-dominant population,
female gender, the presence of comorbidities, increasing
age, and ethnic minorities were found to be significantly
at higher risk of long COVID.* However, evidence in
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children and adolescents are still limited. Merzon et al’*

examined the demographic, clinical, and socioeconomic
factors associated with long COVID in children aged 5 to
18 years. They found children with long COVID were
more likely to be severely symptomatic, required hospitali-
zation, and experienced recurrent acute infection within
180 days. In our analysis, we used male to female ratio as
one of the factors included in the meta-regression to inves-
tigate the potential association of certain gender with the
development of COVID-19. We found female gender is a po-
tential risk factors for developing certain long COVID symp-
toms (sleeping disturbance and headache) in children and
adolescents at least 3 months after the acute infection
phase. To be noteworthy, the number of qualified studies
that provided detailed information of potential risk factors
is limited in our systematic review; therefore, we were not
able to investigate their association with long COVID. In
general, little is still known about whether a certain population
is more likely to develop long COVID postinfection. Future
research should collect detailed information on pre-existing
medical conditions and signs and symptoms before, during,
and after COVID-19. With such information, researchers may
better identify long-term effects attributed to SARS-CoV-2
infection and the risk factors for developing long COVID in
the pediatric population.

Limitations

There are various potential biases in included studies. We
only included studies that prospectively followed up pediatric
participant for their persistent post-COVID symptoms in
our analyses to minimize recall bias. However, the majority
of these studies conducted their follow-ups by contacting
the participants regularly, eg, monthly or quarterly, instead
of using a “real-time” reporting system or platform that the
participants could report their symptoms actively and rea-
sonably quickly, hence leaving open the potential of some
recall bias. A couple of studies conducted follow-ups via
telephone interviews or questionnaires with various re-
sponse rates, which may lead to nonresponse bias. The fact
that asymptomatic or mild COVID-19 cases might also not
get tested should not be ignored. Particularly, during the
early stages of the COVID-19 pandemic when testing was
still limited, it was not uncommon for the diagnosis of
SARS-CoV-2 infection to be based on reported clinical
symptoms and contact or travel history.’>'” Even after PCR
tests are widely applied in diagnosing SARS-CoV-2 infection,
its accuracy (ie, false positive and negative rates) may still
have an unknow impact on identifying a proper study pop-
ulation and the accuracy of the study’s results.

Bias may also exist when investigating the association
between various demographic factors and the risk of de-
veloping long COVID, eg, race and ethnicity. Although we
included studies from multiple countries, most studies
with the information of race came from the United States,
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the United Kingdom, and Italy. Certain races and ethnic
groups may be over- or under-reported because of vari-
ous reasons (eg, over-/under-representative in the study
population, different classification system, or terms used
in different contexts, etc). A precise and detailed defini-
tion and/or description of these factors was missing or
unclear in many of the original studies, precluding any
firm conclusions as to the contribution of race and eth-
nicity to persistent symptoms after COVID-19.

Furthermore, the definition of “long COVID” in the pe-
diatric group is still vague. A large number of studies de-
fined long COVID by clinical features persisting for at
least 1-month postinfection and lacked follow-up data of
a longer duration. Most reported studies also did not sys-
tematically collect information on laboratory features
among evaluated children, and the latter information was
mainly restricted to hospitalized children. While conduct-
ing this systematic review, we found that studies of long
COVID in the pediatric population with a follow-up of at
least 3 months for analysis only accounts for a third of
the total studies on this topic. Within our included studies,
only some of them clearly described the duration of each
symptom during follow-up and they did not report new onset
symptoms and persistent symptoms separately. The limited
number of studies with sufficient follow-up length and data,
as well as the considerable heterogeneity observed among
studies, made it challenging to pool these data and estimate
the prevalence and symptom spectrum of long COVID in the
pediatric population. Therefore, our conclusions should be
interpreted with caution.

Recently, recurrent infection of SARS-CoV-2 has become
increasingly common because of the emergence of new
variants. Other viral infections are also common. The major-
ity of current studies did not collect or provide information
related to other concurrent viral infection during follow-up,
nor did they take recurrent COVID-19 into consideration.
Establishing the relationship between “new, persistent, and/
or recurring” symptoms during follow-up and previous SARS-
CoV-2 infection remains a big challenge for long COVID studies.

Lessons Learned From Existing Studies

It is not surprising that current studies on long COVID in
the pediatric population were subjected to great heterogene-
ity, biases, and limitations given the rush to getting informa-
tion out and the thirst for COVID-19 studies among the
journals. We feel that it is extremely important that acade-
mia better communicate, collaborate, and support each other
in designing and conducting high quality studies in such an
outbreak situation in the future.

CONCLUSIONS

We found less than one fifth of children and adolescents
with a confirmed COVID-19 diagnosis continue presenting
with at least 1 persistent clinical feature that cannot be
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explained by alternative diagnosis beyond 3 months af-
ter the acute phase of infection. Long COVID in children
and adolescents has been reported with a very wide
symptom spectrum and with great heterogeneity among
studies included in this review. The presentation of long
COVID may change with time. There is the need for high
quality, prospective, and well controlled studies to ad-
dress these issues. In the interim, preventing COVID-19
infection and vaccinations for children and adolescents
must remain a priority.
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