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BACKGROUND AND OBJECTIVES: In children with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection, virological characteristics and correlation with disease severity have
not been extensively studied. The primary objective in this study is to determine the
correlation between SARS-CoV-2 viral load (VL) in infected children with age, disease severity,
and underlying comorbidities.

meTHoDS: Children <21 years, screened for SARS-CoV-2 at the time of hospitalization, who
tested positive by polymerase chain reaction were included in this study. VL at different sites
was determined and compared between groups.

RresuLts: Of the 102 children included in this study, 44% of the cohort had asymptomatic
infection, and children with >1 comorbidity were the most at risk for severe disease. VL in
children with symptomatic infection was significantly higher than in children with
asymptomatic infection (3.0 X 10° vs 7.2 X 10° copies per mL; P = .001). VL in the respiratory
tract was significantly higher in children <1 year, compared with older children (3.3 X 107 vs
1.3 X 10* copies per mL respectively; P < .0001), despite most infants presenting with milder
illness. Besides the respiratory tract, SARS-CoV-2 RNA was also detectable in samples from the
gastrointestinal tract (saliva and rectum) and blood. In 13 children for whom data on duration
of polymerase chain reaction positivity was available, 12 of 13 tested positive 2 weeks after
initial diagnosis, and 6 of 13 continued to test positive 4 weeks after initial diagnosis.

concLusions: In hospitalized children with SARS-CoV-2, those with >1 comorbid condition
experienced severe disease. SARS-CoV-2 VL in the respiratory tract is significantly higher in
children with symptomatic disease and children <1 year of age.
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Infections caused by severe acute
respiratory syndrome coronavirus 2
(SARS-CoV-2) have been reported
from 192 countries, with >107
million individuals infected
worldwide, and are responsible for
>2 million deaths to date.' The
spectrum of illness in adults has
ranged from mild upper respiratory
tract symptoms to multisystem
involvement (severe lower
respiratory tract, cardiac, renal,
thrombotic, and neurologic), with
significant morbidity and
mortality,””” particularly in
individuals with underlying risk
factors.> ! Interestingly, most
infected children either lack
symptoms (asymptomatic infection)
or experience mild disease,'*1°
whereas few experience either

a severe lower respiratory tract
infection or multisystem
inflammatory disorder (MIS-C), with
overlapping features of Kawasaki
disease and toxic shock
syndrome.'¢1?

The reasons for the distinctly
different clinical presentations and
outcomes between adults and
children with SARS-CoV-2 infection
are largely unknown. Some of the
hypotheses proposed to explain these
differences include (1) under-
expression of angiotensin-converting
enzyme 2, the binding receptor for
SARS-CoV-2 spike protein in children,
(2) lower respiratory tract viral load
(VL) levels in children compared with
adults, and (3) preexisting cross-
reactive immunity conferred by
exposure to seasonal
coronaviruses.”**? Pediatric data so
far have been focused predominantly
on the description of demographic
and clinical characteristics of
hospitalized children with SARS-CoV-
2142324 \with limited information on
virological characteristics,?>2°
particularly in children with
asymptomatic and mild infections.
Defining the virological
characteristics of children with SARS-
CoV-2 infection is important to

facilitate identification of biomarkers
of severe infection and adverse
outcomes, understand transmission
dynamics within families and
communities, and develop effective
management and prevention
strategies. The objectives in this study
are to describe the virological
characteristics of hospitalized
children with SARS-CoV-2 and
examine the relationship of VL with
age, disease severity, and underlying
comorbidities.

METHODS

Subjects and Specimens

The study cohort consists of 102
children <21 years evaluated and/or
admitted to Children’s of Alabama
and tested positive for SARS-CoV-2
RNA by reverse transcription
polymerase chain reaction (RT-PCR)
performed on nasopharyngeal
samples between March 24 and
August 20, 2020. Between March 24
and April 26, 2020, SARS-CoV-2
testing was only performed on
hospitalized children suspected to
have coronavirus disease 2019
(COVID-19) on the basis of symptoms
and exposure. Screening of all
hospitalized children and those
scheduled for elective procedures
was initiated on April 27, 2020.
Nasopharyngeal swabs for SARS-CoV-
2 polymerase chain reaction (PCR)
were collected by trained personnel,
and children who tested SARS-CoV-2
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FIGURE 1

Correlation between Gt and VL. There was
a strong inverse correlation between Gt value
and VL loads in samples obtained from chil-
dren with COVID-19 (r = —1).

PCR positive were approached for
collection of additional swabs
(midturbinate nasal, saliva, or rectal)
and whole blood. Of the 102 children
included in this study, 61.7% (63 of
102) consented for additional sample
collection.

Specimen Processing and
Laboratory Analysis

Nasopharyngeal, nasal, saliva, or
rectal swabs and blood were collected
by trained medical staff (respiratory
therapists, nurses, physicians, and/or
phlebotomists), as described in the
Supplemental Information. The swabs
were placed in viral transport media
(VTM) and processed within 24 hours
or stored at —80°C. The details of the
collection, processing, and analysis of
samples and data extraction from the
electronic medical record (EMR) are
provided in the Supplemental
Information and in a previous
publication.?” Briefly, RT-PCR was
performed for the detection of SARS-
CoV-2 RNA, and a specimen was
considered positive if =1 copies per
reaction were detected before 40 PCR
cycles. Quantitation of VL was
accomplished by generating

a standard curve on the basis of
dilutions of known SARS-CoV-2
genomic RNA, and results were
expressed as copies per mL of VTM. A
strong inverse correlation between
cycle threshold (Ct) and VL was
observed (r = —1; P < .0004; Fig 1).
The study was approved by the
institutional review board for human
use, and informed consent was
obtained from all study participants
or their legally authorized
representatives.

The cohort was categorized on the
basis of age, disease severity, and
comorbidities, as follows.

Age

The age categorizations were as
follows: (1) <1 year, (2) 1 to 5 years,
(3) 6 to 17 years, and (4) 18 to 21
years.
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Disease Severity

On the basis of published data,?®-3°

the cohort was categorized as (1)
asymptomatic (no clinical signs or
symptoms attributable to COVID-19),
(2) mild (fever or chills, cough, nasal
congestion or runny nose, new loss of
taste or smell, sore throat, difficulty
breathing = noninvasive
supplemental oxygenation [nasal
cannula], diarrhea, nausea or
vomiting, abdominal pain, fatigue,
headache, myalgias, poor appetite, or
poor feeding), or (3) moderate-severe
illness (pneumonia with hypoxemia
requiring ventilatory support, =
abnormal chest imaging, respiratory
failure, shock, or multiorgan
dysfunction). Children who tested
negative for SARS-CoV-2 RNA at the
time of hospital admission with

a COVID-related illness (MIS-C) were
excluded from this study.

Comorbidities

The cohort was divided into groups
with 0, 1, or >1 comorbid condition
for comparing VL and disease
severity.

Statistical Analysis

The frequency of PCR positivity for
each sample type was determined
and compared among study children
of different age groups (<1, 1-5,
6-17, and 18-21 years) and with
varying degrees of disease severity.
Continuous variables were compared
by using the Kruskal-Wallis test.
Fisher’s exact test was used to
compare categorical variables.
Statistical significance between
outcomes was assessed by using the
Mann-Whitney U test, and
Spearman’s rank test was used to
determine the correlation between
variables. GraphPad Prism 8 was
used for statistical analysis and to
create figures.
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RESULTS

Demographic Characteristics

Between March 24 and August 20,
2020, 102 patients <21 years of age
who tested positive for SARS-CoV-2
by PCR and were either hospitalized
(91%; 93 of 102) or screened before
procedures (8.8%; 9 of 102) were
included. The mean age of the study
children was 9.8 years (*6.6 years),
and about one-half were female (49
of 102). Race and ethnicity
composition of the study cohort
consisted of 41% Black non-Hispanic,
32% white non-Hispanic, and 27%
white Hispanic children (Table 1).

Clinical Findings

A total of 44% (45 of 102) were
categorized as asymptomatic,

whereas 44% (45 of 102) and 11.7%
(12 of 102) were categorized as mild
and moderate-severe disease,
respectively (Table 1). Of those with
symptoms, 72% (41 of 57) reported
fever and 40.3% (23 of 57) reported
cough at initial presentation, whereas
most reported nonspecific symptoms
like abdominal pain, headache, and
fatigue. Of the 93 hospitalized
children, more than one-third (34 of
93; 36.5%) reported close contact
with an individual diagnosed with
COVID-19, and 19.3% (18 of 93)
required invasive or noninvasive
ventilatory support. Radiologic
imaging of chest was not routinely
obtained in all infected children, but
more than one-half of the children in
whom a chest radiograph was
obtained had bilateral patchy

TABLE 1 Demographic and Clinical Characteristics of Children With SARS-CoV-2 Infection

Characteristic

No. (%)

Mean age
Female, n (%)
Race and ethnicity, n (%)
Black non-Hispanic
White Hispanic
White non-Hispanic
Asian American
Disease severity, n (%)
Asymptomatic
Mild
Moderate-severe
Noninvasive ventilation, n (%)
Invasive ventilation, n (%)
Comorbidities, n (%)
None
1 comorbid condition
>1 comorbid condition
Obesity
Endocrine: T1DM or T2DM
Hematology:HbSS, HbSC, or Fanconi’s

Chemotherapy or immunomodulatory treatment

Pulmonary: asthma or chronic lung disease
Hypertension
COVID and contact, n (%)
Symptoms at presentation, n (%)
Fever
Cough
Median hospital stay, d
Asymptomatic
Mild
Moderate-severe
CXR obtained, n (%)
Abnormal CXR, n (%)

9.78 £ 656y
49 of 102 (48)

42 of 102 (41.1)
26 of 102 (25.5)
33 of 102 (32.3)
1 of 102 (0.9)
45 of 102 (44)
45 of 102 (44)
12 of 102 (11.7)
9 of 93 (9.6)
9 of 93 (9.6)

48 of 102 (47)
36 of 102 (35.3)
18 of 102 (17.6)
20 of 102 (19.6)
14 of 102 (13.7)
8 of 102 (7.8)
12 of 102 (11.7)
12 of 102 (11.7)
4 of 102 (3.9)
34 of 93 (36.5)

41 of 57 (71.9)
23 of 57(40.3)

1
3 (P < .0001)
15
36 of 102 (35.3)
19 of 36 (52.7)

CXR, chest radiograph; T1DM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus.



opacities suggestive of multifocal
pneumonia (Table 1).

Of the 53% of children with
underlying comorbidities, 35.3%
reported 1 comorbid condition and
17.6% had >1 comorbidity, with
obesity most frequently reported in
19.6% (20 of 102) of children (Table
1). Other notable comorbidities were
type 1 or type 2 diabetes mellitus in
13.7% and an underlying hematologic
disorder (hemoglobin SS [HbSS],
hemoglobin SC [HbSC], or Fanconi
anemia) in 7.8%. Children with
comorbidities were no more at risk of
developing moderate-severe disease
compared with those without
underlying comorbidities (P = .14).
The median hospital stay was
significantly longer for children with
moderate-severe infection compared
with children with asymptomatic or
mild infection (15 vs 1 vs 3 days
respectively; P < .0001).

Virological Characteristics
VL by Age

Comparison of nasopharyngeal VL
between different age groups
revealed significantly higher VL levels
in children <1 year than all other age
groups (P =.0004). The median VL in
children <1 year was 3.3 X 10’
copies per mL (median Ct: 17),
compared with 9.3 X 10> copies per
mL (median Ct: 33) in the 1 to 5 years
age group, 1.2X10* copies per mL
(Ct: 33) in the 6 to 17 years group,
and 1.4 X 10° copies per mL (Ct: 28)
in the 18 to 21 years group (Fig 2A).
Children <1 year of age had

a significantly higher median VL than
the rest of the cohort (3.3 X 107
copies per mL [Ct: 17] vs 1.3 X 10*
copies per mL [Ct: 33], respectively; P
<.0001; Fig 2B). Of note, except for 2
neonates with severe illness, the
remaining children in the <1 year age
group presented with either mild
illness or were asymptomatic.

VL by Disease Severity

Asymptomatic children (7.2 X 103
copies per mL; median Ct: 34) had
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FIGURE 2

Nasopharyngeal VL comparison by age. A, VL comparison in children on the basis of age revealed
significantly higher VL levels in children =1 of age, compared with children 1to 5 (P = .01), 6 to 17
(P =.0002), or 18 to 21 (P = .001) years of age. The midlines represent medians, and the boxes
represent interquartile ranges. The whiskers represent data points within the fifth to 95th percentile
for the group. B, VL comparison between children <1 year of age and those 1 to 21 years of age
revealed significantly higher VLs in children <1 year of age (P < .0001). The symbols for each group
represent medians, and the whiskers represent 95% confidence intervals.

a significantly lower median VL than
those with symptomatic infection (3.0
x 10° copies per mL; median Ct: 26;
P =.001; Fig 3A). This difference in
VL between the groups persisted
even after the exclusion of children
<1 year of age, who predominantly
presented with asymptomatic or mild
disease but had high VL in the
respiratory tract (P = .02;
Supplemental Fig 7). Among children
with symptomatic infection, there
was no significant difference in the
median VL between those with mild
or moderate-severe disease (2.9 X
10° copies per mL (Ct: 26) vs 5.5.0 X

10° copies per mL (Ct: 25)
respectively (P = .5; Fig 3B).

VL Based on Underlying Comorbidities

There was no significant difference in
the median VL between children with
0, 1, or >1 comorbid condition (1.5 X
10* copies per mL [Ct: 32] vs 4.6 X
10* copies per mL [Ct: 29] vs 6.2 X
10* copies per mL [Ct: 30],
respectively; P = .8), as shown in Fig
4. Although children receiving
chemotherapy or immunomodulatory
treatment had a higher median VL
than those not receiving such
treatments, the difference was not

Ry ity

£ 1010 E 1010

2 10° 2 10%+ n

2 106-] 8 1084 -

a 7. a 74 I

@ 10 § 10

1 108+ ; S' 105

>

o 105 o 10%

3 104 $ > 104

o =]

o o

T - 1 3

o 10° 2 10 5 J... |

E{ 102 T T < 102 T T T

o Asymptomatic Symptomatic 2 Asymptomatic  Mild Moderate-Severe

Disease Severity Disease Severity

FIGURE 3

Nasopharyngeal swab VL comparison by disease severity. A, Children with symptomatic infection had
significantly higher VLs than those with asymptomatic infection (P = .001). The symbols represent
medians, and the whiskers represent 95% confidence intervals. B, Children with either mild or
moderate-severe infection were noted to have higher VL levels, compared with children with
asymptomatic infection. There was no significant difference in VL levels between mild and moderate-
severe disease (P = .9). The midlines represent medians, and the boxes represent 95% confidence
intervals. The whiskers represent the fifth to 95th percentile for the group, and outliers are
represented by circles.
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FIGURE 4

Nasopharyngeal VL comparison by underlying
comorbidities. Nasopharyngeal VL comparison
between groups with 0, 1, or >1 underlying
comorbid conditions did not reveal a signifi-
cant difference between groups (P = .8). The
midlines represent medians, and the boxes
represent 95% confidence intervals. The
whiskers represent the fifth to 95th percentile
for the group, and outliers are represented by
circles.

statistically significant (2.3 X 10°
copies per mL [Ct: 27] vs 2.3 X 10*
copies per mL [Ct: 31]; P = .33).

Sites of Detection and VL

In addition to nasopharyngeal swabs,
nasal, saliva, rectal, and blood
samples were available from 52, 53,
26, and 24 children, respectively. Of
those, 65% (34 of 52) of nasal swabs,
38% (20 of 53) of saliva swabs, 61%
(16 of 26) of rectal swabs, and 50%
(12 of 24) of blood samples were
positive for SARS-CoV-2 RNA.
Although samples from the
respiratory tract had a higher VL,
there were no significant differences
between the compartments (Fig 5). A
comparison between paired
nasopharyngeal and nasal samples,

101 o
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Nasopharyngeal Nasal Saliva  Rectal Plasma
Site of Detection

VL comparison by site of detection. Comparison
of VL at different sites did not reveal a signifi-
cant difference between sites. The midlines
represent medians, and the boxes represent
95% confidence intervals. The whiskers repre-
sent the fifth to 95th percentile for the group,
and outliers are represented by circles.
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available in 51 children, revealed no
significant difference in VL (P = .5),
with strong correlation between the 2
sample types (r = 0.81; Fig 6A). A
similar comparison between
nasopharyngeal and saliva swabs in
53 children revealed a significantly
higher VL in nasopharyngeal swabs
(P < .001), with only a modest
correlation (r = 0.59; Fig 6B). A
comparison of VL between paired
nasopharyngeal and rectal swabs
available in 26 children revealed

a significantly higher VL in
nasopharyngeal swabs (P < .0001),
with only a modest correlation
between these sample types (r = 0.61;
Fig 6C), suggesting viral replication in
the gastrointestinal tract may be
independent of the respiratory tract
involvement. A similar comparison
between saliva and rectal swabs,
available in 25 children, did not
reveal significant differences in VL
between the sample types (P = .35;
Fig 6D).

Of the 63 children with multiple
sample types, =3 samples were
available in 52 (82.5%) children, and
the presence of SARS-CoV-2 RNA in
=1 site was not associated with
symptomatic infection or disease
severity (P = .18). In the 24 children
from whom blood samples were
available, 50% (12 children) were
viremic: 2 with asymptomatic
infection, 1 with mild infection, and 9
with moderate-severe infection, with
no significant difference in VL
between the groups.

Duration of Shedding

Data for shedding duration beyond 2
and 4 weeks from the initial diagnosis
were only available in 13 children
from this cohort who were
hospitalized beyond 2 weeks or
managed as outpatients. All except 1
newborn had underlying comorbid
conditions, with one-half of this
cohort (6 of 12) receiving
chemotherapy and
immunomodulatory treatment. Most
children (12 of 13) continued to test

positive for SARS-CoV-2 RNA in
nasopharyngeal swabs at 2 weeks,
and 6 of 13 (46%) were PCR-positive
beyond 4 weeks, with decreasing VL
in samples obtained serially
(Supplemental Fig 8; see also
Supplemental Table 2). The detection
of viral RNA at 2 and 4 weeks was not
associated with symptomatic disease
or severity of infection at initial
presentation.

DISCUSSION

In this cohort of mostly hospitalized
children with SARS-CoV-2 infection,
44% of the study children were
asymptomatic, and the majority of
those with symptomatic infection had
nonspecific findings at the time of
presentation. We document high VL
in the respiratory tract in children
with symptomatic infection and in
infants. Although children with >1
comorbid condition had a higher risk
for development of severe disease, we
did not see an association between
SARS-CoV-2 VL in the respiratory
tract and the severity of illness. In
one-half of the children from whom
blood samples were available, we
document SARS-CoV-2 viremia,
suggesting disseminated infection.
The finding of viral RNA in samples
from the gastrointestinal tract (saliva
and rectal), suggesting independent
viral replication at these sites in
children who were tested, has
implications for the spread of
infection through routes other than
respiratory tract. Additionally, in

a smaller group of children with
underlying hematologic disorders or
those receiving chemotherapy or
immunomodulatory treatment, it is
not uncommon for the persistence of
SARS-CoV-2 RNA beyond 2 weeks.

Despite the worldwide spread of
SARS-CoV-2, the incidence rates in
children have continued to be low,
with substantially lower morbidity
and mortality compared with adults.
Although the initial reports of COVID-
19 from China included limited
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between paired NP and saliva swabs. G, VL comparison between paired NP and rectal swabs. D, VL comparison between paired saliva and rectal

swabs.

pediatric data, subsequent reports
have been focused on clinical and
demographic factors of SARS-CoV-2
infections in children, however, with
limited information on virological
characteristics.!3-1>2831-33

Contrary to the belief that children
are less likely to spread the infection,
we document high VL in the
respiratory tract in children, with
significantly higher levels in children
with symptoms, compared with
asymptomatic children, similar to
recently published reports.>* Data
from small cohorts of adults admitted
to ICUs have suggested an association

between high respiratory tract SARS-
CoV-2 VL and the severity of illness or
risk of progression in severe COVID-
19.35737 However, we did not find an
association between VL in the
respiratory tract and severity of
illness, possibly because of the
inclusion of more children with
asymptomatic and milder illnesses in
this study. A major strength of this
study is that almost one-half of the
cohort is asymptomatic and identified
by screening of all hospitalized
children for SARS-CoV-2, thus
providing a better description of
virological characteristics in children
who were underrepresented in

previous studies. Another strength of
our study is the availability of
samples other than nasopharyngeal
swabs in about two-thirds of the
study children.

An intriguing finding in this study is
the presence of significantly high VL
in the respiratory tract of children <1
year with predominantly
asymptomatic or mild disease,
corroborating findings from a recent
report that documented high VL in
children <5 years compared with
older children and adults.?®> However,
that study did not include VL
information in infants or VL as

PINNINTI et al



a correlate of disease severity. We
speculate that passively transferred
maternal antibodies against seasonal
coronaviruses may provide cross-
reactive protective immunity, leading
to a lower severity of illness in infants
despite high VL.

Our findings, together with other
reports, contradict the belief that
young children are less susceptible to
SARS-CoV-2 infection or do not
significantly contribute to SARS-CoV-
2 transmission.*®*° However, one of
the shortfalls of this study is that we
did not examine the transmission
dynamics of SARS-CoV-2 within the
families or communities of children
enrolled in this study. Although the
discordance between VL levels and
disease severity needs further study,
this observation suggests that

a vigorous immune response and the
resulting hyperinflammatory state in
older children and adults may play

a role in the severity of SARS-CoV-2
infection.

In this study, we also present
evidence of gastrointestinal
involvement, with detection of SARS-
CoV-2 RNA in saliva and rectal swabs
in the majority of children from
whom samples were available, with
VL comparable to that in the
respiratory tract. Although the testing
of nasopharyngeal swabs for SARS-
CoV-2 RNA is currently considered
the standard for diagnosis, we show
a strong correlation between
nasopharyngeal and nasal swab VL
during acute infection. However, the
finding of significantly lower VL in
saliva and rectal samples suggests
that viral replication in the
gastrointestinal tract is independent
of the respiratory tract. However, the
lower VL in the gastrointestinal tract
suggests that saliva and rectal swabs
are not appropriate samples for the
identification of children with COVID-
19. Although we did not conduct cell
culture experiments to recover
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infectious SARS-CoV-2 in these
specimens (nasopharyngeal, nasal,
saliva, and rectal), higher RNA levels
have been associated with an ability
to recover the virus,*! suggesting that
young children in the acute phase of
infection could spread the virus to
contacts through activities such as
feeding and diaper changes, with
implications for infection control
practices not just during
hospitalization but also at home, child
care settings, and school settings.

Viremia, suggesting systemic
infection and dissemination, has been
reported in patients with SARS-CoV-2,
but the significance of this finding
remains unclear.** Although blood
samples were obtained from only
25% of the children in this cohort, we
document viremia in 50% of the
samples analyzed. There was no
association between viremia and
severity of illness at initial
presentation, but the small sample
size limits the value of this finding.
The documentation of viremia during
acute infection could be of
significance because of the emergence
of MIS-C in some infected children
during the convalescent phase'”™*?
and findings of adults with cardiac
involvement on follow-up after
COVID-19,**** highlighting the need
for prospective follow-up to examine
the role of viremia during acute
infection and long-term adverse
outcomes, irrespective of severity of
initial illness.

Although most individuals with SARS-
CoV-2 infection are believed to be
infectious for 10 to 14 days from
diagnosis, studies have documented
shedding duration beyond 14
days.®>**> We document shedding
beyond 4 weeks in children receiving
chemotherapy or immunomodulatory
therapy. Although it is not clear
whether these children continue to
shed infectious virus for prolonged
periods, this finding does raise

questions for infection control
practices during hospitalization.
However, consistent with published
data, we did not document increased
morbidity in children with underlying
hematologic and oncological
conditions.***’

This study is one of the few to be
focused on the virological
characteristics of SARS-CoV-2
infection in children. Because our
cohort predominantly includes
hospitalized children, these data
might not be representative of SARS-
CoV-2-infected children in the
community. However, nearly one-half
the cohort was identified because of
the screening of all hospitalized
children, suggesting that the findings
of this study are generalizable. A
major limitation of this study is the
inability to correlate VL to time from
infection because of inclusion of
children with asymptomatic infection.

CONCLUSIONS

The findings of this study suggest that
children with SARS-CoV-2 are
predominantly asymptomatic or have
mild illness with high VL in the
respiratory tract and at other sites. In
addition, significantly high VL was
documented in the respiratory tract
of infants compared with all other age
groups. There remain a number of
unanswered questions about long-
term outcomes and the association
between virological characteristics
and adverse clinical outcomes in
children with SARS-CoV-2 infection,
highlighting the need for prospective
follow-up studies.



ABBREVIATIONS

COVID-19: coronavirus disease
2019
Ct: cycle threshold
EMR: electronic medical record
HbSC: hemoglobin SC
HbSS: hemoglobin SS
MIS-C: multisystem inflammatory
disorder
PCR: polymerase chain reaction
RT-PCR: reverse transcriptase
polymerase chain
reaction
SARS-CoV-2: severe acute respira-
tory syndrome coro-
navirus 2
VL: viral load
VTM: viral transport media

Accepted for publication Feb 16, 2021

Address correspondence to Swetha G. Pinninti, MD, CHB 308, 1600 7th Ave S, University of Alabama at Birmingham, Birmingham, AL 35233. E-mail: spinninti@
peds.uab.edu

PEDIATRICS (ISSN Numbers: Print, 0031-4005; Online, 1098-4275).
Copyright © 2021 by the American Academy of Pediatrics
FINANCIAL DISCLOSURE: The authors have indicated they have no financial relationships relevant to this article to disclose.

FUNDING: Supported in part by funding from National Institutes of Health National Cancer Institute grant 1U01CA260462-01 to Drs Boppana, Britt, and Pinninti.
Funded by the National Institutes of Health (NIH).

POTENTIAL CONFLICT OF INTEREST: The authors have indicated they have no potential conflicts of interest to disclose.

REFERENGES

1. Dong E, Du H, Gardner L. An interactive
web-based dashboard to track COVID-19
in real time. [published correction
appears in Lancet Infect Dis. 2020;20(9):
e215]. Lancet Infect Dis. 2020;20(5):
533-534

2. Wu Z, McGoogan JM. Characteristics of
and important lessons from the
Coronavirus Disease 2019 (COVID-19)
outbreak in China: summary of a report
of 72 314 cases from the Chinese
Center for Disease Control and
Prevention. JAMA. 2020,323(13):
1239-1242

3. Liu PP, Blet A, Smyth D, Li H. The science
underlying COVID-19: implications for
the cardiovascular system. Circulation.
2020;142(1):68—78

4. Madjid M, Safavi-Naeini P, Solomon SD,
Vardeny 0. Potential effects of
coronaviruses on the cardiovascular
system: a Review. JAMA CGardiol. 2020;
5(7):831-840

5. Pei G, Zhang Z, Peng J, et al. Renal
involvement and early prognosis in
patients with COVID-19 pneumonia. J
Am Soc Nephrol. 2020;31(6):1157—1165

6. Bikdeli B, Madhavan MV, Jimenez D,
et al.; Global COVID-19 Thrombosis
Collaborative Group, Endorsed by the
ISTH, NATF, ESVM, and the IUA,
Supported by the ESC Working Group
on Pulmonary Circulation and Right
Ventricular Function. COVID-19 and

thrombotic or thromboembolic disease:

implications for prevention,
antithrombotic therapy, and follow-up:

JACC state-of-the-art review. J Am Coll
Gardiol. 2020;75(23):2950-2973

. Paniz-Mondolfi A, Bryce G, Grimes Z,

et al. Central nervous system
involvement by severe acute
respiratory syndrome coronavirus-2
(SARS-CoV-2). J Med Virol. 2020;92(7):
699-702

. Guan WJ, Ni ZY, Hu Y, et al.; China

Medical Treatment Expert Group for
Covid-19. Clinical characteristics of
coronavirus disease 2019 in China. N
Engl J Med. 2020;382(18):1708—1720

. Zhou F, Yu T, Du R, et al. Clinical course

and risk factors for mortality of adult
inpatients with GOVID-19 in Wuhan,
China: a retrospective cohort study.
[Lancet. 2020;395(10229):1038]. Lancet.
2020;395(10229):1054—1062

PINNINTI et al


mailto:spinninti@peds.uab.edu
mailto:spinninti@peds.uab.edu

. Wu C, Chen X, Cai Y, et al. Risk factors

associated with acute respiratory
distress syndrome and death in
patients with coronavirus disease 2019
pneumonia in Wuhan, China. [published
correction appears in JAMA Intern Med.
2020;180(7):1031]. JAMA Intern Med.
2020;180(7):934-943

. Price-Haywood EG, Burton J, Fort D,

Seoane L. Hospitalization and mortality
among black patients and white
patients with covid-19. N Engl J Med.
2020,382(26):2534—2543

. Shekerdemian LS, Mahmood NR, Wolfe

KK, et al.; International COVID-19 PICU
Collaborative. Characteristics and
outcomes of children with coronavirus
disease 2019 (COVID-19) infection
admitted to US and Canadian Pediatric
Intensive Care Units. JAMA Pediatr.
2020;174(9):868—873

. Tagarro A, Epalza G, Santos M, et al.

Screening and severity of coronavirus
disease 2019 (COVID-19) in children in
Madrid, Spain [published online ahead
of print April 8, 2020]. JAMA Pediatrdoi:
10.1001/jamapediatrics.2020.1346

. Gotzinger F, Santiago-Garcia B, Noguera-

Julian A, et al; ptbnet COVID-19 Study
Group. COVID-19 in children and
adolescents in Europe: a multinational,
multicentre cohort study. Lancet Child
Adolesc Health. 2020;4(9):653—661

. Parri N, Magista AM, Marchetti F, et al;

CONFIDENGE and COVID-19 Italian
Pediatric Study Networks.
Characteristic of COVID-19 infection in
pediatric patients: early findings from
two ltalian Pediatric Research
Networks. Eur J Pediatr. 2020;179(8):
1315-1323

. Belhadjer Z, Méot M, Bajolle F, et al.

Acute heart failure in multisystem
inflammatory syndrome in children in
the context of global SARS-CoV-2
pandemic. Circulation. 2020;142(5):
429-436

. Dufort EM, Koumans EH, Chow EJ, et al ;

New York State and Centers for Disease
Control and Prevention Multisystem
Inflammatory Syndrome in Children
Investigation Team. Multisystem
inflammatory syndrome in children in
New York state. N Engl J Med. 2020;
383(4):347-358

. Feldstein LR, Rose EB, Horwitz SM, et al ;

Overcoming COVID-19 Investigators; CDC

PEDIATRICS Volume 147, number 5, May 2021

20.

21.

22.

23.

24.

25.

26.

27.

COVID-19 Response Team. Multisystem
inflammatory syndrome in U.S. children
and adolescents. N Engl J Med. 2020;
383(4):334-346

. Moraleda G, Serna-Pascual M, Soriano-

Arandes A, et al. Multi-inflammatory
syndrome in children related to SARS-
GoV-2 in Spain [published online ahead
of print July 25, 20201. Glin Infect Dis.
doi:10.1093/cid/ciaa1042

Ng KW, Faulkner N, Cornish GH, et al.
Preexisting and de novo humoral
immunity to SARS-CoV-2 in humans.
Science. 2020;370(6522):1339—1343

Williams PCM, Howard-Jones AR, Hsu P,
et al. SARS-CoV-2 in children: spectrum
of disease, transmission and
immunopathological underpinnings.
Pathology. 2020;52(7):801-808

Mehta NS, Mytton 0T, Mullins EWS, et al.
SARS-CoV-2 (COVID-19): what do we
know about children? A systematic
review. Clin Infect Dis. 2020;71(9):
2469-2479

Kainth MK, Goenka PK, Williamson KA,
et al; Northwell Health COVID-19
Research Gonsortium. Early experience
of GOVID-19 in a US children’s hospital.
Pediatrics. 2020;146(4):€2020003186

Goyal MK, Simpson JN, Boyle MD, et al.
Racial and/or ethnic and
socioeconomic disparities of SARS-CoV-
2 infection among children. Pediatrics.
2020;146(4):62020009951

Heald-Sargent T, Muller WJ, Zheng X,
Rippe J, Patel AB, Kociolek LK. Age-
related differences in nasopharyngeal
severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) levels in
patients with mild to moderate
coronavirus disease 2019 (COVID-19).
JAMA Pediatr. 2020;174(9):902—903

Bahar B, Jacquot G, Mo YD, DeBiasi RL,
Campos J, Delaney M. Kinetics of viral
clearance and antibody production
across age groups in children with
severe acute respiratory syndrome
coronavirus 2 infection. J Pediatr. 2020;
227:31-37.¢e1

Pinninti S, Trieu G, Pati SK, et al.
Comparing nasopharyngeal and
midturbinate nasal swab testing for the
identification of severe acute
respiratory syndrome coronavirus 2
[published online ahead of print June

28.

29.

30.

31.

32.

33.

34.

35.

36.

7.

38.

29, 20201. Clin Infect Dis. d0i:10.1093/
cid/ciaa882

Dong Y, Mo X, Hu Y, et al. Epidemiology
of COVID-19 among children in China.
Pediatrics. 2020;145(6):€20200702

COVID-19 Treatment Guidelines Panel;
National Institutes of Health.
Coronavirus disease 2019 (COVID-19)
treatment guidelines. Available at:
https://www.
covid19treatmentguidelines.nih.gov/.
Accessed February 2, 2021

World Health Organization. Clinical
management of COVID-19. Available at:
https://www.who.int/publications-detail-
redirect/clinical-management-of-covid-
19. Accessed February 2, 2021

Parri N, Lenge M, Buonsenso D;
Coronavirus Infection in Pediatric
Emergency Departments (CONFIDENCE)
Research Group. Children with Covid-19
in pediatric emergency departments in
Italy. N Engl J Med. 2020;383(2):187—190

DeBiasi RL, Song X, Delaney M, et al.
Severe coronavirus disease-2019 in
children and young adults in the
Washington, DC, metropolitan region. J
Pediatr. 2020;223:199-203.e1

Han MS, Choi EH, Chang SH, et al.
Clinical characteristics and viral RNA
detection in children with coronavirus
disease 2019 in the Republic of Korea.
JAMA Pediatr. 2021;175(1):73-80

Yonker LM, Shen K, Kinane TB. Lessons
unfolding from pediatric cases of
COVID-19 disease caused by SARS-CoV-2
infection. Pediatr Pulmonol. 2020;55(5):
1085—1086

Wolfel R, Corman VM, Guggemos W,
et al. Virological assessment of
hospitalized patients with COVID-2019.
[published correction appears in
Nature. 2020;588(7839):E35]. Nature.
2020;581(7809):465—469

Huang Y, Chen S, Yang Z, et al. SARS-CoV-
2 viral load in clinical samples from
critically ill patients. Am J Respir Crit
Care Med. 2020;201(11):1435—1438

Liu Y, Yan L-M, Wan L, et al. Viral
dynamics in mild and severe cases of
COVID-19. Lancet Infect Dis. 2020;20(6):
656—657

Luo Y, Trevathan E, Qian Z, et al.
Asymptomatic SARS-CoV-2 infection in
household contacts of a healthcare


https://www.covid19treatmentguidelines.nih.gov/
https://www.covid19treatmentguidelines.nih.gov/
https://www.who.int/publications-detail-redirect/clinical-management-of-covid-19
https://www.who.int/publications-detail-redirect/clinical-management-of-covid-19
https://www.who.int/publications-detail-redirect/clinical-management-of-covid-19

39.

40.

41.

provider, Wuhan, China. Emerg Infect
Dis. 2020;26(8):1930-1933

Zhang W, Cheng W, Luo L, et al.
Secondary transmission of coronavirus
disease from presymptomatic persons,
China. Emerg Infect Dis. 2020;26(8):
1924—-1926

Teherani MF, Kao CM, Camacho-Gonzalez
A, et al. Burden of iliness in households
with severe acute respiratory
syndrome coronavirus 2-infected
children. J Pediatric Infect Dis Soc.
2020;9(5):613-616

L'Huillier AG, Torriani G, Pigny F, Kaiser
L, Eckerle I. Gulture-competent SARS-
CoV-2 in nasopharynx of symptomatic
neonates, children, and adolescents.
Emerg Infect Dis. 2020;26(10):2494—2497

42.

43.

44.

45.

Zou L, Ruan F, Huang M, et al. SARS-CoV-
2 viral load in upper respiratory
specimens of infected patients. N Engl J
Med. 2020;382(12):1177—1179

Inciardi RM, Lupi L, Zaccone G, et al.
Cardiac involvement in a patient with
coronavirus disease 2019 (COVID-19).
JAMA Cardiol. 2020;5(7):819-824

Puntmann VO, Carerj ML, Wieters |, et al.
Outcomes of cardiovascular magnetic
resonance imaging in patients recently
recovered from coronavirus disease
2019 (COVID-19). [published correction
appears in JAMA Cardiol. 2020;5(11):
1308]. JAMA Cardiol. 2020;5(11):
1265-1273

Lu Y, Li Y, Deng W, et al. Symptomatic
infection is associated with prolonged

46.

47.

duration of viral shedding in mild
coronavirus disease 2019:

a retrospective study of 110 children in
Wuhan. Pediatr Infect Dis J. 2020;39(7):
€95—-e99

Boulad F, Kamboj M, Bouvier N,
Mauguen A, Kung AL. COVID-19 in
children with cancer in New York City.
JAMA Oncol. 2020;6(9):1459-1460

Assaad S, Avrillon V, Fournier M-L, et al.
High mortality rate in cancer patients
with symptoms of COVID-19 with or
without detectable SARS-COV-2 on RT-
PGR. Eur J Cancer. 2020;135:251-259

PINNINTI et al



