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ABSTRACT

Background: Identifying children at risk for severe COVID-19 disease from severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) may guide future mitigation interventions. Using sentinel surveillance data, we aimed to identify risk factors for
SARS-CoV-2-associated hospitalisation among patients aged <18years with respiratory illness.

Methods: From April 2020 to March 2022, patients meeting study case definitions were enrolled at four outpatient influenza-
like illness (ILI) and five inpatient severe respiratory infection (SRI) surveillance sites and tested for SARS-CoV-2 infection using
polymerase chain reaction (PCR). Each ILI clinic shared a catchment area with its corresponding SRI hospital. Potential risk
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factors for SARS-CoV-2-associated hospitalisation were analysed using multivariable logistic regression by comparing inpatient

versus outpatient SARS-CoV-2 cases.

Results: Of 4688 participants aged <18years, 4556 (97%) with complete PCR and HIV data were included in the analysis. Among
patients with ILI and SRI, 92/1145 (8%) and 154/3411 (5%) tested SARS-CoV-2 positive, respectively. Compared to outpatients,
hospitalised SARS-CoV-2 cases were associated with age <6 months ([adjusted odds ratio (aOR) 8.0, 95% confidence interval
(CI) 2.7-24.0] versus 1-4years); underlying medical condition other than HIV [aOR 5.8, 95% CI 2.3-14.6]; laboratory-confirmed
Omicron BA.1/BA.2 or Delta variant ([aOR 4.9, 95% CI 1.7-14.2] or [aOR 2.8, 95% CI 1.1-7.3] compared to ancestral SARS-CoV-2);
and respiratory syncytial virus coinfection [aOR 6.2, 95% CI 1.0-38.5].

Conclusion: Aligning with previous research, we identified age <6 months or having an underlying condition as risk factors for
SARS-CoV-2-associated SRI hospitalisation and demonstrated the potential of sentinel surveillance to monitor COVID-19 in children.

1 | Background

By March 2022, following four distinct epidemiological waves of
COVID-19 (ancestral strain, Beta, Deltaand Omicron BA.1/BA.2
variants), 3,593,644 laboratory-confirmed cases of COVID-19
had been reported in South Africa with 424,394 cases and 26,176
admissions identified among children aged <18years [1].

Although children aged <18years appear underrepresented
among COVID-19 cases and hospital admissions, the numbers
affected remain high, and little is known about risk factors for
severe disease among children, particularly in South Africa.
Several studies have shown children to have a lower risk of severe
COVID-19 than adults [2-4]. Identified risk factors for hospital-
isation in children aged <18years include age <1lyear and the
presence of underlying conditions such as chronic lung disease,
neurologic disorders, cardiovascular disease, prematurity, diabe-
tes mellitus and obesity [1, 5-13]. A limitation of some of these
studies is that data were not consistently available on whether
SARS-CoV-2 was causally associated with hospitalisation or
whether this was an incidental finding because of testing algo-
rithms during this time, thus potentially confounding risk fac-
tor ascertainment. Because outcomes among adults coinfected
with SARS-CoV-2 and HIV are associated with increased sever-
ity [14-16], and the high proportion of HIV-infected pregnant
women in South Africa [17], it is important to explore the role
of HIV infection and exposure as a risk factor for severe illness
among children, in addition to other previously described factors.

In this study, we analyse 2 years of data from the well-established
influenza-like illness (ILI) and severe respiratory illness (SRI)
surveillance platforms with the aim to identify risk factors for
SARS-CoV-2-SRI-associated hospitalisation in children aged
<18years. Furthermore, we aim to compare characteristics of
SARS-CoV-2 positive versus negative cases and highlight the
potential for sentinel respiratory surveillance programmes to
monitor the epidemiology of COVID-19 in children.

2 | Methods

2.1 | Sentinel Respiratory
Surveillance Programmes

We conducted active, prospective, outpatient surveillance for
ILI [18] at four peri-urban and urban clinics. We also conducted
active prospective hospital surveillance for SRI [19, 20] at five

hospitals sharing the same catchment area as the ILI clinics.
These corresponding ILI and SRI sentinel sites were only avail-
able in three provinces of South Africa at the time of this study.
The study population included all individuals aged <18years
enrolled into these facilities’ ILI or SRI surveillance programme
from 1 April 2020 to 31 March 2022 and for whom complete poly-
merase chain reaction (PCR) and HIV status data were available.

2.2 | Case Definitions

The complete ILI and SRI case definitions, as well as inclusion
and exclusion criteria, are presented in Tables S1 and S2. Briefly,
ILI was defined as individuals presenting to an ILI sentinel
site clinic with respiratory symptoms or suspected COVID-19.
SRI was defined as individuals admitted at an SRI sentinel
site hospital with a clinician-diagnosed lower respiratory tract
illness (LRTI), suspected COVID-19, suspected neonatal sep-
sis or presenting with symptoms associated with pertussis. To
avoid potential nosocomial acquisition, a positive case was de-
fined as laboratory-confirmed SARS-CoV-2 positive PCR result
from a nasopharyngeal swab collected within 48h of hospital
admission.

2.3 | Study Procedures

Surveillance nurses and research assistants systematically
screened patients presenting for care at ILI sentinel outpatient
clinics from Monday to Friday (08h00-16h00) or admitted for
treatment at SRI sentinel hospitals between 17h00 on Sunday
and 13h00 on Friday. Screened patients who met surveillance
case definitions and were eligible for enrolment were approached
for informed consent. Case investigation forms, including de-
mographic and clinical characteristics, underlying health con-
ditions, COVID-19 vaccination status and in-hospital outcome,
were collected for all enrolled patients through structured in-
terviews and by reviewing medical records. Nasopharyngeal
swabs were collected from enrolled patients.

2.4 | Laboratory Procedures

Nasopharyngeal swabs (Copan Italia, Brescia, Italy) were stored
in universal transport medium (UTM) (Copan Italia, Brescia,
Italy) at 4°C-8°C and transported on ice packs in a cooler box
to the NICD for testing. Total nucleic acids were extracted
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using a MagNA Pure 96 automated extractor and the DNA/
Viral NA Small Volume v2.0 extraction kit (Roche Diagnostics,
Mannheim, Germany). Influenza virus, respiratory syncytial
virus (RSV) and SARS-CoV-2 were detected using real-time re-
verse transcription PCR (rRT-PCR). Until 28 February 2021, in-
fluenza and RSV were detected using the Fast Track Diagnostics
(FTD) Flu/HRSV kit (Siemens, Luxembourg) and SARS-CoV-2
using the TIB MOLBIOL E gene assay (Roche Diagnostics,
Mannheim, Germany). Starting on 1 March 2021, SARS-CoV-2,
influenza and RSV testing were performed using the Allplex
SARS-CoV-2/Flu A/Flu B/RSV multiplex PCR kit (Seegene,
Seoul, South Korea). SARS-CoV-2 positive samples were further
characterised by whole genome sequencing (WGS) or Allplex
Variants I and II PCR testing (Seegene, Seoul, South Korea) to
determine variants of concern, except where genetic material
was considered too low for variant PCR testing and WGS (cycle
threshold [Ct] value >35). HIV status was confirmed through
testing done by attending clinicians as part of standard care.
Pretest counselling and bedside HIV testing were performed
by surveillance staff for consenting patients not tested by their
attending clinician. All patients found positive for HIV were
linked to care.

2.5 | Period of Enrolment

The periods of enrolment were classified according to out-
of-wave and in-wave periods from April 2020 to March 2022.
An out-of-wave period was when the weekly incidence risk of
SARS-CoV-2 was < 30 cases and the in-wave period >30 cases
per 100,000 total population from national COVID-19 surveil-
lance reports [21]. In-wave period and dominant variant by
epidemiological week and date were as follows: 1st in-wave
dominated by the ancestral strain: week 24 (7 June) of 2020 to
week 34 (15 August) of 2020; 2nd in-wave dominated by Beta:
week 47 (15 November) of 2020 to week 5 (30 January) of 2021;
3rd in-wave dominated by Delta: week 19 (2 May) of 2021 to
week 37 (11 September) of 2021; and 4th in-wave dominated by
Omicron BA.1/BA.2: week 48 (21 November) of 2021 to week 5
(29 January) of 2022.

2.6 | Statistical Analysis

Proportions along with univariable and multivariable random
effects logistic regression accounting for clustering by province
were used to (i) describe demographic and clinical factors as-
sociated with SARS-CoV-2 positivity among ILI or SRI cases at
the nine sites and (ii) assess factors for SARS-CoV-2-associated
SRI hospitalisation by comparing characteristics of SARS-CoV-2
positive outpatient ILI cases with SARS-CoV-2 positive hospital-
ised SRI cases.

The progression of time was included as a continuous variable,
measuring time in months since the start of the study period to
time of enrolment to account for possible improvement in clin-
ical treatment and changes in severity as population immunity
increased and susceptibility to SARS-CoV-2 decreased over time.
Vaccination was not approved for children under 12years of age
in South Africa for the study period; children aged 12-17years
were eligible for vaccination beginning on 20 October 2021,

and those aged 18years were eligible beginning on 20 August
2021. Binary variables included race, sex, symptom duration
before seeking medical care, wave period, influenza and RSV
results, COVID-19 vaccination status and underlying condition
other than HIV. ‘Underlying condition’ consisted of a range of
conditions including chronic lung conditions (including asthma
and previous or current episodes of tuberculosis); neurological
disorders (including seizure disorders, spinal cord injury and
cerebral palsy); chronic renal failure or nephrotic syndrome;
chronic or congenital heart conditions (including heart failure
and valvular conditions); coronary artery disease; stroke; hy-
pertension; diabetes; liver failure; any condition resulting in
immunosuppression (including malignancies, sick cell disease,
splenectomy, organ transplant, immunosuppressive therapy,
autoimmune disease and immunoglobulin deficiency); burns;
malnutrition; obesity; prematurity; other congenital disorder;
and a current pregnancy. Nominal categorical variables included
age group, province, HIV status and SARS-CoV-2 variant. Age
groups were divided into categories (< 6 months, 6-11 months,
1-4years, 5-12years and 13-18years) to distinguish between
young infants, older infants, toddlers and primary and second-
ary school-attending ages [1]. HIV status was categorised as ei-
ther ‘HIV-infected’ with a laboratory-confirmed positive result;
‘HIV uninfected’ with a documented negative result including
HIV-exposed uninfected (HEU) children > 1years of age and all
HIV-unexposed uninfected (HUU) children; or ‘HEU’ in chil-
dren <1year old who are at increased risk of severe infections,
particularly pneumonia, during the first year of life compared
to HUU children [22, 23]. SARS-CoV-2 variants were catego-
rised as ‘ancestral strain’, ‘Beta’, ‘Delta’, ‘Omicron BA.1/BA.2’ or
‘variant not assigned’ in instances where the sequencing failed
quality control. Where no variant result was available because
the specimen was tested at the sentinel site and was not avail-
able for variant characterisation or there was too little genetic
material in the sample (PCR cycle threshold [C,] value > 35), we
imputed the variant based on the period (COVID-19 in-wave)
during which the specimen was collected.

Known risk factors from previous research for increased risk
of SARS-CoV-2-associated SRI hospitalisation (age [6], under-
lying conditions [1]) were chosen a priori for inclusion in the
final multivariable model. Additionally, other variables with p
values<0.2 in the univariable analysis, a threshold supported
by literature [24, 25], were assessed for inclusion in the final
multivariable model. A manual backward elimination process
was used to determine the final multivariable model with sta-
tistical significance considered at a p value <0.05. All analyses
were conducted using Stata version 17.0 [26].

3 | Results

From 1 April 2020 to 31 March 2022, 4688 participants aged
<18years were enrolled into participating surveillance facili-
ties. Of the total 4688 participants, 4556 (97.2%) had complete
PCR and HIV status data and were included in the analyses;
1145/4556 (25.1%) participants were enrolled from ILI and
3411/4556 (74.9%) from SRI surveillance. Cases excluded from
the analysis included 110/4688 (2.3%) because of incomplete
PCR data and 22/4688 (0.5%) because of incomplete data on HIV
status (Figure 1).
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/ ILI and SRI enrolments: 4,688 |\

ILI: 1,167

Missing SARS-CoV-2 PCR results: 9 (1%)

. Y

SRI: 3,521

Missing SARS-CoV-2 PCR results: 51 (1%)

! y

COVID-19 negative: 1,065 (92%) COVID-19 positive: 93 (8%)
Missing: Missing:

HIV results: 12 (1%) HIV results: 1 (1%)

COVID-19 positive: 160 (5%) COVID-19 negative: 3,310 (95%)
Missing: Missing:
HIV results: 1 (1%) HIV results: 8 (<1%)

RSV PCR results: 5 (3%) RSV PCR results: 45 (1%)

! l

! l

COVID-19 negative: 1,053 (92%) COVID-19 positive: 92 (8%)

COVID-19 positive: 154 (5%) COVID-19 negative: 3,257 (95%)

Analysis i) ILI; N = 1,145

FIGURE1 | Flow chart for inclusion of participants.
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FIGURE 2 | Number of laboratory-confirmed SARS-CoV-2 cases in individuals aged <18years by SARS-CoV-2 variant, combined data from 9
respiratory surveillance sites in 3 provinces of South Africa, 2020-2022, N=246.

Among ILI and SRI participants (n =4556), RSV and influenza
were detected among 931 (20.4%) and 152 (3.3%) participants, re-
spectively. Only 46/4556 (1.0%) participants were eligible to have
received the COVID-19 vaccine, and from those, 6/46 (13.0%)
were vaccinated. SARS-CoV-2 infection was detected in 92/1145
(8.0%) ILI and 154/3411 (4.5%) SRI surveillance participants.
Among all individuals testing SARS-CoV-2 positive (n=246,
5.4%), 41 (16.7%) were during the first, 24 (9.8) during the sec-
ond, 77 (31.3%) during the third, 53 (21.5%) during the fourth
wave and 51 (20.7%) during the inter-wave periods (Figure 2).

There were 85/246 (34.6%) SARS-CoV-2 positive cases where
either the specimen was unavailable, C, value was higher than
the cut-off threshold for variant characterisation, or sequencing
failed. These (n=85) were assigned according to the dominant
variant of the wave period as follows: ancestral 24 (28.2%), Beta
1 (1.2%), Delta 9 (10.6%), Omicron BA.1/BA.2 15 (17.6%) or ‘vari-
ant not assigned’ 36 (42.4%).

On multivariable analysis, comparing SARS-CoV-2 negative
individuals with SARS-CoV-2 positive cases among outpatients
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with ILI, the SARS-CoV-2 positive cases were more likely to
be aged 6-11months [adjusted odds ratio (aOR) 2.7, 95% con-
fidence interval (CI) 1.2-6.1], 5-12years [aOR 3.3, 95% CI 1.7-
6.2] or 13-18years [aOR 6.5, 95% CI 3.3-12.7] compared with
the 1-4years age group (Table 1). Among hospitalised patients
with SRI, SARS-CoV-2 positive versus negative cases were more
likely to be <6months [aOR 2.8, 95% CI 1.8-4.2], 5-12years
[aOR 2.1, 95% CI 1.0-4.1] or 13-18years [aOR 11.3, 95% CI 4.4—
28.6] compared with the 1-4years age group. Individuals with
SARS-CoV-2 infection were 1.5 times more likely to have an un-
derlying medical condition compared to the SARS-CoV-2 nega-
tive cases [aOR 1.5, 95% CI 1.1-2.2].

On multivariable analysis, compared to SARS-CoV-2 outpa-
tient cases, factors significantly associated with increased
risk of SARS-CoV-2-associated SRI hospitalisation included
age <6months ([aOR 8.0, 95% CI 2.7-24.0] compared with
1-4years); being infected with the Omicron BA.1/BA.2 or Delta
variants ([aOR 4.9, 95% CI 1.7-14.2] or [aOR 2.8 95% CI 1.1-7.3]
compared to the ancestral strain); having an underlying medical
condition [aOR 5.8, 95% CI 2.3-14.6]; or being coinfected with
RSV [aOR 6.2, 95% CI 1.0-38.5] (Table 2).

4 | Discussion

By comparing SARS-CoV-2 positive individuals <18years of age
enrolled at SRI hospital surveillance sites versus those enrolled
at ILI clinics, we identified risk factors for SARS-CoV-2-asso-
ciated SRI hospitalisation, including age < 6 months, having an
underlying medical condition or having the Omicron BA.1/BA.2
or Delta variants of SARS-CoV-2. These risk factors are similar
to those associated with severe COVID-19 disease from previous
studies [1, 12, 27]. The identification of children at risk for severe
COVID-19 can inform future interventions aimed at mitigating
the impact of the disease.

The distribution of SARS-CoV-2 positive cases from combined
outpatient and hospitalised enrolments at sentinel respiratory
surveillance programmes across three provinces in South Africa
(Figure 2) mirrored the timing and magnitude of SARS-CoV-2
waves published from national data for all notified SARS-CoV-2
positive individuals <18years of age [1]. This, together with the
fact that we were able to identify factors for SARS-CoV-2-asso-
ciated SRI hospitalisation, suggests that the ILI and SRI sentinel
respiratory surveillance programmes in South Africa are use-
ful for monitoring the on-going evolution and epidemiology of
SARS-CoV-2 in children and adolescents.

The overall prevalence of RSV coinfection with SARS-CoV-2
was 6.5% (16/246) and, when comparing outpatient versus in-
patient sentinel surveillance data, was significantly associated
with hospitalisation even after adjusting for differences in age
distribution. The attributable fraction of RSV is known to be
high in infants in South Africa [28], so it is possible that RSV
contributed more to the cause of illness than SARS-CoV-2, al-
though we cannot exclude an interaction between the two in-
fections. Furthermore, an out-of-season resurgence of RSV was
reported in South Africa from August to December of 2020 with
continued transmission into 2021 and 2022 [29]. As described
elsewhere [30, 31], influenza circulation was absent during
most of the study period, likely a result of the widespread use
of nonpharmaceutical interventions during this time and so
we were unable to assess whether influenza and SARS-CoV-2
coinfection is associated with hospitalisation. Subsequently,
there has been a resurgence in influenza activity with influenza
transmission rising above the epidemic threshold from late
April to October of 2022 [32], which will allow us to assess this
association through the sentinel respiratory surveillance pro-
gramme in the future.

There is minimal literature available on HIV infection or ex-
posure as a risk factor for severe respiratory COVID-19 among

TABLE 2 | Factors included in the final multivariable model for SARS-CoV-2-associated SRI hospitalisation among participants <18years of age
at4 ILI and 5 SRI sentinel sites with corresponding catchment areas in South Africa, April 2020 through to March 2022 (N =246).

SARS-CoV-2- SARS-CoV-2-
Factors associated ILI  associated SRI  Crude OR® 95% CI Forest plot of aORs and 95% Cls aOR? 95% CI
n/N (%) (N =92) n/N (%) (VW=154)
Age group
<6 months 6(6.5) 88(57.1) 7.2 2.6-20.4 ° > 80  2.7-24.0
6-11 months 11 (12.0) 15(9.7) 0.7 0.2-1.8 S 0.7 0.2-2.2
1-4 years 15(16.3) 31(20.1) Ref Ref Ref Ref
5-12 years 34(37.0) 12(7.8) 0.2 0.1-0.4 o 0.1 0.1-0.4
13-18 years 26 (28.3) 8(5.2) 0.1 0.0-0.4 o 0.1 0.0-0.4
Variant of SARS-CoV-2
Ancestral strain 33 (35.6) 36 (23.4) Ref Ref Ref Ref
Beta 12 (13.0) 13 (8.4) 1.0 0.4-2.5 ® 1.1 Q0.3-39
Delta 25(27.2) 36 (23.4) 1.4 0.6-3.0 L 3 2.8 1.1-7.3
Qmicron 10 {10.9) 45 (29.2) 4.4 1.8-10.8 ® > 4.9 1.7-14.2
Variant not assigned 12 (13.0) 24 (15.6) 1.9 0.8-4.8 @ > 4.4 1.3-14.2
Underlying condition 11 (12.0) 47(30.5) 3.2 1.6-6.6 ° > 58  2.3-14.6
RSV positive 2(2.2) 14 (9.1) 45 1.0-20.3 ° > 6.2 1.0-38.5
1 0 1 2 3 4 5 6 7 8 9

Abbreviations: aOR: adjusted odds ratio, adjusting for age group, underlying medical condition and RSV infection; ILI: influenza-like illness; OR: odds ratio; RSV:
respiratory syncytial virus included in underlying medical conditions: chronic lung conditions (including asthma and previous or current episodes of tuberculosis),
neurological disorders (including seizure disorders, spinal cord injury and cerebral palsy), chronic renal failure or nephrotic syndrome, chronic or congenital

heart conditions (including heart failure and valvular conditions), coronary artery disease, stroke, hypertension, diabetes, liver failure, any condition resulting in
immunosuppression (including malignancies, sick cell disease, splenectomy, organ transplant, immunosuppressive therapy, autoimmune disease and immunoglobulin
deficiency), burns, malnutrition, obesity, prematurity, other congenital disorder and a current pregnancy; SRI: severe respiratory infection; 95% CI: 95% confidence

interval.
2Random effects logistic regression used to calculate ORs.
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children and adolescents [33]. While the point estimate for odds
of hospitalisation was higher in HIV-infected children and
HEU children compared to HIV-uninfected children in our
study, our study was underpowered to determine a significant
association. Other studies have found that HEU children aged
<1lyear have a greater risk of severe all-cause pneumonia and
RSV-associated lower respiratory tract infection than HUU
children [22, 23, 34-36]. Further research is needed to explore
the association between paediatric HIV infection and exposure
and severe COVID-19, also considering HIV treatment and viral
suppression.

A strength of the sentinel respiratory surveillance programmes
is their systematic and syndromic approach to screening, assess-
ing for eligibility and enrolling participants that are not influ-
enced by the varying testing rates and strategies, nor by varying
national recommendations for testing [1, 12, 13]. Additionally,
because of the syndromic approach, asymptomatic cases, of
which in childhood there is estimated to be a significant pro-
portion compared to adults [37], would not have been eligible for
enrolment, allowing us more specificity compared to laboratory-
based national all-cause COVID-19 surveillance in terms of
SARS-CoV-2-associated SRI.

A limitation of our study is that it required consent from the
parent or legal guardian, and so, it is possible that more se-
vere patients, where the guardian declined consent because
the child was critically ill, were excluded and so severity may
be underestimated. Another limitation is that the sampling of
participants is from sentinel sites in three out of nine prov-
inces in South Africa, and so, the results may not be general-
isable more broadly. Although we included 2 years of collected
data, the overall number of SARS-CoV-2 cases was relatively
low (n=246), and we may have been underpowered with
regards to the precision of estimated associations. Among
HIV-infected children, we were not able to take HIV viral sup-
pression into account because of lack of available data on viral
load, which may impact the association. Known risk factors
were adjusted for in the analysis, except for socio-economic
status [38] which was not measured in the surveillance, and
so, we expect there to be some residual confounding from this
and other unknown factors, potentially resulting in incorrect
estimation of associations. Additionally, in cases of RSV and
influenza coinfection, we were not able to conclude whether
SARS-CoV-2 was the infection responsible for symptoms or
whether it was an incidental finding though attempts were
made to rule out nosocomial acquisition.

5 | Conclusion

In this study, the analysis of epidemiological and virological
sentinel respiratory surveillance data collected between 1 April
2020 and 31 March 2022 allowed us to assess characteristics
and identify risk factors for SARS-CoV-2-associated SRI hos-
pitalisation in children aged <18years seeking healthcare for
respiratory illness. Further investigation is suggested to explore
the association between HIV infection or an HEU status and
COVID-19 SRI. Sentinel respiratory surveillance programmes
are useful in monitoring the epidemiology of COVID-19 illness
in children and adolescents.
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