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Summary
Background Perinatal exposure to SARS-CoV-2 may affect neurodevelopment before 12 months of age, but longer-term
outcomes remain unknown. We examined whether antenatal or neonatal SARS-CoV-2 exposure compared with non-
exposure is associated with neurodevelopment, respiratory symptoms, and health care usage in early childhood.

Methods This prospective national population-based cohort study was conducted in England and Wales, United
Kingdom. We enrolled term-born children (≥37 weeks’ gestation) with and without antenatal or neonatal
exposure to SARS-CoV-2 infection by approaching parents of eligible children who were cared for in 87 NHS
hospitals. Potential participants were identified through the national active surveillance studies of pregnant
women and newborn infants hospitalised with confirmed SARS-CoV-2 infection conducted through the UK
Obstetric Surveillance System and the British Paediatric Surveillance Unit. We defined antenatal and neonatal
SARS-CoV-2 exposure as infants born to mothers hospitalised with confirmed SARS-CoV-2 infection between
14 + 0 and 36 + 6 weeks gestation and infants admitted to hospital with confirmed SARS-CoV-2 infection within
the first 28 days after birth. Children born preterm or with major congenital anomaly or who were not residing in
the UK were excluded. We assessed children’s development (Ages and Stages Questionnaire 3rd Edition (ASQ-3);
Ages and Stages Questionnaire Social-Emotional 2nd Edition (ASQ:SE-2)), respiratory symptoms (Liverpool
Respiratory Symptom Questionnaire (LRSQ)) and health care usage (parent-completed questionnaire) at 21–32
months of age. Primary outcome: total ASQ-3 score, converted to z-scores. Secondary outcomes: ASQ:SE-2
z-scores; risk of delay in ASQ-3 domains; total LRSQ scores, converted to z-scores. Analyses were adjusted for
children’s age, sex, maternal ethnicity, parental education, and index of multiple deprivation.

Findings Between October 20, 2021 and January 27, 2023, we approached 668 and 1877 families out of 712 and 1917
potentially eligible participants in the exposed and comparison cohort. Of the 125 and 306 participants who were
enrolled to the exposed and comparison cohort 121 and 301 participants completed the questionnaires and 96 and 243
participants were included in the analysis. In the age adjusted analysis, the mean total ASQ-3 z-score was lower in the
exposed than the comparison cohort (−0.3, 95% CI: −0.6 to −0.05), however, when adjusted for sex, parental education,
ethnicity and IMD quintile, there was no significant difference (difference in mean z-score = −0.2 95% CI: −0.5 to
0.03). SARS-CoV-2 exposure was associated with increased risk of delayed personal-social skills (odds ratio = 3.81;
95% CI: 1.07–13.66), higher ASQ:SE-2 total z-scores (difference in mean z-score = 0.4; 95% CI: 0.2–0.6) and
increased risk of delayed social-emotional development (OR = 3.58, 95% CI: 1.30–9.83), after adjusting for sex, age
at assessment, parental education, ethnicity and IMD quintile. The exposed cohort had a higher mean total LRSQ
z-score than the comparison cohort (0.3 95% CI: 0–0.6) and higher inpatient (38% vs. 21%, p = 0.0001), outpatient
(38% vs. 30%, p = 0.0090), and General Practitioner appointments (60% vs. 50%, p = 0.021) than the comparison
cohort, after adjusting for sex, age at assessment, parental education, ethnicity and IMD quintile. No differences in
other secondary outcomes between the exposed and comparison cohorts were found.
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Interpretation Although the exposed cohort did not differ from the comparison cohort on the primary outcome, total
ASQ-3 score, the exposed cohort were at greater risk of delayed social-emotional development, had a greater
prevalence of respiratory symptoms and increased health care usage relative to the comparison cohort. The study
is limited by the smaller sample size due to the low response rate and lack of clinical developmental assessments.
Given the association of poor social-emotional development with antenatal or neonatal SARS-CoV-2 exposure,
developmental screening, and follow-up of children with confirmed antenatal or neonatal SARS-CoV-2 infection
may be warranted to identify those in need of early intervention.

Funding Action Medical Research for Children.

Copyright © 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Research in context

Evidence before this study
We searched Embase, Emcare, MEDLINE, PsycINFO, Web of
Science, and grey literature published to May 8, 2023. Studies
were selected if exposure was defined by detection of SARS-CoV-
2 during any gestation of pregnancy or in the neonatal period, a
contemporaneous non-exposed cohort was examined, and
developmental outcomes were reported up to two years of age.
No study reported developmental outcomes assessed after 12
months age. A meta-analysis of four studies showed antenatally
exposed term-born infants did not have an increased risk of
developmental delay. Individually, some studies found lower test
scores for fine motor and problem solving and an increased risk
of fine motor delay in exposed infants when compared to non-
exposed. Developmental outcomes of exposed children assessed
beyond 12 months of age and compared with a
contemporaneous non-exposed cohort are unknown.

Added value of this study
This study, to our knowledge, is the first national,
prospective cohort study to show that children exposed to

SARS-CoV-2 in the antenatal or neonatal period did not
differ on the primary outcome of total ASQ-3 score,
however, had an increased odds of delayed social-emotional
and personal-social development and higher levels of
respiratory symptoms and health care usage across
outpatient services, General Practitioner appointments,
emergency room visits, and inpatient admissions than the
comparison cohort.

Implications of all the available evidence
The study is limited by the lower response rate leading to a
smaller sample size and lack of clinical developmental
assessments. Antenatal or neonatal SARS-CoV-2 exposure
may impact children’s social-emotional development, level
of respiratory symptoms, and health care usage around 2
years of age. These data could inform public health advice
and policies for caring for pregnant women and
monitoring the development of children exposed to SARS-
CoV-2.
Introduction
Pregnant women with SARS-CoV-2 infection are at
increased risk of maternal and neonatal complications.1

While neonatal SARS-CoV-2 infection is uncommon, it
is associated with adverse neonatal outcomes in some
cases.2 Even in the absence of severe infection however,
in utero exposure to viruses such as Zika has been
shown to affect children’s brain development and sub-
sequent developmental outcomes. Similarly, SARS-CoV-
2 may affect the developing brain through multiple
routes including direct invasion, induction of dysregu-
lated autoimmunity with neuroinflammation, or
through cerebrovascular factors such as endothelial
dysfunction and thrombus formation.3 Neurological
manifestations of SARS-CoV-2 infection are well
described in adults, with concurrent structural, meta-
bolic, and connectivity changes visible on neuro-
imaging. Although vertical transmission of SARS-CoV-2
is rare,2 pregnant women contracting SARS-CoV-2 are
prone to developing severe COVID-19 and cytokine
storm, and requiring intensive care.4 Consequently,
there are multiple putative pathways by which brain
development during the foetal and neonatal period
could be affected by SARS-CoV-2 exposure, with
consequent adverse impacts on later neurodevelopment.

To date, several studies have examined development
before 12 months of age in infants with prenatal or
neonatal SARS-CoV-2 exposure.5,6 These studies used
both screening tools and developmental tests but did not
consistently identify adverse developmental outcomes
associated with prenatal or neonatal SARS-CoV-2 expo-
sure. In contrast, studies that compared the develop-
ment of children exposed to SARS-CoV-2 during the
pandemic with that of children born before the
pandemic have reported poorer gross motor, fine motor,
and personal social development at 6 months of age,7
www.thelancet.com Vol 72 June, 2024
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and poorer communication at 24 months of age.8

However, child development is better assessed at or
beyond 2 years of age, when measures have greater
predictive validity (see research in context). Therefore,
there is a need to evaluate longer-term developmental
outcomes in children exposed to SARS-CoV-2 antena-
tally or in the newborn period at or after two years of age
compared with non-exposed children also born during
the pandemic, to robustly identify any longer-term
impact on their development.

SARS-CoV-2 is primarily a respiratory virus. There
are some limited data suggesting that antenatal SARS-
CoV-2 infection is associated with reduced foetal lung
growth.9 The respiratory impact of early postnatal infec-
tion is more clearly described, for example, infants aged
≤90 days who were SARS-CoV-2 positive have been
shown to more frequently presented with cough, upper
and lower respiratory symptoms10 compared with infants
who were SARS-CoV-2 negative. Further, 7.7% (95% CI:
0.9%–25.1%) of children aged <5 years with asymp-
tomatic SARS-CoV-2 infection developed post covid
condition presenting predominantly with cough11 and
there are reports of lung damage in individuals with
asymptomatic SARS-CoV-2 infection.12 In addition,
among children aged 5–18 years who contracted SARS-
CoV-2, 27.1% reported long-term respiratory symp-
toms, however, their pulmonary function did not differ
from non-exposed children.13 Therefore, it is likely that
antenatal or neonatal SARS-CoV-2 exposure could
impact the lung development and present with exag-
gerated respiratory symptoms in early childhood. Given
the potential developmental and respiratory sequelae of
perinatal SARS-CoV-2 exposure, it is important to un-
derstand the influence these sequelae may have on
healthcare usage. Therefore, in this study, we aimed to
investigate the impact of antenatal and neonatal exposure
to SARS-CoV-2 on children’s developmental and respi-
ratory outcomes and healthcare usage at two years of age.
Methods
Study design and participants
This prospective population-based cohort study
recruited children who were born between 1 March
2020 and 28 February 2021 in England and Wales. A
detailed protocol for the study was published.14 Children
were identified through the Urgent Public Health Pri-
ority national active surveillance studies of pregnant
women and newborn infants hospitalised with
confirmed SARS-CoV-2 infection conducted through
the UK Obstetric Surveillance System (UKOSS)15 and
the British Paediatric Surveillance Unit (BPSU)2 in the
United Kingdom. Participants were recruited from 87
NHS hospitals in England and Wales for this study.
Eligible children for the prospective cohort were term-
born (≥37 weeks’ gestation) singletons with (exposure
cohort) and without (comparison cohort) antenatal or
www.thelancet.com Vol 72 June, 2024
neonatal exposure to SARS-CoV-2 infection. We
excluded children who were born preterm, had a major
congenital anomaly, or who had left the UK at the time
of recruitment. This study adhered to the Strengthening
the Reporting of Observational Studies in Epidemiology
(STROBE) reporting checklist.

Procedures
SARS-CoV-2 exposure
Antenatal exposure was defined as children born to
mothers who were hospitalised with confirmed SARS-
CoV-2 infection between 14+0 and 36+6 weeks of gesta-
tion. Gestation prior to 14+0 was not considered due to
the small sample available. Neonatal exposure was
defined as infants in hospital with confirmed SARS-
CoV-2 infection within the first 28 days after birth,
without confirmed SARS-CoV-2 maternal infection in
pregnancy. The comparison cohort comprised children
without confirmed maternal or neonatal SARS-CoV-2
infection born during the same period as the exposed
children (Fig. 1). SARS-CoV-2 exposure was determined
by detection of Coronavirus protein (e.g., lateral flow
test) or detection of Coronavirus genetic material (e.g.,
polymerase chain reaction (PCR)). Mothers hospitalised
with SARS-CoV-2 infection were classified as having
asymptomatic infection, or symptomatic infection with
‘moderate symptoms’ where typical COVID-19 symp-
toms were present, and ‘severe infection with or without
intensive therapy unit (ITU) admission’. Severe
maternal infection was categorised as having at least one
of the following: <95% oxygen saturation on admission,
need for respiratory support, evidence of pneumonia on
imaging, or ITU admission.16

Recruitment
At the sites, NIHR Clinical Research Network teams led
by a local principal investigator posted study informa-
tion and consent forms to the parents of eligible chil-
dren in the exposure and comparison cohorts. For the
comparison cohort, families of the two infants born
immediately before and after each child with antenatal
SARS-CoV-2 exposure were approached (2–4 compari-
son children were contacted for each exposed child).

Signed informed consent was sought from parents or
carers to approach them when their child reached the
assessment age; not all parents who consented for their
child to take part in the study completed the assess-
ment.14 Data were obtained via questionnaires completed
by the parents online (REDCap), by telephone, or by post
sent when children reached 21 months of age. This study
was approved by the Health Research Authority and
London–Westminster Research Ethics Committee (REC
ref: 21/PR/0431; protocol no: 2021-93).

Developmental assessment
Child development was assessed using the Ages and
Stages Questionnaire, 3rd Edition (ASQ-3),17 and the
3
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Exposure Cohort

23 families excluded:
16 Lost to follow-up
2 Withdrew consent
3 Incomplete data
2 Outside ques onnaire validity

2 families excluded:
2 Lost to follow-up

44 families excluded:
17 CRN did not approach
8 Family not contactable
7 Ineligible
6 Miscarriage/s llbirth/infant died
6 Uniden �able

4 families excluded:
2 Born outside of recruitment window
1 Preterm twin with neonatal exposure
1 Incomplete consent form

5 families excluded:
2 Born outside of
recruitment window
1 Antenatal exposure
2 Incomplete consent form

58 families excluded:
38 Lost to follow-up
6 Withdrew consent
3 Ques onnaire lost in post
11 Incomplete data

306 families consented

107 children recruited

84 children included in analysis 12 children included in analysis

14 children recruited 301 children recruited

87 NHS hospitals par cipated in the study

632 children with antenatal SARS-CoV-2
exposure confirmed between 14+0 to

36+6 weeks gesta on

80 children with neonatal SARS-CoV-2
exposure confirmed within 28 days

a er birth

1917 children without confirmed
SARS-CoV-2 infec on during

pregnancy or within 28 days of birth

588 families approached

111 families consented

80 families approached

14 families consented

1877 families approached

243 children included in analysis

Comparison Cohort

477 families excluded:
23 Declined to par cipate
454 Did not respond

66 families excluded:
3 Declined to par cipate
63 Did not respond

1571 families excluded:
27 Declined to par cipate
1544 Did not respond

40 families excluded:
40 CRN did not approach

Fig. 1: Cohort flowchart.
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Ages and Stages Questionnaire Social-Emotional, 2nd
Edition (ASQ:SE-2),18 which are validated measures
widely used for identifying children at risk of develop-
mental delay.19,20 The ASQ-3 is a parent completed
questionnaire that assesses the child’s development in
five domains: communication, gross motor, fine motor,
problem-solving, and personal-social skills. Each
domain comprises six questions relating to age-
appropriate developmental milestones. Responses are
scored as “yes” (score = 10), “sometimes” (5), or “not
yet” (0). A total ASQ-3 score is computed ranging from
0 to 300, with higher scores indicating better develop-
ment. Cut-off scores provided per domain are used to
identify children at risk of developmental delay. The
ASQ:SE-2 is a 35-item questionnaire used to assess
social-emotional development in seven domains: self-
regulation, compliance, social communication, adap-
tive functioning, autonomy, affect, and interaction with
people. Responses are scored as “rarely or never” (0),
“sometimes” (5), or “most of the time” (10). An addi-
tional five points is added per item if the parent/
respondent indicates the behaviour is a concern. A total
score is calculated from the sum of all the scores,
including the additional expressed concern scores,
ranging from 0 to 465 with higher scores indicating
poorer development. For full details see Supplementary
Materials p1.
Respiratory symptoms
The Liverpool Respiratory Symptoms Questionnaire
(LRSQ) is a validated parent-completed questionnaire21

that assesses the frequency of respiratory symptoms
within the last three months across eight domains:
symptoms when awake, when asleep, during colds,
during intervals in between colds, when active; other
problems; impact on child; impact on family. Symptom
frequency is rated on a five-point Likert scale from “not
at all” (0) to “every day” (4). A total LRSQ score is
computed ranging from 0 to 32, with higher scores
indicating greater respiratory symptoms.

Assessment of other health measures
Data pertaining to general health care usage since birth
were obtained via a questionnaire developed for this
study.

Outcomes
The primary outcome was the child’s total ASQ-3 score.
Secondary outcomes were scores below the published
age-appropriate cut-off for identifying children at risk of
delayed development in each ASQ-3 domain (commu-
nication, gross motor, fine motor, problem solving,
personal-social, and any domain17), total ASQ:SE-2
score, scores above the age-appropriate cut-off on the
ASQ:SE-2, and the total LRSQ score.
www.thelancet.com Vol 72 June, 2024
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The following data were collected using a parent-
completed questionnaire: child’s age, sex, gestational
age (GA), birthweight; parental ethnicity; parental ed-
ucation (highest of mother or father for school age
qualifications or lower, undergraduate, postgraduate);
breastfeeding duration; maternal age at birth; and his-
tory of conditions that could impact the child’s devel-
opment (hypoxic-ischaemic encephalopathy, seizures,
perinatal stroke, bacterial or non-SARS-CoV-2 viral
meningitis, and neuroimaging abnormalities in the
neonatal period). We assessed socioeconomic disad-
vantage using quintile categories from the national
Index of Multiple Deprivation (IMD) for England 201922

and for Wales 2019,23 derived from the mother’s post-
code at study entry. Trimester and severity of maternal
SARS-CoV-2 infection were obtained from UKOSS
data.
Statistical analysis
We needed a minimum of 85 infants in each of the
exposed and comparison cohorts to detect a 0.5 SD
difference in mean ASQ-3 total score with a type-I error
of 0.05 and 90% power. For all analyses, the antenatal
and neonatal exposure group were combined to form
the exposed group. Further details are given in the sta-
tistical analysis plan.24

To assess the representativeness of the participants,
baseline characteristics of the antenatal and neonatal
exposure cohorts were compared with the eligible co-
horts from the UKOSS and BPSU data, and the baseline
characteristics of the comparison cohort were compared
with national births data for England and Wales from
the Office for National Statistics (ONS).25 Total ASQ-3
and ASQ:SE-2 scores were converted to z-scores based
on the mean and standard deviation in the comparison
cohort. A square root transformation was applied to the
total LRSQs as these were positively skewed; these
transformed scores were converted to z-scores (again,
using the mean and standard deviation in the compar-
ison cohort). Multiple linear and logistic regression were
used to compare primary and secondary outcomes be-
tween exposed and comparison cohorts, adjusting for
the following confounders: maternal ethnicity, parental
education, and IMD quintile. Due to their strong asso-
ciation with developmental outcomes, infant age and sex
were also included in the models to increase precision.
Exploratory subgroup analyses were conducted to
examine whether an association between SARS-CoV-2
exposure and developmental test scores differs by
breastfeeding duration, trimester, or severity of ante-
natal exposure. A sensitivity analysis evaluated the
impact of inclusion of children with other conditions
that could impact neurodevelopment. A complete case
analysis was performed as the proportion of missing
data among responders was low. All analyses were
conducted in Stata.
www.thelancet.com Vol 72 June, 2024
Role of the funding source
The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing
of the report. Authors EC, RC, RJ had access to the data
set and EC had responsibility for the decision to submit
for publication.
Results
Baseline characteristic comparisons
Between 20th October 2021 and 27th January 2023, we
approached 2629 parents from 87 National Health Ser-
vice Hospitals, of whom 712 were in the exposed cohort
(632 antenatal exposure; 80 neonatal exposure) and 1917
in the comparison cohort (Fig. 1). In the antenatal
exposure, neonatal exposure, and comparison cohorts,
111/593 (19%), 14/80 (18%), and 306/1877 (16%) par-
ents respectively consented to participate in the study.
After exclusions (Fig. 1), 96 children from the exposure
cohort (84 antenatal exposure cohort, 12 neonatal
exposure cohort) and 243 from the comparison cohort
were included in the final analysis. Eligible but not
included children (including non-responders, declined
consent, lost to follow up) in the exposed cohort were of
similar gestational age to the study sample, but differed
by maternal ethnicity and sex, with a lower prevalence of
White and higher prevalence of Black, mixed, or other
ethnicity and male sex in the group not included in the
study (Supplementary Materials p2, S1). Eligible but not
included children in the comparison cohort were com-
parable to ONS data for gestational age, but there was a
lower prevalence of younger mothers, non-white, and
those from more deprived backgrounds (Supplementary
Materials p2, S2).

Characteristics of the study population are
described in Table 1. The mean (SD) age at assess-
ment was similar between the exposed and compari-
son cohort. The exposed cohort had a greater
proportion of girls than the comparison cohort (58%
vs. 45%). Of the exposed mothers 64% were White,
26% were Asian, 10% were Black, mixed, or another
race, compared with 91%, 6%, and 3%, respectively, in
the comparison cohort. A lower proportion in the
exposed cohort had at least one parent educated to
degree-level (78% compared with 84% in the com-
parison cohort). The distribution of socioeconomic
disadvantage was similar between cohorts. Breast-
feeding beyond 6 months of age was lower in the
exposed cohort compared with the comparison cohort
(52% vs. 62%). Proportions of missing data in the
baseline characteristics were comparable between co-
horts (Supplementary Materials p3, S3).

Primary outcomes
On average, ASQ-3 total scores were lower in the
exposed cohort than the comparison cohort, although
this difference was attenuated after adjusting for
5
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Characteristic Exposed N = 96 Comparison N = 243

Age at assessment (months), mean (SD) 23 (1.7) 22 (1.5)

Child sex

Male 40 (42%) 134 (55%)

Female 56 (58%) 109 (45%)

Child gestational age, mean (SD) 39 (1.2) 39 (1.2)

Child birthweight (grams), mean (SD) 3228 (539.8) 3430 (451.8)

Maternal age at birth (years), mean (SD) 32 (4.8) 33 (4.7)

Maternal ethnicity

White 61 (64%) 220 (91%)

Asian 25 (26%) 15 (6%)

Black, mixed, other 10 (10%) 8 (3%)

Paternal ethnicityb

White 63 (67%) 206 (88%)

Asian 21 (22%) 17 (7%)

Black, mixed, other 10 (11%) 11 (5%)

Parental education

School age qualification or equivalent 22 (23%) 38 (16%)

Undergraduate degree/diploma 37 (39%) 89 (36%)

Postgraduate degree or doctorate 37 (39%) 116 (48%)

Index of multiple deprivation (quintiles)

1 (least deprived) 16 (17%) 54 (22%)

2 20 (21%) 48 (20%)

3 23 (24%) 51 (21%)

4 18 (19%) 52 (21%)

5 (most deprived) 19 (20%) 40 (16%)

Duration of breastfeeding

Never/less than one month 31 (32%) 69 (29%)

1–5 months 15 (16%) 23 (10%)

6+ months 50 (52%) 148 (62%)

Conditions that could impact children’s neurodevelopment

Yes 2 (2.1%) 2 (0.8%)

Trimester of antenatal exposure

2nd 18 (21%) NA

3rd 66 (79%) NA

Severity of antenatal exposure

Asymptomatic 14 (17%) NA

Symptomatic 45 (54%) NA

Severe infection/ITU admission 25 (30%) NA

aComplete cases were defined as those with non-missing ASQ-3 scores, sex, age at assessment, IMD, parental education, and maternal ethnicity [numbers with missing data
in exposed cohort: age (n = 1), parental education (n = 5), ASQ-3 (n = 2); in comparison cohort: age (n = 4), parental education (n = 3), IMD (n = 1), ASQ-3 score (n = 5)—see
Supplementary Table S3]. bSome individuals had data about maternal but not paternal ethnicity. Since maternal and paternal ethnicity was the same for 92% of the children
for whom both were available, we adjusted for maternal ethnicity to maximise the number of complete cases.

Table 1: Baseline characteristics of the SARS-CoV-2 exposed and comparison cohorts among complete casesa (N = 339); figures given are n (%) unless
otherwise specified.
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confounders (difference in mean z-score (SMD) −0.2;
95% CI: −0.5 to 0.03; p = 0.078) (Table 2).

Secondary outcomes
In the fully adjusted models, no association was iden-
tified between exposure to SARS-CoV-2 infection and
risk of delay in communication (OR, 0.99; 95% CI:
0.32–3.02; p = 0.98), gross motor (OR, 1.78; 95%
CI: 0.63–5.06; p = 0.28), fine motor (OR, 1.04; 95% CI:
0.21–5.21; p = 0.97), problem-solving (OR, 2.72; 95% CI:
0.62–11.90; p = 0.19), or in any domain (OR, 1.19; 95%
CI: 0.55–2.58; p = 0.66) of the ASQ-3. However, SARS-
CoV-2 exposure was associated with increased risk of
delayed personal-social development (OR: 3.81; 95% CI:
1.07–13.66; p = 0.040) (Table 2 and Fig. 2) and higher
ASQ:SE-2 total z-scores (SMD, 0.4; 95% CI: 0.2–0.6;
p = 0.0014), indicating greater problems in social-
emotional development. Correspondingly, the propor-
tion of children at risk of social-emotional delay was
greater in the exposed cohort (OR, 3.58, 95% CI:
www.thelancet.com Vol 72 June, 2024
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Outcome Exposed cohort
N = 96

Comparison cohort
N = 243

Difference in mean z-score/odds ratio
(95% CI), adjusted for age

Fully adjustedd difference in
mean z-score/odds
ratio (95% CI); p-value

ASQ-3

Total score—mean (SD) 240 (42) 249 (32) −0.3 (−0.6, −0.05) −0.2 (−0.5, 0.03); p = 0.078

Below cut-off—n (%):

Communication 7 (7.3%) 14 (5.7%) 1.16 (0.44, 3.06) 0.99 (0.32, 3.02); p = 0.98

Gross motor 8 (8.3%) 12 (4.9%) 1.91 (0.72, 5.06) 1.78 (0.63, 5.06); p = 0.28

Fine motor 4 (4.2%) 4 (1.6%) 2.46 (0.60, 10.20) 1.04 (0.21, 5.21); p = 0.97

Problem solving 4 (4.2%) 4 (1.6%) 2.51 (0.61, 10.40) 2.72 (0.62, 11.90); p = 0.19

Personal-social 6 (6.3%) 6 (2.5%) 2.81 (0.87, 9.05) 3.81 (1.07, 13.66); p = 0.040

Any domain 16 (16.7%) 30 (12.4%) 1.36 (0.68, 2.68) 1.19 (0.55, 2.58); p = 0.66

ASQ:SE-2e

Total score—mean (SD) 32 (35) 19 (23) 0.5 (0.2, 0.7) 0.4 (0.2, 0.6); p = 0.0014

Above cut-off—n (%) 14 (15.2%) 11 (4.5%) 3.65 (1.58, 8.42) 3.58 (1.30, 9.83); p = 0.013

LRSQ—median (IQR)

Day-time symptom score 2 (0, 4) 1 (0, 3) – –

Night-time symptom score 3 (1, 5) 2 (1, 4) – –

Cold symptom score 2 (1, 6) 2 (1, 4) – –

Between colds symptom score 0 (0, 1) 0 (0, 0) – –

Activity symptoms score 0 (0, 1) 0 (0, 0) – –

Other symptom score 0 (0, 0) 0 (0, 0) – –

Effect on child score 0 (0, 3) 0 (0, 2) – –

Effect on family score 0 (0, 3) 0 (0, 2) – –

Total LRSQ scoref 10 (3, 24) 8 (3, 18) 0.1 (−0.1, 0.4) 0.3 (0.0, 0.6); p = 0.036

aAges and Stages Questionnaire, 3rd Edition. ASQ-3 published cut-off for developmental delay. bAges and Stages Questionnaire Social-Emotional, 2nd Edition. ASQ:SE-2 published cut-off for
developmental delay. cLiverpool Respiratory Symptom Questionnaire. dAdjusted for child sex and age in months at assessment, parental education (higher of maternal and paternal; maternal education if
paternal education missing), maternal ethnicity, and IMD quintile. eSeven of the complete cases for the primary analysis (total ASQ-3 score) had missing data for the ASQ:SE-2 and three children had
ASQ:SE-2 data but no ASQ-3 data, so the total sample size for this analysis was N = 335, 92 exposed and 243 comparison). fSquare root transformation applied to total score as scores were positively
skewed; z-scores were calculated from these transformed scores.

Table 2: Comparison of ASQ-3,a ASQ:SE-2b and LRSQc between SARS-CoV-2 exposed and comparison cohorts among complete cases (N = 339).

Articles
1.30–9.83; p = 0.013) (Table 2 and Fig. 2). Total LRSQ z-
scores were higher (corresponding to higher number of
respiratory symptoms), on average, in the exposed
compared with the comparison cohort (mean difference
in z-score = 0.3; 95% CI: 0.0–0.6; p = 0.036). The median
(IQR) respiratory day-time and night-time symptom
score were higher in the exposed than the comparison
cohort. Scores for symptoms during colds, between
colds, when active, at other times, and for the effect on
child and family did not differ substantially between
groups (Table 2).

Subgroup and exploratory analyses
There was no evidence of a difference in ASQ-3 total
scores by trimester or severity of infection (Table 3).
Duration of breast feeding appear to interact with total
ASQ-3 score between exposed and comparison cohort,
with having breast fed for more than 6 months was
associated with lower total ASQ-3 score in the exposed
compared with comparison cohort (p-value for interac-
tion = 0.043; Supplementary Materials p3, S4).
Excluding children with other conditions that could
impact neurodevelopment (n = 4) gave similar results to
those observed in all children (Supplementary Materials
www.thelancet.com Vol 72 June, 2024
p3, S5). ASQ-3 scores were similar when exposure
occurred in the antenatal period or neonatal period
(Supplementary Materials p3, S6). The exposed and
comparison cohorts varied in their use of health care
services since birth. On average, the exposed cohort
compared with the comparison cohort had a higher
proportion of inpatient admissions (38% vs. 21%,
p = 0.0001), outpatient (38% vs. 30%, p = 0.0090) and
General Practitioner appointments (60% vs. 50%,
p = 0.021), accident and emergency visits (57% vs. 51%,
p = 0.12), and were visited by a health visitor more
regularly outside of routine health checks (9% vs. 3%,
p = 0.073). Both cohorts had similar engagement with
paediatricians and allied health professionals such as
physiotherapists, social workers, opticians, speech and
language therapists, dieticians, and others. Personal
financial costs and time off work because of the child’s
health were similar (Supplementary Materials p4, S7).
Discussion
In this population based prospective cohort study across
England and Wales, there was no significant difference
in the primary outcome, total ASQ-3, between the
7

http://www.thelancet.com


Fig. 2: Forest plot of developmental delay in any domain or individual domains of ASQ-3 and ASQ:SE-2 in the exposed compared to comparison
cohort. Fully adjusted model included child sex and age in months, parental education (higher of maternal and paternal; maternal education if
paternal education missing), maternal ethnicity, and IMD quintile.
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exposed and the comparison cohorts after adjusting for
the confounders. We identified that antenatal or
neonatal exposure to SARS-CoV-2 infection, when
compared with non-exposure, was associated with
poorer social-emotional development at two years of age,
in terms of both a difference in scores and increased
risk of delay. On the ASQ:SE-2, exposed children scored
0.4 SD higher than the comparison cohort (indicating
poorer development) and had an increased odds of
N Mean (SD) ASQ-3 score Differen
adjuste

18 238 (50) 0.04 (

66 241 (43) Ref

14 248 (32) Ref

45 237 (45) −0.3 (

mission 23 243 (49) −0.08 (

aire, 3rd Edition. bAdjusted for child sex and age in months at assessment, parental educ
and IMD quintile. cp-value = 0.7 in fully adjusted model. dp-value = 0.6 in fully adjusted

re by trimester and severity of exposure for the antenatally exposed cohort am
delayed social-emotional skills compared with the com-
parison cohort. Similarly, for the ASQ-3, exposed chil-
dren had an increased odds of delayed personal-social
development compared with children in the comparison
cohort. Global development, as measured by the total
ASQ-3 score, was lower in the exposed cohort than the
comparison cohort, although these differences were
small and attenuated after adjustment for confounders.
This difference was driven by poorer personal-social
ce in mean z-score (95% CI),
d for age

Fully adjustedb difference in
mean z-score (95% CI)

−0.8, 0.8) 0.2 (−0.7, 1.0)

Ref

Ref

−1.2, 0.6) −0.2 (−1.2, 0.7)

−1.1, 0.9) 0.1 (−0.9, 1.2)

ation (higher of maternal and paternal; maternal education if paternal education
model.

ong complete cases (N = 84).
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development as we did not find evidence of differences
between the exposed and comparison cohorts in the
other domains assessed by the ASQ-3, namely
communication, gross motor development, fine motor
development, or problem-solving.

Increased risk of delay in both personal social and
social-emotional development is a potentially important
finding as these both measure the same construct and
the results were consistent across the two different
scales, ASQ-3 and ASQ:SE-2. A 0.4 SD difference in the
social-emotional development between the exposed and
comparison cohort is clinically important. For example,
a 0.4 SD difference would equate to a 6-point difference
in IQ which is clinically relevant on both an individual
and population level and has long-term implications.
Our findings are further supported by higher rates of
positive screening for social-emotional delay identified
in a pandemic exposure cohort at 12–18 months of age
when compared with a pre-pandemic cohort.26 Previous
studies have shown that prenatal maternal infections
are linked to an increased odds of social-emotional
difficulties and emotional symptoms in pre-school
children,27 and neurodevelopmental conditions28 iden-
tified throughout childhood such as autism spectrum
disorder, attention-deficit/hyperactivity disorder
(ADHD) and conduct disorder. Animal studies further
support that maternal immune activation is a strong
risk factor for abnormal brain development and
behavioural difficulties in the offspring.29 Although
antenatal SARS-CoV-2 infection does not result in
changes in maternal immune markers,30 neonates
exposed to SARS-CoV-2 in the antenatal period had a
global cytokine response with upregulation of cytokines
including IL-1β, IL-6 and in particular IL-8. Upregula-
tion31 of these proinflammatory cytokines are associated
with brain damage32 and epilepsy.33 Our study indicates
that antenatal or neonatal exposure to SARS-CoV-2 is
associated with an increased risk of social-emotional
difficulties in early childhood. Other mediating mech-
anisms might be important; for example, it is not
known how mothers’ mental health was impacted by
SARS-CoV-2 infection, and specifically how infection
affected mother–infant interactions in the exposed
cohort. Such indirect impacts may be important
because repetitive and synchronic maternal–infant in-
teractions establish the framework for socio-emotional
development mediated by oxytocin-induced brain
maturation and function.34 We did not collect data
about mother–infant interaction or postnatal depres-
sion in our study. Therefore, the impact on the
personal-social and social-emotional development we
observed in the exposed cohort could be due to a
combination of adverse neonatal inflammation and
maternal–infant interactions. Social-emotional delay in
infancy poses a risk for persistent social and behav-
ioural problems in childhood and adolescence,28

impacting children’s ability to develop positive peer
www.thelancet.com Vol 72 June, 2024
relationships and achieve academic success and
increasing the risk for ongoing internalising and
externalizing behaviour problems.

We observed a small increase in total respiratory
symptom score in the exposed compared with the
comparison cohort; however, the individual symptoms
did not differ substantially between the cohorts, sug-
gesting that lung development may not have been
greatly impacted by antenatal or neonatal SARS-CoV-2
infection exposure. This is consistent with data from
children aged 5–18 years after SARS-CoV-2 infection.
Their pulmonary function was not impaired although
27.1% had persistent respiratory symptoms for 6
months after the infection.13 We did, however, find
increased overall health care usage among exposed
children, which was seen across outpatient and General
Practitioner appointments, inpatient admissions, and
Emergency room visits. This pattern of predominantly
acute health care usage is unlikely to be driven by the
developmental impact of SARS-CoV-2 exposure and will
need further research to elucidate the reasons for this.

We found no evidence that severity of SARS-CoV-2
exposure was associated with children’s development
at two years of age, as only small differences were
observed between total ASQ-3 scores following asymp-
tomatic, moderate, or severe symptoms of maternal
SARS-CoV-2 infection. Although numbers in the severe
and asymptomatic antenatal exposure groups were
relatively few, meaning that these results should be
interpreted cautiously, this contrasts with prior findings
that antenatal maternal infections (viral and bacterial)
which require hospital admission have stronger associ-
ations with poor neurodevelopmental outcomes than
milder infections,35 and animal models showing
maternal immune activation has a dose–response effect
on foetal brain development.28,29

Prior research on impact of SARS-CoV-2 exposure
on infant neurodevelopment have been inconsistent
with no studies beyond two years of age, when devel-
opmental assessment is more precise, or lack a
contemporary comparison cohort making it challenging
to disentangle the effects of SARS-CoV-2 exposure from
secondary effects of lockdown policies36 and mask
wearing37 during the COVID-19 pandemic. Our study
addresses these gaps by undertaking developmental
assessment at 21–32 months of age following SARS-
CoV-2 infection compared to a contemporaneous non-
exposed cohort. Stratifying the results by trimester of
exposure, symptom severity, and breastfeeding duration
provides insight into the factors that may influence the
impact of maternal/neonatal infection on neuro-
development. Importantly, our findings do not support
previous evidence that exposed infants are at risk of
motor and language delay.38 Possible reasons include
that developmental delay in these domains is reliably
identified beyond two years of age, that the effect of
exposure on motor development in early infancy may be
9
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transient, or that our study included a contemporaneous
comparison cohort. Longer-term follow-up is needed to
determine whether there are later effects on motor
function and/or development in other domains,
including social-emotional development.

There are limitations to our study. Our study had a
low response, with differences in the characteristics of
the studied cohort compared with the eligible cohort,
which may impact the generalisability of our findings.
Replication of our findings with a larger, more repre-
sentative cohort is warranted. We restricted the study
inclusion criteria to include the antenatal SARS-coV-2
exposure between 14+0 and 36+6 weeks gestation to
investigate exposure before term, however the impact of
antenatal SARS-CoV-2 exposure beyond 37 weeks
gestation on children’s development remain unex-
plored. Although we adjusted for the key confounding
variables, there may still be residual confounding, such
as number of siblings, impacting the associations
observed between the exposure and outcomes. We did
not examine the effect of SARS-CoV-2 exposure beyond
the neonatal period in the exposed and comparison
cohort, nor did we examine potential neuroprotective
influences such as maternal efficacy and parental
bonding.39 We did not assess the impact of asymptom-
atic infection in mothers in the comparison cohort on
the outcomes. However, such an exposure in the com-
parison cohort would likely have reduced the observed
between-group effect size. Development was assessed
using the ASQ-3 suite of instruments. Although these
can be used to identify children at risk of developmental
delay, screening tools used in early childhood may have
poor predictive validity for later outcomes. Therefore,
longer term follow-up is needed to determine the
persistence of effects identified at two years of age.
Another limitation is our small number of neonates
with exposure to SARS-CoV-2 such that we were unable
to examine whether antenatal or neonatal exposure has
differential effects on neurodevelopment. There is a
paucity of data concerning developmental outcomes of
children exposed to SARS-CoV-2 in the neonatal period
and more research is warranted in this population.
Finally, while our study was robust to detect a clinically
meaningful difference between the exposed and com-
parison cohorts,14 our sensitivity analyses examining
trimester and severity of antenatal exposure were
limited by the small sample size per subgroup. Future
research using a larger cohort of children with antenatal
exposure to SARS-CoV-2 would be required to draw
more robust conclusions regarding the impact of timing
and severity of infection exposure in pregnancy on
developmental outcomes.

To conclude, we observed no difference in the pri-
mary outcome, total ASQ-3 score, between the exposed
and comparison cohorts, after adjusting for con-
founders, indicating no between-cohort difference in
overall development. However, in secondary outcomes,
children with antenatal or neonatal exposure to SARS-
CoV-2 infection were more likely to score above the
cut-off for delayed personal-social development and
social-emotional difficulties at two years of age indi-
cating that they might be at increased risk for problems
in this area of development. In addition, children with
antenatal or neonatal exposure to SARS-CoV-2 infection
had higher levels of respiratory symptoms, and greater
health care usage at two years of age. If the associations
are causal, our findings suggest a need for prenatal/
neonatal screening for SARS-CoV-2 infection to identify
children at risk and to implement early intervention to
mitigate against the potential deleterious effects on
social-emotional development for those who need it.
This study highlights the need for additional studies to
confirm our observed association and for potentially
longer-term follow-up of children with exposure to
SARS-CoV-2 to monitor their developmental progress
and determine whether difficulties in the first two years
of life persist later in childhood.
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