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ABSTRACT

Introduction Despite a growing body of research on the
risks of SARS-CoV-2 infection during pregnancy, there is
continued controversy given heterogeneity in the quality
and design of published studies.

Methods We screened ongoing studies in our sequential,
prospective meta-analysis. We pooled individual participant
data to estimate the absolute and relative risk (RR) of
adverse outcomes among pregnant women with SARS-
CoV-2 infection, compared with confirmed negative
pregnancies. We evaluated the risk of bias using a
modified Newcastle-Ottawa Scale.

Results We screened 137 studies and included 12 studies
in 12 countries involving 13 136 pregnant women.
Pregnant women with SARS-CoV-2 infection—as
compared with uninfected pregnant women—were

at significantly increased risk of maternal mortality

(10 studies; n=1490; RR 7.68, 95% Cl 1.70 to 34.61);
admission to intensive care unit (8 studies; n=6660;

RR 3.81, 95% Cl 2.03 to 7.17); receiving mechanical
ventilation (7 studies; n=4887; RR 15.23, 95% Cl 4.32 to
53.71); receiving any critical care (7 studies; n=4735; RR
5.48, 95% Cl 2.57 to 11.72); and being diagnosed with
pneumonia (6 studies; n=4573; RR 23.46, 95% Cl 3.03 to

181.39) and thromboembolic disease (8 studies; n=5146;
RR 5.50, 95% Cl 1.12 t0 27.12).

Neonates born to women with SARS-CoV-2 infection were
more likely to be admitted to a neonatal care unit after
birth (7 studies; n=7637; RR 1.86, 95% Cl 1.12 to 3.08);
be born preterm (7 studies; n=6233; RR 1.71, 95% Cl 1.28
t0 2.29) or moderately preterm (7 studies; n=6071; RR
2.92,95% Cl 1.88 to 4.54); and to be born low birth weight
(12 studies; n=11930; RR 1.19, 95% Cl 1.02 to 1.40).
Infection was not linked to stillbirth. Studies were generally
at low or moderate risk of bias.

Conclusions This analysis indicates that SARS-CoV-2
infection at any time during pregnancy increases the

risk of maternal death, severe maternal morbidities and
neonatal morbidity, but not stillbirth or intrauterine growth
restriction. As more data become available, we will update
these findings per the published protocol.

INTRODUCTION

Since early in the pandemic, a key question
has been how SARS-CoV-2 infection affects
pregnant women and pregnant people, given
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Despite the ballooning literature regarding SARS-CoV-2 infection
during pregnancy, it is difficult to synthesise the information and
evaluate the overall quality of evidence given the heterogeneity in
study design, selection of comparison groups, methods for assess-
ing infection, population-specific baseline risks and definitions of
key outcomes.

= Prior reviews based on published data have included limited data
from low-income countries.

WHAT THIS STUDY ADDS

= We established plans for a sequential, prospective meta-analysis in
April 2020 with a goal of better understanding the excess risks—or
lack thereof—of COVID-19 during pregnancy.

= This individual patient data meta-analysis of unpublished and pub-
lished data from a dozen studies includes more than 13000 preg-
nant women and shows that COVID-19 during pregnancy increases
the risk of maternal mortality, intensive care unit admission, re-
ceiving mechanical ventilation, receiving any critical care or being
diagnosed with pneumonia or thromboembolic disease.

= Infants born to infected pregnant women were more likely to be ad-
mitted to the neonatal intensive care unit and to be born premature.

= In contrast to other reviews, we did not find any link between SARS-
CoV-2 infection during pregnancy and an increased risk of stillbirth
at or beyond 28 weeks’ gestation, nor any link with intrauterine
growth restriction.

= Further, we include the first large set of pregnancy cohort data from
sub-Saharan Africa.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

= Global guidance has been equivocal on the potential risks of infec-
tion and benefits and safety of vaccination, and more than 80 coun-
tries do not currently recommend that all pregnant and lactating
women should be vaccinated.

= Given the clear and consistent findings regarding the risk of
COVID-19 infection during pregnancy, global effort to improve ac-
cess to safe preventives and therapeutics is an urgent priority.

the physiological, immunomodulatory and mechanical
changes that occur during pregnancy. A living systematic
review published in February 2021 identified 47 studies
comparing pregnant women with COVID-19 versus
a contemporaneous or historical group of pregnant
women without the disease.! The meta-analysis suggested
COVID-19 during pregnancy is linked to increased risk of
mortality, intensive care unit (ICU) admission, preterm
birth, stillbirth and neonatal care unit admission.!
However, for most maternal, fetal and newborn outcomes
examined, there were fewer than 10 studies available to
synthesise.

More recent electronic healthcare record studies from
the USA and a multicountry cohort study found that
pregnant women with SARS-CoV-2 infection had higher
risks than uninfected pregnant women for pre-eclampsia,
eclampsia, caesarean section, ICU admission, stillbirth,
preterm birth and neonatal intensive care unit (NICU)
admission.”™ A recent population cohort study in
England has also linked infection at the time of birth to

prolonged hospital stay, often requiring critical care for
both mothers and neonates.” Evidence regarding other
outcomes such as neonatal mortality, as well as linkages
between maternal and child health outcomes, and any
potential differences between symptomatic and asymp-
tomatic infections, is limited.®”

Despite the ballooning literature regarding SARS-
CoV-2 infection during pregnancy, it is difficult to synthe-
sise the information and evaluate the overall quality of
evidence given the heterogeneity in study design, selec-
tion of comparison groups, methods for assessing infec-
tion, population-specific baseline risks and definitions
of key maternal and child health outcomes.® Studies
using a universal screening approach to identify SARS-
CoV-2 infections are likely to have a higher proportion of
asymptomatic or mild cases, and a Swedish study demon-
strated that estimates based on non-universal screening
data are indeed inflated as compared with universal
screening estimates.’ Using a ‘not positive’ comparison
group results in exposure misclassification and related
bias. Globally, key health outcomes such as stillbirth have
various definitions, and the published literature does not
report on a comprehensive set of maternal and newborn
outcomes.

A unified, collaborative analytical plan is required to
overcome many of these issues. Accordingly, we estab-
lished plans for a sequential, prospective meta-analysis
(sPMA) in April 2020 with a goal of better understanding
the excess risks—or lack thereof—of COVID-19 during
pregnancy.” These basic epidemiological data are neces-
sary for conducting appropriate risk-benefit analyses
when new preventives and therapeutics are developed
and ultimately for guiding global prevention and treat-
ment plans. Our consortium obtained high-quality data
from studies being conducted in a variety of countries
and analysed them based on a harmonised data collec-
tion and analytical strategy. Here, we report the first
set of results in this individual participant data (IPD)
meta-analysis. We assessed the risk of maternal, fetal
and neonatal morbidity and mortality among preg-
nant women with confirmed or probable SARS-CoV-2
infection during pregnancy as compared with pregnant
women who were confirmed SARS-CoV-2 negative.

METHODS

This analysis is part of a larger sSPMA study that aims to
answer epidemiological questions about COVID-19 and
its association with maternal and newborn health by
pooling data from independent studies using harmonised
data definitions and an IPD meta-analytical framework to
minimise data variability. The protocol for the sPMA was
registered with PROSPERO (ID: CRD42020188955) on
28 May 2020; the full protocol has been published else-
where.?

Eligibility criteria
Eligible study designs included registries, single or
multisite cohorts, or case—control studies enrolling
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pregnant women with suspected or confirmed COVID-
19. To be eligible, studies must have had a defined catch-
ment area, included at least 25 pregnant women with
confirmed or suspected SARS-COV-2 infection and had a
contemporaneously recruited comparison group of preg-
nant women who had not been diagnosed with COVID-
19.

Given the heterogeneity of study designs, we also
applied participant-level inclusion and exclusion criteria.
The SARS-CoV-2 infected group included pregnant
women with a diagnosis during pregnancy or within 7
days of pregnancy outcome based on: (a) PCR testing or
antigen testing; (b) WHO suspected case definition’; or
(c) serology testing where exposure was known to occur
during pregnancy based on the dates of the pregnancy
and the COVID-19 pandemic. We restricted the analyses
to a comparison group of pregnant women who were
confirmed SARS-CoV-2 negative based on one or more
laboratory tests for SARS-CoV-2 infection during preg-
nancy (including PCR, antigen or serology testing).

Identifying studies

For this comparative analysis, we identified studies using
two approaches. Studies were recruited into the sPMA
via professional research networks and support from
key stakeholder networks a priori,® and those who had
agreed to participate by 1 August 2020 were screened for
eligibility to participate in this analysis. We also identi-
fied studies by reviewing the most recently published
(February 2021) PregCOV-19 Living Systematic Review'
to identify studies that might be eligible for postpublica-
tion inclusion into the analysis; we contacted all corre-
sponding authors of apparently eligible studies. Studies
were first screened for eligibility based on published
protocols or manuscripts; we also confirmed eligibility
through discussions with study investigators.

Data collection

Data contributors shared deidentified IPD with the sSPMA
coordinating team based on a core variable list.” The coor-
dinating team ran a standardised set of data quality codes
and resolved any queries through discussion with the
study investigators. Subsequently, we created new, harmo-
nised outcome variables and analysed the data to ensure
consistent methods were used to generate site-specific
estimates. Study investigators reviewed these estimates.
Where data contributors were unable to share IPD, the
coordinating team worked with the contributing statis-
tical team to use the same set of standardised outcome
definitions and/or codes for data quality assessment,
outcome construction and generating site-specific esti-
mates; these teams shared analysis log files and outputs
to confirm the same analysis process was followed. We
checked each data set for potentially overlapping partici-
pants based on the geographic area or facility and enrol-
ment dates; we worked with study investigators to dedu-
plicate any potential overlapping observations. For each
previously published study, online supplemental table S1

documents reasons for any differences between the data
included in this study as compared with prior publica-
tions. This secondary use of deidentified data was consid-
ered non-human subjects research and thus exempt from
institutional review board approval at The George Wash-
ington University.

Data items

The core variables for the larger sSPMA study were estab-
lished a priori along with the protocol.® For this analysis,
the coordinating team developed an analysis plan, which
was reviewed and approved by the steering committee.
Participating study sites contributed data based on this
shortlist of high-priority variables. Based on IPD from
each study, we derived each study outcome described
below.

IPD integrity (data quality assessment)

Data quality was assessed for each study by examining the
distribution and frequency of each variable. We identified
outliers and inconsistent values for key data points such
as gestational age at birth, maternal age and neonatal
birth weight and checked that the timing of outcomes
was consistent with our definitions (eg, neonatal death
within 28 days). For all published data, we also compared
the distribution and frequency of outcomes to published
manuscripts and resolved discrepancies through discus-
sion with study investigators.

Risk of bias

We assessed the quality of individual studies, by outcome,
based on criteria for participant selection and outcome
ascertainment using an adapted Newcastle-Ottawa
Scale.'” A description of study design elements classi-
fied as lower or higher risk of bias is outlined in online
supplemental table S2.

Outcomes and effect measures

We considered four categories of outcomes including
hospital and critical care indicators, maternal mortality
and morbidity, fetal and neonatal mortality and morbid-
ities and adverse birth outcomes. Maternal, fetal and
neonatal death and adverse birth outcomes were defined
using WHO case definitions. Hospital and critical care
indicators and maternal morbidities were defined by
each contributing study. Critical care indicators included
outcomes related to COVID-19 severity: admission to
the ICU, receipt of critical care (defined as admitted
to ICU or received ventilation or any site-defined indi-
cator), any ventilation use and clinician-diagnosed pneu-
monia. Maternal mortality and morbidity outcomes included
maternal death (due to any cause during pregnancy or
42 days post partum),'’ haemorrhage around the time
of labour, placental abruption, hypertensive disorders
of pregnancy (diagnosed at or after testing positive
for COVID-19), hypertensive disorders of pregnancy
(diagnosed at any time), pre-eclampsia, eclampsia, pre-
eclampsia or eclampsia (a combined indicator), thrombo-
embolic disease, preterm labour, any caesarean delivery

Smith ER, et al. BMJ Global Health 2023;8:6009495. doi:10.1136/bmjgh-2022-009495
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and intrapartum or non-scheduled caesarean delivery.
Fetal and neonatal mortality and morbidity outcomes included
stillbirth (fetal death >28 weeks),'? perinatal death (still-
birth >28 weeks or neonatal death in the first 7 days of
life)," early neonatal death (death in the first 7 days
of life)," neonatal death (death in the first 28 days of
life) and admission to the NICU; in one study (Crovetto,
2020), we collected a combined outcome of NICU admis-
sion and/or admission to a high-dependency care unit.
Adverse birth outcomes included combined extremely, very
and moderate preterm birth (<34 weeks’ gestational age
at birth), preterm birth (<37 weeks’ gestational age at
birth), very low birth weight (<1500 g), low birth weight
(<2500 g) and small for gestational age (<3rd or <10th
percentile of sex-specific size for gestational age based on
the INTERGROWTH-21st reference Valueslf’; for studies
without data on infant sex, we used the midpoint of sex-
specific percentiles).

Statistical analysis (synthesis methods)

We applied a two-stage IPD meta-analytical framework
(accounting for site-specific clustering) to generate
pooled absolute risks and relative risks (RR), along with
95% Cls, for each outcome. First, we estimated site-
specific prevalence estimates for the infected and unin-
fected groups, as well as unadjusted and adjusted RR
with 95% CIs. We originally produced unadjusted and
adjusted RRs for each site contributing data. We adjusted
for maternal age and, where available, pre-pregnancy
obe51ty (pre-pregnancy body mass index (BMI) >30kg/
m?®). Because we found very little difference in adjusted
and unadjusted RRs within each site, we proceeded with
the meta-analysis using unadjusted RRs to allow inclusion
of studies with zero outcome event in either the exposed
or unexposed group. We pooled the absolute risks of
each outcome using the Freeman-Tukey double arcsine
transformation with DerSimonian and Laird random-
effects model; we calculated exact 95% CIs.'® 7 RRs were
pooled using DerSimonian and Laird random-effects
meta-analysis.'® Heterogeneity was assessed using the I”
statistic.

In cases of zero event for an outcome in the exposed or
unexposed group, we applied a continuity correction of
0.5. Outcomes with zero event in both arms were omitted
when estimating pooled absolute risk and pooled RRs
because the infected and uninfected groups varied in
size. All participants in a study were excluded from an
analysis if more than 25% of participants were missing
outcome information.

Not all studies collected information about the date
of COVID-19 onset (symptoms or test dates) and the
date of each outcome; however, we performed a sensi-
tivity analysis restricting the analysis to those studies with
known date of onset as well as dates for three outcomes:
preterm labour, preterm birth and moderate preterm
birth. For preterm labour and preterm birth outcomes,
we restricted the sensitivity analyses to women with gesta-
tional age of COVID-19 onset at less than 37 weeks and

for moderate preterm birth by restricting the analyses to
women with gestational age of onset at less than 34 weeks.
For the outcome hypertensive disorders of pregnancy, we
conducted a sensitivity analysis looking at diagnoses that
occurred at or after COVID-19 diagnosis.

To address concerns about the varying degree to which
studies employed universal screening strategies and thus
identified asymptomatic pregnant women, we conducted
a secondary analysis restricting exclusively to symptom-
atic cases of COVID-19. Further, we conducted a sensi-
tivity analysis comparing our results to those studies
included in the PregCOV-19 Living Systematic Review
that were eligible for the PMA but not successfully
recruited to examine any major differences in results
across seven common outcomes. Finally, we conducted a
sensitivity analysis using different definitions of stillbirth
to examine differences based on gestational age cut-
offs. All analyses were performed using Stata (V.16), SAS
(V.9.4) and R (V.4.2.0).

Patient and public involvement

Patients or the public were not involved in the design,
conduct, reporting or dissemination plans of our meta-
analysis. However, many contributing studies did involve
patients and community stakeholders in the design and
dissemination of their study results.

RESULTS

Study selection

Among the 26 studies that had prospectively joined the
PMA study team, 16 had a study design that allowed for
the comparison of SARS-CoV-2 infected and uninfected
pregnancies. Six of these studies had completed data
collection or were willing to contribute ongoing cohort
data to the current analysis (Akelo and Tippett Barr
2021, Bevilacqua and Laurita Longo 2020, Le Doare
2021, Nachega 2021, Nunes 2021, Poon 2021). We addi-
tionally contacted the corresponding authors of appar-
ently eligible studies included in the Allotey et al’s living
systematic review and identified five additional studies
that were willing to participate in this round of the
sPMA! (figure 1). One of these studies included two
different testing strategies for two cohorts of pregnant
women (Crovetto, 2020); accordingly, we consider this
publication and related data collection as two separate
studies.

We identified and deduplicated three participants
who were included in both the current AFREhealth
(Nachega) and PREPARE Uganda (Le Doare) data sets.
No other overlapping participants were identified.

Study characteristics

In total, we analysed IPD from 12 studies conducted in 12
countries (Ghana, China-Hong Kong, Italy, Kenya, Nigeria,
South Africa, Spain, Sweden, the Democratic Republic of
Congo, Turkey, Uganda and the USA) (table 1). Across
studies, the recruitment period spanned from February
2020 to July 2021 (online supplemental figure S1).** *
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= Number of studies Mumber of studies

= included in the identified through the

3 prospective meta- living systematic

'"g analysis (PMA) review & screened

o protocol for eligibility

= N=26 N=111

Reasons for Exclusion Reasons for Exclusion

2 —» N=10 no cc-nt_ernpc-ranequs | » | N=83 nocontemporaneous COVID-
= COVID-negative comparison negative comparison group

o group N=6 Less than 25 COVID+ cases
@ M=1 wrong study design (case

series)
\_. A 4
Number of eligible Number of likely

= studies eligible studies

= N=16 N=21

=

o

|

L

Mumber of studies after
duplicates removed for

which IPD were sought
MN=35

Reasons IPD was not obtained (n=24)

M=
M=
M=
M=
M=

v

pending

7 Data collection is ongoing (PMA studies)

10 No response from P

1 Unwilling to share data

3 Declined due to time constraints

3 Agreed to participate, but data use agreement

N=11*

N=13,136

Number of studies forwhich IPD were provided

Mumber of participants for whom data were provided

| Analyzed Data || Available Data ][ Obtaining Data | [

*Crovetto 2020 was published os a single study, but induded 2 distinct

cohorts. We analyze these as two separgie studies in the IPD meta-analysis.
Figure 1 PRISMA-IPD flow diagram documenting study identification, screening and analysis. IPD, individual participant data;
PI, principal investigator; PRISMA, Preferred Reporting ltems for Systematic Reviews and Meta-Analyses.

Across all studies, SARS-CoV-2 infection was confirmed by
PCR test, except in the following studies: Crovetto 2020
Cohort I study administered antibody tests at recruitment
in early pregnancy and PCR tests at delivery; Crovetto
2020 Cohort II study used antibody tests at delivery for all
participants (and 85% also received a PCR test); Le Doare
(2021) used the WHO case definition for probable cases
of COVID-19 when testing was unavailable in addition to
PCR and antibody testing at recruitment; and Ahlberg
et al ' where three cases were identified on admission

for delivery based on positive antibody test results during
antenatal care (ANC). Selection of the SARS-CoV-2-negative
groupvaried slightly between studies; seven studies defined
SARS-CoV-2-negative pregnancy based on a single nega-
tive PCR test result (Nachega, Nunes, Sakowicz, Ahlberg,
Bevilacqua and Laurita Longo, Kalafat, Brandt), one
study based the selection on repeated negative PCR tests
throughout pregnancy (Akelo and Tippett Barr), two
studies used a negative antibody test result (Crovetto,
Poon) and one population-based pregnancy surveillance
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study ascertained SARS-CoV-2 infection using PCR and/
or antibody testing at recruitment, followed by testing
or assessment for probable diagnosis based on clinical
concern (Le Doare). The timing of testing varied by
study, but most studies included infections in all three
trimesters (table 2).

Participant characteristics

The pooled data included 1942 pregnant women with
confirmed or probable SARS-CoV-2 infection during
pregnancy or within 7 days of pregnancy outcome and
11194 pregnant women who were either PCR negative
at delivery (seven studies, 7274 pregnancies); antibody
negative at delivery (one study, 1128 pregnancies),
both antibody negative and PCR negative at delivery
(one study, 127 pregnancies); antibody negative at an
early ANC visit with PCR testing at delivery (one study,
748 pregnancies); negative throughout pregnancy
based on repeated PCR or antibody testing offered
at ANC visits and delivery (one study, 1454 pregnan-
cies); or who were antibody and/or PCR negative at
recruitment in early pregnancy with no subsequent
positive test (completed for clinical concern) or clin-
ical diagnosis of probable COVID-19 (one study, 463
pregnancies) (table 2). The total number of preg-
nancies included in each study ranged from 152 in
China-Hong Kong (Poon, 2021) to 2682 in Sweden.
[19] The mean age across all studies was 31 years, with
the youngest study population in Kenya (Akelo and
Tippett Barr, 2021) and the oldest study population in
Italy (Bevilacqua and Laurita Longo, 2020). The prev-
alence of obesity ranged from 10% in Spain (Crovetto,
2020, Cohort I) to 15.6% in Sweden [19] although
pre-pregnancy BMI was generally not available across
studies. There were relatively few instances of SARS-
CoV-2 infection identified during the first trimester;
the majority of cases were identified during the third
trimester (table 2). The mean age was similar between
SARS-CoV-2-infected women and those in the negative
comparison group (online supplemental table S3).
Only four studies collected data on pre-pregnancy
BMI; SARS-CoV-2-infected women were more likely to
be obese (online supplemental table S3).

Critical care indicators

Compared with pregnant women without infection,
women with SARS-CoV-2 infection at any time during
pregnancy had an increased risk of all outcomes related
to critical care (table 3). The pooled absolute risk of ICU
admission among pregnant women with SARS-COV-2
infection was 3% (95% CI 0% to 9%). Pregnant women
with SARS-COV-2 infection were at a significantly increased
risk of ICU admission (8 studies; 6660 pregnant women;
RR 3.81, 95% CI 2.03 to 7.17) and ventilation (7 studies;
4887 pregnant women; RR 15.23, 95% CI 4.32 to 53.71).
Across seven studies, about 4% of pregnant women with
COVID-19 received any critical care (95% CI 0% to 13%)
and they were more than five times more likely to receive

critical care than their COVID-19-negative peers (7 studies;
4735 pregnant women; RR 5.48, 95% CI 2.57 to 11.72).

Maternal mortality and morbidity

While 10 studies collected data regarding maternal
deaths, only three studies (Nachega 2021, Nunes 2021
and Le Doare 2021) recorded deaths during the study
period and thus contributed information to the pooled
estimate. All the remaining studies recorded zero death
in both groups. Based on these three studies, women with
SARS-CoV-2 infection had an increased risk of maternal
death (10 studies; 1490 pregnant women; RR 7.68, 95%
CI 1.70 to 34.61) as compared with uninfected pregnant
women.

Regarding maternal morbidity, we found a greater risk
for pre-eclampsia (9 studies; 8777 pregnant women; RR
1.42, 95% CI 1.13 to 1.78), pre-eclampsia or eclampsia (10
studies; 11472 women; RR 1.46,95% CI1.17 to 1.81) and
thromboembolic disease (8 studies; 5146 pregnant women;
RR 5.50, 95% CI 1.12 to 27.12) among pregnant women
with SARS-COV-2 infection compared with those without.
We also found an increased risk for hypertensive disorders
of pregnancy (10 studies; 11472 pregnant women; RR
1.25, 95% CI 1.04 to 1.50) among pregnant women with
SARS-CoV-2. Although most studies did not collect data
on the timing of diagnosis of hypertensive disorders of
pregnancy, we conducted this analysis again restricting
to only those cases of hypertensive disorders of preg-
nancy diagnosed at or after a positive SARS-CoV-2 test;
we found a similar increased risk but a wider CI (three
studies representing 3651 women; RR 1.33, 95% CI 0.89
to 1.98). The risk for caesarean delivery was slightly
higher among pregnant women with SARS-CoV-2 (10
studies; 10571 pregnant women; RR 1.10, 95% CI 1.01
to 1.20). While there was no significant difference in the
risk of preterm labour across both groups overall, we find
an increased risk of preterm labour (<37 weeks’ gesta-
tional age) for pregnant women with SARS-CoV-2 onset
before 37 weeks’ gestational age as compared with preg-
nant women without SARS-CoV-2 for those studies where
data on gestational age at onset and preterm labour as a
maternal morbidity are available (4 studies; 3769 preg-
nant women; RR 2.47,95% CI 1.28 to 4.79). There was no
difference between the two groups on the risk of other
maternal morbidity outcomes (haemorrhage, placental
abruption, eclampsia or intrapartum caesarean delivery).

Fetal and neonatal mortality and morbidity

Among the five fetal and neonatal outcomes examined,
we found an elevated risk only for NICU admission after
birth among infants born to women with SARS-CoV-2
infection (7 studies; 7637 neonates; RR 1.86, 95% CI 1.12
to 3.08).

Adverse birth outcomes

Infants born to women with confirmed or probable
SARS-CoV-2 infection during pregnancy were more likely
to be born preterm (12 studies; 11 884 live births; RR 1.27,
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95% CI 1.07 to 1.49) and moderate preterm (12 studies;
11884 live births; RR 1.37, 95% CI 1.05 to 1.79). A sensi-
tivity analysis restricted to the seven studies recording
the date of COVID-19 onset and preterm birth found
a similar, although strengthened, link between SARS-
CoV-2 infection and moderate preterm and preterm
births. Infection during pregnancy was linked to a nearly
threefold increased risk of moderate preterm birth (RR
2.92,95% CI1.88 to 4.54) and a near doubling of the risk
in preterm birth (RR 1.71,95% CI 1.28 to 2.29) (table 3).
Infants born to women with SARS-CoV-2 infection during
pregnancy were also more likely to be low birth weight
(<2500 g) (12 studies; 11930 neonates; RR 1.19, 95% CI
1.02 to 1.40).

Secondary analysis (symptomatic COVID-19 cases)

We conducted a secondary analysis restricted to only
symptomatic infections as compared with SARS-CoV-2
uninfected pregnant women; asymptomatic infections
were excluded from this analysis. Similar to the primary
analysis, we found that pregnant women with sympto-
matic infections were more likely than uninfected preg-
nant women to be admitted to the ICU, require ventila-
tion or receive critical care. The risk of maternal death
was also significantly higher. They were also more likely
to be diagnosed with pneumonia, hypertensive disorders
of pregnancy, pre-eclampsia, pre-eclampsia or eclampsia,
or thromboembolic disease. They were more likely to
experience preterm labour and to have a caesarean
delivery or require an intrapartum caesarean delivery.
Infants born to women with symptomatic SARS-CoV-2
during pregnancy were more likely to be born very low
birth weight, low birth weight, moderate preterm and
preterm; they were also more likely to be admitted to the
NICU as compared with infants born to women without
COVID-19 during pregnancy (table 4).

Additional sensitivity analyses comparing the results of
this meta-analysis to results of eligible studies in the Preg-
COV-19 Living Systematic Review and comparing pooled
estimates among PMA studies using different definitions
of stillbirth are presented in the online supplemental
tables S4 and S5, respectively.

We found the majority of included studies and
outcomes to be at low risk of bias (table 5). Three studies
received a star for all domains for all outcomes, indi-
cating the lowest risk of bias; the majority of other studies
had only one domain where a higher risk of bias was a
concern. The most common reason a study was consid-
ered at higher risk of bias was related to selection of the
exposed group (SARS-CoV-2 infection); in seven studies,
more than half of the SARS-CoV-2-infected women were
identified in a way that was potentially not representative
of the general pregnant population in the community,
such as testing based on recent travel or clinical concern,
or clinical diagnosis of probable COVID-19 based on
symptoms (online supplemental table S6). Three studies
were deemed at higher risk of bias because more than
10% of women had incomplete information about the

pregnancy outcome, and three studies were deemed at
higher risk of bias because more than 10% of participants
were missing a particular outcome (online supplemental
tables S7 and S8).

DISCUSSION

Our IPD meta-analysis confirms findings from a growing
body of published literature that SARS-CoV-2 infec-
tion during pregnancy increases the risk of maternal
death and imparts an increased risk for adverse health
outcomes for both pregnant women and their fetuses
and neonates.

Compared with a contemporaneous group of preg-
nant women who tested negative for SARS-COV-2
infection, those with infection at any time during preg-
nancy had a higher risk for all critical care indicators,
maternal mortality and several morbidity outcomes such
as hypertensive disorders of pregnancy, pre-eclampsia or
eclampsia, preterm labour and thromboembolic disease.
Our findings are consistent with a living systematic review
that included studies using concurrent or historical
controls which found that women with COVID-19 during
pregnancy had an increased risk of ICU admission and all-
cause mortality." A recent multinational cohort study (the
INTERCOVID study) including data from 706 SARS-CoV-
2-infected pregnancies and 1424 pregnancies without
a known diagnosis from 43 institutions in 18 countries
found similar increased risks of ICU admission and all-
cause mortality linked with COVID-19 during pregnancy.
The INTERCOVID study additionally found women
with COVID-19 were at higher risk for pre-eclampsia or
eclampsia and severe infections (RR 3.38; 95% CI 1.63 to
7.01)." Other studies have also reported that COVID-19 is
linked with pre-eclampsia or eclampsia.*”*

There is widespread disagreement about the biolog-
ical plausibility that SARS-CoV-2 infection can induce
hypertensive disorders of pregnancy, including pre-
eclampsia. Some have hypothesised that altered ACE2
expression linked to COVID-19, or the systemic inflam-
mation and hypercoagulable state common in COVID-
19, may increase the risk of pre-eclampsia.”” While others
have suggested that SARS-CoV-2 infection may lead to
a pre-eclampsia-like syndrome that will resolve along
with the infection (rather than delivery),® clinicians
do not commonly measure angiogenic factors such as
the soluble fms-like tyrosine kinase-1/placental growth
factor that can differentiate between true pre-eclampsia
and pre-eclampsia-like symptoms.” * Others have
suggested the link between COVID-19 and hypertensive
disorders of pregnancy is driven by screening bias.” In
general, people who face increased risks of SARS-CoV-2
infection are also at higher risk for other comorbidities
such as hypertension, obesity, diabetes and pregnancy
complications such as pre-eclampsia. Hence, associations
between infection and adverse outcomes may be the
result of residual confounding. We attempted to address
whether people with hypertensive disorders of pregnancy
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Table 4 Relative risk of outcomes comparing COVID-19 cases (symptomatic cases only) versus COVID-negative

pregnancies

Symptomatic

Outcome Studies (n) Included studies*t RR (95% CI)

ICU admission 8 cdel*e2fhjk 4.88 (2.57 t0 9.27)
Ventilation 7 cdel*e2fhj 24.09 (6.85 to 84.77)
Critical care 7 cdetl*e2fhj* 8.47 (3.37 to 21.28)
Pneumonia 6 cel*e2fhj* 34.58 (3.36 to 356.13)
Maternal death 10 a*c*d el*e2*f*ghij* 8.48 (1.70 to 42.21)
Haemorrhage 6 acghik 1.30 (0.81 to 2.10)
Placental abruption 5 afhj k 2.08 (0.95 to 4.53)
Hypertensive disorders of pregnancy (diagnosed at or after abj 1.74 (1.01 to 3.00)

COVID-19)

Hypertensive disorders of pregnancy (diagnosed at any time) 10
Pre-eclampsia

Eclampsia

Pre-eclampsia or eclampsia 10
Thromboembolic disease

Preterm labour

Preterm labour (COVID-19 onset <37 weeks)

Caesarean section 10
Intrapartum C-section 8
Stillbirth 12
Perinatal death 9
Early neonatal death 9
Neonatal death 10
NICU admission at birth 7
Very low birth weight (<1500g) 12
Low birth weight (<2500 g) 12
Small for gestational age (3rd) 12
Small for gestational age (10th) 12
Moderate preterm birth (<34 weeks) 12
Moderate preterm birth (<34 weeks) (COVID-19 onset 7
<34 weeks)t

Preterm birth (<37 weeks) 12
Preterm birth (<37 weeks) (COVID-19 onset <37 weeks)+ 7

abcele2ghijk
abdele2fijk
a*b*el*e2*ij* k*
abcele2ghijk
acd el e2 g i*j*
cel*e2gij

cgij
acdele2ghijk
acel*e2ghij
abcd ele2fghij k
acdele2fgij*
acdele2*fgij*
acdele2*fghij*
acde2fgj
abcdele2fghij k
abcdele2fghijk
abcdele2fghijk
abcdele2fghijk
abcdele2fghijk
bcdgijk

abcdele2fghijk
bcdgijk

1.28 (1.03 to 1.59)
1.58 (1.20 to 2.08)
1.07 (0.05 to 22.17)
1.63 (1.26 to 2.11)
9.64 (1.69 to 54.97)
1.87 (1.06 to 3.32)
2.71 (1.25 to 5.85)
1.16 (1.04 to 1.29)
1.27 (1.06 to 1.52)
1.35 (0.62 to 2.96)
1.45 (0.62 to 3.43)
1.89 (0.61 t0 5.9)
1.93 (0.71 to 5.25)
2.12 (1.31 to 3.43)
1.67 (1.07 to 2.62)
1.32 (1.09 to 1.59)
1.22 (0.86 to 1.71)
1.05 (0.85 to 1.30)
1.62 (1.20 to 2.17)
3.12 (1.94 to 5.02)

1.41 (1.15 t0 1.73)
1.70 (1.22 to 2.36)

*Included studies for each estimate are categorised as follows: (a) Ahlberg et al, Sweden'?; (b) Akelo and Tippett Barr (2021), Kenya; (c) Bevilacqua
and Laurita Longo (2020), Italy; (d) Brandt (2020), New Brunswick, USA; (e1) Crovetto (2020), Spain, Cohort I; (€2) Crovetto (2020), Spain, Cohort II;
(f) Kalafat et al, Turkey®?; (g) Le Doare (2021), Uganda; (h) Nachega (2021), Multi-country Africa; (i) Nunes (2021), South Africa; (j) Poon (2021), China-

Hong Kong; (k) Sakowicz (2021), Chicago, USA.

TAsterisks indicate there is zero total event for a given study. These studies are not included in the ‘Events/Total’ and pooled risk estimates.
FThese outcomes (preterm labour, moderate preterm birth before 34 weeks’ gestation and preterm birth before 37 weeks’ gestation) were included
in the sensitivity analyses where we restrict COVID-19 cases to those with confirmed onset prior to 37 weeks’ gestation (or 34 weeks for moderate
preterm birth). The full comparison group is used for each of the sensitivity analyses.

C-section, caesarean section; ICU, intensive care unit; NICU, neonatal intensive care unit; RR, relative risk.

were more likely to be screened, and thus test positive,
through our sensitivity analysis including only diagnoses
that occurred at or after the SARS-CoV-2 test positive
date; the effect estimate was similar to primary analysis,
although the CI was much wider given that only three
studies contributed data to the sensitivity analysis. Deter-
mining whether a true causal link exists and elucidating

the potential pathophysiology of hypertensive disorders
of pregnancy among women with COVID-19 is needed to
strengthen patient care and management. However, the
higher risks reported here are similar to those reported
by other studies®® ** and are consistent with the practice
of prompt, precautionary monitoring of hypertensive
women with SARS-CoV-2 infection.
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Our analysis also revealed that neonates born to women
with a SARS-CoV-2 infection had a significantly higher
risk for a moderately preterm (<34 weeks) or preterm
(<87 weeks) birth, though we did not distinguish between
spontaneous and iatrogenic preterm births. These find-
ings are consistent with other studies. Based on 18 studies
in the living systematic review, COVID-19 during preg-
nancy is linked with a 47% increased risk of preterm birth;
SARS-CoV-2 infected women in the INTERCOVID study
had a similar increased risk of preterm birth and 97%
increased risk of having a medically indicated preterm
birth.! * Notably, we did not find any link between SARS-
CoV-2 infection during pregnancy and being born small
for gestational age. The INTERCOVID study, one of
the few published studies to examine a similar suite of
outcomes, has similar findings.* Taken together, these
findings suggest no association between SARS-CoV-2
infection during pregnancy and intrauterine growth
restriction, although the question should be examined in
more detail considering the timing and severity of infec-
tion during pregnancy.

We did not find a link between SARS-CoV-2 infection
during pregnancy and an increased risk of stillbirth at
or beyond 28 weeks’ gestation, based on analysis of 78
cases of stillbirth (14 in the COVID-19 group). This is in
contrast with the living systematic review that reported
that women with COVID-19 had 2.84 times the risk of
stillbirth as compared with their uninfected peers,
although this was based on only 35 stillbirths (nine in
the COVID-19 group).' A national study of more than
340000 pregnancies in England also found a higher risk
of stillbirth (adjusted OR 2.17, 95% CI 1.96 to 2.49).°
These inconsistent findings may be partly due to analyt-
ical choices. For example, we defined stillbirth as fetal
death at or beyond 28 weeks’ gestational age™ while
other studies used an earlier cut-off; even so, we did
not find a significant difference within the PMA studies
using different definitions of stillbirth (online supple-
mental table S5). We also excluded studies with historical
controls from our analysis, and we did not use a conti-
nuity correction for zero total event study in our meta-
analysis because this can cause bias when the exposed
and unexposed groups are not equal in size.” The
design of included studies may also influence our find-
ings. A study in Sweden compared estimates for facilities
that had universal screening at ANC or delivery versus
those obtained from facilities with non-universal testing
policies; they found no link between SARS-CoV-2 infec-
tion and stillbirth in the universal screening analysis, but
a strong relationship between infection and increased
risk of stillbirth in the non-universal screening analysis.’
Finally, a recent report by the US Centers for Disease
Control and Prevention suggests that the Delta variant
is associated with a higher risk for stillbirth than earlier
SARS-CoV-2 variants.** Given stillbirth is a rare outcome,
additional data are needed to understand the potential
risk and whether risk varies based on the timing and
severity of SARS-CoV-2 infection.

Our study is intended to provide robust and high-
quality estimates of the impacts of SARS-CoV-2 infec-
tion during pregnancy as compared with uninfected
pregnancies. The IPD meta-analysis includes both
unpublished and previously published data that were
uniformly processed and analysed using a harmonised
set of outcomes. We also included an expanded set of
maternal morbidity outcomes that have not been exten-
sively studied. The unpublished data include information
from five countries in sub-Saharan Africa; no data from
sub-Saharan Africa were previously available for inclusion
in the current living systematic review.' Further, the IPD
meta-analysis includes newer data (through July 2021)
and some study designs at lower risk of potential bias. For
example, the data from Akelo and Tippett Barr in Kenya,
Le Doare in Uganda and Crovetto CohortI study in Spain
include data from prospective pregnancy cohorts with
repeated testing throughout pregnancy. The data from
Poon in China-Hong Kong and the Crovetto Cohort II
study in Spain include a large control group that is anti-
body negative throughout pregnancy. Together, these
studies provide a large comparison group that likely
never had a SARS-CoV-2 infection during pregnancy. In
the remaining studies, the comparison group includes
pregnancies that were confirmed PCR negative at a single
time point. These studies nonetheless offer an improve-
ment over others that use a comparison group defined
by the absence of a positive test, rather than a confirmed
negative test. Several newer studies also included study
sites with universal screening at ANC or delivery which
makes these cohorts better representative of the general
pregnant population; they identify cases at all gestational
ages and address some concerns regarding bias that is
introduced when only symptomatic women or those with
severe morbidities are more likely to receive a test.

Our study is not without limitations. The possibility of
selection bias remains, given that selection of pregnant
women with a COVID-19 diagnosis depended on when
and how the participants were tested for SARS-CoV-2;
this changed over time across sites along with the avail-
ability of test kits. However, our risk of bias assessment
carefully documents the methods for recruiting exposed
and unexposed study participants and suggests that most
participants across most studies were sampled in a repre-
sentative way. Further, this analysis does not consider
the differential impact of SARS-CoV-2 variants that
have emerged since the onset of the pandemic because
sequencing data was not available for individual patients
in this study . Additionally, the majority of studies included
in this analysis conducted recruitment only during a
time period where a single variant was dominant at the
national level (online supplemental figure S1). Another
serious concern is related to incomplete follow-up for
some outcomes such as maternal mortality through 42
days post partum and neonatal mortality through 28 days
following birth. Most of the studies had partial follow-up,
likely causing undercounting of events. Another potential
limitation is the use of site-specific definitions of critical
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care indicators, which might introduce misclassification
bias. However, it is reassuring that our findings regarding
critical care indicators are not substantively different
from our findings regarding maternal, fetal and neonatal
mortality, which were defined using WHO criteria.

CONCLUSION

Taken together, this analysis of 12 studies including
13136 pregnant women from 12 countries indicates
that SARS-CoV-2 infection at any time during pregnancy
increases the risk of maternal mortality, severe maternal
morbidities and adverse newborn outcomes. These find-
ings underscore the need for global efforts to prevent
COVID-19 during pregnancy through targeted admin-
istration of vaccines and non-pharmaceutical interven-
tions. Further efforts are needed to advance our under-
standing of the best clinical care and management strate-
gies for SARS-CoV-2-infected pregnant women and their
newborns. As more data become available, we will update
these findings as per the published protocol.
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Table S1: Description of differences between prior publications and data contributed to the PMA

PMA Data Contributor

Description of Re-analysis of Published Data

Citation

Ahlberg et al, 2020 (Sweden)

The data submitted to the PMA by Ahlberg et al are published in the research letter by Ahlberg et al (2020).

For this analysis, we collaborated with investigators to re-analyze the data submitted according to the PMA protocol.
The original analysis conducted in this study focused on a smaller sample size (n= 759) after the investigators used
propensity score matching to match COVID-negative controls with COVID-positive cases. For the PMA, we use the
full sample of patients presenting at labor and delivery at Karolinska University Hospital between March 25 and July
24 2020 (n=2,682).

Ahlberg, M, Neovius, M, Saltvedt, S, Séderling, J,
Pettersson, K, Brandkvist, C, Stephansson, O. Association
of SARS-CoV-2 Test Stattus and Pregnancy Outcomes.
JAMA. 2020 Sept; 324(17): 1782-1785. Available from: doi:
10.1001/jama.2021.5775

Bevilacqua et al, 2020 (ltaly)

The data submitted to the PMA by Bevilacqua et al are also published as a subset of the data in the PregOuTCOV
Study, an international multicenter retrospective cohort in Europe (Badr et al, 2021).

For this analysis, we re-analyze the data submitted by Bevilacqua et al according to the PMA protocol. Further, this
analysis excludes 728 observations collected in the original study that were asymptomatic and not tested for COVID-
19, resulting in a sample size of n=2465 for this study.

Badr, DA, Picone, O, Bevilacqua, E, Carlin, A, Meli, F,
Sibiude, J, et al. Severe Acute Respiratory Syndrome
Coronavisu 2 and Pregnancy Outcomes According to
Gestational Age at Time of Infection. Emerging Infectious
Diseases. 2021 Oct; 27(10): 2535-2543. Available from:
https://dx.doi.org/10.3201%2Feid2710.211394

Brandt, 2020 (USA - New
Brunswick)

The data submitted to the PMA by Brandt are published in the study Brandt et al (2021).

For this analysis, we re-analyze the data submitted according to the PMA protocol. Further, this analysis excludes 21
observations collected in the original study including: 1 COVID-positive observation where COVID-19 onset was more
than 1 week after the pregnancy outcome; 20 COVID-negative observations that were assumed negative for COVID-
19 but did not receive a PCR test due to recruitment for the study early in the pandemic before testing was widely
available (March - early April 2020). This results in a sample size of n=162 for this contributing study in the PMA.

Brandt, JS, Hill, J, Reddy, A, Schuster, M, Patrick, HS,
Rosen, T, et al. Epidemiology of coronavirus disease 2019
in pregnancy: risk factors and associations with adverse
maternal and neonatal outcomes. American Journal of
Obstetric Gynecology. 2021 Apr; 224(4): 389.e1-389.e9.
Available from: doi: 10.1016/j.ajog.2020.09.043

Crovetto et al, 2020 (Spain)

The data submitted to the PMA by Crovetto et al are published in the study Crovetto et al (2020).

For this analysis, we re-analyze the data submitted according to the PMA protocol. Further, for this analysis, Crovetto
et al identified 32 additional COVID-positive observations among those who were initially identified as COVID-
negative at early pregnancy screening and then tested positive during follow-up PCR testing at labor and delivery
(Crovetto et al follow-up study forthcoming). For the PMA, we consider the Crovetto et al study as two separate cohort
studies based on the distinct study designs for each cohort, with a sample size of n=921 for Cohort | and n=1,304 for
Cohort II.

Crovetto, F, Crispi, F, Llurba, E, Pascal, R, Larroya, M,
Trilla, C, et al. Impact of SARS-CoV-2 infection on
pregnancy outcomes: A population-based study. Clinical
Infectious Diseases. 2021 Feb; 73(10): 1768-1775.
Available from: https://doi.org/10.1093/cid/ciab104

Kalafat 2020 (Turkey)

The data submitted to the PMA by Kalafat are also published as a subset of the data in the previously published study
Kalafat, Yassa, Koc, Tug, and the TULIP Collaboration, 2020.

For this analysis, we re-analyze the data submitted by Kalafat according to the PMA protocol, with a sample size
n=362 (collected in Istanbul, Turkey).

Kalafat, E, Yassa, M, Koc, A, Tug, N, the TULIP
collaboration. Utility of lung ultrasound assessment for
probable SARS-CoV-2 infection during pregnancy and
universal screening of asymptomatic individuals. Ultrasound
in Obstetrics & Gynecology. 2020 Sept; 56(4): 624-626.
Available from: https://doi.org/10.1002/uog.23099

Sakowicz et al, 2021 (USA —
Chicago)

A subset of the data submitted to the PMA by Sakowicz et al are published in the study Sakowicz et al, 2020. The
overlapping data include all COVID-negative pregnancies submitted to the PMA (n=1,270) and all COVID-positive
pregnancies delivered prior to May 31, 2020 (n=101). Sakowicz et al also submitted additional COVID-positive cases
to the PMA delivered on or after June 1, 2020 (n=402) that are not included in this original publication.

For this analysis, we re-analyzed the data according to the PMA protocol, retaining all observations submitted by
Sakowicz et al (n=1773).

Sakowicz, A, Ayala, AE, Ukeje, CC, Witting, CS, Grobman,
WA, Miller, ES. Risk factors for severe acute respiratory
syndrome coronavirus 2 infection in pregnant women.
American Journal of Obstetrics and Gynecology MFM. 2020
Nov; 2(4): 100198. Available from: doi:
10.1016/j.ajogmf.2020.100198

Smith ER, et al. BMJ Global Health 2023; 8:6009495. doi: 10.1136/bmjgh-2022-009495



Supplemental material

BMJ Publishing G
SN iaced

Limited (BMJ) disclams all Iiab_ilit){1
on this supplemental material which

d ihilit
o been Supplied by the Sthor(s)

arising from any reliance

Table S2: Description of the adapted Newcastle Ottawa Scale for assessing risk of bias

Participant Selection

Outcome Assessment

Representativeness of the exposed cohort
(Confirmed COVID-19 cases)

Selection of the non-
exposed cohort (COVID-
negative comparisons)

Ascertainment of exposure
(COVID-19 Cases)

Ascertainment of control
(COVID-negative
comparison group)

Adequacy of follow up
for pregnancy outcome

Adequacy of data
completeness (by outcome
group)

Lower risk of bias
(earns a quality star

in the Newcastle
Ottawa Scale)

Higher risk of bias

a) At least 50% of the cases were identified using a
method truly representative of the COVID-exposed
(confirmed/suspected) pregnant women in the
community (e.g., pregnant women universally
tested when presenting for delivery at the hospital;
pregnant women universally tested during antenatal
care visits as part of routine screening)

b) 50% or more of the cases were identified using a
method a somewhat representative of the COVID-
19-infected pregnant persons in the community
(e.g., pregnant women tested at antenatal care of
delivery based on symptoms or travel; pregnant
women tested for antibodies during routine
screening; medical records of pregnant women
hospitalized for any reason, excluding delivery).

c) selected group of pregnancies (e.g., nurses,
volunteers)

a) Drawn from the same
community and same time
(e.g., calendar time or
gestational age) as the
exposed cohort

b) Drawn from a different
sampling frame or time (e.g.,
calendar time or gestational
age)

a) Viral test indicating active
infection (e.g., PCR test,
antigen test)

b) Serology/antibody test
with confirmed onset during
pregnancy based on date of
pandemic and gestational
age

c) Clinical diagnosis or
radiography consistent with
WHO case definitions of
probably and suspected
cases

d) Self report

a) Viral test indicating the
absence of an active infection
at a single or multiple times
points (e.g., PCR test,
antigen test)

b) Serology/antibody test
indicating no infection during
pregnancy

c) Absence of a positive test
(subject is excluded from this
analysis)

a) >90% of pregnancy
outcomes ascertained

b) 75-90% of pregnancy
outcomes ascertained

c) <75% of pregnancy
outcomes ascertained

a) Complete follow up: data
available for >99% of
participants

b) Subjects lost to follow up
unlikely to introduce bias
(<10% of participants with
missing data)

c¢) Data missing for 11-25% of
participants

d) > 25% of participants are
missing data (outcome is
excluded from this analysis)

Smith ER, et al. BMJ Global Health 2023; 8:6009495. doi: 10.1136/bmjgh-2022-009495
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Figure S1. Timeline of recruitment by study compared to dominant SARS-CoV-2 variant data 23
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" Variant profile over the months for each country was generated using publicly available data from Nextstrain.org
2 Democratic Republic of Congo variant data not available publicly
3White space on individual facets indicate lack of variant data by month availability at Nextstrain.org
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Table S3: Comparison of selected demographic characteristics of pregnant women with and without
Covid-19 diagnosis

Mean age (SD) % Obese

COVID-19 COVID-19 Negative COVID-19 CNOe\éL[t)iceg
Study Author Year, Country Cases Comparison Cases Comparison
Akelo, Tippett Barr 2021, Kenya 26.5 (5.2) 25.6 (5.4) 1 - --
Le Doare, 2021, Uganda 27.3 (5.8) 25.7 (5.7) -- --
Crovetto 2020, Spain - Cohort | 32.7 (5.4) 33.3 (5.3) 11.6% 9.1%
Poon 2021, China-Hong Kong 33.7 (5.4) 32.9 (4.4) - --
Crovetto 2020, Spain - Cohort Il 32.0 (6.2) 31.9(5.7) 13.6% 11.2%
Bevilacqua, Laurita Longo 2020, Italy 32.6 (5.7) 33.8 (5.4) 19.3% 15.2%
Nachega 2021, Afrehealth 30.7 (5.8) 2 30.1 (5.5) - --
Nunes 2021, South Africa 31.8 (6.6) 30.7 (6.8) -- -
Sakowicz, 2021, USA 30.8 (5.8) 32.8 (4.7) - -
Ahlberg, 2020, Sweden 3 32.1 (4.8) 32.3 (5.1) 25.0% 15.0%
Kalafat 2020, Turkey 28.0 (5.9) 26.9 (5.5) - -
Brandt 2020, USA 30.3 (6.5) 31.2 (6.3) -- --

1n=12 observations missing age data
2 n=2 observations missing age data
3n=100 observations had missing data on BMI (across the two groups)

Smith ER, et al. BMJ Global Health 2023; 8:e009495. doi: 10.1136/bmjgh-2022-009495
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Table S4. Sensitivity analysis comparing pooled PMA results to pooled results of eligible studies not recruited from the PregCOV-19 Living Systematic Review

PMA Studies PregCOV-19 Studies’ Overall Results
N Relative Risk? (95% N Relative Risk? Relative Risk?

Outcomes Studies Cl) I?% (p value) Studies (95% CI) I’% (p value) N Studies (95% Cl) 1’% (p value)
ICU admission 8 3.81 (2.03, 7.17) 0 (0.67) 19 4.56 (3.04, 6.84) 57.7 (0.001) 27 4.47 (3.16, 6.32) 48.6 (0.004)
All-cause mortality 10 7.68 (1.70, 34.61) 30.5 (0.24) 18 5.57 (1.46, 21.22) 81.7 (0) 28 6.53 (2.42,17.62)  72.4 (0.001)
C-section 10 1.10 (1.01, 1.20) 0 (0.88) 40 1.03 (0.96, 1.10) 40.1 (0.005) 50 1.05 (0.99, 1.10) 30.6 (0.02)
Stillbirth 3 12 1.08 (0.53, 2.16) 0(0.97) 18 1.66 (1.26, 2.20) 0(0.73) 30 1.57 (1.21, 2.03) 0 (0.93)
Neonatal death ¢ 10 1.71 (0.71, 4.12) 0(0.8) 17 1.95 (0.89, 4.29) 0 (0.83) 27 1.84 (1.02, 3.31) 0 (0.81)
Admission to neonatal unit at birth 5 7 1.86 (1.12, 3.08) 73.8 (0) 22 1.57 (1.12, 2.20) 83.3 (0) 29 1.64 (1.24, 2.17) 81.2 (0)
Preterm birth (<37 weeks) 12 1.27 (1.07, 1.49) 12.0 (0.33) 35 1.35 (1.20, 1.52) 29.5 (0.05) 47 1.32 (1.20, 1.45) 24.3 (0.07)

Notes: The table above presents pooled estimates for the PMA studies alongside studies included in the most recently-published PregCOV-19 Living Systematic Review (May 2022) that meet eligibility criteria for the PMA study
comparing pregnant people with and without SARS-CoV-2 infection but that were not successfully recruited to the PMA. We present these results for 7 common outcomes for this comparison group across the two studies:
Intensive care unit admission; all-cause mortality; caesarean delivery; stillbirth; neonatal death; admission to a neonatal unit at birth; and preterm birth before 37 weeks gestation. These meta-analysis results follow the same
methods described for the PMA.

1 PregCOV-19 Living Systematic Review studies incorporated in this analysis include those that 1) recruited a minimum of 25 cases of SARS-CoV-2 infection during pregnancy, 2) recruited a concurrent comparison group of
uninfected pregnancies (i.e., excluding historical comparison cohorts, and 3) were not included in the PMA study analysis. These 53 studies include the following: Abedzadeh-Kalahroudi, 2021, Iran; Adhikari, 2020, USA;
Afshar, 2020, USA; Anuk, 2021, Turkey, Beharier, 2021, Israel, Campbell, 2020, USA; Cardona-Pérez, 2021, Mexico; Celik, 2021, Turkey; Cunfarro-Lopez, 2020, Spain; Debelenko, 2021, USA; Diaz-Corvillon, 2020, Chile;
Dotters-Katz, 2020, USA; Edlow, 2020, USA; Egerup, 2020, Denmark; Elenga, 2021, French Guiana; Erol Koc, 2020, Turkey; Flaherman, 2020, USA; Gold, 2021, USA; Hcini, 2020, French Guiana, Izewski, 2021, USA;
Jaiswala, 2021, India; Janssen, 2020, USA; Jering, 2021, USA; Levitan, 2021, USA; Liu, 2020, China; Liu, 2021, USA; Martinez-Perez, 2020, Spain; Maru, 2020, USA; McLaren, 2021, USA; Molenaar, 2021, USA; Money,
2021, Canada; Nayak, 2020, India; Ona, 2021, USA; Patberg, 2020, USA; Pineles, 2020, USA; Pirjani, 2020, Iran; Prabhu, 2020, USA; Rios-Silva, 2020, Mexico; Rosenbloom, 2021, USA; Ruggiero, 2020, Italy; Smithgall, 2020,
USA; Soto-Torres, 2021, USA; Steffen, 2021, USA; Trahan, 2021, Canada; Tsatsaris, 2020, France; Vielma, 2020, Chile; Villar, 2021, multi-country study (includes 18 countries); Vouga, 2020, multi-country study (includes 16
countries); Wang, 2020, USA; Yadav, 2020, India; Yang, 2020, China; Zhang, 2020, USA; Zhang, 2021, USA.

2 Relative risks are calculated by pooling unadjusted relative risks from all participating studies with at least 1 adverse event for the given outcome using a DerSimonian-Laird random effects model meta-analysis. For any study
with zero events in one arm (COVID-19 cases or COVID-negative comparisons), we used a continuity correction of 0.5.

3 The PMA outcome presented here is stillbirths occurring at or after 28 weeks gestational age per the WHO definition. For PregCOV-19 Studies, the estimates presented are as-reported by the study site and may span multiple
different definitions of stillbirth (20-28 weeks).

4 The outcome "neonatal death" is reported by 9 participating studies in the PMA. However, most studies included in the PMA were not designed to follow-up neonates until 28 days after birth. The count of neonatal deaths is
likely an underestimate.

5 The PMA outcome “NICU Admission at Birth” is defined as admission to the neonatal intensive care unit or the equivalent for all studies except for Crovetto, 2020, Spain, Cohort Il, where the outcome also includes “admission
to high-dependency care unit.” The outcome for PregCOV-19 presented is defined as “admission to neonatal unit at birth.”
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Table S5. Sensitivity analysis comparing pooled absolute and relative risk of adverse outcomes using multiple definitions of stillbirth’

Confirmed COVID-19 Case COVID-19 Negative Comparison
_ _ Events/Total  Pooled Risk® (95% CI) Events/Total  Pooled Risk* (95% Cl)  Relative Risk® (95%

Outcomes N Studies  Included studies %2 Cl) 1°% (p value)
Stillbirths at or after 28 weeks 12 abcd*ele2fghijk 1471602 0.01 (0.00, 0.02) 64 /10060 0.01 (0.00, 0.01) 1.08 (0.53, 2.16) 0(0.97)
gestation 6

Stillbirths at or after 24 weeks 12 abcdele2fghijk 21/1609 0.01 (0.0, 0.2) 84 /10080 0.01 (0.0, 0.01) 0.92 (0.58, 1.59) 0 (0.99)
gestation 7

Stillbirths at or after 22 weeks 12 abcd*ele2fghijk 24/1612 0.01 (0.0, 0.02) 99 /10095 0.01 (0.01, 0.02) 0.89 (0.52, 1.51) 0 (0.99)
gestation 8

Stillbirths at or after 20 weeks 11 bcdete2fghij k 25/1516 0.01 (0.00, 0.03) 94 /7670 0.01 (0.01, 0.02) 0.88 (0.51, 1.50) 0(0.97)
gestation °

1 This analysis presents pooled absolute and relative risk of stillbirth based on four separate definitions by gestational age (at or after 28, 24, 22, or 20 weeks gestation). The fourth estimate (20 weeks gestation) does not
Ahlberg et al. (2020, Sweden) because the study draws from a registry that does not include miscarriages (i.e., pregnancy loss before 22 weeks gestational age per the local definition).

2 Included studies for each estimate are categorized as follows: a) Ahlberg, 2020, Sweden; b) Akelo, Tippett Barr, 2021, Kenya, c) Bevilacqua, Laurita Longo 2020, Italy; d) Brandt, 2020, New Brunswick, USA; e1) Crovetto,
2020, Spain, Cohort I; e2) Crovetto, 2020, Spain, Cohort II; f) Kalafat, 2020, Turkey; g) Le Doare, 2021, Uganda; h) Nachega, 2021, Multi-country Africa; i) Nunes, 2021, South Africa; j) Poon, 2021, China-Hong Kong; k)
Sakowicz, 2021, Chicago, USA

3 Asterisks (*) indicate there are zero total outcome events for a given study. These studies are not included in the "Events/Total" and pooled risk estimates.

4 Pooled absolute risks are calculated using Freeman-Tukey transformed proportions, pooled from all participating studies with at least 1 adverse event for the given outcome, using a DerSimonian-Laird random-effects inverse-
variance model meta-analysis.

5 Relative risks are calculated by pooling unadjusted relative risks from all participating studies with at least 1 adverse event for the given outcome using a DerSimonian-Laird random effects model meta-analysis. For any study
with zero events in one arm (COVID-19 cases or COVID-negative comparisons), we used a continuity correction of 0.5.

6 The outcome presented here is the definition used throughout the PMA study: stillbirths occurring at or after 28 weeks gestational age per the WHO definition.

7 The outcome presented here is stillbirths occurring at or after 24 weeks gestational age per the definition used by the UK National Health Service.

8 The outcome presented here is stillbirths occurring at or after 22 weeks gestational age per the definition used by the European Medicines Agency.

9 The outcome presented here is stillbirths occurring at or after 20 weeks gestational age per the definition used by the US Centers for Disease Control and Prevention.
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Akelo 2021

Table S6. Detailed risk of bias assessment related to selection of the exposed and unexposed cohorts for individual studies

Population-based pregnancy surveillance

Universal screening at antenatal care, after enrollment (50 cases,
47.17%)

Universal screening at delivery (11 cases, 10.38%)

Universal screening at enrollment (32 cases, 30.19%)
Hospitalized for COVID-19 (1 cases diagnosed while hospitalized
and 11 hospitalized for COVID-19 management, 11.32%)

Other COVID-19 testing for clinical concern (1 case, 0.94%)

Same cohort as exposed cohort

positive PCR test result

negative PCR test result

Le Doare 2021

Clinic-based pregnancy surveillance:

PCR screening at recruitment in early pregnancy (19 cases, 27.5%,
includes 1 patient hospitalized for COVID-19)

Diagnosed with probable COVID-19 during pregnancy (50 cases,
72.5% includes 1 patient hospitalized for COVID-19)

Drawn from the same cohort of pregnancies as the exposed
group, all non-exposed observations received a negative test
during PCR screening at recruitment. These cases were
followed up through clinic-based pregnancy surveillance,
although repeated PCR testing was generally not available.

Positive PCR test result or
meeting criteria for probable
COVID-19 as per the WHO

Negative PCR and/or negative
antibody test at recruitment

AND

did not meet WHO criteria for
probable COVID-19 infection during
pregnancy follow-up visits.

Phase 1 (Initial recruitment from March-May 2020): Pregnant
women at 10-16 weeks of gestation who provided blood sample for

Tested positive for SARS-
CoV-2 antibodies in early

Tested negative for SARS-CoV-2
antibodies in early pregnancy

Crovetto 2020, D0\_Nn s_syndrome screenm% were tested for SARS- CoV-2 Same cohort as exposed cohort pregnancy AND
Cohort | antibodies (141 cases, 81.5%) OR negative PCR test at delivery

Phase 2: Follow-up testing at labor and delivery for all phase 1 PCR positive at deliver

participants using PCR; 32 cases, 18.5%) P y

Testing for "clinical concern" The first 2 patients who delivered following a confirmed B%%é";'éeﬁsr?;?giéfgég;”ng :?:Jgne
Poon 2021 Universal testing for admission to the Labor & Delivery COVID-19 case; if none, deliveries from the preceding day positive PCR test result ——— yestation) i g agin at

Universal testing for any hospital admission were selected. deliveryg 9

Universal testing at Labor & Delivery

(Apr-May 2020): Universal testing (antibody testing for all, PCR PCR "

i ; positive test result, . . .

Crovetto 2020, testing for some) at Labor & Delvery Same cohort as exposed cohort positive antibody test result, #:gaitil\\//: ;gt&)g% taesttil?:)g; Itlézlsetr)r;t0 r
Cohort Il or positive PCR and antibody

Tested positive with PCR test only: 3 cases (1.7%)
Tested positive for antibody test only: 138 cases (78.4%)
Tested positive with both PCR and antibody test: 35 cases (19.9%)

test at delivery

delivery

Bevilacqua 2020

Testing for "clinical concern" (50 cases, 45.87%)

Universal testing for admission to the Labor & Delivery (19 cases,
17.43%)

Universal testing for hospital admission other than Labor & delivery,
including pregnancy-related admission pre-term (40 cases, 36.70%)

Same cohort as exposed cohort

positive PCR test result

negative PCR test result
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Nachega 2021 Symptomatic hospitalized women Symptomatic hospitalized women positive PCR test result negative PCR test result
All women presenting for antenatal care (or admitted during
pregnancy) with COVID-like symptoms
O,
Nunes 2021 g;rzgﬁizsc’ffgzg)ymptomatic women per day (19 cases, 13.7%) Same cohort as exposed cohort positive PCR test result PCR confirmed negative result
g A /o
Retested at labor & delivery after initial recruitment during antenatal
care (1 case, 0.7%)
(March 2020-Feb2021): Testing for "clinical concern" (357 cases,
71%) . s . - Electronic health records .
Sakowicz 2020 (April 2020 to May 2020): Universal testing for admission to (EHRs) indicating PCR Electronic health records (EHRs)

(Mar 2020-Feb 2021): Universal testing for admission to the Labor
& Delivery (146 cases, 29%)

the Labor & Delivery

positive test results

indicating negative PCR test result

Ahlberg 2020

Universal PCR testing for admission to the Labor & Delivery (142
cases, 91.02%)

Record of PCR or antibody positive test during antenatal care (14
cases, 8.97%)

Positive during pregnancy but negative upon admission (11 cases,
7.05%)

Positive antibody test not tested upon delivery (3 cases, 1.92%)

Universal PCR testing for admission to the Labor & Delivery

positive PCR test result
Record of PCR or antibody
positive test during antenatal
care

negative PCR test upon admission
for delivery (no previous positive test)

Asymptomatic pregnant women admitted for delivery (19 cases,
24.7%)

Kalafat 2020 Symptomatic pregnant women evaluated for probable SARS-CoV-2 Same cohort as exposed cohort positive PCR test result negative PCR test result
infection (58 cases, 75.3%)
Each COVID-19 case was matched to 2 controls by delivery
date. Before April 10, controls were selected as the first 2
(Mar-Apr 2020): Testing for "clinical concern”, recent travel, or patlen.ts who cri]ellvered betweenh1 6.0- anc.if4r1].6-weeks
exposure to known case (10 cases, 16.7%) gestation on.t e same date a;t e cases if they were . .
Brandt 2020 o asymptomatic or had a negative COVID-19 test result. After positive PCR test result negative PCR test result

(Apr-Jun 2020): Universal testing for admission to the Labor &
Delivery (50 cases, 83.3%)

April 10, controls were selected if they had a negative COVID-
19 test result and delivered on the same date as the cases.
On days with 2 or more cases, we identified the next 2 eligible
controls as potential matches.
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Table S7. Detailed risk of bias assessment related to outcome assessment for individual studies

Clinical data were routinely Number of pregnancies with pregnancy outcome known: a) Critical Care Indicators: Data excluded due to
collected in real time based 817 (52.4%) missingness >25%
on clinic and home visits L . . b) Maternal Mortality & Morbidity: 0% Missing
Note: This is an ongoing cohort study and some missing c) Fetal & Neonatal Mortality & Morbidity: Neonatal
Akelo 2021 pregnancy outcomes are because women have not yet follow up in progress still and thus excluded

delivered. The percentage of pregnancies with a recorded d) Adverse Birth Outcomes: Missing 7% preterm, 9%
endpoint among those with expected due dates 4 weeks or birthweight, 21% SGA ’
more before the date data was shared is 83%. ’

Clinical data were routinely Number of pregnancies with pregnancy outcome known: a) Critical Care Indicators: Data not available

collected in real time based 516 (97.0%) b) Maternal Mortality & Morbidity: <1% missing

on clinic visits c) Fetal & Neonatal Mortality & Morbidity: <1%
Le Doare 2021 missing

d) Adverse Birth Outcomes: < 2% missing

All patient data were Number of pregnancies with pregnancy outcome known: a) Critical Care Indicators: 0% missing
abstracted from the electronic ~ 790 (85.8%) b) Maternal Mortality & Morbidity: <4% missing for all,
medical records or hospital except PROM (excluded due to 36.5% missing
Crovetto 2020, records outcome data)
Cohort | c) Fetal & Neonatal Mortality & Morbidity: <1%

missing, except NICU (excluded due to 39.4%
missing outcome data)
d) Adverse Birth Outcomes: <3% missing
Electronic health records and ~ Number of pregnancies with pregnancy outcome known: a) Critical Care Indicators: 0% missing
clinical report 152 (100%) b) Maternal Mortality & Morbidity: 0% missing
c) Fetal & Neonatal Mortality & Morbidity: 0% missing

Poon 2021 d) Adverse Birth Outcomes: 0% missing
All patient data were Number of pregnancies with pregnancy outcome known: a) Critical Care Indicators: 0% missing
abstracted from the electronic 1,304 (100%) b) Maternal Mortality & Morbidity: 0% missing
Crovetto 2020, medical records or hospital c) Fetal & Neonatal Mortality & Morbidity: < 2%
Cohort Il records missing

d) Adverse Birth Outcomes: < 1% missing

Clinical data were routinely Number of pregnancies with pregnancy outcome known: a) Critical Care Indicators: 0% missing
collected in real time in the 2464 (100%) b) Maternal Mortality & Morbidity: 0% missing, except
i patient’s electronic medical c-section (1.1%)
Bevilacqua 2020 records. c) Fetal & Neonatal Mortality & Morbidity: 0% missing

d) Adverse Birth Outcomes: <1% missing
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All patient data were
abstracted from the patient
hospital charts and logbooks

Number of pregnancies with pregnancy outcome known:

228 (51.6%)

a) Critical Care Indicators: <3%, except pneumonia
(21.9%)
b) Maternal Mortality & Morbidity: <8%, except c-

Nachega 2021 section (23%)
c) Fetal & Neonatal Mortality & Morbidity: <2%
d) Adverse Birth Outcomes: <20%
All patient data were Number of pregnancies with pregnancy outcome known: a) Critical Care Indicators: Data not available
abstracted from the hospital 746 (95.5%) b) Maternal Mortality & Morbidity: <1% missing;
records or telephonic contact except placental abruption (> 99% missing, excluded)
Nunes 2021 c) Fetal & Neonatal Mortality & Morbidity: <1%
missing (NICU admission not available)
d) Adverse Birth Outcomes: <5.2% missing
Electronic health records Number of pregnancies with pregnancy outcome known: a) Critical Care Indicators: <1% missing
(EHRs) were reviewed for all 1773 (100%) b) Maternal Mortality & Morbidity: <1% missing
pregnant women identified to c) Fetal & Neonatal Mortality & Morbidity: 21.6%
Sakowicz 2020 have a SARS-CoV-2 test missing NICU, neonatal death (excluded due to high

performed

differential missingness between the exposed and
non-exposed cohorts)
d) Adverse Birth Outcomes: <1% missing

Ahlberg 2020

Maternal and neonatal data
were collected from the
Swedish Pregnancy Register2
and medical records.

Number of pregnancies with pregnancy outcome known:

2682 (100%)

a) Critical Care Indicators: Data not available

b) Maternal Mortality & Morbidity: 0% missing, except
haemorrhage (4.6%)

c) Fetal & Neonatal Mortality & Morbidity: 0% missing
during observed period, but 28 day follow not part of
study

d) Adverse Birth Outcomes: <1% missing

All patient data were
abstracted from the patient
hospital charts, logbooks and

Number of pregnancies with pregnancy outcome known:

351 (97.0%)

a) Critical Care Indicators: 0% missing
b) Maternal Mortality & Morbidity: 0% missing
c) Fetal & Neonatal Mortality & Morbidity: <1%

Kalafat 2020 electronic patient records. missing
d) Adverse Birth Outcomes: <1 missing
All patient data were Number of pregnancies with pregnancy outcome known: a) Critical Care Indicators: 0% missing
abstracted from the electronic 162 (100%) b) Maternal Mortality & Morbidity: 0% missing
Brandt 2020 medical records c) Fetal & Neonatal Mortality & Morbidity: 0% missing

d) Adverse Birth Outcomes: <1% missing

1 Additional information on adequacy of data completeness for each individual outcome is presented in Table S8.
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Table S8: Description of Follow-up by Study and Review of Missing Data by Outcome '

Study (Author Year, Site)

Overall Follow-up

Number of pregnancies

Number of pregnancies with a

Missing Data by Outcome:

among all pregnancies

identified recorded endpoint (%) ICU admission Ventilation Critical care Pneumonia

Akelo, Tippett Barr 2021, Kenya ? 1560 817 (52.4%) ? 99.4%" 99.4%* 99.4%* 99.4%"
Le Doare, 2021, Uganda 3 532 516 (97.00/0)3 - - - -
Crovetto 2020, Spain, Cohort | 921 790 (85.8%) 0.0% 0.0% 0.0% 0.0%
Poon 2021, China-Hong Kong 152 152 (100%) 0.0% 0.0% 0.0% 0.0%
Crovetto 2020, Spain, Cohort II 1,304 1,304 (100%) 0.0% 0.0% 0.0% 0.0%
Bevilacqua, Laurita Longo 2020, Italy 2465 2464 (1 000/0) 0.0% 0.0% 0.0% 0.0%
Nachega 2021, Afrehealth 442 228 (51.6%) 0.0% 2.7% 2.0% 21.9%
Nunes 2021, South Africa 781 746 (9550/0) . - - _—
Sakowicz, 2021 , USA 4 1773 1773 (1 00°/o) 0.4% - - -
Ahlberg, 2020, Sweden 2682 2682 (100%) - - - -
Kalafat 2020, Turkey 362 351 (97.0%) 0.0% 0.0% 0.0% 0.0%
Brandt 2020, USA 162 162 (100%) 0.0% 0.0% 0.00% =

T For each outcome, this table shows the percentage of missing data for each outcome. For our meta-analysis, we excluded any outcome that was more than 25% missing. These excluded outcomes are indicated with an asterisk.
Outcomes that were not collected for a study are noted using the "--" symbol.

2 The ANCOV Kenya study (Akelo, Barr, 2021) is an ongoing cohort study conducting population-level surveillance and some missing pregnancy outcomes can be accounted for by pregnant women who have been identified for
the study but have not yet delivered. Among the 885 pregnancies with an expected due date 4 weeks or more before the date data was shared (August 19, 2021), 83% have completed pregnancy follow up.

3 The PREPARE Uganda study (Le Doare 2021) is an ongoing cohort study and some missing pregnancy outcomes can be accounted for by pregnant women who have been identified for the study but have not yet delivered. The
percentage of pregnancies with a recorded endpoint among those with expected due dates 4 weeks or more before the date data was most recently updated (October 31, 2021) is 97.4%, with 16 observations missing pregnancy

outcome out of 530 pregnancies.

4 We excluded the Sakowicz study (2021, USA) from the pooled estimates for NICU admission and neonatal death because of differential missingness across the COVID-19 cases in pregnancy and COVID-negative comparison

group. Neonatal death was 68% missing for COVID-19 cases in pregnancy, but only 3% missing for COVID-negative pregnancies. NICU Admission was 68% missing for COVID-19 cases in pregnancy, but only 2% missing for

COVID-negative comparison pregnancies.
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Table S8: Description of Follow-up by Study and Review of Missing Data by Outcome ', continued

Missing Data by Outcome: among all completed pregnancies (with a recorded pregnancy endpoint)
Hypertensive disorders

. of preghancy Preterm
Study (Author Year, Site) labor -
Diagnosed Diagnosed COVID
Maternal Placental at or after at any Preeclampsia Thromboembolic Preterm onset Cesarian
death PROM Haemorrhage abruption COVID-19 time or Eclampsia disease labor <37w section
Akelo, Tippett Barr 2021,
Kenya 2 - - - - 0.0% 0.0% 0.0% - - - -
Le Doare, 2021, Uganda * 0.0% 0.0% 0.0% — - 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Crovetto 2020, Spain, Cohort | 0.0% 36.5%" — ~ ~ 0.0% 0.0% 0.0% 3.9% - 0.8%
Poon 2021, China-Hong Kong 0.0% 0.0% ~ 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Crovetto 2020, Spain, Cohort Il 0.0% 0.0% ~ - ~ 0.0% 0.0% 0.0% 0.0% - 0.0%
Bevilacqua, Laurita Longo
2020, ltaly 0.0% -- 0.0% -- -- 0.0% 0.0% 0.0% 0.0% 0.0% 1.1%
Nachega 2021, Afrehealth 0.4% 7.5% 7.0% 6.6% ~ 3.5% 5.7% ~ 26.3%*  6.9% 22.9%
Nunes 2021, South Africa 0.7% 0.0% 0.0% 99.5%* -- 0.0% 0.0% 0.0% 0.0% 0.0% 0.1%
Sakowicz, 2021, USA 4 . . 0.2% 0.0% = 0.4% 0.4% -- -- = 0.0%
Ahlberg, 2020, Sweden 0.0% 0.0% 4.4% 0.0% 0.0% 0.0% 0.0% 0.0% - - 0.0%
Kalafat 2020, Turkey 0.0% - - 0.0% - - - - - - -
Brandt 2020, USA 0.0% - - - - - - 0.0% - - 0.0%

! For each outcome, this table shows the percentage of missing data for each outcome. For our meta-analysis, we excluded any outcome that was more than 25% missing. These excluded outcomes are indicated with an asterisk.
Outcomes that were not collected for a study are noted using the "--" symbol.

2 The ANCOV Kenya study (Akelo, Barr, 2021) is an ongoing cohort study conducting population-level surveillance and some missing pregnancy outcomes can be accounted for by pregnant women who have been identified for
the study but have not yet delivered. Among the 885 pregnancies with an expected due date 4 weeks or more before the date data was shared (August 19, 2021), 83% have completed pregnancy follow up.

5 The PREPARE Uganda study (Le Doare 2021) is an ongoing cohort study and some missing pregnancy outcomes can be accounted for by pregnant women who have been identified for the study but have not yet delivered. The
percentage of pregnancies with a recorded endpoint among those with expected due dates 4 weeks or more before the date data was most recently updated (October 31, 2021) is 97.4%, with 16 observations missing pregnancy
outcome out of 530 pregnancies.

4 We excluded the Sakowicz study (2021, USA) from the pooled estimates for NICU admission and neonatal death because of differential missingness across the COVID-19 cases in pregnancy and COVID-negative comparison
group. Neonatal death was 68% missing for COVID-19 cases in pregnancy, but only 3% missing for COVID-negative pregnancies. NICU Admission was 68% missing for COVID-19 cases in pregnancy, but only 2% missing for
COVID-negative comparison pregnancies.
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Table S8: Description of Follow-up by Study and Review of Missing Data by Outcome ', continued

Missing Data by Outcome: among all births or livebirths (with a recorded pregnancy endpoint)

Study (Author Year, Site) Preterm birth
NICU Low Small for Preterm (<37 weeks) -
Perinatal Neonatal Admission birthweight gestational birth (<37 COVID onset
Stillbirth death death at birth (<25009) age (10th) weeks) <37w
Akelo, Tipett Barr 2021, Kenya ® 0.1% 26%* 26.5%" - 8.7% 20.9% 7.1% 6.7%
Le Doare, 2021, Uganda 0.2% 0.4% 0.0% 0.2% 0.0% 1.7% 0.8% 0.8%
Crovetto 2020, Spain, Cohort | 0.0% 0.4% 0.4% 39.4%* 1.3% 2.9% 1.2% -
Poon 2021, China-Hong Kong 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Crovetto 2020, Spain, Cohort Il 0.0% 0.0% 0.0% 2.0% 0.0% 0.3% 0.0% -
Bevilacqua, Laurita Longo 2020,
Italy 0.0% 0.0% 0.0% 0.0% 0.1% 0.2% 0.0% 0.0%
Nachega 2021, Afrehealth 1.5% - 0.0% - 14.2% 19.1% 12.6% 14.9%
Nunes 2021, South Africa 0.1% 0.5% 0.4% = 3.0% 5.2% 0.4% 0.4%
Sakowicz, 2021, USA * 0.0% - 21.6%4 21.0% 4 0.1% 0.3% 0.1% 0.0%
Ahlberg, 2020, Sweden 0.0% 0.0% 0.0% 0.0% 0.4% 0.7% 0.0% =
Kalafat 2020, Turkey 0.0% 0.3% 0.3% 0.6% 0.0% 0.0% 0.0% 0.0%
Brandt 2020, USA 0.0% 0.0% 0.0% 0.0% 0.0% 0.6% 0.0% 0.0%

! For each outcome, this table shows the percentage of missing data for each outcome. For our meta-analysis, we excluded any outcome that was more than 25% missing. These excluded outcomes are indicated with an asterisk.
Outcomes that were not collected for a study are noted using the "--" symbol.

2 The ANCOV Kenya study (Akelo, Barr, 2021) is an ongoing cohort study conducting population-level surveillance and some missing pregnancy outcomes can be accounted for by pregnant women who have been identified for
the study but have not yet delivered. Among the 885 pregnancies with an expected due date 4 weeks or more before the date data was shared (August 19, 2021), 83% have completed pregnancy follow up.

5 The PREPARE Uganda study (Le Doare 2021) is an ongoing cohort study and some missing pregnancy outcomes can be accounted for by pregnant women who have been identified for the study but have not yet delivered. The
percentage of pregnancies with a recorded endpoint among those with expected due dates 4 weeks or more before the date data was most recently updated (October 31, 2021) is 97.4%, with 16 observations missing pregnancy
outcome out of 530 pregnancies.

4 We excluded the Sakowicz study (2021, USA) from the pooled estimates for NICU admission and neonatal death because of differential missingness across the COVID-19 cases in pregnancy and COVID-negative comparison
group. Neonatal death was 68% missing for COVID-19 cases in pregnancy, but only 3% missing for COVID-negative pregnancies. NICU Admission was 68% missing for COVID-19 cases in pregnancy, but only 2% missing for
COVID-negative comparison pregnancies.
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COVID-19 infection at any time during pregnancy boosts mother’s risk of death

And is associated with serious illness in mothers and newborns
Findings reinforce need for targeted interventions, including vaccination, say
researchers

COVID-19 infection at any time during pregnancy boosts the mother’s risk of death and
is associated with serious illness in both mothers and their newborns, finds a pooled
data analysis of international evidence, published in the open access journal BMJ
Global Health.

The findings reinforce the need for global efforts to minimise these infection risks during
pregnancy through targeted vaccination campaigns and other protective measures, say
the researchers.

There’s a vast and growing body of research on COVID-19 infection during pregnancy.
But extensive differences in study design, methods, and comparison groups make it
difficult to reach any firm conclusions, added to which few studies have been done in
low income countries, say the researchers.

The researchers formed an international consortium in April 2020 to obtain high quality
prospective data from relevant studies being carried out in several countries and applied
a uniform analytical approach to avoid the issues associated with previous research.

The current research, which comprises the results of the first individual level pooled
data analysis of those studies, assesses the risks of ill health and death among
pregnant women with or without confirmed or probable COVID-19 infection.

The analysis is based on participants in 12 studies involving 13,136 pregnant women in
Ghana, China-Hong Kong, Italy, Kenya, Nigeria, South Africa, Spain, Sweden, the
Democratic Republic of Congo, Turkey, Uganda, and the USA.

It shows that pregnant women infected with SARS-CoV-2, the virus responsible for
COVID-19 infection, were nearly 8 times as likely to die as their uninfected peers.



And they were nearly 4 times as likely to require intensive care; 15 times as likely to
require mechanical ventilation; and more than 5 times as likely to need any type of
critical care.

They were also more than 23 times as likely to be diagnosed with pneumonia and more
than 5 times as likely to have serious blood clots.

Babies born to women with COVID-19 infection were nearly twice as likely to be
admitted to a neonatal care unit; nearly 3 times as likely to be born moderately
premature (before 34 weeks); and 19% more likely to be underweight at birth than
babies born to uninfected women.

But unlike the findings of previous reviews, COVID-19 Infection wasn’t linked to a
heightened risk of stillbirth at or beyond 28 weeks of pregnancy, nor restricted growth.

The researchers point to some limitations of their study. The selection of pregnant
women with COVID-19 depended on when and how they were tested for SARS-CoV-2,;
this changed over time across sites along with the availability of test kits. The analysis
didn’t consider the differential impact of SARS-CoV-2 variants that have emerged since
the pandemic started. Some outcomes weren’t monitored for a clinically meaningful
period either.

Notwithstanding these caveats, “These findings underscore the need for global efforts to
prevent COVID-19 during pregnancy through targeted administration of vaccines and
non-pharmaceutical interventions,” say the researchers.

This is particularly important as: “Global guidance has been equivocal on the potential
risks of infection and benefits and safety of vaccination, and more than 80 countries do
not currently recommend that all pregnant and lactating women should be vaccinated,”
they point out.
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