Articles

Adverse fetal and perinatal outcomes associated with Zika
virus infection during pregnancy: an individual participant
data meta-analysis

The Zika Virus Individual Participant Data Consortium®

Summary

Background Zika virus (ZIKV) infection during pregnancy is associated with an increased risk of congenital mal-
formations. The prevalence of short and long-term consequences, however, remains uncertain due to heterogeneity
across studies. Individual Participant Data Meta-Analysis (IPD-MA) offers an alternative approach to provide more
precise and generalisable estimates through data harmonisation across studies, allowing for standardised
definitions and exploration of heterogeneity. This project was undertaken to estimate absolute and relative risks of
adverse outcomes for individuals with ZIKV infection during pregnancy.

Methods IPD-MA studies and their datasets were identified through a systematic search conducted in 2018 with the
following criteria: observational longitudinal or surveillance-based studies investigating ZIKV during pregnancy or at
birth, measured fetal, infant, or child outcomes, and included at least 10 participants. Here we used IPD data shared
by March 2022 from 18 studies from international health organisations and research networks, comprising 24 unique
datasets, in 11 countries. Datasets were harmonised with standardised definitions, using variables related to pregnant
individuals, methods used for ZIKV diagnoses, fetal characteristics and outcomes, and pooled for analysis. Frequentist
and Bayesian regression methods were applied to estimate outcome prevalence and evaluate the association between
maternal ZIKV infection and fetal loss, microcephaly and congenital zika syndrome as primary outcomes.

Findings Data including 9568 pregnant individuals and 9608 newborns, were harmonised. The risk of severe primary
microcephaly was significantly higher in ZIKV-positive pregnancies (1.5%, CI 0.8%-2.7%) compared to ZIKV-
negative ones (0.3%, CI 0.1%-1.0%), with a relative risk of 4.5 (CI 1.5-13.3) in the one-stage meta-analysis. While
some risk estimates were consistent between Bayesian and Frequentist methods, estimates for other outcomes
varied, underscoring the influence of both the analytical approach and the definition of ZIKV on the associations.

Interpretation Our findings align with previously published meta-analyses and indicate an added burden to adverse
pregnancy outcomes with higher prevalence compared to pre-epidemic population-based average values. Future
research should focus on additional outcomes with clear definitions of maternal infection. Women of reproductive
age should be informed about the risks of Zika infection during pregnancy to support reproductive planning.

Funding This project was supported by the Wellcome Trust grant number 206532/Z/17/Z, the WHO Health
Emergencies Programme Global Arbovirus Initiative, and the WHO Department of Sexual and Reproductive Health
and Research, including the Human Reproduction Special Programme (HRP).
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Research in context

Evidence before this study

Previous studies on adverse outcomes of Zika virus (ZIKV)
infection during pregnancy have been limited by small
sample sizes, variations in definitions, and differences in
methods. While systematic reviews and meta-analyses of
aggregated data have been conducted, there has yet to be a
large-scale individual participant data meta-analysis (IPD-
MA) that thoroughly evaluates both the absolute and
relative risks across multiple countries using standard
methodologies. Studies eligible to participate in the IPD-
MA were identified through a systematic search registered
on PROSPERO (CRD42017068915). Datasets were identified
via searches of Medline and Embase on 8 July 2018,
without language restrictions, supplemented by expert
consultations and monthly PubMed alerts. Eligible studies
were longitudinal, observational, or surveillance-based,
with ZIKV testing during pregnancy at birth, measured
fetal, infant, or child outcomes, and included at least 10
participants.

(CZS) is defined as a specific collection of congenital
malformations and disorders caused by prenatal expo-
sure to ZIKV.** Without approved vaccines or specific
treatments, clinical management focuses on symptom
mitigation and providing care to ZIKV-infected preg-
nancies and their offspring.**

A systematic review estimated the prevalence of
microcephaly among infants born from ZIKV-infected
mothers at 3% (95% confidence interval [CI] 2%-5%)
and a risk of fetal loss of 4% (CI 2%—6%).” Prevalence
estimates of other malformations ranged from <1%
(e.g., ventriculomegaly) to 6% for central nervous sys-
tem malformations.*” However, the prevalence of short
and long-term consequences remains uncertain due to
heterogeneity across studies, including differences in
ZIKV infection ascertainment, outcome definitions, and
follow-up durations.® Differences in gestational age at
the time of ZIKV infection across studies may also
contribute to differences in the outcome’s frequency.
Furthermore, most studies have small sample sizes, are
regionally limited to Latin America, and describe a
limited set of outcomes.”® Traditional meta-analyses
relying on aggregated data with varying definitions are
at risk of classification and evaluation bias in the defi-
nitions of ZIKV infection and outcomes."

Individual Participant Data Meta-Analysis (IPD-
MA) offers an alternative approach, analysing
individual-level data for more precise and generalisable
estimates.”” IPD-MA includes data harmonisation
across studies, allowing for standardised definitions
and exploration of heterogeneity.’® Three consortia
were created aiming to conduct IPD-MA to overcome
the limitations of individual studies. They present

Added value of this study

This study presents an IPD-MA that integrates data from 18
studies conducted across 11 countries, involving 9568
pregnant women and 9608 newborns. By standardising
definitions and applying both frequentist and Bayesian
analytical methods, we provide a robust assessment of the
absolute and relative risks of microcephaly, fetal loss, and CZS
in pregnancies affected by ZIKV compared to those that are
not infected. Additionally, this study examines the effects of
various analytical methodologies and identifies potential
sources of heterogeneity.

Implications of all the available evidence

Our findings contribute to a more refined understanding of
the risks associated with ZIKV infection during pregnancy,
informing public health policies, clinical guidelines, and
preparedness efforts for future outbreaks. The results
underscore the need for continued surveillance, early
diagnosis, and targeted interventions to mitigate adverse
outcomes associated with CZS.

different scales and territorial coverage. The Zika
Brazilian Cohorts Consortium groups 15 cohorts in
Brazil, followed in all regions of the country in which
the epidemic occurred.””” The European Commission-
supported consortia (ZIKAlliance, ZIKAction, and
ZikaPLAN) has a larger number of studies, including
data from 17 centers in 7 Latin American and Carib-
bean countries,” but these studies are less homoge-
neous. The World Health Organization (WHO)
Consortium is the more comprehensive, gathering the
data from 54 participating sites from 22 participating
countries and territories, but presents more heteroge-
neity across studies. These consortia are complemen-
tary to provide further insight into the consequences of
ZIKV infection during pregnancy.

In 2016 and 2017, the Pan American Health Organi-
zation/World Health Organization (PAHO/WHO) sup-
ported meetings to harmonise ZIKV research protocols,'®
leading to the establishment of the ZIKV Individual
Participant Data (ZIKV-IPD) Consortium in 2017.'%">%
This consortium, involving multiple international health
organisations and research networks leading studies of
pregnant individuals with Zika virus, aimed to develop
and validate prognostic models for predicting adverse
fetal and perinatal outcomes related to ZIKV infection
during pregnancy, to guide healthcare practice. These
models would favor the implementation of prenatal ZIKV
screening programs, enhancing established antenatal
care by providing evidence for decision-making while
weighing the benefits and potential harms of screening.”

We present here the first steps to reaching these
goals. The objective of this IPD-MA was to estimate the
absolute and relative risks of microcephaly, CZS and
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fetal loss for women who did and did not experience
ZIKV infection during pregnancy.

Methods

Search strategy and selection criteria

The study protocol for the IPD-MA, the systematic re-
view (PROSPERO CRD42017068915), the ZIKV-IPD
Consortium metadata survey, and the search strategy
were previously described.'” Briefly, datasets were
identified via systematic searches of Medline and
Embase including ZIKV (e.g., ‘Zika virus’ or ‘“Zika fe-
ver’) and maternal and pregnancy related terms (e.g.,
pregnan* or matern* or gestation* or perinatal* or
birth* or congenital* or newborn* or fetal or fetus*
or foetal or foetus* or neonat* or infan* or toddler* or
child*) on 8 July 2018, date identified via consortium
consultation after establishment of the consortium in
2017. There were no language restrictions, and the
search was supplemented by expert consultations, con-
tacting health ministries and authorities such as the
WHO, and by monthly PubMed alerts. Eligible studies
were observational longitudinal, or surveillance-based
studies (e.g., healthcare surveillance-based studies in
which participant’s enrolment is based on knowledge of
the exposure status i.e., including ZIKV-positive only
cases and potentially their outcomes), with ZIKV testing
during pregnancy or at birth, which measured fetal,
infant, or child outcomes, and included at least 10 par-
ticipants. Ineligible studies were narrative reviews,
studies without ZIKV testing during or case series with
less than 10 individuals.” Principal investigators (PI) of
eligible studies, identified by the review (i.e., open to all
researchers and not restricted to consortium members),
were invited to complete a metadata survey and to share
data. The metadata survey contained questions related to
ZIKV testing, outcome definitions, and covariate defi-
nitions and measurements. Briefly, the duration of
enrolment for ZIKV-IPD participating studies in the
metadata survey ranged from 1 to 60 months (me-
dian = 18; Q1-Q3: 11-28 months), and the median
duration of the follow-up was 24 months (Q1-Q3 15-29
months) with a maximum of 60 months. Other results
are presented elsewhere.'

Selection bias

In this phase, we assessed IPD participating studies for
selection bias, particularly regarding whether knowledge
of an infant’s condition—such as microcephaly, CZS, or
miscarriage-might have influenced participation. Each
study was classified as low, moderate, or high risk for
selection bias using a four-question questionnaire
developed independently from the metadata survey. The
questions were: (1) Could a woman’s decision to partici-
pate in the study have been impacted by her knowing about
the microcephaly status of her infant? (2) Could a woman’s
decision to participate in the study have been impacted by
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her knowing about the CZS status of her infant? (3) Could a
woman’s decision to participate in the study have been
impacted by her knowing something about the miscarriage
status of her infant? (4) Did the possible status of the infants
(microcephaly, CZS, miscarriage) influence the recruitment
of women in the study? Hence, this phase included
studies with confirmed ZIKV cases (e.g., eight ZIKV-
positive cohorts) and a mix of ZIKV-positive and
-negative participants, with low risk of selection bias
(Fig. 1, Table S1). Those potentially biased by the
participation of women with affected children were
included only in the sensitivity analysis.

Data harmonisation

Eligible studies that shared data underwent harmo-
nisation by expert teams focusing on ZIKV exposure,
covariates, and outcomes. This process involved align-
ing study-specific definitions and data collection
methods with our developed standardised definitions,
ensuring consistency across datasets. The harmo-
nisation process included reviewing the raw data,
mapping variables from each study to the WHO set of
234 key variables and resolving discrepancies in defini-
tions or measurements. Through this process, the teams
harmonised 80 variables related to the pregnant indi-
vidual (demographics, socioeconomic status, medical
and pregnancy history, current medical condition,
pregnancy complications and intrauterine exposures),
27 on ZIKV symptoms experienced by the pregnant
individual, 50 on ZIKV diagnostics performed on sam-
ples from the pregnant individual, five on ZIKV di-
agnostics for the fetus, 39 on fetal characteristics and
outcomes, 32 on infant and child ZIKV-diagnostics, and
one on infant and child death and autopsy.

Outcomes

The primary outcomes considered were miscarriage at
<20 weeks gestation, fetal loss at >20 weeks gestation,
microcephaly regardless of diagnosis timing, and CZS.
Secondary outcomes included early fetal death (20-27
weeks gestation), late fetal death (>28 weeks gestation),
primary microcephaly, gestational age at birth, birth
weight, neurologic congenital abnormalities, and non-
neurologic congenital abnormalities. Due to limited
data (five recorded miscarriages), the risk of miscarriage
was not estimated. Per the WHO interim guidelines,
primary microcephaly was defined as head circumfer-
ence at birth more than 2 standard deviations (SD)
below the average for sex and gestational age, per
INTERGROWTH-21st standards, expecting about
2.28% prevalence or 228 per 10,000 in a typical popu-
lation.*** For gestational age beyond 42 weeks, the esti-
mate for 42 weeks was used. Severe microcephaly was
defined as head circumference at birth more than 3 SDs
below the average for sex and gestational age, per
INTERGROWTH-21st standards, expecting about
0.13% prevalence or 13 per 10,000 in a typical
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‘ 112 studies identified ’

« Excluded 58 studies,
authors did not
consent to participate

%

54 studies agreed to participate and completed
metadata survey (60 unique datasets)

—

Phase |
« 27 studies included
(33 unique
datasets) * 4 studies excluded due

to selection bias
« 1 study excluded due to
missing gestational age

O

22 studies included in
the sensitivity analysis
(28 unique datasets)

18 studies included
in the main analysis
(24 unique datasets)

Main Analysis:

Ll < 8 studies: only ZIKV-positive pregnant
individuals

« 10 studies: both ZIKV-positive and
ZIKV-negative

« 4 studies: included only in sensitivity analysis
(each including both ZIKV-positive and
ZIKV-negative individuals)

Fig. 1: Study selection.

population. In cases where insufficient data was avail-
able to determine microcephaly status, microcephaly
status as reported by the study was used. CZS was
defined as confirmed maternal or fetal ZIKV infection
with either severe microcephaly at birth or other mal-
formations (e.g., limb contractures, high muscle tone,
eye abnormalities, and hearing loss) as per WHO."
Congenital Zika was identified by at least one of these
manifestations in children without microcephaly born
to women with laboratory evidence of ZIKV during
pregnancy. See Supplementary Material, Table S3, for a
comprehensive overview of variables.

Statistics

Study population characteristics, including demographics,
socioeconomic status, medical and pregnancy history,
current medical conditions, pregnancy complications, and
intrauterine exposures, are described according to the
distribution of each variable.

> N = 11,158 deliveries
+ Excluded 1,470
newborns with unknown
gestational age
+ Excluded 80 pregnancies
reported as abortions.
Pregnant Newborns
individuals N = 9,608
N = 9,568 Twins
N =40

Maternal exposure to ZIKV was defined using the
study-specific definition (SZIKV), which was confirmed
by the PI, and a standardised definition (stdZIKV), which
categorizes evidence of infection as robust, moderate,
limited, or no evidence of infection following the algo-
rithm by Ximenes et al.* Robust, moderate, and limited
evidence were collapsed as ZIKV-positive and no evi-
dence as ZIKV-negative. See Supplementary Material,
Table S2.

We considered frequentist and Bayesian approaches
to estimate outcome prevalence and evaluate the asso-
ciation between maternal ZIKV infection and study
outcomes. One-stage meta-analysis (where data from all
studies are pooled first and study-specific random
intercept adjusted for heterogeneity), and two-stage
meta-analysis (where parameter estimation was done
for each study separately and then pooled), were con-
ducted on datasets where missing data were imputed
using multilevel multiple imputation methods. While
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one-stage IPD-MA uses data from all studies to estimate
absolute risk and relative risk, two-stage meta-analysis
could be conducted only for studies where both ZIKV
positive and negative groups were enrolled. Similar to
one stage meta-analysis, Bayesian analysis used the full
dataset of all studies and reduced uncertainty from
missingness by including in the model four variables
related to ZIKV exposure status. Gaussian priors,
centered on expected outcome event rate, were consid-
ered, and study-specific random intercept models were
fitted to estimate absolute and relative risks.

For the frequentist analysis, we used multiple im-
putations with chained equations (MICE) to generate 50
imputed datasets. We used one-stage and two-stage IPD-
MA approaches applying random-effects mixed bino-
mial models with a log link to estimate the relative risk
(RR), and logit link with back transformation to estimate
the absolute risk (AR) separately in ZIKV positive and in
ZIKV negative women, with corresponding 95% ClIs.'®
For the frequentist analyses, the RR was estimated
exclusively from studies that included both ZIKV-
positive and ZIKV-negative individuals to ensure valid
comparisons. For Bayesian analysis, a random-effects
logistic regression model with logit link function and a
hierarchical prior specification was fit to the full data
(i.e., ZIKV-positive and in ZIKV-negative women
together) to obtain the posterior estimates of the ARs
and the RR, with 95% credible intervals (Crl).** The
target population is a hypothetical population from
which each of the study populations are sampled and
neither frequentist nor Bayesian models incorporated
any covariate adjustment. Heterogeneity across studies
was addressed through study selection, definitions har-
monisation, and statistical modeling, as described pre-
viously. Individual study and pooled estimates are
presented in forest plots to visually assess variability.
Details of imputation, frequentist and Bayesian analyses
are described in the Supplementary Material, Table S4.

Ethics

The project, along with comprehensive documentation,
was submitted to the World Health Organization Ethics
Review Committee. Since the study aimed to analyse
previously collected de-identified data, it was deemed
exempt from review.

The role of funding source

Funding from the Wellcome Trust grant (number
206532/Z2/17/Z) and the WHO Health Emergencies
(WHE) Programme Global Arbovirus Initiative to the
WHO Department of Sexual and Reproductive Health
and Research - Human Reproduction Programme
(HRP), enabled HRP to convene the WHO ZIKA IPD-
MA consortium. The consortium was responsible for
designing the study, developing the protocol and coor-
dinating expert groups for data harmonisation, analysis,
interpretation, and writing of the report. Funders did
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not have any role in study design, data collection, data
analysis, interpretation and report writing. Two tech-
nical experts from the WHE Programme contributed to
the harmonisation of exposure variables and reviewed
the manuscript. HRP contributed to establishing the
web-based data collection platform for management of
data collection.

The authors alone are responsible for the views
expressed in this publication and such views do not
necessarily represent the views, decisions, or policies of
the institutions with which they are affiliated.

Results

Of 112 eligible studies, PIs from 54 studies agreed to
participate in the consortium and completed the meta-
data survey. Some studies had multiple sites and
contributed multiple datasets, while the design, ZIKV
assays, and outcome ascertainment were the same. Out
of the 54 studies, 27 studies (33 datasets) were shared
before March 2022 and were considered in this phase of
the analysis. Following the bias assessment, four studies
were excluded for selection bias; one study was excluded
for lack of gestational age data, and four studies were
considered for sensitivity analysis only. Hence, the main
analysis comprised 18 studies with 24 unique datasets.
The sensitivity analysis comprised 22 studies with 28
unique datasets (Fig. 1, Table S1).

There was considerable agreement between study-
specific and standardised definitions of maternal ZIKV
infection with Prevalence- and Bias-Adjusted Kappa
>0.5 for 14 of 22 studies (Table S5). There was a wide
range in prevalence of neonatal outcomes reported,
with 5/22 studies observing over 50% of newborns with
microcephaly, 5/22 studies observing over 5% with
CZS, and 4/22 studies reporting >3% fetal loss in their
study population (Table S6).

Focusing on the 18 studies included in the primary
analysis, six were conducted in Brazil, and eight of these
studies recruited only ZIKV-positive individuals. After
exclusion for unconfirmed gestational age (1470 of 11,158
pregnancies) and early termination of pregnancy by
abortion (80 records), the final dataset for primary analysis
included 9568 pregnant individuals and 9608 newborns,
accounting for 40 multiple births (Fig. 1). Study-specific
sample sizes ranged between 46 and 4058 newborns.

The median age of pregnant individuals was 27 years
(Q1-Q3: 22-32), and the median gestational age at
SZIKV infection was 20 weeks (Q1-Q3: 13-28). In total,
per the study definition, 5928 (62.0%) newborns were
born to sZIKV-positive and 2348 (24.5%) to sZIKV-
negative pregnant individuals, and 1292 (13.5%) had
missing information. Fetal ZIKV status was available for
678 (7.1%) newborns only, of whom 145 (21.4%) were
ZIKV-positive and born to sZIKV-positive pregnant in-
dividuals. Among 77.1% of newborns with information
on microcephaly at birth, 681 of 7410 (9.2%) had
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primary microcephaly per study definition. CZS status,
per the study definition, was available for 6316 (65.7%)
newborns, with 146 (2.3%) positive diagnoses. Of those,
139 (95.2%) were born to sZIKV-positive pregnant in-
dividuals (Table 1). Other malformations included
neurological abnormalities (77 cases), contractures (one

case), gastrointestinal (two cases), ocular (two cases),
non-neurological (two cases), and congenital abnormal-
ities excluding primary microcephaly (24 cases). Fetal
loss status was reported in all 9380 pregnancies at >20
weeks, with 40 losses (1.5%) among sZIKV-negative and
14 (0.2%) among sZIKV-positive pregnancies.

Characteristic ZIKV study definition (N, %)* Overall (N, %) Unadjusted
Negative (N = 2817) Positive (N = 6391) Undlassified” (N = 360) (N = 9568) p-value®
Age (years)
Mean (SD) 27.6 (6.2) 267 (6.1) 237 (6.5) 271 (6.3) 0.0001
Median [Q1, Q3] 27.0 [23.0, 32.0] 27.0 [22.0, 31.0] 22.0 [18.0, 28.0] 27.0 [22.0, 32.0]
Missing 131 4961 45 5137 (54.7)
Education
No education 6 (0.3) 131 (14.7) 1 138 (1.4) <0.0001
Primary school 541 (26.2) 60 (6.7) 79 680 (7.1)
Secondary school 863 (41.8) 234 (26.3) 89 1186 (12.4)
Incomplete tertiary education 219 (10.6) 403 (45.3) 89 711 (7.4)
Bachelor's degree 408 (19.8) 45 (5.1) 9 462 (4.8)
Graduate or professional degree 27 (1.3) 17 (1.9) 5 49 (0.5)
Missing 753 5501 88 6342 (66.3)
Body mass index (used Pre-pregnancy weight, in kg)
Mean (SD) 24.9 (4.0) 26.8 (6.5) 18.8 (NA) 26.8 (6.4) 0.0071
Median [Q1, Q3] 243 [22.0, 28.0] 25.7 [21.9, 30.9] 18.8 [18.8, 18.8] 25.6 [21.9, 30.8]
Missing 2716 3685 361 6762 (70.7)
Gestational age at end of pregnancy
Mean (SD) 38.6 (4.0) 37.6 (4.8) 37.9 (5.6) 37.9 (4.7) <0.0001
Median [Min, Max] 39.0 [38.0, 40.0] 39.0 [37.2, 39.1] 39.0 [38.0, 40.0] 39.0 [38.0, 40.0]
Trimester at end of pregnancy
First: 6-13 weeks 23 (0.8) 97 (1.5) 8 128 (1.3) <0.0001
Second: 14-27 weeks 29 (1.0) 60 (1.0) 8 97 (1.0)
Third: 28-40 weeks 2145 (76,7) 5719 (90.9) 268 8132 (85.0)
Post-term: 41 weeks and beyond 600 (21.5) 415 (6.6) 75 1090 (11.4)
Missing 20 100 1 121 (13)
Maternal zika infection by Ximenes et al. definition
Negative 2147 (99.2) 167 (2.8) 34 (89.5) 2348 (28.4) -
Limited 0 (0) 0 (0) 0 (0) 0 (0)
Moderate 15 (0.7) 3863 (63.6) 4 (10.5) 3882 (46.9)
Robust 2(0.1) 2044 (33.7) 0 (0) 2046 (24.7)
Missing 653 316 322 1292
Newborns
Number of newborns (row %) 2845 (29.6) 6401 (66.6) 362 (3.8) 9608 -
Fetal ZIKV infection yes 0 (0) 145 (36.5) 0 145 (15.1) <0.0001
No 215 (100) 252 (63.5) 66 533 (5.6)
Missing 2630 6004 296 8930 (92.9)
Microcephaly yes 167 (16.4) 505 (8.3) 9 681 (7.1) <0.0001
No 854 (83.6) 5552 (91.7) 323 6729 (70.0)
Missing 1824 344 30 2198 (22.9)
CZS yes 7 (1.5) 139 (2.5) 0 146 (1.5) 0.1628
No 473 (98.5) 5398 (97.5) 299 6170 (64.2)
Missing 2365 864 63 3292 (34.3)
Congenital Zika yes 35 (12.9) 559 (15.9) 4 598 (6.2) 0.2308
No 237 (87.1) 2947 (84.1) 38 3222 (33.5)
Missing 2573 2895 320 5788 (60.2)

3Study sample sizes may differ from those in the original dataset, due to exclusions based on the criteria outlined in this manuscript. ®For categorical variables, Pearson’s Chi-squared test or Fisher’s Exact
test is used. For continuous variables, the Wilcoxon rank sum test is used to compare medians. “The unclassified group is not considered when calculating p-values.

Table 1: Maternal and newborn characteristics by Zika infection status as defined by each contributing study for the 18 studies in the main analysis.
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Arbovirus-related symptoms during the current
pregnancy were reported in 41.8% of the pooled study
population, with rash being the most predominant
symptom reported (Table 2). Table S7 summarizes the
birth statistics of newborns based on the standardised
ZIKV definition.

In the frequentist analysis, the AR of primary
microcephaly (2SD) for newborns of sZIKV-positive
women was 4.1% (CI 2.4%-7.0%) and 1.7% (CI 0.7%—
4.3%) for newborns of sZIKV-negative individuals, with
a RR of 1.7 (CI 0.9-3.0) in the one-stage meta-analysis,
indicating no statistically significant difference in risk
between sZIKV-positive and sZIKV-negative pregnan-
cies. In the Bayesian analysis, the posterior median es-
timate for the risk of primary microcephaly in newborns
of sZIKV-positive pregnant individuals was 3.9% (CrI
1.5%-8.8%). For sZIKV-negative individuals, the pos-
terior estimate for the AR was 2.0% (Crl 0.8%—4.1%).

The posterior RR was 2.0 (CrI 0.9-4.3), measuring the
association between maternal sZIKV infection and
microcephaly (Table 3, Fig. 2a—c).

AR of severe primary microcephaly (3SD) was 1.5%
(CI 0.8%~2.7%) for newborns of sZIKV-positive pregnant
individuals and 0.3% (CI 0.1%-1.0%) for newborns from
sZIKV-negative pregnancies, with RR of 4.5 (CI 1.5-13.3)
in the one-stage meta-analysis, indicating statistically
significant difference in risk. In the Bayesian analysis, the
posterior median estimate for the risk of severe micro-
cephaly in newborns of sZIKV-positive individuals was
1.5% (CrI 0.6%-3.2%). For sZIKV-negative individuals,
the posterior median estimate was 0.3% (CrI 0.1%—
0.6%). The posterior median estimate for the RR was 6.2
(CrI 2.2-18.0) (Table 3, Fig. 2d—f).

AR of fetal loss in sZIKV-positive pregnant in-
dividuals ranged between 2.1% and 3.8% across studies,
with an overall AR of 0.1% (CI 0.0%-1.8%) for sZIKV-

Exact test is used.

Characteristic ZIKV study definition (N, %)* Overall (N, %) Unadjusted
Negative (N = 2446) Positive (N = 6294) Undlassified (N = 828) (N = 9568) p-value”
Any arbovirus-related symptoms during the current pregnancy
Yes 851 (30.3) 3131 (513) 21 4003 (41.8) <0.0001
No 1960 (69.7) 2974 (48.7) 295 5229 (54.7)
Missing 6 286 44 336 (3.5)
Fever
Yes 271 (10.6) 1214 (35.1) 14 1499 (15.7) <0.0001
No 2293 (89.4) 2247 (64.9) 302 4842 (50.6)
Missing 253 2930 44 3227 (33.7)
Rash
Yes 200 (7.5) 2736 (78.9) 14 2950 (30.8) <0.0001
No 2450 (92.5) 732 (21.1) 302 3484 (36.4)
Missing 167 2923 44 3134 (32.8)
Muscle Pain
Yes 75 (14.4) 549 (35.6) 11 635 (6.6) <0.0001
No 444 (85.6) 994 (64.4) 31 1469 (15.4)
Missing 2298 4848 318 7464 (78.0)
Arthralgia
Yes 454 (17.4) 849 (29.6) 12 1315 (13.6) <0.0001
No 2148 (82.6) 2016 (70.4) 304 4468 (46.7)
Missing 215 3526 44 3785 (39.6)
Headache
Yes 481 (26.6) 832 (25.3) 4 1317 (13.8) 0.3100
No 1327 (73.4) 2456 (74.7) 0 3783 (39.5)
Missing 1009 3103 356 4468 (46.7)
Bleeding
Yes 23 (1.4) 4 (0.5) 0 27 (0.3) 0.0396
No 1599 (98.6) 809 (99.5) 0 2408 (25.2)
Missing 1195 5578 360 7133 (74.6)
Sore throat
Yes 80 (4.3) 46 (6.4) 0 126 (1.3) 0.0274
No 1769 (95.7) 670 (93.6) 38 2477 (25.9)
Missing 968 5675 322 6965 (72.8)

3Study sample sizes may differ from those in the original dataset, due to exclusions based on the criteria outlined in this manuscript. °Pearson’s Chi-squared, or Fisher's

Table 2: Maternal symptoms by Zika infection status as defined by each contributing study for the 18 studies in the main analysis.
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positive and 0.01% (CI 0.09%-38.8%) for sZIKV-
negatives. In Bayesian analysis, the posterior median
estimate for the AR of fetal loss in SZIKV-positive
pregnant individuals was 0.1% (CrI 0.01%-0.7%). For
sZIKV-negative pregnancies, the posterior estimate was
0.5% (CrlI 0.1%-2.1%). The posterior estimate for the
RR was 0.2 (Crl 0.02-1.6) (Table 3, Fig. 2g-i).

In the frequentist analysis, the AR of CZS using
microcephaly (2SD) in its definition for sZIKV-positive
women ranged between 0.9% and 30.0%, with an
overall AR of 1.6% (CI 0.8%-3.2%) in the one-stage
meta-analysis. Using the severe primary microcephaly
(3SD) in the definition, the AR in sZIKV-positive in-
dividuals was 1.0% (CI 0.5%-2.0%). In Bayesian anal-
ysis, the posterior estimate for the AR of CZS in
newborns of sZIKV-positive pregnant individuals was
2.0% (Crl 0.9%-4.6%). Using the severe primary
microcephaly in the definition of the CZS, the AR in
sZIKV-positive individuals was 1.6% (CI 0.7%-3.5%). In
the frequentist analysis, in the one-stage meta-analysis,
the AR for congenital Zika was 11.1% (CI 4.1%-27.0%)
in sZIKV-positive individuals. In the Bayesian analysis,
the posterior estimate for the AR was 23.0% (Crl 5.5%—
56.8%), (Table 3, Fig. 2j-1).

Sensitivity analyses

After including four additional studies in the sensitivity
analyses to assess the impact of exclusions and selection
bias, the results remained consistent with the primary
findings. Detailed sensitivity analysis results are pro-
vided in the Supplementary Material (Table S8).

Discussion
In Phase-I of this large IPD-MA, we assessed the absolute
and relative risks of fetal and infant outcomes in women

with and without ZIKV infection during pregnancy. We
found that the pooled absolute risk of microcephaly at
birth for newborns born of ZIKV-infected individuals
ranged from 2.5% to 6.1%, depending on the analytical
approach used, consistent with previous meta-analyses
reporting risks below 6%. Among ZIKV-positive preg-
nancies, Bayesian analyses generally estimate a lower risk
of microcephaly compared to the Frequentist analyses,
particularly under the standardised definition. For fetal
loss, the absolute risk ranged from 0.1% to 2.5% for
ZIKV-positive pregnancies, similar to other studies
reporting risks between 0% and 11%.%°>** The risk of
fetal loss did not differ significantly between ZIKV-
infected and non-infected pregnancies as per study defi-
nitions, but these estimates were subject to substantial
uncertainty.

Previous meta-analyses on ZIKV related outcomes
include Martins et al.,* who reported a prevalence of
congenital microcephaly of 3% (CI 2%-5%) based on 16
studies; Nithiyanantham and Badaw (2017),” reported a
prevalence of 3.9% (CI 2.4%-5.4%) based on 21 studies;
and Coelho and Crovella (2017)* reported a prevalence
of 2.3% (CI 1.0%-5.3%) based on eight studies. Our
findings align with these estimates and are consistent
with Ximenes et al., based on an IPD-MA of 1548
women with RT-PCR-confirmed ZIKV infection during
pregnancy, reported an absolute risk of primary micro-
cephaly at 2.6% (CI 1.1%—4.5%) at the first evaluation
and 4% (CI 2.0%-6.6%) during follow-up.’

These prevalences are notably higher than pre-
epidemic general population values, such as the Latin
American Collaborative Study of Congenital Malforma-
tions (ECLAMC), which, using the data derived from
107 hospitals in 10 South American countries, reported
a microcephaly prevalence of 3.0 (CI 2.7-3.4) per 10,000
births from 2005 to 2014. This estimate was based on

Outcome Estimate® Frequentist Bayesian
with study specific definition of  with standardised definition of with study specific with standardised
ZIKV ZIKV definition of ZIKV  definition of ZIKV
One-stage Two-stage One-stage Two-stage
Microcephaly at birth (2SD) Absolute risk ZIKV+ (%) 4.1 [2.4, 7.0] 6.1 [3.5, 10.3] 3.7 [23, 61] 5.2 [3.0, 8.7] 3.9 [1.5, 8.8] 25[0.7,71]
Absolute risk ZIKV- (%) 1.7 [0.7, 43] 2.6 [1.0, 6.7] 3.7 [15, 9.2] 7.6 [2.5, 20.6] 2.0 [0.8, 4.1] 3113, 74]
Relative risk 17 [0.9, 3.0] 15 [0.7, 3.0] 0.6 [0.3,1.1] 0.4 [0.2, 1.0] 2.0 [0.9, 43] 0.8 [0.3, 1.9]
Microcephaly at birth (35D) Absolute risk ZIKV+ (%) 1.5 [0.8, 2.7] 21[11, 41] 12 [0.6, 2.4] 1.9 [0.9, 3.6] 15[ 0.6, 3.2] 0.8 [0.1, 2.9]
Absolute risk ZIKV- (%) 0.3 [0.1, 1.0] 0.8 [0.3, 2.8] 0.7 [0.2, 2.8] 3.2 07, 13.8] 0.3 (0.1, 0.6] 0.4 [0.1, 1.1]
Relative risk 45(15,133] 4209, 183] 0603, 1.1] 0.4 [0.2, 1.0] 6.2 [2.2, 18.0] 2.0 [0.4, 7.6]
Fetal loss Absolute risk ZIKV+ (%) 0.1 [0.0, 1.8] 2.5 [2.0,31] 0.1 [0.0, 1.8] 2.2 [1.6, 2.9] 0.1 [0.01, 0.7] 0.1 [0.01, 0.7]
Absolute risk ZIKV- (%) 0.01[0.0,38.8] 23 [1.6,32]  0.01[0.0,16.8] 3111, 87] 0.5 [0.1, 2.1] 0.5 [0.1, 2.0]
0.83 [0.48, 2.00] 0.27 [0.04, 2.00] 0.2 [0.02, 1.6] 0.21 [0.02, 1.24]
CZS (microcephaly 2SD) Absolute risk ZIKV+ (%) 1.6 [0.8, 3.2] 2.6 [13, 5.4] 1.2 [0.6, 2.7] 23 [1.1, 47] 2.0 [0.9, 4.6] 23[0.9, 6.2]
CZS (severe (3SD) microcephaly  Absolute risk ZIKV+ (%) 1.0 [0.5, 2.0] 1.6 [0.8, 3.3] 0.8 [0.4, 1.7] 1.4[0.7,2.8] 1.6 [0.7, 3.5] 1.8 [0.7, 5.0]
Congenital Zika Absolute risk ZIKV+ (%)  11.1 [4.1, 27.0] 117 [6.9, 19.4] 7.9 [4.4, 13.6] 15.4 [5.9, 34.5] 23.0 [5.5, 56.8] 203 [4.7, 53.3]
“For the frequentist analysis the 95% confidence interval based on the imputed dataset is provided while for the Bayesian analysis the 95% credible intervals based on the raw dataset.
Table 3: Absolute and relative risk with 95% confidence intervals for pregnancy outcomes by ZIKV infection status estimated by Frequentist and Bayesian analytic approaches.
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Fig. 2: (a) Absolute Risk of Microcephaly (<2SD) in sZIKV-positive, (b) Absolute Risk of Microcephaly (<2SD) in sZIKV-negative, (c) Relative Risk
of Microcephaly (<2SD), (d) Absolute Risk of Microcephaly (>3SD) in sZIKV-positive, (e) Absolute Risk of Microcephaly (>3SD) in sZIKV-negative,
(f) Relative Risk of Microcephaly (>3SD), (g) Absolute Risk of Fetal Loss in sZIKV-positive, (h) Absolute Risk of Fetal Loss in sZIKV-negative, (i)

Relative Risk of Fetal Loss, (j) Absolute Risk of CZS (WHO definition) in sZIKV-positive, (k) Absolute Risk of severe CZS (WHO definition) in sZIKV-
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microcephaly as defined by individual pediatricians’ di-
agnoses, referencing ECLAMC’s standard of defining
microcephaly as 3 standard deviations below the mean.
Similarly, the European Surveillance of Congenital
Anomalies (EUROCAT), covering 15 countries, reported
1.5 (CI 1.2-2.0) per 10,000 births from 2003 to 2012,
using data from 24 EUROCAT registries. Definitions
varied across registries, incorporating both the 2SD and
3SD thresholds and individual clinical criteria.””*

In comparing the study-specific and standardised
ZIKV infection definitions, we found a higher preva-
lence of primary microcephaly among infants born to
ZIKV-negative individuals using the standardised defi-
nition. The variation in prevalence was wider among
ZIKV-negative individuals (1.7%-7.6%) compared to
ZIKV-positive individuals (2.5%—6.1%). This discrep-
ancy is likely due to misclassification, as non-systematic
testing throughout pregnancy may have led to some
exposed individuals being classified as non-exposed.
Also, the short time window for PCR positivity and
the lack of ZIKV seroconversion data among pregnant
individuals, as previously reported,”” may have contrib-
uted to false negative results. Additionally, 50% of the
studies did not enroll ZIKV-negative individuals ac-
cording to their own ZIKV definitions, possibly skewing
our ZIKV-negative sample’s representativeness.

The relative risk for primary microcephaly was
higher in ZIKV-infected pregnancies using the study-
specific definition for the reasons already described.
Although results were not statistically significant, the
point estimates suggest an increased risk, particularly
for severe primary microcephaly, indicative of more
severe brain damage characteristic of CZS. No meta-
analyses to date have included ZIKV-negative in-
dividuals, and case-control studies have shown a
stronger association between ZIKV infection and
microcephaly.”~*' This is expected as in these studies the
association is based on ZIKV laboratory evidence in
children, while in cohort studies it is based on laboratory
evidence in pregnant women. Note that not all children
born to infected women are infected in utero, and not all
infected fetuses present symptoms.*

Although unable to explore the type of fetal losses,
our findings align with Ximenes et al., who reported a
miscarriage risk of 0.9%, and a stillbirth risk of 0.3%,’
which are lower than the estimated fetal loss of 4.0%
(CI 2.0%-6.0%) reported by Martins et al., which
included both miscarriage and stillbirth.* These results
should be interpreted cautiously due to varying

gestational ages at enrolment across studies, affecting
the pregnancy denominator and risk estimates, partic-
ularly for fetal loss earlier in pregnancy. No prior meta-
analysis provided pooled estimate of relative risk for
fetal loss, and we did not observe a higher risk in ZIKV-
positive pregnancies.

Our study has strengths and limitations. This IPD-
MA is large and geographically diverse, including
studies from North, Central, and South America, Africa,
and Europe and examines absolute and relative risks of
adverse fetal and perinatal outcomes related to ZIKV
infection during pregnancy. It includes data from 18
studies across 11 countries worldwide, comprising 6391
ZIKV-positive and 2817 ZIKV-negative individuals.
While one study contributes a substantial proportion of
the sample size, the inclusion of multiple studies from
diverse regions helps mitigate concerns about population
representativeness. This large sample size enhances sta-
tistical power but introduces challenges due to hetero-
geneity in study designs, settings, and definitions.

To mitigate these challenges, we employed one-stage
and two-stage frequentist analyses and Bayesian ana-
lyses to estimate absolute and relative risks. Prevalence
estimates were higher in the two-stage analysis, likely
because it first calculates study-specific estimates, which
can amplify heterogeneity before pooling. Due to sub-
stantial missing data and the small number of micro-
cephaly cases, different analytical methods—each
handling missingness differently—yielded varying esti-
mates. Additionally, heterogeneity stemmed from varied
study durations, follow-up periods, and differing gesta-
tional ages at enrolment.

Variability in ZIKV-infection ascertainment methods
and outcome definitions also contributed to heteroge-
neity. Despite applying standardised definitions, some
variation persisted due to differences in laboratory
techniques and test results. Misclassification of out-
comes, particularly primary microcephaly, may have
occurred due to head circumference measurement
inaccuracies.”

Due to data sparsity, our analysis could not explore
miscarriage, and early miscarriages may not have been
captured. While we acknowledge the importance of
adjusting for confounders, including gestational age or
trimester, our results are the first from such a large
dataset, with further adjustments planned in Phase II of
our analysis.

Imputing missing data involves decisions that in-
fluence risk estimates, described as a ‘garden of forking

positive, (I) Absolute Risk of Congenital Zika in sZIKV-positive. Absolute and relative risks of microcephaly, fetal loss, and Congenital Zika
Syndrome (CZS), stratified by maternal ZIKV infection status. Error bars indicate 95% confidence intervals (Cl). Squares represent study-specific
estimates and diamonds the overall pooled estimates (red: one-stage meta-analysis; blue: two-stage meta-analysis). Dashed vertical lines
indicate no-effect values. Abbreviations: BRA, Brazil; COL, Colombia; ESP, Spain; GUF, French Guiana; GRD, Grenada; GUA, Guadeloupe; MTQ,
Martinique; REU, Réunion; VEN, Venezuela; ZIKV, Zika virus; CZS, Congenital Zika Syndrome; WHO, World Health Organization; SD, Standard

deviations.
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paths’. To address this, two independent teams used
distinct statistical approaches, and we reported both sets
of results, enhancing transparency and reproducibility.

Though primary data from all studies was not
retrospective, the information to assess studies for se-
lection bias was obtained from the PIs retrospectively,
and we cannot exclude that some degree of information
bias may have occurred.

To ensure transparency and reproducibility, we
conducted sensitivity analyses to assess the impact of
exclusions and potential selection bias, and the results
are presented in the Supplementary Material.

This IPD-MA has advanced in relation to previous
studies by grouping individual data from several studies
in different regions of the world where the Zika
epidemic occurred and providing robust estimates of
the absolute and relative risks of adverse outcomes from
ZIKV infection during pregnancy. However, some
points need to be further explored. Future research
should focus on additional outcomes with standardised
definitions of maternal infection, while appropriately
addressing heterogeneity. Phase-II of this analysis will
incorporate more datasets, explore additional outcomes,
enhance understanding of the exposure, and identify
factors that modify the risk of adverse events for preg-
nant individuals and children.

Our findings can support the planning of actions
aimed at the care to be provided to mothers who may
become infected during pregnancy and to their children.
Women of reproductive age should be informed about
the risks of Zika infection during pregnancy to support
reproductive planning. Pregnant individuals should be
offered testing and informed about potential risks to
make informed decisions. Psychological support should
be available, and children born to ZIKV-infected preg-
nant individuals should receive comprehensive evalua-
tions for early diagnosis and management of congenital
Zika manifestations.
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