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Summary
Background Knowledge regarding the risks associated with Zika virus (ZIKV) infections in pregnancy has relied on
individual studies with relatively small sample sizes and variable risk estimates of adverse outcomes, or on sur-
veillance or routinely collected data. Using data from the Zika Brazilian Cohorts Consortium, this study aims, to
estimate the risk of adverse outcomes among offspring of women with RT-PCR-confirmed ZIKV infection during
pregnancy and to explore heterogeneity between studies.

Methods We performed an individual participant data meta-analysis of the offspring of 1548 pregnant women from
13 studies, using one and two-stage meta-analyses to estimate the absolute risks.

Findings Of the 1548 ZIKV-exposed pregnancies, the risk of miscarriage was 0.9%, while the risk of stillbirth was
0.3%. Among the pregnancies with liveborn children, the risk of prematurity was 10,5%, the risk of low birth
weight was 7.7, and the risk of small for gestational age (SGA) was 16.2%. For other abnormalities, the absolute
risks were: 2.6% for microcephaly at birth or first evaluation, 4.0% for microcephaly at any time during follow-up,
7.9% for neuroimaging abnormalities, 18.7% for functional neurological abnormalities, 4.0% for ophthalmic
abnormalities, 6.4% for auditory abnormalities, 0.6% for arthrogryposis, and 1.5% for dysphagia. This risk was
similar in all sites studied and in different socioeconomic conditions, indicating that there are not likely to be
other factors modifying this association.

Interpretation This study based on prospectively collected data generates the most robust evidence to date on the risks
of congenital ZIKV infections over the early life course. Overall, approximately one-third of liveborn children with
prenatal ZIKV exposure presented with at least one abnormality compatible with congenital infection, while the
risk to present with at least two abnormalities in combination was less than 1.0%.
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Research in context

Evidence before this study
We searched PubMed on 18 April 2022 for studies published
on clinical outcomes among offspring with prenatal Zika virus
exposure using keywords in English, Portuguese, Spanish, and
French related to “Zika virus”, “pregnancy”, “offspring”, and
“clinical outcomes” (for details of full search strategy, please
see Supplementary Seearch Terms). We identified 20 systematic
reviews, of which 6 included meta-analyses, and no individual
participant data meta-analyses (IPD-MA). To our knowledge,
three protocols for IPD-MA on the risks associated with Zika
virus (ZIKV) infections during pregnancy have been published
to date by the following groups: (i) the Zika Brazilian Cohorts
Consortium (i.e., for the current study), (ii) the ZIKAlliance,
ZikaPLAN, and ZIKAction Consortia], and (iii) the World
Health Organization-led Zika Virus Individual Participant Data
Consortium.

Added value of this study
This study is the first IPD-MA and the largest single
investigation of adverse offspring outcomes associated with
RT-PCR-confirmed ZIKV infections during pregnancy. This
study advances understanding of congenital ZIKV infections
by demonstrating that:

• Approximately one-third of liveborn children with prenatal
ZIKV exposure present with at least one abnormality compat-
ible with congenital infection during the first years of life;
however, congenital abnormalities are more likely to present in
isolation than in combination.

• Birth evaluations may underestimate the risk of ZIKV-related
microcephaly, as approximately 1.5% of exposed children may
develop microcephaly postnatally.

• The risk of ZIKV-related microcephaly is relatively homoge-
neous across study sites and does not appear to be modified
across geographic, educational, or racial/ethnic groups.

Implications of all the available evidence
There is robust evidence that children with prenatal exposure
to ZIKV experience elevated risks of being born with
congenital abnormalities and of developing adverse outcomes
postnatally. These findings underscore the continued
importance of having a multi-disciplinary health team
available to prenatally exposed children born during the Zika
pandemic of 2015–2017 to provide follow-up care, including
support for known disabilities and diagnosis of late
manifestations.
Looking forward, the potential re-emergence of ZIKV remains
a concern, owing to the lack of an approved ZIKV vaccine, the
growing proportion of the population that is susceptible to
ZIKV, and the potential for new ZIKV strains to evolve with
enhanced transmissibility and/or virulence, particularly during
pregnancy. Efforts toward developing affordable and accurate
ZIKV diagnostic and screening tests remain critically
important. Their use for early detection of circulating ZIKV in
communities would enable rapid deployment of public health
measures for averting new epidemics and would thus
minimize the risks of infections during pregnancy and of
preventable developmental disabilities in infants.

Articles
Introduction
After an outbreak of microcephaly cases was observed in
the Northeastern Brazilian state of Pernambuco in
October 2015,1 researchers and subsequently, health
authorities2,3 raised suspicion of a possible association
between the increase in birth defects and the emergence
of Zika virus (ZIKV) transmission in the region, which
was first detected in May 2015.4,5 In November 2015, the
Brazilian Ministry of Health declared the situation a
public health emergency,1,4 and in February 2016, the
World Health Organization (WHO) officially recognized
the cluster of cases as a Public Health Emergency of
International Concern.6

Subsequent research has demonstrated that ZIKV
could be isolated from the amniotic fluid of pregnant
women with fetuses with microcephaly and other brain
malformations7,8 and also from malformed fetal brain
tissue and spinal cord in post-mortem analyses.9–11

Other findings suggest a ZIKV tropism for progenitor
neurons of the cerebral cortex, and it has been proposed
that congenital infections may induce cell death, with
consequent changes in brain structure.12,13 The causal
link has been further corroborated by a case–control
www.thelancet.com Vol 17 January, 2023
study, which showed a strong association between
congenital ZIKV infection and microcephaly and ruled
out other potentially teratogenic factors.14,15 Detailed case
series of children with microcephaly have described a
range of adverse impacts of congenital ZIKV
infections,16–18 and a spectrum of birth defects and
developmental disabilities are now recognized as man-
ifestations of congenital ZIKV infections.

Estimates of the risks of adverse pregnancy out-
comes after ZIKV infection have relied mainly on
routine surveillance data published between 2016 and
201819–21 and also on a few prospective pregnancy co-
horts followed up in several regions of Latin
America.22–27 Most of these studies did not reach suffi-
ciently large sample sizes, and because of variations in
the magnitude of risk estimates for microcephaly and/or
other congenital abnormalities across studies, it was
suggested that the risk may vary over geography and
time.28–30 Information from previously published sys-
tematic reviews is also limited, as those published so far
have focused on specific outcomes and those which
included meta-analyses have relied on aggregate rather
than individual participant data. To date, three protocols
3
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for individual participant data meta-analysis (IPD-MA)
of Zika cohort studies, including one for the current
study and authored by our group (i.e., the Zika Brazilian
Cohorts Consortium) have been published.31–33 Using
individual-level data from the Zika Brazilian Cohorts
Consortium (ZBC-Consortium), this study aims to es-
timate more precisely the occurrence of adverse out-
comes among fetuses and infants of women with
laboratory-confirmed ZIKV infection during pregnancy
and to explore heterogeneity between studies.
Methods
This individual participant data meta-analysis (IPD-MA)
of the ZBC-Consortium brings together and harmo-
nizes individual-level data from 13 pregnancy cohorts
from the 4 regions in Brazil affected by the ZIKV
epidemic (Table 1). More detailed information about the
ZBC-Consortium and the study protocol has been pub-
lished previously.33
Identification of the studies
The ZBC-Consortium leadership team contacted all
research teams in Brazil that received grants for human
ZIKV research from the major Brazilian funding bodies
(i.e., the National Council for Scientific and Techno-
logical Development (CNPq), the Coordination for the
Improvement of Higher Level-Education Personnel
(CAPES) and the Ministry of Health) as of October 2017
and/or that participated in the Pan American Health
Organization (PAHO)/WHO-supported meetings for
harmonization of protocols for ZIKV-related in-
vestigations, which were held in Recife, Brazil, in March
2016; in Mexico City, Mexico, in June 2016; and in
Geneva, Switzerland, in February 2017. All identified
groups were asked to identify other cohort studies that
were not included in the list initially raised.
Eligibility criteria
Studies were eligible for inclusion in the IPD-MA if they
were based in Brazil and recruited pregnant women
who underwent laboratory testing for confirmation of
acute ZIKV infection prior to any detection of abnor-
malities in the fetus and were followed up until at least
the end of the pregnancy. The main analysis described
here was restricted to pregnant women who tested
positive for ZIKV by reverse transcription-polymerase
chain reaction (RT-PCR). No additional exclusion
criteria were applied.
Harmonization and data storage
During a series of in-person meetings, the principal
investigators (PIs) of the 13 participating studies
compared individual cohort questionnaires and
protocols to identify relevant common variables for data
sharing and harmonization. Subsequently, recategori-
zation and recoding of variables were performed by the
team of each site in line with the analysis plan. The
pooled databases were exported to a single platform
built using the GeneXus X Ev 1. When received, data-
bases were checked for data consistency and complete-
ness by the ZBC-Consortium analysis team, and if
discrepancies were identified, data were returned via the
secure file transfer protocol to the original study team
for correction.

Outcomes
For the offspring of women with RT-PCR evidence of
acute ZIKV infection during pregnancy, this study
evaluated the absolute risks of: miscarriage; stillbirth;
preterm deliveries; low birth weight; small for gesta-
tional age; microcephaly (proportionate and dispropor-
tionate),34 skeletal anomalies: orthopedic abnormality,
arthrogryposis; neuroimaging: calcifications, ven-
triculomegaly, cerebellum hypoplasia/atrophy, corpus
callosum dysgenesis or agenesis, corpus callosum hy-
poplasia, diffuse cortical atrophy, mega cisterna magna,
lissencephaly; neurological abnormalities: convulsive
seizures, change in consciousness/behavior (i.e., alter-
ation of at least one of the following: social smile, irri-
tability, ability to follow with the eyes or to fix the gaze,
ocular motricity, response to visual stimuli and response
to auditory stimuli), localized motor deficit, abnormal
tonus (i.e., involuntary state of contraction) or trophism
(i.e., volume of muscle mass), deep tendon reflex and
Babinski sign, abnormal visual and auditory response
on clinical evaluation, and dysphagia; ophthalmic ab-
normalities: alterations in the optic nerve, retina, and
fundus of the eye; audiological outcomes: failure in the
auditory brainstem response (ABR) or otoacoustic
emission (OAE) tests. Moderate microcephaly was
defined as a z-score of ≤−2SD and >−3SD, for sex and
gestational age (GA); severe microcephaly was defined
as a z-score of ≤−3SD, for sex and GA. For the head
circumference (HC) z-score calculation at birth we used
the INTERGROWTH-21st curves.35 For the HC z-score
after birth for children born preterm, we used the
INTERGROWTH-21st curves with a correction for GA
made until the completion of 64 weeks of GA.36 After
this age and for children born at term, we used the
WHO curves.37 To assure the same standard in the
estimation of HC z-score, the z-score of all children of
the ZBC-Consortium was re-calculated.
Data analysis
All analyses were performed using STATA, version 14
(College Station, TX, USA). Random effects meta-
analyses using individual participant data were per-
formed using both one-stage and two-stage approaches.
www.thelancet.com Vol 17 January, 2023
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Cohort Study population Recruitment dates ZIKV RT-PCR + pregnant
women, n (%)

North Region 404 (26.0%)

Belém Pregnant women with rash October 2015–December 2017 82 (5.3%)

Manaus Pregnant women with rash December 2015–January 2017 322 (20.7%)

Northeast Region 157 (10.1%)

Campina Grande Pregnant women with rash November 2015–October 2016 33 (2.1%)

Recife - MERG Pregnant women with rash December 2015–June 2017 108 (7.0%)

Salvador Pregnant women with rash February 2016–November 2016 16 (1.0%)

Central-West Region 87 (5.6%)

Tangará da Serra Pregnant women with rash January 2016–December 2016 36 (2.3%)

Goiânia Pregnant women with rash March 2017–March 2019 51 (3.3%)

Southeast Region 900 (58.2%)

Rio de Janeiro – Ped UFRJ Pregnant women with rash November 2015–May 2016 30 (1.9%)

Rio de Janeiro – DMP UFRJ Pregnant women with rash April 2016–Present 7 (0.4%)

Rio de Janeiro – IFF-Fiocruz Pregnant women with rash September 2015–March 2017 241 (15.6%)

São José do Rio Preto Pregnant women with rash February 2016–June 2016 57 (3.7%)

Jundiaí Pregnant women with high-risk
and/or rash

March 2016–August 2018 55 (3.6%)

Ribeirão Preto Pregnant women with rash December 2015–July 2016 510 (33.0%)

Total 1548 (100.0%)

Abbreviations: DMP UFRJ, Departamento de Medicina Preventiva, Universidade Federal do Rio de Janeiro; IFF-Fiocruz, Oswaldo Cruz Foundation’s Fernandes Figueira
Institute; MERG, Microcephaly Epidemic Research Group; PED UFRJ, Departamento de Pediatria, Universidade Federal do Rio de Janeiro.

Table 1: Women with RT-PCR-confirmed ZIKV infections during pregnancy participating in studies of the ZBC-Consortium.

Articles
Multilevel mixed-effects logistic regressions (meqrlo-
git STATA command) with a random study-specific ef-
fect (i.e., to account for clustering of participants within
studies) and a random exposure effect (i.e., to account
for between-site heterogeneity in effect) were conducted
to estimate the pooled odds ratios for the associations
between selected exposure variables [trimester of ZIKV
infection, highest level of educational attainment, skin
colour (i.e., as an indicator of race/ethnicity), and re-
gion] and the outcome of microcephaly at birth or first
evaluation and between the exposure of trimester of
ZIKV infection and the outcome of postnatal neuro-
imaging abnormalities.

Two-stage random-effects meta-analyses using the
metaprop38 STATA command were used to first estimate
the study-specific proportions with 95% score confi-
dence intervals and then to estimate the pooled absolute
risks and 95% Wald confidence intervals. The meta-
analyses conducted using metaprop were also used to
explore heterogeneity by estimating I2 (i.e., the per-
centage of the total variation in study estimates that is
due to heterogeneity), τ2 (i.e., the between-study vari-
ance), and the chi-squared test for heterogeneity.

As a sensitivity analysis to ensure the internal validity
of our findings, pooled analyses of the absolute risks of
adverse outcomes were also conducted as one-stage
meta-analyses using (i) multilevel mixed-effects logistic
regressions (melogit STATA command) with a random
study-specific effect and (ii) a survey approach (svy
STATA command) that accounts for clustering of
www.thelancet.com Vol 17 January, 2023
participants within studies. No additional covariates
were included in any of the models.
Ethics approval
All participating cohort studies had ethical approval by
local ethics committees: Instituto Aggeu Magalhães/
Fiocruz-PE (CAAE 53240816.4.0000.5190); Hospital
Universitário Oswaldo Cruz (CAAE 52803316.8.
0000.5192); Instituto Professor Joaquim Amorim Neto
(CAAE 52888616.4.0000.5693); Instituto Gonçalo
Moniz/Fiocruz-BA (CAAE 51889315.7.0000.0040); Fun-
dação de Medicina Tropical do Amazonas (CAAE
60168216.2.0000.0005); Instituto EvandroChagas (CAAE
56969516.8.0000.0019; CAAE 68067217.0.0000.0019;
CAAE 29124920.6.0000.0019); Universidade Federal de
Goiás (CAAE 64534017.7.0000.5083); Hospital de Clíni-
cas de Porto Alegre (CAAE 56176616.2.1001.5327);
Instituto Fernandes Figueira/Fiocruz-RJ (CAAE 52675616.
0.0000.5269); Instituto Nacional de Infectologia Evandro
Chagas/Fiocruz (CAAE 0026.0.009.000-07);Maternidade
Escola da Universidade Federal do Rio de Janeiro (CAAE
55465616.0.0000.5275); Instituto de Puericultura e
Pediatria Martagão Gesteira (CAAE 54497216.2.
1001.5264); Hospital das Clínicas da Faculdade de
Medicina de Ribeirão Preto da USP (CAAE
56522216.0.0000.5440); Faculdade de Medicina de São
José do Rio Preto (CAAE 55805516.2.0000.5415); and
Faculdade de Medicina de Jundiaí (CAAE 53248616.
2.0000.5412). All participating pregnant women and
5
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persons responsible for participating children provided a
written informed consent form. Ethics approval for the
overall meta-analysis was not required.
Role of the funding source
The funders of the study had no role in study design;
data collection, data analysis, data interpretation or in
the writing of the report.
Results
In the ZBC-Consortium, we performed individual
participant data meta-analysis from 1548 women with
RT-PCR-confirmed ZIKV infections during pregnancy,
of whom 900 were from the southeast, 404 from the
north, 157 from the northeast, and 87 from the central-
west regions of Brazil (Tables 1 and 2). The study par-
ticipant’s median age was 28 (23–33, IQR) years and
they were primarily multigravidae and carrying
singleton pregnancies (99.2%). Among the pregnant
women, 189/1200 (15.8%) had University/post-
graduation education, 5.2% smoked during pregnancy
and less than 3% used recreational drugs. The timing of
ZIKV infections (i.e., determined by rash onset and/or
positive RT-PCR test) was more frequent in the second
(36.9%) and third trimesters (44.0%).

Among the 1548 ZIKV-exposed pregnancies, the risk
of miscarriage was 0.9%, while the risk of stillbirth was
0.3% (Fig. 1). Among the pregnancies with liveborn
children, the risk of prematurity was 10.5%, the risk of
low birth weight was 7.7%, and the risk of small for
gestational age (SGA) was 16.2%. The absolute risk of
microcephaly at birth or at the first evaluation was 2.6%
(95%-CI, 1.1–4.5), with more cases of moderate (1.4%)
than severe (0.3%) while the risk of microcephaly at any
time during the follow-up was 4.0% (95%-CI, 2.0–6.6).
Notably, among the 37 cases of microcephaly at birth, 16
were disproportionate. Cases of disproportionate
microcephaly were more frequently among children
with severe microcephaly (11/13, 84.6%) than those
with moderate microcephaly (5/24, 20.8%).

The risk of brain imaging abnormalities was 7.9%
for any abnormality, 5.3% (95%-CI, 1.3–10.9) for calci-
fications, 2.3% (95%-CI, 0.3–5.4) for ventriculomegaly,
and 1.7% (95%-CI, 0.2–4.4) for diffuse cortical atrophy.
For any of the other abnormalities the risk was below
1% (Fig. 1).

The risk of any neurological abnormality at birth or
in the first evaluation (median age 11.7 months, P25–

P75: 6.2–15.4) was 18.7% (95%-CI, 2.6–41.5), with 5.6%
(95%-CI, 0.1–15.3) for abnormal tonus/trophism, 2.5%
(95%-CI, 0.0–7.2) for altered consciousness level/
behavior, and 3.4% (95%-CI, 0.3–8.4) for seizures
(Fig. 2). The risk of dysphagia at first evaluation (median
age 14.9 months, P25–P75:8.4–19.6) was 1.5% (95%-CI,
0.0–4.5).
The risk of ophthalmic disorders at birth or in the
first evaluation (median age 11.2 months, P25–

P75:4.2–19.5) was 4.0% (95%-CI, 0.2–10.7). Regarding
the results of hearing screening tests at birth or in the
first evaluation (median age 6.5 months, P25–P75:
0.9–13.8), the risk of concomitant failure for both exams
(ABR and OAE) was 6.4% (Fig. 2).

The overall risk of having microcephaly, neuro-
imaging, neurological, or ophthalmic abnormalities at
first evaluation was 24.7% (95%-CI, 0.10–63.6). The risk
of having concurrent abnormalities was low, only 4 out of
107 children had both neuroimaging and neurological
abnormalities and only 2 out of 107 had both neurological
and ophthalmic abnormalities (Supplementary Table S1).
Relative to infections in the third trimester, ZIKV in-
fections during the first trimester were associated with
approximately 7-times higher odds of microcephaly and
17-times higher odds of neuroimaging abnormalities
(Table 3). There was no evidence of an association be-
tween microcephaly and the mother’s educational level,
race/ethnicity, or geographic region (Table 3).

In subsidiary analyses to explore heterogeneity across
subgroups, in the two-stage meta-analysis, there was no
evidence of heterogeneity (p for heterogeneity chî2 > 0.05)
for the outcomes ofmicrocephaly at birth/first evaluation,
microcephaly at any time, neuroimaging abnormalities,
ophthalmic abnormalities at birth or first evaluation, and
dysphagia. There was heterogeneity between studies (p
for heterogeneity chî2 < 0.001) for neurological abnor-
malities (Supplementary Table S2). For most of the vari-
ables, the I2 was <60%. The sensitivity analysis using
different methods to estimate the proportions resulted in
broadly consistent findings; while there were some dif-
ferences in point estimates, the confidence intervals
overlapped for the evaluated outcomes (Supplementary
Table S2).
Discussion
This is the first individual participant data meta-analysis
of cohorts of pregnant women with confirmed ZIKV
infection during pregnancy ever published. This study
focuses on Brazil, the epicentre of the microcephaly
epidemic, and pools data from 13 cohort studies repre-
senting all Brazilian regions in which the 2015–2017
ZIKV epidemic occurred.

The absolute risk of microcephaly was 2.6% at birth
or at the first evaluation and increased to 4.0% when we
considered any time during follow-up. The risk of severe
microcephaly was lower than that of moderate micro-
cephaly. The overall result is consistent with other in-
dividual cohort and registry studies that demonstrated a
frequency of ZIKV-associated microcephaly of less than
7%.21,22,24 Microcephaly can be detected at birth or
develop postnatally in the first year of life,39 as previously
documented.40,41 Our results indicate that, among the
children who present with microcephaly, the fraction
www.thelancet.com Vol 17 January, 2023
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Characteristic ZIKV+ Pregnant
Women (N = 1548)

Maternal age, years – median (IQR) 28 (23–33)

Highest educational attainment

Primary education 437 (36.4%)

Secondary education 574 (47.8%)

University or postgraduate 189 (15.8%)

Missing education 348

Skin color

Branca (White) 364 (47.0%)

Parda (Mixed) 315 (40.7%)

Preta (Black) 85 (11.0%)

Other 10 (1.3%)

Missing skin color 774

Timing of rash by trimester – n (%)

First 277 (19.1%)

Second 534 (36.9%)

Third 637 (44.0%)

Missing 100

Number of prior pregnancies – n (%)

None 97 (7.3%)

One 452 (34.1%)

Two 390 (29.5%)

Three or more 386 (29.1%)

Missing 223

Number of fetuses (current
pregnancy) – n (%)

Single 1528 (99.2%)

Twins 13a (1.0%)

Missing 7

Offspring sex – n (%)

Male 785 (52.4%)

Female 714 (47.6%)

Missing 58b

Number of stillbirths in prior
pregnancies – n (%)

None 458 (91.0%)

One 35 (7.0%)

Two or more 10 (2.0%)

Missing 725

Maternal comorbidities – n/N (%)

Diabetes Mellitus 70/927 (7.6%)

Hypertension 114/928 (12.3%)

Anemia 127/786 (16.2%)

Familial history of congenital
malformation – n/N (%)

9/186 (4.8%)

Lifestyle practices during this
pregnancy – n/N (%)

Smoking 46/887 (5.2%)

Alcohol use 80/645 (12.4%)

Illicit drug use 23/814 (2.8%)

aFour children were not enrolled in the children cohort. bNo information for 4
children born alive, 16 stillbirths and 38 miscarriages.

Table 2: Characteristics of women with RT-PCR-confirmed ZIKV
infections during pregnancy participating in studies of the ZBC-
Consortium (N = 1548).
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that is diagnosed postnatally is not negligible. The risk
of post-natal ZIKV-associated microcephaly has not
been documented before. This demonstrates the rele-
vance of monitoring head growth closely in all infants
with antenatal ZIKV exposure, even those born with
normal head circumference.

Both proportionate and disproportionate micro-
cephaly have been reported in infants with Congenital
Zika Syndrome (CZS). In this population, the risk of
disproportionate microcephaly was slightly lower than
proportionate microcephaly, and it was more frequent
in children with severe microcephaly. Although the
observed frequencies of preterm and low birthweight
births were in line with expectations for the general
population, we observed a somewhat elevated risk of
SGA of 16.2%, possibly a result of intra-uterine growth
restriction, likely due to placental insufficiency, as sug-
gested by Brasil et al.23

In our analysis, the risk of brain imaging abnor-
malities was 7.9%, which is higher than the 3.3% and
4% found in other cohorts,19,22 but similar in terms of
specific findings. Intracranial calcification and ven-
triculomegaly were the most common findings (risks of
5.3 and 2.3%, respectively). We found severe brain im-
aging abnormalities (calcifications, ventriculomegaly,
cortical atrophy, cortical malformations) in infants with
and without microcephaly at birth. Notably, previous
research has documented that children who develop
postnatal microcephaly are commonly born with severe
brain damage.40,41 The relatively low frequency of
detection of brain imaging abnormalities alone suggests
that for children who are under routine medical sur-
veillance, further imaging tests (e.g., computerized to-
mography - CT or magnetic resonance imaging - MRI)
beyond screening ultrasounds should not be systemati-
cally performed on all prenatally ZIKV-exposed children
without a clinical indication. In addition, although there
is evidence in this investigation and previous research
that adverse events triggered by ZIKV can occur during
any gestational period,23 our findings are consistent with
several previous studies that have shown maternal
infection during earlier stages of pregnancy is generally
associated with more severe structural brain
damage.40,42–44

We observed, at birth or at the first evaluation (me-
dian 11.7 months), a frequency of 18.7% of at least one
functional neurological abnormality detected in clinical
evaluations of children with and without microcephaly.
The pathophysiological abnormalities observed, such as
seizures, reduction of consciousness, visual and hearing
impairment, as well as motor deficits, can be partially
explained by structural damages in the fetal central
nervous system caused by exposure to a neurotropic
virus during brain development. Although the main
neurotropic effect of ZIKV infection is on neuronal
progenitor cells, the virus also affects cells in other
7

www.thelancet.com/digital-health


Fig. 1: Absolute riska of adverse outcomes at delivery or at first evaluation of children born to women with rt-PCR-confirmed ZIKV infections
during pregnancy participating in studies of the ZBC-consortium. aEstimated using a two-stage random effects meta-analyses with the
metaprop STATA command.
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stages of maturity.45 However, the discordance between
the frequency of convulsive seizures (3.4%) and epilepsy
(0.0%) observed in our study suggests that the early
seizure disorder is probably due to a transient functional
alteration rather than a permanent structural alteration.
Longer follow-up of the cohorts may clarify this
hypothesis.

Lesions in the retina and in the optic nerve, which
are frequently associated with CZS abnormalities,42,46

were identified in 4.6% and 2.0% of the infants,
respectively. Overall, we identified a risk of ophthalmic
abnormalities in 4.0% of infants, less than the risk of
11.8% observed in a cohort study from Colombia47 but
higher than the 2% frequency reported in another
pregnancy cohort from the US48 and than the report of
no eye abnormality in the cohort in the French terri-
tories in the Americas.22 The higher risk for eye abnor-
malities observed in our combined cohort and in the
Colombia cohort are likely due to the performance of
detailed fundoscopic eye evaluations by ophthalmolo-
gists during infants’ follow-up, in contrast to screening
evaluations done at the time of birth.22 In the US study
participants were followed through active surveillance
methods and less than 15% of the children born to
women with laboratory evidence of Zika virus infection
during pregnancy had an ophthalmologic assessment.48

Hearing loss, described as one of the abnormalities
associated with CZS, presenting as a sensorineural
impairment was identified in 3.0% of included infants,
using the ABR as a screening test, and in 6.4% using
both ABR and OAE evaluations.49 Risk of auditory
impairment was also identified in Colombia using
ABR.47 Nevertheless, the risk of hearing deficits may be
overestimated because it was based mainly on screening
tests.

Consistent with a prior study,26 we found that in-
fant adverse outcomes were identified more frequently
in isolation rather than in association with each
other. Considering the four categories of micro-
cephaly, neurological, ophthalmic, or neuroimaging
abnormalities, the risk of a prenatally ZIKV-exposed
liveborn child experiencing at least one of these
types of abnormalities at any time during follow-up
was 31.5%.
www.thelancet.com Vol 17 January, 2023
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Fig. 2: Absolute riska of neurological, ophthalmological and audiological adverse outcomes at birth or at first evaluation of children born to
women with rt-PCR-confirmed ZIKV infections during pregnancy participating in studies of the ZBC-consortium. aEstimated using a two-stage
random effects meta-analyses with the metaprop STATA command. *median age of 11.7 months; **median age of 11.2 months; ***median
age of 6.5 months; ****median age of 14.9 months.
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By combining individual participant data from
almost all of the Brazilian pregnancy cohorts with RT-
PCR confirmation of ZIKV, this study has unprece-
dented power for obtaining more precise estimates of
the risks, including of rare events, associated with pre-
natal ZIKV infection. This study is also unique in that,
as early as the beginning of 2016, Brazilian researchers
began to meet at the study design stage to harmonize
protocols and investigate a common set of key adverse
outcomes. The main limitations for the interpretation of
this IPD-MA are the degree of heterogeneity between
individual studies and the variation in the number of
children evaluated for each outcome. Heterogeneity may
be explained mainly by the variation in assessment
techniques and instruments and, for neurological out-
comes in particular, the specific expertise of the exam-
iner, the comprehensiveness of the neurological
examination, the different construction of composite
variables summarizing the neurological findings, and
random error associated with small sample sizes.
Despite these differences in study design, we observed
that risks for the key outcome of microcephaly did not
www.thelancet.com Vol 17 January, 2023
vary significantly by maternal educational level, race/
ethnicity, or geographic region across the diverse Bra-
zilian population. Similarly, the I2 statistic generally
remained below 60% in the two-stage meta-analyses,
suggesting only mild to moderate statistical heteroge-
neity in the frequency of other clinical outcomes. The
variation in the number of children assessed for each
outcome is not likely to have introduced selection bias in
risk estimates as these evaluations were not guided by
the presence of abnormalities in the individual studies.
As pregnant women recruited to these studies were
either those notified to the surveillance system or those
attending antenatal care in public institutions, it is,
however, possible that women with higher socioeco-
nomic positions who had access to private healthcare are
underrepresented in our sample. Nevertheless, any se-
lection bias related to income is unlikely to have affected
the generalizability of our results because there is no
evidence that the frequency of adverse outcomes in
children born to women who were infected during
pregnancy is related to socioeconomic status. Further-
more, ZIKV transmission is related to socioeconomic
9
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Microcephaly at birth or first evaluation

n/N (%) OR (95% CI)b p-value

Timing of infection in pregnancya

First trimester 18/169 (10.6%) 7.52 (2.75–20.6) <0.001

Second trimester 7/364 (1.9%) 1.23 (0.42–3.57) 0.706

Third trimester 7/441 (1.5%) 1.0

Missing trimester 5/85 – –

Highest educational attainment

Primary education 12/362 (3.3%) 0.80 (0.27–2.30) 0.673

Secondary education 16/382 (4.2%) 1.01 (0.36–2.83) 0.978

University or postgraduate 5/121 (4.1%) 1.0 –

Missing education 4/193 – –

Skin color

Branca (White) 16/348 (4.6%) 1.0 –

Parda (Mixed) 8/270 (3.0%) 0.56 (0.22–1.42) 0.219

Preta (Black) 4/79 (5.1%) 1.11 (0.29–4.21) 0.876

Other 0/8 (0%) – –

Missing skin color 6/354 – –

Region

Northeast 6/115 (5.2%) 1.0 –

North 8/128 (6.2%) 1.21 (0.41–3.60) 0.730

Central-West 3/83 (3.6%) 0.68 (0.17–2.81) 0.595

Southeast 20/732 (2.7%) 0.51 (0.20–1.29) 0.158

Brain imaging abnormalities after birth

n/N (%) OR (95% CI)b p-value

Timing of infection in pregnancya

First 25/138 (18.1%) 17.1 (3.82–76.6) <0.001

Second 12/254 (4.7%) 3.66 (0.79–17.0) 0.098

Third 2/154 (1.3%) 1.0

aTiming of infection was based on date of rash and/or positive ZIKV RT-PCR test. bEstimated using multilevel mixed effects logistic regressions allowing for within-study
correlations.

Table 3: Associations (i) between microcephaly and trimester of infection, maternal education, skin color, and geographic region and (ii) between
brain imaging abnormalities and trimester of infection in children born to women with RT-PCR-confirmed ZIKV infections during pregnancy
participating in studies of the ZBC-Consortium.
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conditions and infection occurred mainly in more
deprived populations.50,51 Other sources of selection bias
(e.g., refusal to participate and losses to follow-up of the
pregnancies) are also unlikely to have substantially dis-
torted our results as they occurred before the end of
pregnancy (i.e., before many of the congenital mani-
festations could be evaluated).51 In relation to informa-
tion bias, there may have been some degree of
inaccuracy in the measurement of the head circumfer-
ence leading to the misclassification of microcephaly,
especially in moderate microcephaly. However, the
consistency of the results of microcephaly at birth across
studies suggests that this misclassification was not
important. We did not compare the risks to those born
to uninfected women as most of these cohorts did not
follow pregnant women who tested negative for ZIKV
infection during pregnancy.

In conclusion, this IPD-MA advances our under-
standing of the risks associated with ZIKV infections
during pregnancy. Our findings suggest that
approximately one-third of the children born to ZIKV-
positive pregnant women present with at least one ab-
normality compatible with congenital infection; howev-
er, congenital abnormalities are more likely to present
in isolation than in combination. Although abnormal-
ities detected at birth appear to be largely permanent,
our findings suggest that manifestations may evolve and
present later in infant life, as the immature nervous
system at birth becomes myelinated. We suggest further
studies, with longer follow-up, to expand the under-
standing of the manifestations of the CZS: i) for chil-
dren with microcephaly, in addition to the estimation of
the risks of hospitalization and death at different ages, a
deeper investigation by specialists using more advanced
diagnostic tools may identify other complications that
may either appear or become more evident later in life;
ii) for children without microcephaly, the study of the
risk of manifestations related to neuropsychomotor and
behavioural development that may only be diagnosed as
children become older, using specific tools. Notably,
www.thelancet.com Vol 17 January, 2023
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birth evaluations may underestimate the risk of ZIKV-
related microcephaly, as approximately 1.5% of chil-
dren may develop microcephaly postnatally. Finally, the
risks of adverse outcomes associated with ZIKV in-
fections during pregnancy do not appear to be modified
across geographic, educational (i.e., a proxy of socio-
economic position), or racial/ethnic groups. By harmo-
nizing and jointly analyzing individual-level data from
13 cohorts of pregnant women with ZIKV infections in
Brazil, this study generates the most robust evidence to
date on the risks of congenital ZIKV infections over the
early life course.
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