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Abstract. Following the large outbreak of Zika virus in the Western Hemisphere, many infants have been born with
congenital Zika virus infection. It is important to describe the functional outcomes seenwith congenital infections to allow for
their recognition and appropriate interventions. We evaluated 120 children conceived during the 2015–2016 Zika virus
outbreak in Paraı́ba, Brazil, who were approximately 24 months old, to assess functional outcomes. All children met either
anthropometric criteria or laboratory criteria suggestive of possible congenital Zika virus infection. We collected results of
previous medical evaluations, interviewed parents, and performed physical examinations and functional assessments, for
example, the Hammersmith Infant Neurological Examination (HINE). We compared patterns of neurologic outcomes and
developmental delay at age24monthsbywhether childrenmet anthropometric or laboratory criteria, or both. Amongchildren
meeting both criteria, 60% (26/43) were multiply affected (had severe motor impairment, severe developmental delay, and
suboptimal HINE scores), compared with 5% (3/57) meeting only laboratory criteria and none (0/20) meeting only anthro-
pometric criteria. Of the remaining 91 children, 49% (45) had developmental delay, with more severe delay seen in children
meeting both criteria. Although children meeting physical and laboratory criteria for potential congenital Zika virus infection
were more severely affected, we did identify several children with notable adverse neurologic outcomes and developmental
delay with no physical findings but potential laboratory evidence of Zika virus infection. Given this, all children who were
potentially exposed in utero to Zika virus should be monitored in early childhood for deficits to allow for early intervention.

INTRODUCTION

Zika virus is believed to have been introduced in Brazil in
2013.1–3 However, it was not until August 2015, when healthcare
providers in thestateofPernambuconoticedanunusual increase
in newborns with microcephaly, that Zika virus was identified to
cause congenital infections with serious outcomes.4 Although
birth defects includingmicrocephaly were the earliest recognized
features of congenital Zika virus infection,5–11 later findings
revealed that the extent of damage caused by intrauterine Zika
virus infection isnotalwaysapparentatbirth10–12butcanmanifest
later,11,13–15 raising the possibility that cases could be missed.
The increased incidence of severe microcephaly that first

brought Zika virus to attention in Brazil has been likened to “the
tip of the iceberg,”16,17 yet the size and hallmarks of the rest of
the presumed iceberg have been difficult to ascertain in part
because of diagnostic challenges.18 Aragao et al.17 used neu-
roimaging to describe a spectrum of congenital infections that
includes three levels of severity: microcephaly at birth, post-
natal microcephaly, and without microcephaly. Other research
suggests the possibility of impaired health and development in
children without obvious manifestations of congenital infection
at birth.11,12 Subtle and delayed findings have been identified
with congenital Zika virus infection, but their relation to func-
tional deficits is unclear. Few studies have investigated func-
tional outcomes of congenital Zika virus exposure among
children aged 12 months or older, born with or without birth

defects,14,19 and none presented outcomes in relation to infant
Zika virus laboratory test results. We followed up a group of
infants who were conceived during the 2015–2016 Zika virus
outbreak in northeastern Brazil and had been evaluated at 1–
7 months of age for evidence of congenital Zika infection20

to characterize their functional outcomes at approximately
24 months of age, including neuromotor function, vision, hear-
ing, and developmental delay.

MATERIALS AND METHODS

Population. The Brazilian Ministry of Health, the State
Health Secretariat of Paraı́ba, and the U.S. CDC collaborated
on the Zika Outcomes and Development in Infants and Chil-
dren (ZODIAC) investigation. Infants who were conceived
during the 2015–2016 Zika virus outbreak in northeastern
Brazil and had participated in a 2016 case–control study to
investigate the association between microcephaly and con-
genital Zika infection20 were eligible to participate if they met
either laboratory or anthropometric criteria.

1. Laboratory criteria: A nonnegative test for Zika-specific neu-
tralizing antibodies in an infant sample obtainedat 1–7months
of age.

2. Anthropometric criteria: Head circumference (HC) £ 3rd
percentile for gestational age and sexorHC>3rdpercentile
for gestational age and sex and HC:body length £ 0.65 (i.e.,
disproportionately small HC, given the length). Note: dis-
proportionate measurements were included as inclusion
criteria in the initial case–control study based on early ob-
servations of severely impacted infants and later supported
by observations of affected fetuses.21
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We further restricted eligibility for the ZODIAC follow-up in-
vestigation to children living in certain areas (i.e., macroregions
1 and 2) of Paraı́ba state because of logistical constraints. This
report includes 19 children with microcephaly and laboratory
criteria previously reported by Satterfield-Nash et al.22

Objective. Our primary objective was to describe the
varying severity of functional outcomes that might be asso-
ciatedwith congenital Zika virus infection. Theprotocol for this
investigation was approved by the Brazilian National Ethics
Committee. The parents who were respondents for this in-
vestigation provided informed consent for their own and their
child’s participation.
Assessments. We analyzed data from three time points,

namely, birth, 1–7 months of age, and 19–26 months of age
(Table 1). For the investigation at 19–26 months of age, in-
formation was collected from medical records, study assess-
ments of the children, and interviews with their caregivers.
Information from medical records included HC, length, and
weight, reported as z-scores and SDs on international
growth parameter distributions.23,24 The dysmorphologist
(CAM) who was on the research team for both the original
2016 case–control study and the ZODIAC study rereviewed
photographs of the children to confirm typical Zika pheno-
types8 or nonspecific dysmorphic features. Licensed phy-
sicians performed growth, ophthalmologic, and physical
examinations, and a neurologic assessment, and referred
children for further evaluation as indicated. Children’s blood
was drawn and tested for other factors associated with de-
velopmental delay, including blood lead, hematocrit, and
thyroid hormone (T4) level.
Physicians were trained to implement the Hammersmith

Infant Neurological Examination (HINE), a standardized neu-
rologic examination that has been validated for ages 3–
24 months, to assess neuromotor function and visual and
auditory responses.25 Trained interviewers administered in-
struments used to collect caregiver-reported data, including a

seizure screener26 and the Ages and Stages Questionnaires
(ASQ-3),27 a series of 21 questionnaires designed to screen
the developmental performance of children in five domains
(http://agesandstages.com). For severely affected children,
we used an amended protocol to administer ASQ-3 ques-
tionnaires that were appropriate to a child’s development in-
stead of beginning the assessment with a questionnaire
designed for a child of the same biological age (see
Supplemental Appendix for details). Field investigators en-
tered data using Research Electronic Data Capture, a secure
Web application.28

Analyses. We compared developmental and neurologic
outcomes of children based on whether they met the anthro-
pometric or laboratory criteria of possible congenital infection
or both. Childrenwere considered tomeet the anthropometric
criteria if their HC or HC:length ratio fell within the range de-
scribed earlier. Children had been tested at the age of 1–
7 months for evidence of Zika virus infection as part of the
previously conducted case–control study.20 Given the timing
of sample collection, serologic testing (i.e., Zika virus IgM
ELISA and Zika and dengue virus plaque reduction neutrali-
zation testing) was performed; no nucleic acid testing was
performed on the postnatal samples. Children were consid-
ered to meet the laboratory criteria if they had a nonnegative
test for Zika neutralizing antibodies (confirmed, presumed, or
possible result). For the purpose of this study, Zika virus in-
fection was considered confirmed if an infant blood specimen
tested positive for Zika virus–associated IgM antibodies with
evidence of neutralizing antibodies against Zika virus. In-
fection was presumed if an infant sample tested negative for
Zika virus–specific IgM antibodies, with Zika virus-dengue
virus ratio of maternal–infant neutralizing antibody titers < 1.20

Infection was possible if an infant sample tested negative for
Zika virus–specific IgM antibodies, with neutralizing anti-
bodies against Zika virus that did not meet the presumed
definition.

TABLE 1
Variables, sources, and time frames; Zika Outcomes and Development in Infants and Children investigation, Paraı́ba, Brazil, 2017

Variable Source Child age when assessed

Demographics
Child ZODIAC assessment (medical record abstraction) 19–26 months
Child Case–control records (medical record and assessment) Birth and 1–7 months
Caregiver ZODIAC assessment (self-report) 19–26 months

Laboratory evidence of infection
Child Case–control (Zika and dengue IgM antibody and

neutralization antibody testing of infant specimens)
1–7 months

Medical outcomes
Dysmorphic features Case–control (expert clinical evaluation) 1–7 months
Anthropometric parameters ZODIAC (medical record and assessment) and Case–control records Birth, 1–7 months, and

19–26 months
Neuromotor function ZODIAC (physician assessment, Hammersmith Infant Neurological

Examination25)
19–26 months

Cerebral palsy ZODIAC (physician assessment) 19–26 months
Hearing impairment ZODIAC (physician assessment and abstraction of diagnostic evaluation

results)
Approximately 19–26

months
Vision impairment (abnormalities of

retina and fixation/following)
ZODIAC (physician assessment and functional vision and ophthalmologic

examination)
19–26 months

Seizures ZODIAC assessment (parent report and seizure screener) 19–26 months
Other medical conditions and

hospitalization
ZODIAC (medical record abstraction) £ 19 months

Developmental delay
Developmental quotient and

developmental age equivalent
ZODIAC assessment (parent report and Ages and Stages Questionnaires,

third edition27)
19–26 months

ZODIAC = Zika Outcomes and Development in Infants and Children.
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Developmental delay was measured by the developmental
quotient z-score (DQz) for each of the five ASQ-3 domains:
communication, gross motor skills, fine motor skills, problem
solving, andpersonal–social skills. Thedevelopmental quotient
(DQ) was defined as the ratio of the child’s developmental
(functional) age, determined based on ASQ-3 scores, and the
child’s biological age, multiplied by 100.We calculated an ASQ
z-score for each child on each domain by comparing the child’s
score on the questionnaire for that domain to themean and SD
of the distribution of the scores of a large number of Brazilian
children, drawn fromchild daycare centers serving low-income
families, who received the same questionnaire.29 We used
these ASQ z-scores to obtain a DQ and a DQz for each child on
each domain. Method details are provided in the Supplemental
Appendix.
Three developmental delay groups were identified for each of

the five ASQ-3 domains, according to children’s ASQ-3 scores
and DQz cutoffs: 1) no delay (z-score above −1 SD from the
mean), 2) possible delay (z-score from −1 to −2 SD), and 3) likely
delay (z-score below −2 SD), according to convention.27 For this
study, the degree of overall developmental delay incorporating
scores on all five ASQ domains was described as follows: 1)
none: above −1 SD on all five ASQ-3 domains, 2) severe:
below −2 SD on at least two domains, and 3) mild to moderate:
the remaining combinations, that is, z-scores below −2 SD on
one domain or from −1 SD to −2 SD on at least one domain.
Recognizing that some congenitally infected children may

have subtle findings that are not distinctive for congenital Zika
infection,14,15,19 we looked for patterns of functional out-
comes by the anthropometric or laboratory criteria, or both.
We examined proportions of children with developmental

delay (mild tomoderate or severe) on any ASQ-3 domain, with
andwithout a neurologic deficit (i.e., severemotor impairment,
cerebral palsy of any type, a suboptimal HINE score on any
domain, functional vision problems, a positive seizure screen)
within and across subgroups (anthropometric, laboratory, or
both). To investigatewhether the findings varied by strength of
laboratory evidence that supported congenital Zika virus in-
fection versus passive maternal transfer of neutralizing anti-
bodies, we further subdivided children and analyzed the
outcome data according to their original laboratory classifi-
cation.20 We hypothesized that children with congenital Zika
infection might have a pattern of domain-specific de-
velopmental delay, so we also examined children with de-
velopmental delay in each of the five ASQ-3 domains by the
anthropometric and laboratory criteria.

RESULTS

Of the 592 children included in the 2016 case–control study,
273 were eligible for follow-up (Figure 1). Overall, 122 children
(45%) participated in the follow-up investigation, 76 (28%)
were lost to follow-up, and 75 families (28%) refused to par-
ticipate. Two children were excluded from analysis because
they weremissing critical data, leaving 120 children who were
included based on the anthropometric and/or laboratory cri-
teria and assessed from July to October 2017. At the time of
evaluation for the ZODIAC investigation, the median age was
23 months (range, 19–26 months). Table 2 presents de-
mographic information on the children and their caregivers.
Forty-three (36%) children met both anthropometric

and laboratory criteria, including 27 children who had

FIGURE 1. Eligibility for the ZikaOutcomes and Development in Infants andChildren investigation, Paraı́ba, Brazil, 2017. Anthropometric criteria:
head circumference (HC) £ 3rd percentile for gestational age and sex or HC > 3rd percentile for gestational age and sex and HC: body length
£ 0.65; Laboratory criteria: non-negative Zika neutralizing antibody test results in an infant sample.
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microcephaly and 16whowere classified as disproportionate.
Of the remaining children, 57 (48%) met only the laboratory
criteria and 20 (17%) met only the anthropometric criteria for
inclusion in the follow-up study; all children with only the an-
thropometric criteria were disproportionate, and none had
microcephaly (Table 3).
Severe motor impairment, cerebral palsy, HINE scores in-

dicating impaired response to auditory stimuli and impaired re-
sponse to visual stimuli, a suboptimal score on anyHINEdomain,
and a positive screen for seizures were observed in children
meeting both anthropometric and laboratory criteria but not
among children meeting only anthropometric or laboratory crite-
ria, with the exception of one child in the latter group, who had
suboptimal HINE scores without the other outcomes we in-
vestigated (Table3).Retinalabnormalitieswereobserved inseven
children (16%)meetingbothcriteria comparedwithnonemeeting
only the anthropometric or laboratory criteria. Also 16 children
(37%) meeting both criteria were found to have functional vision
impairment compared with none in the other two groups.

Of the childrenmeeting both anthropometric and laboratory
criteria, 63% had severe developmental delay, 16% had mild
tomoderate delay, and 23%had no delay, according to ASQ-
3 assessments. Ten percent (two of 20 children) meeting only
the anthropometric criteria and 5% (three of 57) meeting only
the laboratory criteria had severe developmental delay. Nine
(45%) of 20 children meeting only the anthropometric criteria
and 24 (42%) of 57 meeting only the laboratory criteria had
mild to moderate developmental delay.
Table 4 shows that among 43 children who met both an-

thropometric and laboratory criteria, 26 (60%) were multiply
affectedwith severemotor impairment, severe developmental
delay, and multiple suboptimal HINE scores, with or without
vision problems.Of these 26 children, 12 (46%) had laboratory
results indicating confirmed Zika virus infection, six (23%) had
presumed Zika virus infection, and eight (31%) had possible
Zika virus infection. All the children with test results indicating
confirmed Zika virus infection had microcephaly. One child
with these laboratory findings and disproportionate mea-
surements at birth developed microcephaly postnatally.
Among 57 children meeting the laboratory criteria only, three
(5%) had adverse neurologic outcomes in addition to de-
velopmental delay.Oneof thesechildren had the samepattern
of multiple, severe neurologic outcomes and severe de-
velopmental delay described in the multiply affected group
meeting both criteria; this child had laboratory results in-
dicating possible infection. The other two children had mild to
moderate developmental delay and a positive seizure screen
without other adverse neurologic outcomes, and laboratory
results indicatingpossibleandpresumed infection.None of the 20
children who only had anthropometric features (all with dis-
proportionate HC:length) were multiply affected.
Developmental delaywithout other outcomeswas noted for

eight children (19%) who met both anthropometric and labo-
ratory criteria (none with laboratory results indicating con-
firmed infection), compared with 11 (55%) meeting only the
anthropometric criteria and 26 (46%) meeting only the labo-
ratory criteria. Of children meeting only the laboratory criteria,
46% (26/57) had ASQ-3 scores, indicating mild to moderate
developmental delay, including the only child in the “labora-
tory criteria only” group whose test results indicated con-
firmed infection; seven (54%) of 13 with presumed infection;
and 18 (42%) of 43 with possible infection (data not shown).
Neither developmental delay nor adverse neurologic out-
comes were observed for nine (45%) of the children meeting
only the anthropometric criteria, compared with 28 (49%)
meeting the laboratory criteria only, and nine (21%) meeting
both; all nine of the latter group had possible laboratory evi-
dence of infection.
Domain-specific developmental delay is presented in

Figure 2. Children meeting both anthropometric and labora-
tory criteria were more likely to have overall developmental
delay and delay in any specific domain. Similar percentages of
childrenmeeting only the laboratory or anthropometric criteria
haddevelopmental delay on specificASQ-3domains,with the
exception of the gross and fine motor domains.
The majority of children in all three categories had a blood

lead level above the referencevalueof> 5μg/dL: 60%(12of 20)
children meeting the anthropometric criteria only, including six
of 11 with developmental delay; 64% (35 of 55) children meeting
the laboratory criteria only, including 17 of 29 with de-
velopmental delay; and 70% (30 of 43) children meeting both,

TABLE 2
Demographic characteristics of 120 children meeting anthropometric
and/or laboratory criteria for follow-up of congenital Zika virus in-
fection, and of their caregivers and families, Paraı́ba, Brazil, 2017

Characteristic Number Percent

Child’s sex
Male 60 50
Female 60 50

Child’s age at assessment (months)
19–20 11 9
21–22 49 41
23–24 46 38
25–26 14 12

Caregiver relationship with the child
Mother 115 96
Other caregiver* 5 4

Caregiver race
White 14 12
Black 15 13
Brown 81 68
Yellow 8 7
Indigenous 2 2

Caregiver age (years)
£ 18 8 7
19–23 29 24
24–28 23 19
29–33 34 28
> 33 26 22

Caregiver education (years)
£ 6 24 20
7–8 24 20
9–11 36 30
³ 12 36 30

Monthly family income (R$)†
< 500 27 23
500–1,499 69 58
£ 1,500 18 15
Unknown 6 5

Trouble covering basic expenses
Never 38 32
Rarely 31 26
Somewhat often 25 21
Very often 25 21
Unknown 1 1

Household size
2–4 78 65
5–7 37 31
> 8 5 4
*Other caregivers included one aunt, one father, two grandparents, and one godmother.
†R$500.00 = US$154.32 in 2017.
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including 25 of 34 with developmental delay. Hematocrit was
below the reference range for six (30%) of the children
meeting the anthropometric criteria, nine (16%) meeting the
laboratory criteria, and five (12%) meeting both. None of the
children in any of the three groups had a free T4 value below
the reference range. Among the 74 children who had de-
velopmental delay with or without adverse neurologic out-
comes, 16 (22%) had nonspecific dysmorphic features that

were consistent neither with the recognized congenital Zika
phenotype nor with other recognized congenital syndromes.

DISCUSSION

Follow-up of children who were conceived during a large
Zika virus outbreak and who met anthropometric or labora-
tory criteria suggesting congenital Zika infection revealed

TABLE 3
Functional outcomes* at approximately 24 months of age, among children meeting anthropometric and/or laboratory criteria for follow-up of
congenital Zika virus infection, Paraı́ba, Brazil, 2017

Outcome

Anthropometric/laboratory criteria† of congenital Zika infection

Microcephaly/disproportionate
with laboratory criteria§

Disproportionate without
laboratory criteria

Laboratory
criteria only

N = 43, N (%) N = 20,‡ N (%) N = 57, N (%)

Severe motor impairment 26 (61) 0 (0) 0 (0)
Cerebral palsy 25 (58) 0 (0) 0 (0)
Impaired response to auditory stimuli 23 (54) 0 (0) 0 (0)
Impaired response to visual stimuli—HINE 21 (49) 0 (0) 0 (0)
Suboptimal score on any HINE domain 26 (61) 0 (0) 1 (2)
Developmental delay classificationk (overall)
Severe 27 (63) 2 (10) 3 (5)
Mild to moderate 7 (16) 9 (45) 26 (46)
None 9 (21) 9 (45) 28 (49)

Vision
Retinal abnormalities 7 (16) 0 (0) 0 (0)
Abnormal fixation and following 16 (37) 0 (0) 0 (0)

Positive seizure screen 18 (43) 0 (0) 2 (4)
Missing 1 0 1
HC = head circumference; HINE = Hammersmith Infant Neurological Examination.
* Children were evaluated for functional outcomes, including developmental delay (using the Ages and Stages v.3 [ASQ-3] questionnaires) and neurologic outcomes (using the HINE) at

approximately 24 months of age.
†Anthropometric criteria: 1) microcephaly (HC £ 3rd percentile for gestational age and sex) or 2) HC > 3rd percentile for gestational age and sex and disproportionate (HC:body length £ 0.65);

laboratory criteria: nonnegative Zika neutralizing antibody test results.
‡Three children had missing HC at birth and disproportionate HC:length when measured at 1–7 months of age.
§ In this group, 23 children had microcephaly and were disproportionate (had HC:length ratio £ 0.65); 4 children had microcephaly with HC:length ratio > 0.65, and 16 children were

disproportionate but did not have microcephaly.
kSevere: z-scores below −2 SD from themean on at least two ASQ-3 domains, mild tomoderate: z-scores below −2 SD on one domain or from −1 SD to −2 SD on at least one domain, none:

z-scores (all domains) above −1 SD from the mean.

TABLE 4
Neurologic outcomes and developmental delay* at approximately 24months of age, among childrenmeeting the anthropometric and/or laboratory
criteria† of congenital Zika virus infection, Paraı́ba, Brazil, 2017

Criteria of congenital Zika virus infection
Neurologic outcomes

and developmental delay‡
Developmental
delay only§

Neither developmental delay
nor neurologic outcomes

Microcephaly/disproportionatek with laboratory criteria{ (N = 43)
Total 26 (60) 8 (19) 9 (21)
Confirmed 12 0 0
Presumed 6 1 0
Possible 8 7 9

Laboratory criteria only (N = 57)
Total 3 (5) 26 (46) 28 (49)
Confirmed 0 1 0
Presumed 1 7 5
Possible 2 18 23

Disproportionate without laboratory criteria{ (N = 20)
No evidence of infection 0 11 (55) 9 (45)

Total 29 (24) 45 (38) 46 (38)
*Children were evaluated for functional outcomes, including developmental delay (using the Ages and Stages v.3 [ASQ-3] questionnaires) and neurologic outcomes (using the Hammersmith

Infant Neurological Examination) at approximately 24 months of age.
†Anthropometric criteria: 1) microcephaly (head circumference [HC] £ 3rd percentile for gestational age and sex) or 2) disproportionate (HC > 3rd percentile for gestational age and sex and

HC:body length £ 0.65); laboratory criteria: nonnegative Zika neutralizing antibody test results.
‡All children in this column in the “microcephaly/disproportionate with laboratory criteria” group and all but two children in this column in the “laboratory criteria only” group had severe motor

impairment, severe developmental delay, andmultiple suboptimal Hammersmith Infant Neurological Examination scores, with or without vision problems, when evaluated at 24months of age. The
two children in the “laboratory criteria only” group had severe developmental delay and a positive seizure screen, without the other neurologic outcomes.
§Children in this group had developmental delay on any of the five ASQ-3 domains, as indicated by their ASQ-3 scores and developmental quotient cutoffs, that is, a z-score £ −1 SD. For one of

eight children with developmental delay only in the “microcephaly/disproportionate with laboratory criteria” group, two of 26 children in the “laboratory criteria only” group, and two of 11 children in
the “disproportionate without laboratory evidence” group, developmental delay was severe, that is, z-score < −2 SD on at least two domains.
k In this group, 23 children hadmicrocephaly and were disproportionate (had HC:length £ 0.65); four children hadmicrocephaly with HC:length > 0.65, and 16 children were disproportionate but

did not have microcephaly.
{For the purpose of this study, a confirmed Zika virus infection was defined as an infant blood specimen testing positive for Zika virus–associated IgM antibodies with evidence of neutralizing antibodies

against Zika virus. A presumed infectionwas defined as an infant sample testing negative for Zika virus–specific IgMantibodies, with Zika virus-dengue virus ratio ofmaternal–infant neutralizing antibody titers
< 1.20 A possible infection was defined as an infant sample testing negative for Zika virus–specific IgM antibodies, with neutralizing antibodies against Zika virus that did not meet the presumed definition.
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heterogeneity of functional outcomes at approximately
24 months of age. Those who had microcephaly or dispro-
portionate measurements and met the laboratory criteria
were more likely to have multiple, severe functional

impairments, and if severely affected, weremore likely to have
stronger laboratory evidence of possible congenital Zika virus
infection than children who met only the laboratory or an-
thropometric criteria. The group meeting both criteria had the

FIGURE 2. Overall developmental delay and domain-specific delay at approximately 24 months of age, among children meeting the anthropo-
metric and/or laboratory criteria for follow-up of congenital Zika virus infection, Paraı́ba, Brazil, 2017. Anthropometric (Anth) criteria: head cir-
cumference (HC) £ 3rd percentile for gestational age and sex or HC > 3rd percentile for gestational age and sex and HC: body length £ 0.65;
Laboratory (Lab) criteria: non-negative Zika neutralizing antibody test results in an infant sample. Overall development classification: 1) none:
z-scores above -1 SD from themean on all five ASQ-3 domains, 2) severe: below -2 SD on at least 2 domains, and 3) mild-moderate: the remaining
combinations, i.e., z-scores below -2SDononedomain or from -1SD to -2SDon at least onedomain.Domain-specificdevelopment classification:
1) none: z-score above -1 SD from the mean, 2) possible delay (z-score from -1 to -2 SD), and 3) likely delay (z-score below -2 SD).25
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most recognizable presentation of congenital Zika
infection.5–11

Other investigators have reported that children with evi-
dence of prenatal exposure to Zika virus and without birth
defects typically have a less severe clinical presentation, al-
though some have seizures, abnormal hearing and vision, and
other neurodevelopmental abnormalities.14,15,30,31 However,
most children in these studies did not have all relevant eval-
uations, so functional deficits andbirth defectsmayhavebeen
under-identified. We found that 5% of children without phys-
ical findings but with some potential laboratory evidence of
Zika virus infection had adverse neurologic outcomes and de-
velopmental delay. This includedonechildwith the samepattern
of severe developmental delay and multiple adverse neurologic
outcomesdescribed in themultiply affected groupmeeting both
anthropometric and laboratory criteria, and two children whose
only outcomes were mild to moderate developmental delay and
seizures. The strength of laboratory evidence for these cases
varies, making the correlation between these findings and con-
genital Zika virus infection challenging.
Others have reported evidence of modest cognitive deficits

in infants exposed to Zika virus prenatally who did not have
microcephaly.14,32 Consistent with these reports, we identi-
fied children who had mild to moderate developmental delay
without adverse neurologic outcomes among those meeting
only the laboratory criteria. However, only one child in this
group had laboratory results that met our study definition of a
confirmed Zika virus infection. The majority had laboratory
results that precluded definitive interpretation because of the
inability to distinguish infection from passive transfer of ma-
ternal antibodies. The fact that 37 of 100 children with some
laboratory evidence of Zika virus infection in our study had
neither developmental delay nor adverse neurologic out-
comes suggests that either some children infected with Zika
virus (perhaps those infected late in gestation) may not de-
velop the functional outcomes we studied or the neutralizing
antibodies detected in the children were only from the ma-
ternal transfer of these antibodies.
We also explored the possibility that the observed de-

velopmental delay could be attributable to causes other than
congenital Zika virus infection. Developmental delay, as mea-
sured by the ASQ-3 instruments, was common overall in our
study population (noted in 62% of the children, including 55%
of thosewithno laboratoryevidenceof infection).Developmental
delay wasmore often severe in children with adverse neurologic
manifestations identifiable by theHINE.General estimates of the
prevalence of developmental delay in the pediatric population
range from5% to 10%,33 but the prevalence varies according to
casedefinition andpopulationdemographics, includingparental
education and socioeconomic status.34,35

Weattempted to adjust for theprevalence of developmental
delay by standardizing ASQ-3 scores to the distribution of the
scores of Brazilian children from low-income families who
received the same questionnaire. The higher prevalence of
developmental delay in our study population might in part be
explained by the fact that the childrenwe studiedwere chosen
for follow-up because they had anthropometric features or
laboratory results that suggested possible congenital Zika
infection. We also identified anemia and elevated blood lead
levels as possible causes of developmental delay other than
possible congenital Zika virus infection in our study pop-
ulation, and the presence of nonspecific dysmorphic features

in 22% of the children with developmental delay may indicate
a syndromic diagnosis that could not be explored in this
investigation; other prenatal infectious or noninfectious
exposures could have affected children’s developmental
outcomes. Given these potential confounders, it is challeng-
ing to know if our results regarding less severe outcomes can
be specifically attributed to congenital Zika virus infection.
For childrenwhose onlymanifestations of congenital infection

aredevelopmental delay, early recognition is a challenge.Aragao
et al.17 usedcomputed tomography (CT) imaging todescribe a
spectrum of brain damage in congenital Zika infection. How-
ever, inmanysettings, including northeasternBrazil during the
2015–2016 outbreak, imaging may not be readily available, or
indicated if available. Furthermore, imaging findings may not
be specific. In our study, only 14 of the 43 children with both
anthropometric and laboratory evidence of infection had CT
imaging results available in medical records. When Zika ex-
posure is suspected, screening for developmental delay, in
addition to neuroimaging and HC measurement, may be
necessary to identify affected children for early intervention.
Other investigators have documented features that have ex-

panded the characterization of outcomes of congenital Zika in-
fection, including infants who had typical HCs with nonspecific
neurologic signs and isolated eye abnormalities.14,15,17,35 We did
notfind,asother researchersdid, that eyeabnormalitiesoccurred
as theprimaryor onlymanifestationof congenital Zika infection.35

We did, however, identify four children meeting the laboratory
criteria who had retinal findings that are considered pathogno-
monic for congenital Zikavirus infection,36 althoughnonehad test
results indicating confirmed Zika virus infection, by the study
definition. Without an ophthalmologic examination, the possible
contribution of Zika virus to the medical and developmental out-
comes in these children could have been missed.
As for other studies of congenital Zika infection, the main

limitations of this investigation were the inability to accurately
identify infected children or exposure to maternal infection, to
rule out other infectious or noninfectious causes of neurologic
disorders and developmental delay, and to obtain complete
medical histories from available records. Furthermore, sero-
logic testing was performed when the infants were 1–
7 months of age and residing in areas where there was Zika
virus circulation. When laboratory findings suggested in-
fection,we assumed, butwere unable to confirm that infection
occurred prenatally. This investigation was also limited by
small numbers in several categories. Further evaluation is
warranted to assess whether comparing Zika-dengue
maternal–infant antibody ratios is a valid method for refining
interpretation of Zika laboratory test results. Despite these
limitations, this study incrementally advances the state of
knowledge about the possible consequences of congenital
Zika infection by addressing functional outcomes, including
developmental delay.

CONCLUSION

Identifying infantswithcongenital Zikavirus infection remains
challenging. Laboratory confirmation of congenital Zika virus
infection may not be possible in all infected infants, and an-
thropometric characteristics are heterogeneous. Because of
this, children with congenital Zika infection without obvious
clinicalmanifestations could bemissed.WhenZika exposure is
suspected, ongoing monitoring during the early childhood
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period, including screening for developmental delay in addition
to neuroimaging and HC measurement, may be necessary to
identify affected children for early intervention. Questions
remain about how closely prenatally exposed children should
be monitored and what clinical evaluations are appropriate.
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