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Background. Neurodevelopmental outcomes of asymptomatic children exposed to Zika virus (ZIKV) in utero are not well
characterized.

Methods. We prospectively followed 129 newborns without evidence of congenital Zika syndrome (CZS) up to 24 months
of age. Participants were classified as ZIKV exposed or ZIKV unexposed. The Mullen Scales of Early Learning (MSEL) was ad-
ministered in the participants’ homes at 6, 12, 15, 18, 21, and 24 months of age by trained psychologists. Sociodemographic data,
medical history, and infant anthropometry at birth were collected at each home visit. Our primary outcome was the Mullen Early
Learning Composite Score (ECL) at 24 months of age between our 2 exposure groups. Secondary outcomes were differences in
MSEL subscales over time and at 24 months.

Results.  Of 129 infants in whom exposure status could be ascertained, 32 (24.8%) met criteria for in utero ZIKV exposure and
97 (75.2%) did not. There were no differences in maternal age, maternal educational attainment, birthweight, or gestational age at
birth between the 2 exposure groups. The adjusted means and standard errors (SEs) for the ELC score between the ZIKV-exposed
children compared to ZIKV-unexposed children were 91.4 (SE, 3.1) vs 96.8 (SE, 2.4) at 12 months and 93.3 (SE, 2.9) vs 95.9 (SE, 2.3)
at 24 months. In a longitudinal mixed model, infants born to mothers with an incident ZIKV infection (P = .01) and low-birthweight

infants (<2500 g) (P = .006) had lower composite ECL scores.
Conclusions.
scores at 24 months.
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Although the Zika virus (ZIKV) was first isolated in 1947 in
Uganda [1], it was not recognized as a risk to the developing
fetus until 2015, when a large number of newborn cases of mi-
crocephaly were identified in Brazil [2-4]. Microcephaly is the
hallmark of congenital Zika syndrome (CZS) [5-7], a constella-
tion of findings that include brain, ocular, auditory, and muscu-
loskeletal abnormalities [7-12]. While CZS is the most extreme
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manifestation of congenital ZIKV infection, the majority of in-
fants with in utero ZIKV exposure do not show signs at birth,
and there is mounting evidence that unrecognized infection
may cause neurologic sequelae in childhood [13, 14].

Scientific research around ZIKV and CZS has dramatically in-
creased since the 2015-2016 ZIKV epidemic in the Americas. Yet,
our understanding of the longer-term consequences of in utero
and postnatal exposure to ZIKV on childhood neurodevelopment
is only now emerging as children born during the ZIKV epi-
demic begin to reach toddler age. Evolving data from Brazil,
Colombia, and other countries in South America suggest con-
genital ZIKV exposure may cause neurodevelopmental delay
later in life [12, 14-16]. Most studies of ZIKV-exposed children
have focused upon children with overt evidence of infection at
birth because those are the easiest to identify. Unfortunately, very
few studies have included groups of unexposed children as com-
parison. A controlled comparison is important because it is esti-
mated that 30%-40% of children under the age of 5 in low- and
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middle-income countries may fail to meet developmental mile-
stones for other reasons, such as poverty and malnutrition [17].
Also, very few studies have included mothers with asymptomatic
ZIKV infections during pregnancy. As an estimated 80% of ZIKV
infections are asymptomatic, examining only symptomatic ma-
ternal infections excludes the great majority of infections that
occur in a population [18].

In Nicaragua, we had the opportunity to identify and follow
women who were pregnant during the peak of the ZIKV ep-
idemic. We hypothesized that children exposed to ZIKV in
utero but without a neonatal diagnosis of CZS may still have
adverse neurodevelopmental outcomes. Given the myriad of
factors beyond congenital infection that can affect a child’s cog-
nitive and motor development [19-22], we assembled a cohort
to study neurodevelopmental outcomes of ZIKV-exposed chil-
dren with contemporaneous unexposed controls from the same
community.

METHODS

Participants for this neurodevelopmental study were recruited
from a prospective ZIKV pregnancy surveillance that coincided
with the peak of the epidemic in Ledn, Nicaragua. That study
has been described in a prior publication [23], but we review
elements that are germane to the present research. All partici-
pants received prenatal care at the Perla Maria Health Center in
Leo6n between February 2015 and July 2017 and expressed intent
to deliver at Hospital Escuela Oscar Danilo Rosales Argiiello.
We collected sociodemographic and clinical data and obtained
a venous blood sample at each prenatal visit. At birth, we docu-
mented relevant clinical information, including gestational age,
birthweight, sex, and head circumference. We also obtained an
umbilical cord blood specimen and performed a physical ex-
amination assessment for birth defects. Anomalies consistent
with CZS were defined by the presence of arthrogryposis, mi-
crocephaly, anencephaly, and/or hypertonia [17]. Microcephaly
was defined as a head circumference more than 2 standard de-
viations below the mean for age and sex (consistent with the
World Health Organization’s definition).

Women who had participated in the pregnancy surveillance
were offered enrollment of their children into the longitudinal
neurodevelopmental study. We followed these children prospec-
tively through home visits, at 6-month intervals. The household
survey enumerated each person living in the home and collected
relevant demographic and socioeconomic measures, including
household wealth. Interval medical history and anthropometry
were collected on all participants at each visit. Research staff
were blinded to the ZIKV status of the mother-infant dyad.

Definition of Infant ZIKV Exposure Status
The pregnancy surveillance cohort categorized women as
having experienced an incident ZIKV infection in pregnancy if

they met any of the following criteria: (1) high maternal serum
titers for ZIKV-neutralizing antibody (focus reduction neutral-
ization test [FRNT] >3000) at the time of birth; (2) a 4-fold or
more increase in maternal serum 50% FRNT (FRNT, ) value
between a prenatal and delivery samples; (3) detection of anti-
ZIKV immunoglobulin M (IgM) in any prenatal maternal or
an umbilical cord blood serum sample [23]. We were unable
to confirm in utero ZIKV exposure among mother-infant pairs
from whom a delivery specimen was not available. However, we
were able to rule it out by measuring ZIKV neutralizing anti-
bodies in the postpartum mother. Thus, children whose mother
was ZIKV naive by FRNT or who had evidence of infection
prior to pregnancy were eligible for inclusion as unexposed
controls. We used laboratory methods as previously described
[23] and defined a ZIKV-neutralizing antibody titer of FRNT,
>200 as evidence of prior maternal ZIKV infection.

Mullen Scales of Early Learning

The Mullen Scales of Early Learning (MSEL) [24] is a compre-
hensive performance-based test consisting of 124 items meas-
uring specific developmental domains of gross motor, fine
motor, visual reception, receptive language, and expressive lan-
guage. Each item was scored and used to generate raw scores for
each scale. These raw scores were then converted into a norma-
tive score (T score) for each of the 5 Mullen scales. The 4 cogni-
tive subscales (visual reception, fine motor, receptive language,
and expressive language) are combined to yield the MSEL Early
Learning Composite score (ELC). The ELC serves as a general
measure of fluid intelligence thought to underlie cognitive
ability in general. Study staff including locally trained psycholo-
gists and research nurses administered the MSEL at 6, 12, 18,
21, and 24 months of age at the participant’s home. Depending
on the age and engagement of the child, MSEL testing took be-
tween 30 and 90 minutes to complete.

For administration of the MSEL, spoken item instructions to
mother and/or child were given in the local language. Training
of local psychologist occurred through weekly teleconferences
and in-person trainings. Quality assurance measures were con-
ducted throughout the entirety of the study.

Nicaraguan-Specific Poverty Index
We adapted an index created by the Center for Investigation
of Demography and Health (CIDS) to assess household pov-
erty in this study. The CIDS index has been validated for use
in Nicaragua [25]. The composite poverty index evaluated
housing quality, water supply, sanitation services, and economic
dependence of family members, with each domain assigned a
score of “1” if domain criteria are absent and “0” if present. Each
home can receive a score ranging from 0 to a maximum of 4. In
poverty was defined as having a score of >1.

Written informed consent was obtained by trained,
Nicaraguan study staff, and all research was conducted under
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approval of the Ethics Committee of the Universidad Nacional
Auténoma de Nicaragua-Leén (UNAN) (Acta 93, 2016) and
the Institutional Review Board of University of North Carolina
(protocol number 16-1402). All research was conducted in
accordance with the ethical standards of the responsible com-
mittee on human experimentation and with the Helsinki
Declaration of the World Medical Association.

Statistical Analyses

Demographic and clinical characteristics of mothers and infants
were summarized and compared between exposure groups with
t tests for continuous variables and x” tests for categorical vari-
ables. (Fisher exact test was used whenever table cells had <5
observations). Unadjusted means of the ELC were calculated
and plotted by exposure status, time point, and subdomain. In
these plots, children whose mothers had never experienced a
ZIKV infection were combined with children whose mothers
were infected prior to pregnancy.

We used longitudinal mixed models to assess the association
of ZIKV exposure on ELC. The ELC outcome was standardized
according to the distribution of the unexposed children’s scores
at each time point [26]. The models included fixed effects for
ZIKV exposure, child age at time of assessment, a set of poten-
tial covariates (maternal age, maternal education, and poverty
index), and a set of variables commonly adjusted for in cognitive
development studies (infant sex, low birthweight, weight-for-age
z score, and length-for-age z score). Random effects for infant
and MSEL test administrator were included to account for re-
peated measures within each child and allow for correlation by
administrator, respectively. Model-adjusted ELC means by expo-
sure status and time were calculated and adjusted means for the
5 subdomains were calculated from similarly specified models
using subdomain scores as the outcomes. Study data were man-
aged using REDCap [27] and analyzed using R version 3.4 soft-
ware; mixed models were fit using the Ime4 package in R [28].

RESULTS

Between February 2017 and July 2017 (inclusive), 253 pregnant
women were enrolled into the prospective ZIKV pregnancy co-
hort. Of these, 48 women were lost to follow-up before delivery,
12 refused to participate in the neurodevelopmental outcome
study, 12 experienced an abortion or perinatal death, and 2
women delivered twins (Figure 1). Thus, 183 women gave con-
sent for their infants to participate and their infants were im-
mediately enrolled into the neurodevelopmental study. Of these
183, we were unable to determine ZIKV status in 32 women,
leaving 151 with ZIKV status of pregnancy. Another 18 women
were determined to have ambiguous ZIKV and were excluded
from our primary analysis.

No measured maternal or infant characteristics differed sub-
stantially between the exposed and unexposed groups (Table 1).

253 pregnant women enrolled in
initial cohort

48 women lost to follow up
12 refused further participation

A

12 abortion or perinatal death
2 sets of twins excluded

183 infants recruited into
neurodevelopmental study

|32 no maternal ZIKV status

151 infants with maternal ZIKV
status

—>|18 uncertain maternal ZIKV status |
A4

133 infants with maternal ZIKV
status

—_— 5]
A 4

2 infants lost to follow up before first MSEL

2 infants with microcephaly |

129* infants with 6 month MSEL

A 4

111 infants with 12 month MSEL

\ 4

120 infants with 15 month MSEL

127 infants with 18 month MSEL

124 infants with 21 month MSEL |

:

| 127 infants with 24 month MSEL |

Figure 1.  Study profile. *8 infants had 2 MSEL around 3-9 months yielding 137
assessments for 129 infants in the 6-month range. Abbreviations: MSEL, Mullen
Scales of Early Learning; ZIKV, Zika virus.

Two microcephalic infants were excluded and an additional 2
infants were lost to follow-up before the first Mullen assessment.

Our primary analysis thus includes 129 children: 32 (24.8%)
with in utero ZIKV exposure and 97 (75.2%) without in utero
exposure. Only 2 of 129 (2%) participants were lost to follow-up
after the initial Mullen assessment (Figure 1). Overall, 41 of 133
(27%) of participants’ households met criteria for living in poverty,
and 73 of 151 (48%) of infants were female. The mean birthweight
of the infants was 3064 g (standard deviation [SD], 474 g) and the
mean gestational age at birth was 38 weeks (SD, 1.6 weeks). Twelve
0f 133 (8%) were born prior to 37 weeks’ gestation. The mean head
circumference, mean weight, and mean length were similar at
12 months and 24 months between the 2 exposure groups.

In unadjusted longitudinal analysis, children with in utero
ZIKV exposure had lower ECL scores at all time points (6, 12,
15, 18, 21, and 24 months) compared to unexposed children.
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Table 1. Characteristics of Nicaraguan Mother-Child Pairs With and Without In Utero Zika Virus Exposure

In Utero ZIKV
All Participants Exposure No In Utero ZIKV Ex-  Exposed vs Not Exposed, Exposed vs Not Ex- P

Characteristic (N =133) (n =33) posure (n = 100) Mean Difference (95% Cl)  posed, OR (95% Cl) Value
Maternal age, y, mean (SD) 23.6 (5.7) 24.8 (6.6) 23.0 (5.3) 1.8 (-71t04.3) .16
Maternal education

<8y 43 (28) 8 (24) 33 (33) Referent .31

8-12y 47 (31) 8 (24) 31(31) 1.06 (.36-3.18)

>12y 61 (40) 17 (52) 36 (36) 1.95 (.74-5.11)
In poverty 41 (27) 8 (24) 30 (30) 0.75 (.30-1.84) .68
Infant sex (female) 73 (48) 11 (33) 54 (54) 0.43 (.19-.97) .06
Infant birthweight, g, mean (SD) 3064 (474) 3179 (512) 3050 (462) 129 (-74.2 to 332) 21

<2500 9 9 (6) 1(3) 7 (8) 0.39 (.01-3.20) .68
Gestational age at birth, wk, mean 38 (1.6) 38 (1.6) 38 (1.5) 0.1 (-51t0.8) .67

(SD)

<37 wk 12 (8) 2(6) 8(9) 0.67 (.07-3.63) 1
Microcephalic® 2(1) 1(3) 1(1) 2.85 (.04-228) 46
Head circumference, cm, mean (SD)

12 mo 46.0 (3.0 45.9 (2.1) 46.2 (3.5) -0.3(-1.51t0.9) .65

24 mo 476 (1.5) 477 (1.7) 476 (1.4) 0.1 (-6 t0.8) .76
Child length, cm, mean (SD)

12 mo 74.0 (5.1) 75.2 (3.9) 73.6 (5.8) 1.6 (-51t03.7) 14

24 mo 85.7 (3.9) 86.9 (3.9) 85.3 (4.0) 16 (-11t03.2) .06
Child length for age WHO z score, mean (SD)

12 mo -0.4 (1.9) 0.0 (1.5) -0.5(2.2) 0.5 (-3 1to 1.4) 18

24 mo -0.5(1.2) -0.1(1.2) -0.6 (1.3) 0.4 (-.110.9) .09
Child weight, kg, mean (SD)

12 mo 9.6 (1.2) 9.8 (1.8) 9.5(1.2) 0.3 (-31t0.9) .28

24 mo 11.7 (1.9) 11.4 (1.6) 11.8 (2.0) -0.4(-1.11t0.3) 27
Child weight for age WHO z score, mean (SD)

12 mo 0.1 (1.1) 0.3 (1.1) 0.1 (1.0 0.2 (-3t0.7) 46

24 mo -0.2 (1.3) -0.5(1.2) -0.1(1.4) -0.4 (-1.1t0 .3) .27

Data are presented as No. (%) unless otherwise indicated.

Abbreviations: Cl, confidence interval; OR, odds ratio; SD, standard deviation; WHO, World Health Organization; ZIKV, Zika virus.

“These infants were excluded from subsequent analyses.

However, these differences only reached statistical significance
at the 12- and 18-month time points (Figure 2; Supplementary
Table 1). In both groups, the ELC mean score was lower at
12 and 18 months, but then showed gradual recovery by
24 months. The unexposed group was composed of both chil-
dren with ZIKV-naive mothers and those with ZIKV prior to
pregnancy, who had similar ECL mean scores (Supplementary
Figure 1). Receptive Language and Visual Reception scores were
lower at all time points among exposed children and remained
significantly different even at 24 months of age. Exposed chil-
dren also had lower scores in the Expressive Language, Gross
Motor, and Fine Motor domains compared to their unexposed
counterparts at varying time points, but these deficits were no
longer apparent at 24 months (Figure 2). The adjusted means
and standard errors (SEs) for the ELC score between the ZIKV-
exposed children compared to ZIKV-unexposed children were
91.4 (SE, 3.1) vs 96.8 (SE, 2.4) at 12 months and 93.3 (SE, 2.9) vs
95.9 (SE, 2.3) at 24 months (Table 2).

In adjusted longitudinal mixed models, children who were
exposed to ZIKV in utero had significantly lower ECL scores

compared to unexposed children, with exposed children scoring
on average —0.33 units lower on the transformed outcomes,
equivalent to approximately 3.57 points (95% confidence in-
terval [CI], .90-6.27) in the untransformed ELC outcome com-
pared to unexposed children (Figure 3; Supplementary Table 2).
In this same model, children with a birthweight <2500 g scored
on average -0.74 units lower on the transformed outcome,
equivalent to about 8.00 points (95% CI, 2.56-13.46) lower in
the untransformed ELC outcome compared to those with a
normal birthweight (Supplementary Table 2).

Children with the lowest ELC scores (n = 20) were referred
to an Early Child Development program through UNAN; how-
ever, due to delays in staff training and clinic renovation, this
started after 24 months of age.

DISCUSSION

Numerous studies have shown that ZIKV infection in preg-
nancy can cause severe disease in the fetus and newborn. While
children born with overt CZS frequently experience significant
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Figure 2. Adjusted longitudinal mixed model: Zika virus exposure status. Abbreviations: MSEL, Mullen Scales of Early Learning; ZIKV, Zika virus.

neurodevelopmental delays [29, 30], less is known about the
outcomes of exposed infants who are asymptomatic at birth.
Results from this longitudinal study in Leén, Nicaragua, sug-
gest that the absence of CZS does not guarantee normal
neurodevelopment among children exposed to ZIKV in utero
and that ZIKV exposure and low birthweight (<2500 g) were
associated with lower scores using the MSEL.

Research from Colombia [14] and Brazil [12] has suggested
that asymptomatic infants whose mothers were infected with
ZIKV in pregnancy may be at risk of delayed neurodevelopment.
One of the main weaknesses of these 2 studies is that neither
included a control group of children whose mothers were not
infected with ZIKV in pregnancy. In Brazil, Nielsen-Saines and
colleagues found that 35% of infants in their cohort had lan-
guage development below average using the Bayley Scales of
Infant and Toddler Development; however, the Bayley scale
measures are standardized for American norms and may not be
directly translatable to children in Brazil [12]. Forty-nine per-
cent of infants in their study with abnormal findings in early
infancy subsequently had normal assessments once they were
toddlers. In Colombia, Mulkey and colleagues showed linear
declines in communication; mobility; and social cognition
using the Warner Initial Developmental Evaluation of Adaptive
and Functional Skills [14] among ZIKV-exposed infants. Our
findings also show a decline between 12 and 18 months, but
then improvements in neurocognitive development through
24 months in the ELC, as well as the various subdomains of
the MSEL. While we are uncertain as to why the decline in the

scores occurred at 12-15 months, it is unlikely artifact since it
was observed across exposure groups. One explanation might
be that the rebound in ELC scores at 18 months was driven by
an accelerated development in language and processing skills
that tends to occur after that age. In previous studies, the MSEL
has proven to be a sensitive measure of change in language de-
velopment in children younger than 5 years [31].

Many of the Central and South American countries where
the 2015-2016 ZIKV epidemic occurred lack normative
data against which to compare neurodevelopmental testing.
Although the MSEL was originally developed in the United
States, it has subsequently been used to monitor outcomes of
children around the world including South America and Africa
[32, 33]. We sought to overcome this limitation by including in
our study a group of infants who were followed contemporane-
ously and not ZIKV exposed.

Strengths of our study include its robust ZIKV testing al-
gorithm including serological testing that allowed us to rea-
sonably assign infection timing in pregnant women without
relying on polymerase chain reaction-based testing for ZIKV,
which is limited by a high proportion of asymptomatic infec-
tions and the short time span when infected individuals were
viremic during the outbreak [34]. Of note, only half of women
in our cohort with an incident infection reported symptoms.
Although serologic testing for flaviviruses can be complicated
by cross-reactivity [35], particularly for IgM enzyme-linked im-
munosorbent assays, many women in our study were classified
as having an incident ZIKV infection based on multiple criteria
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Table 2. Adjusted® Means and Standard Errors for Mullen Scales of Early Learning by Subdomain and Zika Virus Status Over Time

Mean Difference

MSEL Subdomain In Utero ZIKV Exposure (n = 32) No In Utero ZIKV Exposure (n = 97) (95% CI)
Early learning composite, mean (SE)
6 mo 79.5(3.1) 82.5(2.3) 3.0(-2.3t08.3)
12 mo 91.4 (3.1) 96.8 (2.4) 5.4 (-.2t0 10.9)
15 mo 84.0 (3.0) 86.8 (2.3) 2.8 (-2.4t08.0)
18 mo 80.2 (2.9) 84.2 (2.3) 4.0 (1.1 t0 9.0)
21 mo 84.1(2.9) 877 (2.3) 3.6 (-1.5 10 8.6)
24 mo 93.3(2.9) 95.9 (2.3) 2.6 (-2.3t0 7.5)
Gross motor T score, mean (SE)
6 mo 34.6 (3.0) 36.7 (2.6) 2.1 (-19t06.1)
12 mo 43.4 (3.1) 44.6 (2.7) 1.3 (-3.0t0 5.5)
15 mo 46.3 (3.0) 46.0 (2.6) -0.3 (-4.4t03.7)
18 mo 44.9 (3.0) 46.8 (2.6) 1.9 (-2.0t0 5.8)
21 mo 46.5 (3.0) 49.8 (2.6) 3.3(-7t072)
24 mo 48.4 (2.9) 50.9 (2.6) 2.5(-1.3106.3)
Fine motor T score, mean (SE)
6 mo 35.9(2.7) 375(2.2) 1.6 (-2.4t05.7)
12 mo 478 (2.7) 515 (2.2) 3.6 (-.8t08.0)
15 mo 44.3 (2.6) 470(2.2) 2.7 (-141t06.8)
18 mo 43.6 (2.6) 46.4 (2.2) 2.8 (-4106.7)
21 mo 44.9 (2.6) 46.7 (2.2) 1.9 (-2.1t05.9)
24 mo 49.6 (2.6) 49.0 (2.2) -0.7 (-4.5t0 3.2)
Visual reception T score, mean (SE)
6 mo 38.4(2.3) 39.1 (1.8) 0.7 (-2.9t0 4.3)
12 mo 41.3 (2.3) 43.1 (1.9) 1.9 (-2.0t05.7)
15 mo 35.8(2.2) 38.0 (1.8) 2.3(-141t05.9)
18 mo 374 (2.2) 42.3(1.8) 4.9 (1.4-8.4)
21 mo 45.4 (2.2) 46.4 (1.8) 1.0 (-2.6 to 4.5)
24 mo 470(2.2) 50.4 (1.8) 3.4 (.0-6.8)
Expressive language T score, mean (SE)
6 mo 42.5(1.8) 45.4 (1.2) 2.9(-51t06.3)
12 mo 50.8 (1.8) 54.6 (1.3) 3.7 ((1-73)
15 mo 46.8 (1.7) 470 (1.2) 0.1 (-3.2t0 3.5)
18 mo 41.5(1.7) 42.3(1.2) 0.8 (-2.5t0 4.1)
21 mo 39.1 (1.7) 40.8 (1.2) 1.7 (1.6 t0 4.9)
24 mo 42.1 (1.6) 42.8(1.2) 0.7 (2.4 t0 3.8)
Receptive language T score, mean (SE)
6 mo 38.9 (1.9) 41.0 (1.4) 2.0 (-1.2t05.3)
12 mo 40.5 (1.9) 43.3 (1.4) 2.7 (-71t06.2)
15 mo 38.7 (1.8) 40.4 (1.4) 1.6 (-1.6 t0 4.9)
18 mo 35.3(1.8) 36.0 (1.4) 0.7 (-2.5t0 3.9)
21 mo 36.7 (1.8) 40.2 (1.4) 3.4 (.3-6.6)
24 mo 46.3 (1.8) 49.5 (1.4) 3.2 (.1-6.2)

Abbreviations: Cl, confidence interval; MSLE, Mullen Scales of Early Learning; SE, standard error; ZIKV, Zika virus.
“Models adjusted for maternal age, maternal education, infant sex, low infant birthweight (<2500 g at birth), length-forrage z score, weight-forage z score, and a poverty index, as well as

random effects for repeated measures and outcome test administrators.

in our algorithm, including neutralization testing, which is
more specific for the infecting flavivirus [36]. Additionally,
once infants were enrolled into our neurodevelopmental study,
we had an intensive follow-up with multiple assessment time
points, allowing us to account for individual testing variation
that can occur if a child is ill on the day the assessment is per-
formed. Another strength of our study was the high retention
of participants, which was attributed to strong relationships be-
tween field staft and participants during household visits, the

use of an electronic tracking system, and small incentives pro-
vided to the families.

Our study is limited by its relatively small number of ZIKV-
exposed infants. Because the Nicaraguan ZIKV epidemic oc-
curred during a narrow time period, it was not feasible to
expand the study to multiple sites. A larger study with a more
intensive sampling scheme may also have been able to address
the relationship, if any, between neurodevelopmental delays
with the precise timing of infection during pregnancy. There
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Figure 3. Adjusted longitudinal mixed model: Zika virus exposure status. Abbreviations: MSEL ELC, Mullen Scales of Early Learning Early Learning Composite; ZIKV, Zika

virus.

is also the possibility of uncontrolled confounding; however,
there is no imaginable randomized trial in this setting and thus
high-quality observational studies must be considered the gold
standard. Our study also did not perform brain imaging of the
children because it was not standard of care, nor easily obtained.

Early childhood development interventions can be effective
[37], but rely on knowing whom to test, having locally valid-
ated instrument(s), and the ability to refer infants who are not
meeting milestones. While infants with known or suspected
ZIKV exposure might benefit from access to brain magnetic
resonance imaging or head ultrasounds, these technologies
and qualified professionals to interpret them are lacking in
many parts of the world. Yet, appropriate use of nonradiologic
screening algorithms for children at risk of neurodevelopmental
delay is feasible without expensive equipment. Our results sug-
gest that maternal ZIKV infection at least merits enhanced clin-
ical vigilance and dedicated neurodevelopmental testing for all
infants, particularly those without abnormalities at birth and
those who weigh <2500 g at birth. Our findings also suggest
that in utero transmission may be occurring but missed due to
limitations in testing infants and children.

The 2015-2016 Zika epidemic in the Americas laid bare
the limited availability of early childhood interventions in
many low- and middle-income countries and highlights a
continuing need for such programs beyond the Zika epi-
demic [38]. Indeed, the United Nations Children’s Fund is
currently working to bolster these services in Nicaragua
through a training program in early childhood develop-
ment. Early interventions can have lifelong implications
and are especially salient as countries work to meet the 2030
Sustainable Development Goals. Based on studies using

the MSEL in Africa, a 6-point difference in the ECL is con-
sidered to be a meaningful difference [32], which we did
not observe, and thus our results may not be clinically rele-
vant. Functional differences in more distal outcomes such as
school readiness remain to be determined and our findings
support recommendations that children with congenital
ZIKV exposure warrant long-term follow-up; consequently,
we plan to follow these children through school age.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors, so
questions or comments should be addressed to the corresponding author.
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