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Background: Our aim was to describe the neuroimaging and clinical evaluations of children
with antenatal Zika-virus (ZIKV) exposure.

Methods: The Colombian National Institute of Health performed serial clinical evaluations of
children with probable antenatal ZIKV exposure (i.e., born to ZIKV symptomatic mothers or

born with birth defects compatible with ZIKV infection, regardless of laboratory results) over

two years that included head circumference (HC), eye examination, and neurodevelopmental
assessments. Clinical neuroimaging studies (head computed tomography and/or brain magnetic
resonance imaging) were analyzed for abnormalities, two-dimensional measurements were made
of the right and left frontal and occipital cortical thickness. Two abnormal patterns were defined:
Pattern 1 (sum of four areas of cortex <6 cm) and Pattern 2 (sum of four areas of cortex =6 cm and
<10 cm).

Results: Thirty-one children had a neuroimaging study; in 24, cortical thickness was measured.
The median age at the first visit was 8 (range:6—9) months and 22 (range:19-42) months at the last
evaluation. In the 24 cases with cortical measurements, 3 were normal, 12 were in Pattern 1, and

9 were in Pattern 2. Children within Pattern 1 had lower mean HC at birth and in follow-up (both
P<.05) and a higher frequency of structural eye abnormalities (P<.01). A trend towards poorer
neuromotor development was seen in Pattern 1, although not statistically significant (P=.06).

Conclusion: Brain imaging classification based on cortical measurements correlate with
ophthalmologic abnormalities and HC. Cortical thickness may be a marker for clinical outcomes
in children with congenital ZIKV infection.

Keywords

congenital abnormalities; neuroimaging; developmental disabilities; eye abnormalities;
microcephaly

Introduction

Since its recognition as a human teratogen, much has been learned about Zika virus (ZIKV)
infection during pregnancy and its relation to congenital abnormalities of the brain and

eye (Zika-associated birth defects [ZBD]). Abnormal body tone, swallowing dysfunction,
epilepsy, and developmental delay occur as neurologic sequelae among infants born to
mothers with probable antenatal ZIKV infection (Cranston, 2020; Lima, 2019; Olson, 2019;
Pereira 2020). Children with /n utero ZIKV exposure are now reaching their fifth year of
life in some regions of Latin America. Long-term follow-up of these children has helped
elucidate a range of clinical manifestations and outcomes associated with antenatal ZIKV
exposure (Mulkey, 2020; Nielsen-Saines, 2019).

Following the ZIKV outbreak in Colombia (October 2015 to July 2016), the Colombian
National Institute of Health (Instituto Nacional de Salud, INS), in collaboration with

a multidisciplinary team, implemented a comprehensive clinical follow-up program for
children with probable antenatal ZIKV exposure. This program was developed in two
Colombian cities with a substantial burden of ZIKV disease to provide exposed children
the necessary clinical and neurologic assessments. Children with probable antenatal ZIKV
exposure were followed for over two years, and clinical and neurologic outcomes were
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able to be correlated with neuroimaging findings. Although a large amount of literature

has described the array of clinical and neuroimaging compromise seen in children with
antenatal ZIKV infection, the correlation between structural brain compromise and long-
term clinical outcomes are not fully understood. The objective of this study was to describe
the neuroimaging and longitudinal clinical evaluations within this cohort of children.

Study Population

As part of a clinical follow-up program developed in two Colombian cities, INS evaluated a
cohort of children with probable antenatal ZIKV exposure who were selected on at least one
of two criteria. Children born to mothers registered in the national ZIKV surveillance system
(SIVIGILA) from October 2015 to January 2017 met the first criterion. Their mothers met
the SIVIGILA ZIKV disease case definition of fever, rash and one or more of the following
symptoms (not explained by other medical conditions): non-purulent conjunctivitis or
conjunctival hyperemia, arthralgias, myalgia, headache, pruritus or malaise (/nstituto
Nacional de Salud, 2020). Children reported to the national birth defects surveillance
system from December 2015 to January 2017 with clinical abnormalities possibly related

to antenatal ZIKV exposure met the second criterion (Cuevas Ortiz, 2016). Laboratory
evidence of ZIKV infection during pregnancy for the mother or during the postnatal period
for the infant was not required for eligibility in either system since laboratory data were

not included as part of the case definition, due to the complexities associated with ZIKV
testing (Galang, 2020). Children identified via any of these two surveillance systems were
considered as having probable /n utero ZIKV exposure, regardless of their clinical status or
presence of microcephaly and were invited to attend the comprehensive clinical follow-up
program. For this analysis, we include children who attended the clinical evaluations with
available clinical brain imaging. Parents/caregivers were invited via telephone to participate
in the clinical evaluations with their children every 4 months in year 2017 and once every
year for 2018 and 2019.

Comprehensive Clinical Evaluations

Clinical data abstraction: Parents were asked to bring prenatal, infant birth, and
postnatal medical records, including imaging studies performed during the pre- and
postnatal periods. Medical records were reviewed, and information was abstracted in
standardized data collection forms. When available, electronic duplicates of imaging studies
were obtained.

Anthropometric assessment: Children’s weight, length, and head circumference (HC)
were measured at every evaluation. Weight was measured using an electronic scale with
readings to the nearest 10 grams. Length was measured using a portable measuring board
with readings to the nearest 0.1 centimeter (cm). HC measurements were taken three times
using a flexible paper non-stretchable measuring tape and the highest reading was retained
and recorded to the nearest 0.1 cm. Microcephaly was defined as an HC more than 2 SD
below the mean for age and sex (or gestational age [GA] for birth measurements) (Ashwal,
2009).
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Clinical evaluations: A multidisciplinary team including a pediatrician, a child
neurologist, and a physical medicine and rehabilitation specialist performed clinical
evaluations and recorded information about neurologic impairment, epilepsy, swallowing
difficulties, and developmental milestones. Pediatric ophthalmologists assessed the fundus
through indirect ophthalmoscopy with thirty-dimensional (30D) lens after pupil dilation.

Neuroimaging Analysis

Children had clinical brain or other body system imaging as deemed necessary by their
medical providers. Digital copies of the imaging were obtained to be reviewed by a clinician
with expertise in neuroimaging (SBM). All brain images were reviewed regardless of the
clinical status of the child and abnormal brain findings were recorded. The imaging modality
(computed tomography [CT], radiography, magnetic resonance imaging [MRI]); and type
(brain, skeletal, swallow study, etc.) was recorded for all studies.

Brain MRIs were opened in RadiANT Digital Imaging Communications in Medicine
(DICOM) Viewer (Medixant, Poznand, Poland) for two-dimensional (2D) measurements
and were reported to the nearest 0.1 cm (Supplemental Figure). This type of measurement
was used since it could be performed on routine clinical brain MRI or head CT images.
The distance between the outer portion of the cortical mantle to the ventricular lining in the
right and left frontal lobes (at the level of the frontal horn) and the distance between the
cortical mantle to the ventricular lining on the right and left occipital lobe was measured
as the cortical thickness. The width of the right and left lateral ventricles were measured at
the level of the atrium on an axial image. When brain MRI and head CT were available,
the brain MRI was used for measurements. The linear length of the corpus callosum was
measured from the genu to the splenium on a mid-sagittal image.

Children with microcephaly were divided into two severity patterns based on cortical
measurements. Infants with a sum of the right and left frontal and right and left occipital
cortex 2D measurements of less than 6 cm were classified in “Pattern 17, reflecting a

more severe cortical atrophy and damage to neural progenitor cells. Children with a sum

of the right and left frontal and right and left occipital cortex of 6 cm to 10 cm were
classified in “Pattern 2” as having a less severe cortical atrophy. Children with normal brain
imaging findings and normal head size had a sum of cortical thickness greater than 10 cm.
Brain images were analyzed, and patients were assigned to the two patterns, independent of
clinical follow-up data. The measurement cut points were assigned for the two patterns after
measurement of all the children’s imaging. About half of the children had values below 6
cm and the others with abnormal brain imaging had values above 6 cm but less than 10 cm,
providing a cut-point of 6 cm that seemed to differentiate the severity of cortical thinning
among the children with microcephaly. The method of imaging measurement and definition
of each pattern was reviewed with an experienced pediatric neuroradiologist.

Data analysis

Data were organized using Microsoft Excel® (version 2016) and analyzed using SAS
version 9.4 (SAS Institute, Cary, North Carolina). Fisher’s exact tests were used to compare
frequency distribution of categorical variables, and the Wilcoxon Rank Sum test was used

Birth Defects Res. Author manuscript; available in PMC 2023 September 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Daza et al.

Ethics

Results

Page 5

to compare continuous variables (i.e. HC Z-scores). Data were analyzed by two independent
team members, assuring accuracy and replication of the results.

For anthropometric measurements taken between 0-14 postnatal days, percentiles and
standard deviations for weight, length, and HC were calculated using INTERGROWTH
21st® international standards for size at birth according to GA and sex (Villar, 2014). For
measurements taken at subsequent study visits, percentiles and SD were calculated using
World Health Organization (WHO) standards according to sex and age, adjusting age for
preterm infants until 24 months after birth (De Onis, 2015). HC trajectory for children was
plotted over time by Z-score.

The clinical follow-up of this cohort was developed as part of the national public health
response to the ZIKV outbreak in Colombia. It was considered public health practice by
INS per Colombian legislation (Republica de Colombia; Republica de Colombia). At each
evaluation, parents or legal guardians were informed that follow-up was voluntary and

did not impact any other medical services. Parents provided written consent for review of
medical records and imaging. Participant anonymity was maintained throughout the visits.

Cohort Characteristics

Between March 2017 and August 2019, 60 children were initially evaluated across the

two participating sites. Eleven infants identified through national birth defects surveillance
were excluded due to either lack of clinical evidence of maternal ZIKV infection (n=6)

or presence of birth defects incompatible with congenital ZIKV infection (n=5). Of the
remaining 49 children, 31 (63%) had brain imaging (CT and/or brain MRI) and clinical data
and were included in this analysis.

For the 31 infants with neuroimaging, the median maternal age at delivery was 23 (range:
17-34) years (Table 1). Twenty-seven (85%) mothers had symptoms compatible with
ZIKV disease during pregnancy (Table 1). Four mothers had no ZIKV-related symptoms,
but in three, symptoms were reported by their male partner. Trimester of symptoms for

one mother was unknown. Laboratory testing by real-time reverse-transcription-polymerase
chain reaction (rRT-PCR) or IgM, in either mother or child was available for 18 (58%)
children; 10 (32%) had a positive result.

Among the 31 infants, the median gestational age at birth was 38 (range: 30-41) weeks; five
infants (16%) were born premature (<37 weeks) and five (17%) infants were classified as
small for gestational age (SGA). Most children were male (17/31, 55%). More than half of
the children (20/31) attended at least three of the five follow-up visits (data not presented).
The median age at their first visit was 8 (range: 6-9) months, and the median age at their last
evaluation was 22 (range: 19-42) months.

HC at birth was available for most (26/31; 84%) children, of which 46% (12/26) had
microcephaly (HC < -2 SD). Out of the five children without birth HC data, at the last
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evaluation three (60%) children had microcephaly and two (40%) children had a HC in
the expected range for age (data not shown) (Table 1). Eleven of 14 (79%) children with a
normal HC at birth, had microcephaly at follow-up (data not shown). Therefore, at the last
evaluation 84% of children had microcephaly, of which 45% was postnatal.

Twenty-six of 31 children (84%) had a clinical diagnosis of ZBD, including any structural
eye or brain abnormalities (Supplemental Table). Within this subgroup, only one child
(ZM28) had normal head size, no brain abnormalities, and normal development, and was
included as having a ZBD because of severe left eye structural and functional abnormalities
considered to be related to prenatal ZIKV exposure. Out of the five children without

ZBD, only one child (ZM10), had postnatal-onset microcephaly, but had history of low
Apgar scores at birth, neonatal seizures, and brain imaging compatible with birth asphyxia.
Of the four children without any brain or eye structural abnormalities, two (ZM17 and
ZM27) had normal physical and neurologic assessments; one child (ZMO05) had hypotonia,
developmental delay, and autistic spectrum disorder (ASD); and one child (ZM16) was
classified as having hypotonia, developmental delay and macular ectopy. Two children
(ZM16 and ZM27) had laboratory evidence of prenatal ZIKV infection, and one child
(ZM17) was a twin brother of a child with ZBD and laboratory evidence of prenatal ZIKV
infection (ZM18).

When last evaluated, 20/31 (65%) children had epilepsy, 22/31 (71%) had swallowing
dysfunction, 15/30 (50%) had an eye abnormality, 7/29 (23%) had an abnormal hearing test,
and 18/31 (58%) were underweight for age. Twenty-eight children (90%) had an abnormal
neurodevelopmental assessment, of which, 21 (75%) had severe motor developmental delay
and were only able to roll and/or lift their head in a prone position (Table 1).

Neuroimaging Findings

Twenty-nine children had adequate brain images and two were excluded due to only having
skull radiography or head CT with bone window available. The median (range) child age

at the neuroimaging study was 213 (3-939) days (Table 2). Five (17%) brain imaging
studies were normal and belonged to normocephalic infants who had clinical findings of
isolated left microphthalmia (ZM28), developmental delay and ASD (ZM05), developmental
delay, and generalized hypotonia (ZM16), and evidence of maternal ZIKV disease but no
neurological or neurodevelopmental compromise (ZM17 and ZM27, Supplemental Table).
Twenty-four children had abnormalities on neuroimaging that included under-gyrification
of the cerebral cortex (18/24, 75%), dysplastic corpus callosum (18/22, 82%), severe
ventriculomegaly (15/24, 63%), and severe thinning of the cortical mantle (14/24, 58%)
(Table 2). All 11 children with cerebral calcifications had them in the subcortical region;
four children also had calcifications in the basal ganglia. Cerebral cysts or synechiae were in
the frontal and/or temporal lobes (n=2) or the lateral ventricles (n=1).

Two-dimensional brain measurements

Twenty-four infants had images in DICOM format to measure cortical thickness in the
frontal and occipital lobes (Table 3), of which three had normal brain findings and 21 had
abnormal brain findings compatible with ZBD. The three infants with normal brain imaging
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had a cortical thickness sum >10 cm. Twelve infants were classified in Pattern 1 with a
combined sum of the right and left frontal and right and left occipital cortical thickness

of <6 cm (represented by Figure 1 A-B); nine infants were classified in Pattern 2 with a
combined cortical thickness of between 6-10 cm (represented by Figure 1 C-D). There was
no difference in the infant age at the time of imaging between those with Pattern 1 and
Pattern 2 (P = 0.1) (data not shown). The infants within Pattern 1 had a larger ventricular
size and shorter corpus callosum length than infants in Pattern 2 (Table 3). Eight of 11
(73%) children with cerebral calcifications belonged to Pattern 1, including all four children
with basal ganglia calcifications. All five children with occipital bone protuberance (Table 2)
belonged to Pattern 1, while none of the children in Pattern 2 had this finding.

Comparative analysis of HC trajectories and clinical outcomes and characteristics
between children in Pattern 1 and Pattern 2

Head circumference trajectories—HC trajectory for boys and girls within Pattern 1
and Pattern 2 is shown in Figure 2. The mean HC Z-score for measurements taken at the
first evaluation was —3.14 for children within Pattern 1 and —1.37 for children within Pattern
2, and at the last evaluation was —7.19 for children within Pattern 1 and -4.71 for children
within Pattern 2 (Figure 3). When compared, HC Z-score measurements for the first and last
evaluations were significantly lower in children within Pattern 1 compared to in Pattern 2
(P<.05).

Clinical characteristics and outcomes—Selected clinical characteristics and
outcomes for the 21 children classified in Pattern 1 and Pattern 2 is shown (Table 4).

No differences were seen between age at last follow-up, GA at birth, trimester of maternal
ZIKV symptoms and laboratory evidence of ZIKV infection between children with the two
patterns. Among the clinical outcomes, abnormal eye findings were only seen in children
with Pattern 1 and not in those in Pattern 2 (p<.01). Normocephaly at birth was more
prevalent among children in Pattern 2 while microcephaly at birth was more prevalent
among children in Pattern 1; however, this difference was not statistically significant
(p=.07). There was a trend toward more advanced motor milestones among children in
Pattern 2 compared with Pattern 1 (p=.06), where a higher proportion of children achieved
the ability to sit, crawl, or walk. No correlations were established for outcomes such as
underweight, swallowing dysfunction, epilepsy and abnormal hearing tests.

Discussion

We describe a cohort of children followed over two years from cities in Colombia that had
a high prevalence of ZIKV disease in pregnant woman during the height of the 2015-2016
outbreak (Ospina, 2020). Most children in the cohort had microcephaly, severe neurologic
morbidities, and significant cortical abnormalities consistent with ZBD on their clinical
neuroimaging.

During follow-up to 19-42 months of age, most children had clinical manifestations related
to congenital ZIKV infection — epilepsy, swallowing dysfunction, abnormal hearing, eye
abnormalities, and profound motor developmental delay — increasing their disease severity
and functional impairment. A high proportion of the children had epilepsy (65%). In other

Birth Defects Res. Author manuscript; available in PMC 2023 September 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Daza et al.

Page 8

ZBD cohorts, epilepsy is reported in 42—-67% of children (Alves, 2018; Van Der Linden,
2018), and given the brain imaging severity in our cohort, the high burden of epilepsy was
not unexpected. Although swallowing difficulties were clinically assessed, many caregivers
reported that their child had issues with feeding starting at an early age. Because of feeding
difficulties, over half of the children were underweight for age at follow-up. Leal et al.
reported that feeding difficulties in children with ZBD usually present after the third month
of life and may be as prevalent as 76% among severely affected children (Leal, 2017).

The 21 children with abnormal brain findings had imaging features ascribed to

congenital ZIKV infection including thinning of the cortical mantle with under-gyrification,
calcifications, dysplastic corpus callosum, ventriculomegaly, and occipital bone prominence
(Moore, 2017). To separate the children by degree of severity, we performed 2D
measurements of the right and left cortical mantle, which yielded two severity patterns of
low cortical thickness. These patterns, which we termed Pattern 1 and Pattern 2, were based
solely on the sum of cortical measurements and were performed independent of knowledge
of the child’s clinical outcomes and HC measurements. Children with Pattern 1 clearly

had more advanced brain abnormalities which correlated with a higher burden of cerebral
calcifications (8 of 12 children [67%]), were the only children to have calcifications in the
basal ganglia (n=4), had a greater risk for ophthalmologic abnormalities, and showed a trend
towards more severe neuromotor impairment. ZIKV has a tropism for immature neurons
(Ho, 2017); it affects neuronal proliferation and causes neuronal apoptosis which is seen

as a thin cortical mantle, under-gyrification, and microcephaly. The cortical measurements
in our cases reflect the severity of neuronal injury and even though images occurred at
different postnatal ages, the measurement patterns were distinct. Furthermore, there was no
difference in the child’s age at imaging between children with each pattern indicating that
the measurements likely reflect the severity of arrested brain growth.

Similar to our recognition of different severities of cortical atrophy on imaging, Aragao et
al. described different brain findings for infants with ZBD based on timing of microcephaly
(Aragao, 2017). Infants with antenatal onset microcephaly had a simplified gyral pattern,
and only infants with postnatal onset microcephaly had polymicrogyria. Calcifications
outside of the cortical-subcortical white matter junction were found in children with
microcephaly at birth which is similar to our cohort in which calcifications in the basal
ganglia region were only present in the children within the more severe Pattern 1. In our
cohort, all children with occipital bone protuberance were Pattern 1, which is consistent with
severe prenatal onset microcephaly from disrupted brain growth (i.e., fetal brain disruption
sequence). Almost 50% of children with imaging had postnatal-onset microcephaly. This
proportion exceeds what has been reported in other studies and might reflect clinical
findings that resulted in referral to our follow-up program. The imaging category was

the less severe Pattern 2 for many of the children in our cohort with postnatal onset
microcephaly. HC growth trajectory showed a continued failure of HC with further decline
in HC Z-score over time among children with both patterns. The mean Z-score (<-7.0)
seen in Pattern 1 reflects very compromised head growth that follows extensive damage to
the developing brain. This level of head growth restriction and head growth deceleration
has been previously described in other ZIKV cohorts (Prata-Barbosa, 2019; Ventura, 2016).
Head size is related to brain volume and relates to neurodevelopmental outcomes (Wheeler,
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2018). In our cohort, children with the more severely affected HC growth trajectory were
in Pattern 1 where the measurement of cortical thickness was also severely reduced. Future
larger studies should validate cortical thickness thresholds with specific outcomes.

A broad array of clinical, radiological, and developmental outcomes has been described in
children affected with congenital ZIKV infection (Mulkey, 2019; Chimelli, 2017). Trimester
of ZIKV infection has been identified as a risk factor for severe ZBD (Chimelli, 2017).
Although our brain imaging patterns account for the extent of brain tissue damage seen from
congenital ZIKV infection in this cohort (Tang, 2017), no differences between the patterns
were seen for outcomes such us underweight, epilepsy, hearing abnormalities, or swallowing
difficulties.

An analysis performed by Pool et al. of a ZBD cohort of 110 children in Brazil with
neuroimaging showed that the presence of severe neurological compromise at birth and
extensive structural brain abnormalities were more frequent when the infection was in the
first trimester of pregnancy (Pool, 2019). Likewise, Mendes et al. proposed a classification
of brain damage based on head CT findings in ZIKV exposed infants, establishing
correlations between the most severe brain findings with trimester of ZIKV infection

and severity of microcephaly at birth (Hoen, 2018). Thus, timing of ZIKV infection is

a variable that has been consistently reported as being a determinant in the severity of
clinical outcomes (Pool, 2019; Hoen, 2018; Karolina, 2020). However, because there are few
infections outside of first trimester in our cohort, differences by trimester of infection were
not able to be assessed. Other potential factors that may influence clinical findings include
ZIKV viral load, past maternal exposure to other flaviviruses, maternal-fetal immunologic
responses, and an individuals own genetic background (Caires-Jtnior, 2018).

Abnormal funduscopic examination in congenital ZIKV infection frequently accompanies
brain abnormalities and is found in 21-55% of ZIKV cohorts (Ventura, 2018). ZIKV can
directly affect the retinal pigment epithelium, choroid vessels, and optic nerve (Fernandez,
2017). Previous reports related ZIKV brain abnormalities and neurologic alterations as being
most frequent when there is ocular compromise (Cranston, 2020; Pool, 2019), suggesting
that structural eye abnormalities may be a hallmark of a more severe disease pattern.
Ophthalmological findings without other clinical compromise have been reported to occur
between 3-7% in other ZBD cohorts (Tsui, 2018; Zin, 2017). These findings highlight

the importance of performing thorough clinical evaluations including ophthalmological
assessment in all children with antenatal ZIKV exposure, even in the absence of more severe
disease.

Although child neurodevelopment was not assessed by a standardized evaluation, milestone
tracking during the visits allowed the identification of motor developmental impairments.

At the last evaluation, most children had severe neuromotor compromise. Like our cohort,
most case series report a profound developmental delay in language, motor, and social
domains (Alves, 2018). The structural and functional brain abnormalities found in children
with congenital ZIKV infection, have been related to the severity of neurological and
neurodevelopmental alterations (Wheeler, 2018; Hcini, 2021), and as expected, children with
the most severe brain compromise (Pattern 1 in our cohort), tended to have poorer motor
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outcomes. To date, no publications have correlated 2D neuroimaging measurement patterns
to motor or other developmental outcomes for children with congenital ZIKV infection,
highlighting the importance of further studies in this area.

A few children presented for evaluation by INS because of clinical concerns of hypotonia
and developmental delay; however, neuroimaging was not consistent with sequelae related
to ZBD. Despite the probable /n utero exposure to ZIKV, their clinical neurologic
abnormalities were thought to relate to other conditions and not to ZIKV exposure, although
this cannot be completely ruled out. Clinicians caring for children in regions of endemic
ZIKV exposure should consider the range of etiologies for child neurodevelopmental delay.

Limitations

Our study is strengthened by the correlation of clinical neuroimaging to longitudinal follow-
up but also has several limitations. Children were recruited from the national ZIKV disease
and birth defects surveillance systems, where symptomatic pregnant women and infants
with possible ZBD were monitored regardless of maternal or infant laboratory evidence

of ZIKV infection and thus should be considered as a convenience sample subject to
inherent potential biases. Although all children were assessed by expert clinicians, who
assigned a possible ZBD diagnosis based on clinical findings, some could be misclassified
as having etiologies explaining clinical findings other than congenital ZIKV infection. All
children were assessed by neuropediatricians who tracked the attainment of developmental
milestones, but no standardized instruments were used in our evaluations and only motor
milestones were included in this analysis. Not all children evaluated had brain MRIs

and some had limited sequences or images were of inadequate quality for review. There
was variability in the plane of imaging in the cases which may have affected cortical
measurements. We did not measure other brain structures such as the cerebellar vermis

and brainstem due to variation in images which may be important for outcomes such as
arthrogryposis. Also, since the clinical follow-up was done as part of ZIKV surveillance,
swallow studies, hearing tests, and neuroimaging were taken at different time points and by
different modalities.

Conclusion

In children with ZBD, we found that less cortical thickness correlated with ophthalmologic
outcomes and functionality. The imaging patterns relate to HC growth trajectory, even for
infants whose HC was classified as normocephalic at birth and fell into the microcephalic
range over time. Based on these findings, 2D measurements of cerebral cortical thickness
may be a useful marker for the severity of future clinical outcomes in children with brain
abnormalities from congenital ZIKV infection. This type of measurement can be performed
with readily available software and may aid in the evaluation of other ZBD cohorts. Further
studies are needed to explore the relationship between neuroimaging findings and the range
of clinical outcomes and functionality in children with ZBD.
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Figurel.
Representative Brain MRI patterns in two infants with microcephaly attributable to probable

in utero ZIKV exposure
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Head circumference

Head circumference evolution of girls (h=11) compared to WHO head circumference growth

standards, by brain pattern
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Head circumference

Head circumference evolution of boys (n=10) compared to WHO head circumference growth

standards, by brain pattern
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Figure 2.
Plot of head circumference standard deviation by age of the child (in months), sex, and brain

pattern — cohort of children with probable /in utero ZIKV exposure*
*Head circumference at birth was excluded in the figure because INTERGROWTH 215t
Newborn Size Standards and References was used for all infants at birth
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Z-score

Z-score distribution of head circumference by severity of brain imaging patterns at first and last

visit (n=20)
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Figure 3.
Z-score distribution of head circumference by neuroimaging pattern at first and last clinical

visits — cohort of children with probable /n utero ZIKV exposure

Boxplots of children’s head circumference Z-scores for the HC measurement at the first visit
and at the last visit. Pattern 1 boxplots are shown in blue and pattern 2 are in red.

*QOne child with pattern 1 was excluded due to only having one HC measurement.

**Using the Wilcoxon Rank Sum test, Z-score were significantly lower for children with the
most severe brain pattern at both visits (p<.05).

***The circle in the box represents the group mean, and the horizontal line in the box
represents the group median.
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Table 1.

Selected Maternal and Infant Characteristics for Cohort of Children with probable /n utero ZIKV Exposure
(N=31)
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Characteristic N (column %)
Maternal age at delivery, years (median [range]) 23 (17-34)
Trimester of maternal ZIKV symptoms
First 21 (68)
Second 4137
Third 1(3)
Unknown trimester 1(3)
No symptoms 4(13)
Laboratory evidence of ZIKV infection in mother or child *
Yes 10 (32)
No 8 (26)
No testing data available 13 (42)
Gestational age at birth (weeks)
<31 1(3)
32-36 4(13)
>37 26 (84)
Child sex
Male 17 (55)
Female 14 (45)
Microcephaly at birth*(n=26) 12 (46)
Small for gestational age™(n=30) 5(17)
Clinical outcomes at last visit
Microcephaly ** 26 (84)
Epilepsy 20 (65)
Swallowing dysfunction 22 (71)
Underweight for age® 18 (58)
Abnormal hearing test (n=29) 7 (24)
Abnormal eye findings (n=30) 15 (50)
Abnormal neurologic or neurodevelopmental assessment | 28 (90)
Most advanced motor milestone at last visit (n=28) 1
Ambulation with or without assistance 4(14)
Crawling and/or Sitting with or without support 3(11)
Rolls and/or lifts head when prone 21 (75)
Radiography available
Brain MRI 22 (71)
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Characteristic N (column %)
Head CT 12 (39)
Skull/head X-ray 2 (6)

Swallow study 6 (19)
Other X-rays 12 (39)

Abbreviations: CT=cranial tomography, HC=head circumference, MRI=magnetic resonance imaging, SD=standard deviation, ZIKV=Zika virus

”Three children of asymptomatic mother but symptomatic father

*
Either positive for ZIKV using real-time reverse transcriptase polymerase chain reaction or positive for ZIKV immunoglobulin-M in mother or
child

+HC for gestational age and sex below -2 SD (Intergrowth 215t - Neonatal growth standards)
++HC for age and sex below =2 SD (WHO growth standards)

HA
Birth weight for gestational age and sex below the 10th percentile (Intergrowth 215t - Neonatal growth standards)

WFor children with abnormal neurologic or neurodevelopmental assessment. Median age at last visit 22 months (range 19-42 months).

&Weight for age and sex below< -2 SD (WHO growth standards)
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Summary of Neuroimaging Findings for Cohort of Children with probable in utero ZIKV Exposure

Table 2.

Brain Imaging

Children (n=29)7 (column %)

Days of age at brain imaging (MRI and/or CT) (median, range)

213 (3-939)

Brain MRI 23 (79)
Head CT 12 (41)
Both MRl and CT 6(21)
Overall Brain Findings
Normal 5(17)
Abnormal 24 (83)

Specific Imaging Featuresin Abnormal Scans

Children (n=24) ¥ (column %)

Calcifications 11 (46)
Thin corpus callosum (n=22) 18 (82)
Severe ventriculomegaly 15 (63)
Severe thinning of cortical mantle 14 (58)
Under-gyrification of cortex 18 (75)
Severe cerebellar hypoplasia (n=21) 1(4)
Occipital bone protuberance/shelf (n=20) 5(25)
Cerebral cyst(s) or synechiae 3(13)

Abbreviations: CT=cranial tomography, MRI=magnetic resonance imaging

”Two children from the data set of 31 were not included due to only skull radiography or bone head CT images available.

Page 20

*
For all, n=24, except where noted otherwise. In some cases, “n” differs owing to inadequate MRI sequences to comment on calcifications, corpus

callosum, or occipital bone shape.
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Two-dimensional brain MRI measurements for the cohort of children with probable /n utero ZIKV exposure
with normal, pattern 1 and pattern 2 brain imaging findings (n=24)*

Brain structure 1 Normal (n=3) (cm) (mean and Pattern 1 (n=12) (cm) (mean and Pattern 2 (n=9) (cm) (mean and
SD) SD) SD)
Right frontal cortex 3.1(1.0) 1.1(0.3) 2.1(0.4)
Left frontal cortex 2.8(0.8) 1.1(0.4) 2.1(0.4)
Right occipital cortex | 2.9 (0.6) 0.7 (0.3) 1.5(0.5)
Left occipital cortex 2.8(0.5) 0.6 (0.2) 1.7 (0.4)
Right ventricle 0.9 (0.2) 2.1(0.9) 1.5(0.8)
Left ventricle 0.9(0.1) 2.3(0.8) 1.7(1.1)
Corpus callosum 5.6 (1.4) 2.6 (1.5) 4.2(1.3)
Cortical thickness sum | 13.0 (1.0) 3.4 (1.0) 74(1.2)

Abbreviations: cm: centimeter SD= standard deviation MRI=magnetic resonance imaging.

*
24 of 29 children with neuroimaging had DICOM format, adequate sequences, and planes of imaging for measurement.

”Measurements were done on DICOM images and are not adjusted for age at image acquisition. Three children in pattern 1 had only head CT, all
other children had brain MRI for measurement.

Normal brain images include studies with no structural brain abnormalities and a cortical thickness sum above 10 cm. Pattern 1 was defined when
the cortical thickness sum was below 6 cm. Pattern 2 was defined when the cortical thickness sum was between 6-10 cm.
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Selected clinical characteristics and outcomes by neuroimaging groups — cohort of children with probable 7n

utero ZIKV exposure

Pattern 1 (n=12) N
0,

Pattern 2 (n=9) N (%)

(%)
Age at last follow-up (months) 19-25 10 (83) 7(78)
26-38 2(17) 2(22)
Gestational age at delivery (weeks) <37 3(25) 1(11.1)
>37 9 (75) 8 (89)
Trimester of maternal ZIKV symptoms First 10 (83) 6 (67)
Second 1(8) 2(22)
Missing 1(8) 1(11)
Laboratory evidence of ZIKV infection in mother or child 5 (56) 3(43)
Missing laboratory results for ZIKV infection 3(25) 2(22)
HC at birth (Z-score for GA and sex) >-2.0SD 3(27) 7 (78)
<-2.0=-3.0SD 2 (18) 1(11)
<-302-7.0""sD 6 (55) 1(11)
<-7.0SD 0(0) 0 (0)
Missing 1(8) 0(0)
HC at last evaluation (Z-score for age and sex) | =-2.0 SD 0 (0) 0 (0)
<-2.02-3.0SD 0(0) 0 (0)
<-302-7.0""sD 6 (50) 8 (89)
<-7.0SD 6 (50) 1(11)
Underweight for age at last evaluation* 8 (67) 5 (56)
Symptoms suggestive of swallowing difficulties 11 (92) 6 (67)
Epilepsy at last evaluation 10 (83) 5 (56)
Abnormal eye findings 9 (75) 0 (0)
Motor milestones Ambulation with or without assistance 1(8) 1(11)
Crawling and/or Sitting with or without | 0 (0) 3(33)
support
Rolls and/or lifts head when prone 11 (92) 5 (56)
Abnormal hearing test 3(27) 2(22)
Missing 1(8) 0 (0)

Abbreviations: GA= gestation age, HC= head circumference, SD=standard deviations, ZIKVV=Zika virus.

Ak
A cutoff of =7 SD was established to compare Z-score differences within the two patterns, based on the mean Z-score of HC measurements at

the last evaluation for children in Pattern 1.

+Weight for age and sex below< =2 SD (WHO growth standards)

Note: the number of children included in this analysis is not enough to perform a sensitivity analysis
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