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Abstract

Background: Many original articles and case series have been published emphasizing the neuroimaging findings of con-
genital Zika virus (ZIKV) infection. The majority of these studies do not follow a neuroradiological methodology to describe
malformations and brain abnormalities resulting from ZIKV infection. The cause-and-effect correlation between the ges-
tational period of maternal infection and the severity of encephalic changes at birth has rarely been reported. A systematic
literature review was conducted on the neuroimaging findings in children affected with microcephaly due to ZIKV.
Methods: PubMed, Cochrane Library and Web of Science were searched for full-text articles published up to July 2019.
Duplicate entries were removed. Two independent reviewers performed a quality assessment of all the studies included.
Results: A total of 2214 publications were identified. Of these 2170 were excluded by analysis of titles and abstracts,
resulting in the inclusion of only eight articles. Chi-square and Fisher’s exact tests were performed with a 95% confidence
interval to verify the statistically significant differences in the neuroradiological findings between the cases of ZIKV infection
in the first or second trimester of gestation. The studies published so far have described image abnormalities at random,
without utilizing any pre-established neuroradiological criteria, and imaging modalities with different sensitivity and
accuracy have been used, which jeopardizes a reliable and adequate statistical analysis.

Conclusions: Neuroimaging abnormalities are much more prevalent and severe when the infection by ZIKV is contracted in
the first or second trimester of pregnancy.
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Introduction ZIKYV is a flavivirus, transmitted mainly by mosqui-

The literature reports several original articles and case
series highlighting the neuroimaging findings of con-
genital Zika virus (ZIKV) infection. Many of these
studies do not follow a neuroradiological methodology
to describe the malformations and brain abnormalities
resulting from the infection. In particular, there have
been no discussions on a cause-and-effect correlation
between the gestational period of maternal infection
and the severity of encephalic changes at birth.
Neuroimaging techniques with dissimilar sensitivities
and diagnostic accuracies have been employed at
random to elaborate tables and descriptive results of
the main neuroradiological changes occurring in new-
borns with congenital ZIKV infection. As a result, a
specific neuroradiological gold standard that would
relate to the gestational trimester of fetal infection by
ZIKYV is lacking.

toes of the genus Aedes. The virus was first isolated in
Uganda in 1947 and continued to be restricted to the
areas of Africa and Asia for 60 years. There was an
outbreak of ZIKV infection in northeastern Brazil in
early 2015." In October 2015, an increase in the number
of patients with microcephaly was reported, and this
congenital malformation was found to be related to
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intrauterine ZIKV infection.>® The most frequent
symptoms of ZIKV include fever, myalgia, and rash.*
ZIKYV is usually diagnosed by the symptoms and bio-
chemical findings of standard reverse transcriptase
polymerase chain reaction (RT-PCR) in the blood,
urine or salivary fluids. However, the diagnosis of this
infection poses some difficulties due to the possible
cross-reaction with other flaviviruses.” In terms of the
neuroimaging findings, a variety of cortical malforma-
tions can be identified, including parenchymal volume
reduction, alterations in the gyral pattern as well in
white and gray matter, ventriculomegaly, abnormalities
of the corpus callosum and cerebellum, hypoplasia and/
or atrophy of the brain stem, and diffuse calcifications.®
In 2016, the World Health Organization reported cases
of microcephaly and neurological disorders associated
with ZIKV as an international public-health emer-
gency, thereby intensifying the need for further research
in this area.” Microcephaly may not necessarily be evi-
dent at birth and may develop after birth, along with
other brain abnormalities. It is therefore essential to
perform neuroimaging investigations in infants exposed
to ZIKV. The objective of this study was to conduct a
systematic review of literature in order to evaluate the
radiological findings and to create a neuroimaging pro-
file of children with microcephaly exposed to intrauter-
ine ZIKYV infection regarding the time of intrauterine
infection.

Methods

This systematic review was performed in accordance
with the methodology described in the Cochrane
Handbook for Systematic Reviewers and presented by
Preferred Reporting Items for Systematic Review and
Meta-analyses (PRISMA) statement.®

Search strategy

A literature search was performed in PubMed,
Cochrane Library, and Web of Science. The terms
used for the search strategy included “Zika virus,”
“microcephaly,”  “‘newborn,”  “pregnancy,” and
“neuroimaging.”

Eligibility criteria

Inclusion criteria. Prospective and retrospective clinical
studies with neuroimaging examinations, including
computed tomography (CT) scan or magnetic reson-
ance imaging (MRI), of individuals infected with
ZIKV and microcephaly were included in the study,
without any restrictions on the language or year.
Reports published until July 2019 were considered.
Additionally, the study included even those articles
that mentioned the diagnosis of Zika infection,
irrespective  of whether it was confirmed or only
suspected.

Exclusion criteria. Preclinical studies, in vivo studies, let-
ters to the editor, editorials, duplicate publications, art-
icles that did not have any data for evaluation, articles
that did not address neuroimaging (CT or MRI), and
studies using transfontanellar ultrasound as imaging
methods were excluded.

Data extraction

Endnote version X9 software was used for data extrac-
tion. The databases were thoroughly searched, and
duplicate entries were removed. Abstracts that did not
provide sufficient information regarding the inclusion
and exclusion criteria were selected for full-text evalu-
ation. In the second phase, the same reviewers inde-
pendently evaluated the full text of these articles and
made their selection in accordance with the eligibility
criteria. Two reviewers (J.M. and B.B.F.) performed
the literature search and study selection independently.
Disagreements were solved by consensus or a third
reviewer (G.R.).

Statistical analysis

In order to verify the statistically significant differences
between the neuroradiological findings of patients
infected with ZIKV in the first or second trimester of
gestation, chi-square and Fisher’s exact tests with 95%
confidence intervals were performed.

Results

The initial database search yielded 2214 articles. After
removal of duplicate entries, 2211 articles were filtered
according to the inclusion criteria. Of these, 2170 were
excluded following analysis of titles and abstracts, thus
leaving 42 articles for full-text evaluation. Out of the
rejected articles, 17 studies were excluded because they
lacked CT or MRI investigation, while two were experi-
mental studies, resulting in a total of 22 studies.
Subsequently, 11 articles were excluded because they
were not case reports, and four were disqualified
because they did not include the trimester of gestation
in which the infection occurred. Consequently, only
eight articles were included in this review.’ '® The com-
plete study flow chart is shown in Figure 1.

This review included eight studies describing 235
cases of congenital Zika syndrome. The gestational
period of ZIKV infection was reported in only 152
cases, while in the remaining 83 cases, the time of con-
traction of the infection was unknown (Table 1). The
almost abnormal brain imaging findings (CT and/or
MRI) were reviewed from 152 infants exposed to
ZIKV. The infection occurred predominantly in the
first trimester (n=119) compared to the second
(n=30) and the third (n=3). The majority of neuroi-
maging abnormalities occurred in the first or second
trimester, and these abnormalities are described



154

The Neuroradiology Journal 33(2)

=
£ Records identified through database searching o Duplicates
E (n=2214) ® (n=3)
=

A 4

l

(n=2211)

Records after duplicates removed

A4

Screening

(n=2211)

Records screened

Records excluded
(n=2170)

v

A 4

Articles excluded

eligibility
(n=42)

Eligibility

Full-text articles assessed for

- Experimental studies (n =2)
- Not a case report (n=11)
e -There was no investigation with
CTorMRI (n=17)
- No include the trimester of

gestation that occurred the infection
(n=4)
- It did not include the trimester of
gestation that caused the infection

(n=28)

Included

Studies included in
qualitative synthesis

Figure 1. Summary of evidence search and study selection.

in Table 2. The most frequent findings in the first and
second trimesters included decreased brain volume and
increased extra-axial cerebrospinal fluid (CSF) space
(81.5% and 80%, respectively), subcortical calcifica-
tions (88.2% and 93.3%, respectively), microcephaly
(93.3% and 90%, respectively), ventriculomegaly
(78.1% and 73.3%, respectively), malformation of cor-
tical development (58.8% and 73.3%, respectively),
basal ganglia calcifications (50.4% and 33.3%, respect-
ively), and mega cisterna magna (50.4% and 20%,
respectively). Out of the three cases in which the infec-
tion was contracted in the third trimester, the mother
was infected in the seventh month of gestation in the
first case, and presented with cortical calcifications and

reduced cortical volume. The infection occurred in the
eighth month of gestation in the second case, and neu-
roimaging exhibited subcortical calcifications, reduced
cortical volume, and colpocephaly. In the third case,
neuroimaging showed malformation of the cortical
area, subcortical calcifications, periventricular calcifica-
tions, and decreased brain volume in addition to the
increased extra-axial CSF space.

In relation to the cases of contamination occurring
in the second trimester of pregnancy, one outcome,
mega cisterna magna (p=0.003), had a score of
p <0.05, thus presenting to be the most recurrent symp-
tom when there was contamination in the first trimester
(Table 2).
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Table 1. Characteristics of included studies.
Time of Infection (maternal symptoms)
No. of cases

Author(s) (year) (CT, MRI, or both) 1st trimester 2nd trimester 3rd trimester Unknown
Aragao et al. (2016)° 23 (15, 1, 7) 17 5 - 1

Van Der Linden (2016)"° 13 (3, 0, 10) 4 2 - 7
Aragao et al. (2017)"! 19 (0, 19, 0) 9 5 - 5
Carvalho et al. (2017)" 37° 18 4 2 13
Castro et al. (2017)" 8 (0,7, 0) 7 - - 1

Pires et al. (2018)™ 8(8,0,0) 5 2 - 1
Parra-Saavedra et al. (2017)" 17 (0, 16, 0) 14 3 - -

Pool et al. (2019)" 110 (81, 45, 16) 45 9 1 55

Total number of cases 235 119 30 3 83

*The study does not specify whether MRI or CT or both. CT: computed tomography; MRI: magnetic resonance imaging.

Table 2. Neuroimaging findings and trimester of maternal Zika virus infection.

Trimester, n (%)

Fisher’s exact

Infant neuroimaging findings First (N=119) Second (N=30) OR (95% Cl) test (p)
Decreased brain volume + increased 97 (81.5) 24 (80.0) 1.10 (0.32-3.22) 0.799
extra-axial CSF space
Subcortical calcifications 105 (88.2) 28 (93.3) 0.53 (0.05-2.56) 0.528
Microcephaly 111 (93.3) 27 (90.0) 1.53 (0.24-6.96) 0.463
Ventriculomegaly 93 (78.1) 22 (73.3) 1.29 (0.44-3.48) 0.628
Malformation of cortical development 70 (58.8) 22 (73.3) 0.52 (0.18-1.34) 0.206
Basal ganglia calcifications 60 (50.4) 10 (33.3) 2.02 (0.82-5.27) 0.105
Mega cisterna magna 60 (50.4) 6 (20.0) 4.03 (1.46-12.94) 0.003*
Corpus callosum abnormalities 41 (34.4) 9 (30.0) 1.22 (0.48-3.32) 0.829
Brain stem hypoplasia 48 (40.3) 8 (26.7) 1.85 (0.71-5.22) 0.207
Periventricular calcifications 45 (37.8) 7 (23.3) 1.98 (0.74-5.94) 0.197
Cerebellum hypoplasia/atrophy 43 (36.1) 7 (23.3) 1.85 (0.69-5.54) 0.202
Brain stem calcification 22 (18.5) 3 (10.0) 2.03 (0.54-11.39) 0.412
Cerebellum calcification 4 (3.3) 3 (10.0) 0.31 (0.05-2.28) 0.145

*Statistically significant. Cl: confidence interval; OR: odds ratio; CSF: cerebrospinal fluid.

Discussion

This systematic review evaluated changes in the brains
of newborns with congenital ZIKV infection through
distinct neuroimaging methods (CT and MRI exams)
and tried to establish the association between the
abnormalities and gestational period of infection.

The studies published so far have described image
abnormalities at random, without considering any pre-
established neuroradiological criteria, and have used
imaging modalities with different sensitivity and accur-
acy, which has in turn failed to yield a reliable and
adequate statistical analysis. Another limitation of the
majority of such studies concerns the absence of a
cause—effect relationship due to the unavailability of
data describing the gestational period in which the
fetus contracted the infection. In addition, the authors
came across numerous neuroimaging findings only
describing cerebral malformations with microcephaly,

with no association between the time of evidence of the
severity of outcomes and the period of contraction of
ZIKV infection. The main finding of this systematic
review is that the most serious and prevalent alterations
in the brain were established to occur when the infec-
tion was contracted in the first trimester of gestation. In
contrast, it was verified that infections occurring in the
second or third trimesters of gestation presented less
severe and less complex radiological changes (Table 1).

Since ZIKV interferes with the process of neuronal
migration and consequent brain formation, the most
prevalent radiological alterations, in both the first and
second trimesters, presented to be subcortical calcifica-
tions, ventriculomegaly, microcephaly, decreased cere-
bral volume, and malformed cortical development.
With regard to infections occurring in the third trimes-
ter, only two cases of microcephaly were described,
with no other malformations.
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The possible relationship between ZIKV infection in
the gestational period and the aforementioned central
nervous system (CNS) changes raises great global
public-health concern, as this infection does not have
any effective treatment to date. The period of contrac-
tion of infection of the ZIKV and the occurrence of
fetal brain abnormalities that may be susceptible to
viral pathogenesis, as well as the way in which it affects
the appearance of brain abnormalities on imaging, are
poorly understood.

The changes in the brain that are caused by the infec-
tious agents during the gestational period differ from
those occurring in children and adults after birth. This
is because the former condition occurs during nervous
tissue development. Manifestations of these infections
differ depending on the time of contraction and are less
related to the virulence of the agent. Thus, in general,
infections occurring during the first or second trimester
result in congenital malformations, while those occur-
ring in the third trimester cause destructive lesions.'’

The ZIKV infection causes abnormalities during
neural differentiation, primarily targeting the neural
stem cells (NSC). ZIKV proteins interfere with the
functioning of NSCs, resulting in severe consequences
such as metabolic fluxes, inhibition of cell proliferation,
and cellular apoptosis.'® Neurospheres generated from
human-induced pluripotent stem cells (iPSC) after three
days of ZIKV infection showed morphological alter-
ations and cell detachment, which can mainly be asso-
ciated with the cellular migration processes. After six
days of exposure to ZIKV, only a few neurospheres
were found to survive the viral action. ZIKV can be
found in membranes, mitochondria, and cellular
vesicles. Other alterations caused by the ZIKV in neu-
rospheres include apoptotic nuclei formation, charac-
teristics of cell death, and the presence of a smooth
membrane. The impact of ZIKV during embryonic
neurogenesis is exhibited by the exposition of ZIKV
to cerebral organoids derived from iPSC. The average
growth of the organoids exposed to ZIKV in the experi-
mental group was observed to be reduced by 40% com-
pared to the cerebral organoids in the control group.
This demonstrates that ZIKV induces cell death in
human iPSC-derived NSCs, disrupts the formation of
neurospheres, and decreases the growth of organoids,
thus indicating that ZIKV infection may cause severe
damage in models that mimic the first trimester of the
brain development.'”

Similar studies have shown that ZIKV infection can
modulate cellular metabolism in the neuronal cells in
the first stage of neurodifferentiation through P53 acti-
vation and mTOR pathway inhibition by inducing an
early shift from glycolysis to OXPHOS that causes
immature differentiation, apoptosis, and stem-cell
exhaustion.?’-%!

Another important contribution of this systematic
review, which may be of great significance to subse-
quent studies, is the discovery of numerous methodo-
logical or descriptive limitations that may have

distorted the prevalence or frequency of neuroradiolo-
gical findings in newborns with congenital ZIKV. One
of the most important limitations noted was the
absence of neuroradiological criteria for the description
of brain abnormalities, which is evident by the absence
of homogeneity in the findings, as two different descrip-
tions have frequently been used to describe the same
neuroradiological finding. Another relevant limitation,
which certainly modified the actual frequency/preva-
lence of described neuroradiological abnormalities,
was the equivalence between ultrasonography, CT,
and MRI during description and tabulation of the
results, which was done without taking into account
the disparity in sensitivity and accuracy between the
three methods. As a result, high frequencies and a
greater diversity of brain changes were reported in the
studies with a higher number of MRIs, while only a few
changes/descriptions were documented in the studies
with fewer MRI examinations. The difficulties encoun-
tered while assessing the relationship between gesta-
tional age at which ZIKV infection was contracted
and the structural changes in the brain are associated
with the lack of laboratory evidence and recording of
clinical information, imaging studies with varying sen-
sitivities and/or reports with limited details of the
abnormalities, and the heterogeneity in their descrip-
tion in few studies. Also, in some case reports, there
is no description of alterations in the midline abnorm-
alities such as changes in the corpus callosum and cere-
bellar vermis (perhaps due to the predominant number
of CT scans and low-quality MRIs) and no recognition
of cerebral and cerebellar atrophy or enlargement of
cerebrospinal fluid space. Lastly, poor experience of
the radiologists in pediatric neuroimaging, many
of which were interpreted by non-radiologists or gen-
eral radiologists, also played a role.

The number of studies specifying radiological find-
ings of congenital ZIKV infection is still very low. The
clinical and radiological peculiarities of this pathology
are in constant debate, as demonstrated in this review
article. The necessity for a final description and classi-
fication of brain abnormalities caused by ZIKV infec-
tion, using appropriate neuroimaging criterion that
allows a sequential cause—effect relationship with the
gestational period of fetal infection, may be of great
value in assessing the outcomes and prognoses of
affected children.

MRI is the best method for assessing the CNS of
fetuses with suspected defects.”? The absence of ioniz-
ing radiations and the ability for greater tissue differ-
entiation allows for a better study of the CNS, thus
eliminating the limitations caused by skull artifact or
fetal position. Further MRI studies are warranted for a
more detailed and specific evaluation of the brain
abnormalities caused by congenital ZIKV infection, in
addition to the studies involving a more homogenous
design, with a higher number of evaluated outcomes,
and studies that have two independent evaluators who
are well trained to examine the images.



Radaelli et al.

157

Conclusions

Neuroimaging abnormalities are much more prevalent
and severe when the ZIKV infection occurs in the first
or second trimester of pregnancy. Findings that might
differentiate infections occurring in the first trimester in
comparison to the second include mega cisterna magna.
The most recurrent malformations seen in the
infections in both the first and second trimesters of
pregnancy include subcortical calcifications and micro-
cephaly. The evidence provided in this study may help
public policies in the treatment and prevention of ZIKV
microcephaly worldwide.
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