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Zika Virus Infection with Prolonged Maternal
Viremia and Fetal Brain Abnormalities
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A. Rosenberg, D.A. Hill, R.L. DeBiasi, G. Vezina, J. Timofeev, F.J. Rodriguez,
L. Levanov, J. Razak, P. lyengar, A. Hennenfent, R. Kennedy, R. Lanciotti,
A. du Plessis, and O. Vapalahti

SUMMARY

The current outbreak of Zika virus (ZIKV) infection has been associated with an
apparent increased risk of congenital microcephaly. We describe a case of a preg-
nant woman and her fetus infected with ZIKV during the 11th gestational week.
The fetal head circumference decreased from the 47th percentile to the 24th per-
centile between 16 and 20 weeks of gestation. ZIKV RNA was identified in mater-
nal serum at 16 and 21 weeks of gestation. At 19 and 20 weeks of gestation,
substantial brain abnormalities were detected on ultrasonography and magnetic
resonance imaging (MRI) without the presence of microcephaly or intracranial
calcifications. On postmortem analysis of the fetal brain, diffuse cerebral cortical
thinning, high ZIKV RNA loads, and viral particles were detected, and ZIKV was
subsequently isolated.

IKA VIRUS (ZIKV), A MOSQUITO-BORNE FLAVIVIRUS AND MEMBER OF THE

Flaviviridae family, was originally isolated from a sentinel primate in Ugan-

da in 1947.* ZIKV was associated with mild febrile disease and maculopapu-
lar rash in tropical Africa and some areas of Southeast Asia. Since 2007, ZIKV has
caused several outbreaks outside its former distribution area in islands of the Pa-
cific: in 2007 on Yap island in Micronesia, in 2013 and 2014 in French Polynesia,
and in 2015 in South America, where ZIKV had not been identified previously.*®
There are separate African and Asian lineages of the virus,® and the latter strains
have caused the outbreaks in the Pacific and the Americas.” As in the transmission
of dengue and chikungunya viruses, the main transmission cycle of ZIKV occurs
between urban aedes mosquitoes and humans.

One striking feature of the current ZIKV outbreak is the apparent increased risk
of intrauterine or perinatal transmission of the virus as well as the marked in-
crease in the number of newborns with microcephaly reported in Brazil.*'” A recent
prospective study showed fetal ultrasonographic abnormalities in 12 of 42 women
(29%) with ZIKV infection during pregnancy; 7 of the 42 fetuses (17%) that were
studied had microcephaly, cerebral atrophy, or brain calcifications."* Because of
the association between ZIKV infection and microcephaly and other neurologic
disorders, the World Health Organization has declared the ZIKV epidemic a public
health emergency of international concern.

Early in this particular outbreak, investigations into the viral pathogenesis,
vertical transmission rates, potential viral cofactors, and sensitivity and specificity
of diagnostic testing have presented more questions than answers. Nevertheless,
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Figure 1. Timeline of Symptoms and Radiographic and Laboratory Studies.

This timeline highlights the symptoms of Zika virus (ZIKV) infection in the mother (bottom row) and the corresponding radiographic
and laboratory findings in the fetus (top row). The inset photograph shows the mother’s rash at the time of the onset of the acute illness.
DENV denotes dengue virus, MRI magnetic resonance imaging, PBMC peripheral-blood mononuclear cells, and PRNT plaque-reduction

neutralization test.

the Centers for Disease Control and Prevention
(CDC) has issued a travel advisory for pregnant
women,” as well as guidelines for health provid-
ers caring for all travelers from affected regions.'>"”
The CDC recommends that pregnant women with
a history of travel to an area in which ZIKV is
endemic should undergo ZIKV serologic testing
and fetal ultrasonography to screen for micro-
cephaly or intracranial calcifications.” For a diag-
nosis of fetal ZIKV infection, RNA detection in
amniotic fluid may be considered in pregnant
women with positive results on ZIKV serologic
testing.’® Here we present a report of a case of
congenital ZIKV infection and subsequent findings
in a pregnancy that was terminated at 21 weeks of
gestation.

CASE REPORT

A 33-year-old Finnish woman who was in the
11th week of gestation was on holiday in Mexico,
Guatemala, and Belize with her husband in late
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November 2015. (Details are provided in Section
1.0 of the Supplementary Appendix, available with
the full text of this article at NEJM.org.) During
their travels, she and her husband recalled being
bitten by mosquitoes, particularly in Guatemala.
One day after her arrival at her current residence
in Washington, D.C., she became ill with ocular
pain, myalgia, and mild fever (maximum, 37.5°C),
which lasted for 5 days. On the second day of
fever, a rash developed (Fig. 1, and Fig. S5 in the
Supplementary Appendix). Her husband was con-
comitantly reporting similar symptoms. Serologic
analysis that was performed 4 weeks after the
onset of illness while she was on a trip to her
native Finland was positive for IgG antibodies
and negative for IgM antibodies against dengue
virus. Subsequent serologic analysis was positive
for both IgG and IgM antibodies against ZIKV,
findings that were compatible with acute or re-
cent ZIKV infection. Serologic analysis for the
presence of chikungunya virus was negative. The
patient had been vaccinated against tick-borne
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encephalitis and yellow fever more than 10 years
earlier.

Fetal ultrasonography that was performed at 13,
16, and 17 weeks of gestation (1, 4, and 5 weeks
after the resolution of symptoms) showed no evi-
dence of microcephaly or intracranial calcifica-
tions. However, there was a decrease in the fetal
head circumference from the 47th percentile at
16 weeks to the 24th percentile at 20 weeks.

At 16 weeks of gestation, the presence of fla-
vivirus in serum was detected on nested reverse-
transcriptase—polymerase-chain-reaction (RT-PCR)
assay, and sequencing showed identity to Central
American epidemic strains of ZIKV. The finding
was confirmed with a specific ZIKV quantitative
RT-PCR assay (Table S2 in the Supplementary Ap-
pendix). The Division of Vector-Borne Diseases
Arbovirus Diagnostic Laboratory at the CDC re-
ported serologic evidence of infection at 17 weeks
of gestation, with serum positivity for ZIKV IgM
and a titer of more than 1:2560 on a plaque-reduc-
tion neutralization test. On the basis of these re-
sults, the patient sought more thorough assess-
ment of the fetus.

Fetal ultrasonography at 19 weeks of gestation
showed abnormal intracranial anatomy (Fig. 2,
and Fig. S1 in the Supplementary Appendix). The
cerebral mantle appeared to be thin with increased
extra-axial spaces. Both frontal horns were en-
larged with heterogeneous, predominantly echo-
genic material present in the frontal horn and body
of the left lateral ventricle, a finding that raised
concern about intraventricular hemorrhage. Dila-
tion and upward displacement of the third ventri-
cle, dilation of the frontal horns of the lateral
ventricles, concave medial borders of the lateral
ventricles, and the absence of the cavum septum
pellucidum suggested agenesis of the corpus
callosum. No parenchymal calcifications were
seen. The head circumference measured in the
24th percentile for gestational age. The remain-
der of the fetal anatomy was normal.

Fetal MRI at 20 weeks of gestation showed
diffuse atrophy of the cerebral mantle, which
was most severe in the frontal and parietal
lobes, with the anterior temporal lobes least af-
fected (Fig. 3). The normal lamination pattern of
the cerebral mantle was absent, and the subplate
zone was largely undetectable. The corpus cal-
losum was significantly shorter than expected
for gestational age, with an anterior—posterior
length of 14 mm (expected range, 18 to 22).1%1°
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The cavum septum pellucidum was very small.
The lateral ventricles were mildly enlarged, as
was the third ventricle, with a transverse diam-
eter measuring 2.5 mm (average measurement at
gestational age, 1.75 mm [range, 1.1 to 2.3]).®
The fourth ventricle was normal. The volume of
the choroid plexus was unusually prominent, with-
out evidence of hemorrhage. No focal destructive
lesions were identified within the cerebral cortex
or white matter. The cerebellum was normal in
appearance and size. Given the grave prognosis,

Figure 2. Fetal Ultrasonography at 19 Weeks
of Gestation.

In an ultrasonographic image of the brain of the ZIKV-
exposed fetus in this report (Panel A), shown are a
thin cerebral cortex with increased extra-axial space
(E), dilation of the third ventricle (T), enlargement of
both frontal horns (F), and the apparent absence of
the cavum septum pellucidum, as compared with an
image obtained in a normal fetus of the same gesta-
tional age with a visible cavum septum pellucidum (C)
(Panel B).
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Figure 3. Magnetic Resonance Imaging of the Fetal Brain at 19 Weeks of Gestation.

On T,-weighted imaging of the brain of the ZIKV-exposed fetus, a 3-mm-thick axial view (Panel A) shows severe at-
rophy of the cerebral mantle, which was most visible in the frontal regions (arrows) where the cortical mantle mea-
sures 1.4 mm. In a 2-mm-thick midline sagittal image (Panel B), the small corpus callosum (arrows) is visible, with
an anterior—posterior length of 14 mm (normal range, 18 to 22)."*%. Below are matching images of the same loca-
tions and thicknesses in a normal fetus with a gestational age of 20 weeks 3 days, showing the cortical mantle mea-
suring 8 mm (in Panel C) and the corpus callosum measuring 20 mm (in Panel D).

N ENGLJ MED NEJM.ORG

The New England Journal of Medicine
Downloaded from nejm.org on March 31, 2016. For personal use only. No other uses without permission.
Copyright © 2016 Massachusetts Medical Society. All rights reserved.



BRIEF REPORT

the patient elected to terminate the pregnancy at
21 weeks of gestation.

METHODS

We tested samples obtained from the patient,
her spouse, and the fetus and from viral isola-
tion trials for ZIKV RNA using nested pan-flavi-
virus RT-PCR and quantitative RT-PCR for ZIKV.
Levels of ZIKV IgM, IgG, and neutralizing-anti-
body titers were determined by means of stan-
dard methods. We performed immunohisto-
chemical and electron microscopic analyses to
study fetal brain tissue. Viral isolation trials us-
ing the patient’s serum and fetal tissues were
performed with the use of SK-N-SH human neu-
roblastoma cells, Vero E6 green monkey kidney
cells, and C6/36 Aedes albopictus mosquito cells.
We used next-generation sequencing and Bayes-
ian analysis to study the genetics of the ZIKV
strain isolate. Additional details about the analy-
ses are provided in the Methods section of the
Supplementary Appendix.

RESULTS

FETAL NEUROLOGIC ABNORMALITIES

A postmortem examination was performed with
materials collected for additional study. Gross
examination showed normal fetal anatomy and
severe autolysis. The brain weighed 30 g (refer-
ence weight, 49+15%) and showed no apparent
gross abnormalities. Microscopic analysis re-
vealed abundant apoptosis primarily affecting
the intermediately differentiated postmigratory
neurons in the neocortex (Fig. 4, and Fig. S2 in
the Supplementary Appendix). Early mineraliza-
tion was seen in association with apoptotic
neurons focally. In contrast, the well-differenti-
ated neurons of the basal ganglia and limbic
regions as well as primitive cells in the germinal
matrix appeared to be unaffected.

In addition to the cortical neuronal abnor-
malities, the subventricular zone and white mat-
ter showed severe volume loss with extensive
axonal rarefaction and macrophage infiltrates
(Fig. 4). This pattern correlates with the atrophy
of the subplate seen on prenatal imaging. There
was diffuse infiltration of macrophages in the
cerebral cortex, subventricular zone, white mat-
ter, and leptomeninges but not in the germinal
matrix of the ganglionic eminence. Scattered
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loose microglial aggregates were observed in the
deep gray matter and brain stem, but there was
no evidence of well-formed microglial nodules
or other classic histologic features of viral en-
cephalitis, such as perivascular inflammatory in-
filtrates, viral inclusions, or ventriculitis. Ultra-
structural examination of fixed cortical tissue
showed a rare aggregate of intracellular elec-
tron-dense, viral-like particles that measured 39
to 41 nm in diameter (mean, 40.26). Our ability
to specifically localize the cellular compartment
housing the particles was limited by poor tissue
preservation, but the morphologic features and
size of this structure were similar to those re-
ported by Mlakar et al.’® and the CDC.* The
choroid plexus was focally enlarged and edema-
tous, with scant hemosiderin deposits, which may
appear to be similar to intraventricular hemor-
rhage on prenatal imaging. Histologic examina-
tion of the eyes, spinal cord gray matter, dorsal-
root ganglia, and spinal nerves did not reveal
overt microscopic abnormalities. Spinal white-
matter tracts were not well visualized. A detailed
pathological description of the brain and other
organs is provided in the Methods section of the
Supplementary Appendix.

FETAL AND MATERNAL ZIKV VIRAL LOADS

The highest ZIKV viral loads were found in fetal
brain, with substantial viral loads in the pla-
centa, fetal membranes, and umbilical cord, as
studied on quantitative RT-PCR (Table S2 in the
Supplementary Appendix). Lower amounts of ZIKV
RNA were found in fetal muscle, liver, lung, and
spleen. Amniotic fluid that was obtained at the
time of termination was positive for ZIKV RNA
with low viral counts. On PCR assays to detect
DNA, the amniotic fluid was negative for parvo-
virus B19, herpes simplex virus types 1 and 2,
cytomegalovirus (CMV), and Toxoplasma gondii,
and the fetal brain tissue was negative for her-
pes simplex virus types 1 and 2 and varicella—
zoster virus.

Maternal serum that was obtained on the
day before termination was also positive for
ZIKV RNA with a low viral count (2.1x10° copies
per milliliter). No ZIKV RNA was detected in
the serum, peripheral-blood mononuclear cells,
saliva, or urine in samples obtained 11 days and
13 days after termination. On IgM analysis, the
mother had no evidence of serum antibodies
indicating acute infection with CMV, parvovi-
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cellular compartment, as seen on electron microscopy.

Figure 4. Neuropathological Features of Fetal ZIKV Infection.

In postmortem analyses of samples obtained from the fetus, an area of parietal cortex has abundant apoptotic neu-
rons (Panel A), with detail shown in the inset view. The unaffected occipital cortex is thicker than the parietal cortex
(Panel B), as indicated by the vertical bars. The basal ganglia (striatum) appears to be morphologically normal (Pan-
el C), and cells in the germinal matrix of the ganglionic eminence are histologically normal (Panel D). White matter
shows extensive axonal rarefaction and infiltrates of macrophages containing foamy cytoplasm and cellular debris
in some cells (Panel E) (hematoxylin and eosin staining in Panels A through E). Panel F shows macrophage infil-
trates in the cortex (area above the dashed line) and subcortical white matter (area below the dashed line) (anti-
CD68 immunostaining with hematoxylin counterstaining). The inset shows possible viral-like particles within a sub-

rus B19, T. gondii, or rubella virus. Samples ob-
tained from her spouse were all negative for
ZIKV RNA, including urine (obtained 11 weeks
after travel), serum (obtained 5 and 11 weeks
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after travel), and semen (obtained 10 and 12
weeks after travel), although results of testing
for ZIKV IgG (titer 320) and IgM (titer 20) were
positive.
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VIRUS ISOLATION

ZIKV replication was detected as an increase in
ZIKV RNA on quantitative RT-PCR assay of SK-
N-SH and Vero E6 cells inoculated with the fetal
brain sample. The quantities of ZIKV RNA in-
creased rapidly in the SK-N-SH cells after the
first day of inoculation, whereas in the Vero E6
cells, viral RNA loads started to increase on day
4 after inoculation. Viral replication was not
detected in cells inoculated with other samples.
The tissue-inoculated SK-N-SH and Vero EG cells
were further shown to express ZIKV antigens by
reactivity with human convalescent anti-ZIKV
serum (obtained from the father of the fetus) on
immunofluorescence staining and to produce
flavivirus-like particles, as seen on electron mi-
croscopy (Fig. 5).

A complete ZIKV genome was sequenced
from supernatant of SK-N-SH cells on day 5 after
inoculation. Phylogenetic analysis indicated that
the viral strain (designated ZIKV_FB-GWUH-2016;
GenBank number, KU870645) was a member of
the Asian genotype and closely related to two
ZIKV sequences obtained from Guatemalan pa-
tients who presented with mild illness (Fig. 6,
and Fig. S6 in the Supplementary Appendix).” The
FB-GWUH-2016 strain had 23 to 51 nucleotide
differences and 8 to 14 amino acid differences
as compared with the ZIKV strains detected pre-
viously in the Americas (99.6 to 99.8% identities)
(Fig. 5D). Five of the eight differences in amino
acids between FB-GWUH-2016 and the Guatema-
lan strains were specific for the FB-GWUH-2016
strain (i.e., differences that were not detected in
other ZIKV strains sequenced so far). One amino
acid substitution was a reversion toward the Afri-
can ZIKV genotype. Three amino acid substitu-
tions were common for FB-GWUH-2016 and the
Guatemalan strains but distinct from all other
reported ZIKV strains.

DISCUSSION

The current recommendations for ZIKV diagnos-
tic practices are based on the understanding that
ZIKV viremia lasts for less than a week after the
onset of infection.”® During the week of symp-
tomatic infection, RNA detection in serum or
blood is considered to be the diagnostic method
of choice. ZIKV RNA can be detected in urine for
some days longer.?>* ZIKV is also present in se-
men for an unknown length of time, and scat-
tered reports of sexual transmission of ZIKV
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have emerged.**?® ZIKV RNA testing is not rec-
ommended for pregnant women after the first
week after the onset of clinical disease. The di-
agnosis is usually based on a ZIKV-specific anti-
body response with higher IgM and neutraliz-
ing-antibody responses to ZIKV than to other
flaviviruses.’* However, we have detected ZIKV
RNA in the serum of a pregnant woman at 4 weeks
and 10 weeks after the clinical onset of ZIKV infec-
tion but not after delivery. We suspect that the
persistent ZIKV viremia in the patient described
here was a consequence of viral replication in
the fetus or placenta, which had high viral loads.
Therefore, in addition to current ZIKV diagnos-
tics, the use of quantitative RT-PCR methods
may be a potential diagnostic approach for on-
going placental or fetal infections in pregnant
women. Notably, in this patient, the ZIKV RNA
levels were slightly higher in the maternal serum
than in the amniotic fluid. The dynamics of ZIKV
RNA in the serum of infected pregnant women
are not well understood and will need to be as-
sessed in larger studies.

It is estimated that 80% of ZIKV infections
are asymptomatic.”® Although the evidence of
the association between the presence of ZIKV in
pregnant women and fetal brain abnormalities
continues to grow, the timing of infection dur-
ing fetal development and other factors that may
have an effect on viral pathogenesis and their
effects on the appearance of brain abnormalities
on imaging are poorly understood. Oliveira Melo
et al.? described two cases of ZIKV intrauterine
infection associated with microcephaly and brain
calcifications that were diagnosed by means of
ultrasonography during the third trimester. Sim-
ilar to the fetus in our report, the two fetuses in
that study showed abnormal development of the
corpus callosum and decreased brain parenchymal
volume. In the case described by Mlakar et al.,’® the
results of ultrasonography that was performed at
14 weeks and 20 weeks of gestation were nor-
mal, but microcephaly, ventriculomegaly, and
calcifications were seen on ultrasonography at
29 weeks of gestation.”” In the larger Brazilian
cohort, cerebellar atrophy was seen in a fetus at
20 weeks of gestation, but microcephaly was not
diagnosed until 27 to 35 weeks in their cohort."!
In our study, a review of three sequential ultra-
sonographic images between 16 and 20 weeks
showed a decrease in the fetal head circumfer-
ences from the 47th percentile to the 24th per-
centile, which suggests a reduction in the rate of
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Figure 5. Isolation of ZIKV from Fetal Brain Tissue, ZIKV Growth in Fetal Tissues, Electron Microscopy

of a Flavivirus-like Particle, and Amino Acid Differences in the Newly Isolated Strain.

Panel A shows immunofluorescence assays of human neuroblastoma cells (SK-N-SH) and Vero E6 cells that were
inoculated with fetal tissue samples to determine the presence of ZIKV. The samples were shown to express ZIKV
antigens by reactivity with human convalescent anti-ZIKV serum (ZIKV IgG-positive and IgG-negative [control]

samples; dilution, 1:40) obtained from the father. Antihuman IgG fluorescein isothiocyanate conjugate was used as
a reagent. Panel B shows the growth curve of ZIKV in SK-N-SH and Vero E6 cells on RT-PCR, indicating the change
in ZIKV RNA loads (as determined by the change in cycle threshold) in cell cultures after inoculation with samples
from fetal brain, spleen, membrane and cord, and placenta. Panel C shows an electron microscopic image of a par-
ticle resembling a flavivirus from supernatant of SK-N-SH cells inoculated with fetal brain tissue. Panel D shows
amino acid differences between the FB-GWUH-2016 isolate of ZIKV in this study and the related Guatemalan ZIKV
strains (red arrows) and the amino acids that were identical in the study isolate and the related strains but distinct

from all other known epidemic strains (blue arrows).

brain growth during that period (Fig. S3 in the
Supplementary Appendix). We suspect these re-
ductions in brain growth would have eventually
met the criteria for microcephaly. As this case
shows, the latency period between ZIKV infec-
tion of the fetal brain and the detection of mi-
crocephaly and intracranial calcifications on ul-
trasonography is likely to be prolonged. Negative
ultrasonographic studies during this period
would be falsely reassuring and might delay criti-
cal time-sensitive decision making. Serial ultra-
sonographic measurements of head circumference
may provide useful predictive information. The
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superior soft-tissue resolution of fetal brain MRI
might be more sensitive to developmental and
encephaloclastic changes, thereby expediting the
detection of evolving fetal brain anomalies.
This case is an early foray into the histo-
pathological findings associated with ZIKV in the
midgestational fetal brain. The overwhelming
findings were of loss of intermediately differen-
tiated postmigratory neurons through an apop-
totic mechanism. There appeared to be preser-
vation of more differentiated neurons in basal
ganglia, limbic region, and dorsal spinal cord. The
germinal matrix cells also appeared to be spared.
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Of note, the germinal matrix consists predomi-
nantly of glioblasts at midgestation with the ma-
jority of the neuroblasts having already migrated
out of the zone. Although we could not evaluate
neuronal precursor subtypes other than calretinin-
expressing interneuron lineage cells, selective neu-
ronal vulnerability to ZIKV injury requires further
investigation.

The successful isolation of infectious ZIKV
from human fetal brain fulfills Koch’s second
postulate regarding the isolation of pathogens
from a diseased organism and strengthens the
association between congenital ZIKV infection
and fetal brain damage. Although ZIKV RNA was
found in several fetal organs and the placenta, the
virus could be isolated only from brain tissue.
The rapid isolation in a human neuroblastoma
cell line suggests a predilection of the ZIKV
strain for human neural lineage cells. This hy-
pothesis is in line with the histopathological
findings and the results of a recent study show-
ing a high rate of ZIKV infection in cortical
neural progenitor cells but not in embryonic or
pluripotent stem cells.*® The close genetic rela-
tionship between the isolate in our report and
Guatemalan ZIKV strains was consistent with the
anamnestic knowledge on the likely geographical
origin of the infection. We found a relatively high
frequency of nonsynonymous mutations between
the FB-GWUH-2016 genome and the Guatemalan
ZIKV genome (Fig. S4 in the Supplementary Ap-
pendix), a finding that could indicate viral adap-
tation to growth in the fetal brain. However, no
amino acid changes were identical to previously
reported alterations in the ZIKV genome se-
quenced from fetal brain tissue.'

In conclusion, our study highlights the pos-
sible importance of ZIKV RNA testing of serum
obtained from pregnant women beyond the first
week after symptom onset, as well as a more
detailed evaluation of the fetal intracranial anat-
omy by means of serial fetal ultrasonography or
fetal brain MRI. The isolation of ZIKV from fetal
brain provides additional evidence for the asso-

KU870645_FB-GWUH-02-Feb-2016
KU501216_103344_Guatemala_01-Dec-2015
4[1 KU501217_8375_Guatemala_01-Nov-2015
KU321639_ZikaSPH2015_Brazil-2015

KU509998_Haiti/1225-2014
KU527068_Natal_RGN_Brazil-2015
KU497555_Brazil_ZKV-30-Nov-2015
KU647676_MRS_OPY_Martinique_PaRi-Dec-2015
KU365777_BeH818995_Brazil-2015
KU365780_BeH815744_Brazil-2015
KU365779_BeH819966_Brazil-2015
'I?LGJ707826-SSABR1_BraZi|_01-J ul-2015
KU365778_BeH&19015_Brazil-2015
KU501215_PRVABC59_Puerto_Rico_01-Dec-2015
KU740184_GDO01_China_Feb-2016
KU312312_71106033_Suriname-2015

Figure 6. Phylogenetic Tree Showing Newly Isolated ZIKV Strain.

The FB-GWUH-2016 ZIKV strain that was isolated in the fetal brain in this
case report is shown at the top of a phylogenetic tree, which was construct-
ed with the use of the Bayesian Markov chain Monte Carlo method. A sub-
clade of Asian lineage that contains the American ZIKV strains is shown.
Viral strains are listed according to country and year of collection. The
scale bar shows the nucleotide sequence divergence. An expanded phylo-
genetic tree showing the complete coding regions of ZIKV strains (as of
February 28, 2016) is provided in Fig. S6 in the Supplementary Appendix.

ciation between congenital ZIKV infection and
fetal brain damage and provides tools for fur-
ther studies of the pathogenesis of ZIKV-induced
microcephaly. Future studies at various gesta-
tional ages will offer better insight into the role
of ZIKV infection in abnormal brain development
and provide markers for its detection.
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