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SUMMARY

The rapid spread of the Zika virus (ZIKV) in the Americas and its
potential association with thousands of suspected cases of micro-
cephaly in Brazil and higher rates of Guillain-Barré syndrome
meet the conditions for a Public Health Emergency of Interna-
tional Concern, as stated by the World Health Organization in
February 2016. Two months later, the Centers for Disease Control
and Prevention (CDC) announced that the current available evi-
dence supports the existence of a causal relationship between pre-
natal Zika virus infection and microcephaly and other serious
brain anomalies. Microcephaly can be caused by several factors,
and its clinical course and prognosis are difficult to predict. Other
pathogens with proven teratogenicity have been identified long
before the current ZIKV epidemic. Despite the growing number of
cases with maternal signs of infection and/or presence of ZIKV in
tissues of affected newborns or fetuses, it is currently difficult to
assess the magnitude of increase of microcephaly prevalence in
Brazil, as well as the role of other factors in the development of
congenital neurological conditions. Meanwhile, health agencies
and medical organizations have issued cautious guidelines advis-
ing health care practitioners and expectant couples traveling to,
returning from, or living in affected areas. Analogous to dengue
virus (DENV) epidemics, ZIKV has the potential to become en-
demic in all countries infested by Aedes mosquitoes, while new
mutations could impact viral replication in humans, leading to
increased virulence and consequently heightened chances of viral
transmission to additional naive mosquito vectors. Studies are
urgently needed to answer the questions surrounding ZIKV and
its role in congenital neurological conditions.

INTRODUCTION

Early in 2015, an outbreak of Zika virus (ZIKV), a Flavivirus
transmitted by Aedes mosquitoes, was observed in northeast

Brazil (1–4). By September, reports of higher numbers of infants
born with microcephaly in ZIKV-affected areas began to emerge
(5). Prior to this, the prevalence of microcephaly at birth averaged
1 to 2 cases per 10,000 live births (6), although the exact rate is
unknown. In Brazil, more than 4,000 suspected cases of micro-
cephaly have been reported to the Ministry of Health since Sep-
tember 2015 through two special notification protocols, leading to
an estimated prevalence of approximately 10 cases per 10,000 live
births as of December 2015 (3, 7, 8).

At the beginning of February 2016, the World Health Organi-
zation (WHO) declared that the health threat severity associated
with the continuing spread of ZIKV disease in Latin America and
the Caribbean constituted a Public Health Emergency of Interna-
tional Concern (9). The rapid spread of ZIKV in the Americas,
composed of countries with a low level of population immunity,
its possible association with thousands of suspected cases of infant

microcephaly, and higher rates of Guillain-Barré syndrome (GBS)
meet the conditions for a Public Health Emergency of Interna-
tional Concern (i.e., a public health risk to other states through the
international spread of disease potentially requiring a coordinated
international response) (10).

According to the available circumstantial evidence, a causal
relationship between ZIKV infection in pregnant women and mi-
crocephaly is highly suspected by experts and health organiza-
tions. In addition to the temporal associations, the virus has been
detected in cases of diagnosed microcephaly in the amniotic fluid
obtained by ultrasound-guided amniocentesis (11), as well as in
tissues of newborns that died shortly after birth or following ter-
mination of pregnancy (8, 12). French Polynesia, which experi-
enced a ZIKV outbreak in 2013 and 2014, declared retrospectively
that more than a dozen newborns with neural defects were iden-
tified (8, 13). Since then, two studies, a retrospective study from
French Polynesia and a prospective study from Brazil, have pro-
vided the first attempts to quantify the risk of microcephaly (14,
15). In April 2016, the Centers for Disease Control and Prevention
(CDC) announced that the available evidence supports the exis-
tence of a causal relationship between prenatal Zika virus infec-
tion and microcephaly and other serious brain anomalies (16).

Since 2007, locally transmitted cases of ZIKV from 62 coun-
tries or territories, mostly located in the Americas, have been re-
ported to the Pan American Health Organization (PAHO) (17,
18). “Further spread to other countries, the lack of vaccines and
rapid, reliable diagnostic tests, as well as the absence of population
immunity in newly affected countries” have been cited by PAHO
as further cause for concern.

In this review, we will explore the increased rate of microceph-
aly reported in Brazil that coincided with the ZIKV outbreak in the
Americas, address the possible reasons for ZIKV’s shift in patho-
genicity and spread, and discuss the evidence supporting a causal
link.

MICROCEPHALY

Microcephaly is a rare pediatric condition, with potentially
significant complications for the child and his or her family. In
Europe, the European Surveillance of Congenital Anomaly
Network (EUROCAT) reports a microcephaly rate of 1.87/
10,000 births (6). In 2009, approximately 25,000 children in the
United States were diagnosed with microcephaly (19), with no
evidence of ZIKV involvement, due to its absence in the Amer-
icas at that time.

Definition and Diagnosis

Most current guidelines define microcephaly as an occipito-fron-
tal circumference (OFC) below the third percentile (�2 standard
deviations [SD]), and the term “severe microcephaly” is used for
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an OFC of �3 SD (19, 20). OFC measurements are considered to
correlate to brain size and reflect brain development. Distinction
should be made between primary microcephaly, in which abnor-
mal OFC is observed at birth, and secondary microcephaly, which
develops later (21).

The diagnosis of microcephaly is dependent on an arbitrary
cutoff limit defined by an acceptable deviation from the average
on reference charts. The dividing line between normal and abnor-
mal may therefore not reflect a true clinical diagnosis. Several
considerations need to be taken into account when discussing the
diagnosis of microcephaly. First, OFC is a clinical sign and ade-
quate measurement techniques are required. Second, the choice of
reference chart used can have a significant impact on the number
of cases identified. This is illustrated by the significant change in
the estimated number of annual suspected cases of microcephaly
in Brazil when using different diagnostic criteria. A total of 46,000
cases per year would be identified using the updated Brazil Min-
istry of Health recommendations of an OFC of �32 cm or 2 SD
below the Fenton reference (22) versus 18,000 cases using 2 SD
below the InterGrowth standards (20, 23). The authors of this
analysis recommended using the InterGrowth criteria to diagnose
microcephaly, as these charts were obtained using a standardized
multicenter prospective study and take additional factors into ac-
count, such as gestational age (GA) (20, 23). The WHO recom-
mends a cutoff of OFC below the third percentile, and the WHO
child growth charts are an additional standardized reference that
can be used after adjustment for gestational age (24, 25). Third,
OFC measurements may not be reliable during the first days of life
due to the presence of delivery sequelae, such as caput succeda-
num or cephalohematoma; therefore, the OFC measurement
should be confirmed 24 h after birth and diagnosis only made
thereafter (25). Finally, in utero predictions for microcephaly at
birth using the head circumference (HC) measurement may not
be accurate; an abnormal HC in utero should be interpreted in its
clinical context (26, 27).

Etiology

Microcephaly can be caused by several factors leading to brain
injury. The majority of neurons are generated prior to 21 weeks
gestation; nevertheless, significant brain development occurs af-
terwards through myelination and dendritic connections, ex-
plaining why both pre- and postnatal brain injuries can lead to
microcephaly (28). The most common etiologies of microcephaly
are listed in Table 1. In a study evaluating 680 children with mi-
crocephaly, the prevalence rates of different etiologies were as fol-
lows: 28.5% genetic (including inborn errors of metabolism),
26.7% perinatal brain injury (such as maternal disease [3.8%],
birth injury [17.3%], and exposure to teratogenic substances
[4.4%]), 13% cryptogenic (suspected genetic cause but no diag-
nosis identified), 2.1% craniosynostosis, 1.9% postnatal brain in-
jury (such as encephalitis, child abuse, concussion, and in-
farct), and the remaining 40.7% with no specific etiology found
(21). It is important to emphasize that although congenital
infections have been identified as a cause of microcephaly, ge-
netic anomalies are more frequently the cause. The number of
genetic anomalies associated with microcephaly has increased
recently due to significant improvements in genetic testing
(29). Additional genetic anomalies associated with microceph-
aly might be identified through the generalization of next-gen-
eration sequencing techniques (21). Therefore, a genetic cause

should be ruled out for each case of proven microcephaly as
part of the differential diagnosis for suspected cases of congen-
ital ZIKV infection (12). Figure 1 shows the sagittal magnetic
resonance imaging (MRI) analysis of an infant with an OFC
below the third percentile and currently undergoing investiga-
tions to determine etiology.

Clinical Course and Prognosis

The clinical course and prognosis of microcephaly are difficult to
predict, as they depend on the etiology and presence of additional
lesions. The prognosis is therefore worse in children in whom
microcephaly is part of a syndrome or resulting from a congenital
infection (30). In the same cohort of 680 cases of microcephaly
described above, 65% presented with either intellectual disability

TABLE 1 Main etiologies of microcephaly and associated examples

Microcephaly etiology category and example(s)

Genetic
Syndromic

Trisomy (21, 18, 13)
Continuous gene deletion

5p� deletion (Cri-du-chat syndrome)
Monogenic syndromes

Rett
Cornelia de Lange
Rubinstein-Taybi
Smith-Lemli-Opitz

Isolated
Autosomal dominant
Familial (autosomal recessive)
X-linked

Microdeletions/duplications
Inborn errors of metabolism

Perinatal brain injury
Congenital infections

CMV
Rubella
Toxoplasmosis

Teratogen exposure
Fetal alcohol syndrome
Hydantoin
Radiation

Hypoxic-ischemic encephalopathy
Maternal disease

Hyperphenylalaninemia
Poorly controlled diabetes
Severe maternal hypothyroidism
Folate deficiency

Placental insufficiency

Postnatal brain injury
Severe malnutrition
Meningitis/encephalitis
Trauma
Severe chronic disease

Hypothyroidism
Chronic renal insufficiency

Toxin exposure
Lead poisoning

Craniosynostosis
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or neurodevelopmental delay and 43% suffered from epilepsy
(21). These results are congruent with findings of another study in
which only half of the children with microcephaly had a normal
intelligence quotient (IQ) (31). The severity of the neurological
impairment seems to be associated with the severity of microceph-
aly (32). Given the above, the prognosis may be poor for suspected
ZIKV microcephaly cases due to a potential early insult to brain
development and systemic involvement, depending on the timing
of infection. Long-term studies are urgently needed to character-
ize the prognosis.

TERATOGENIC INFECTIOUS DISEASES

Infections during pregnancy have been known to have a signif-
icant impact on neonatal morbidity and mortality, as well as
pregnancy outcome, long before the current ZIKV epidemic.
Complications and outcomes associated with the most com-
mon teratogenic infectious agents have been well described,
and screening as well as treatment strategies have been devel-

oped. As evidenced by the ZIKV outbreak in Brazil, additional
unknown teratogenic pathogens may exist. Known pathogens,
however, should still be considered first as part of the differential
diagnosis. The most common pathogens associated with congen-
ital manifestations are summarized by the acronym TORCH
(toxoplasmosis, others [including parvovirus B19, syphilis, vari-
cella-zoster virus [VZV], and HIV], rubella, cytomegalovirus
[CMV], and herpes simplex virus [HSV]). This list is not exhaus-
tive and may be subject to variations among authors. To help
clinicians develop their differential diagnosis, we reviewed the
most common pathogens associated with congenital infections,
with a special focus on toxoplasmosis, CMV, and rubella, as well as
the recently associated lymphocytic choriomeningitis virus
(LCMV), which all show significant similarities with the ZIKV
congenital manifestations by its specific neurotropic aspect. A
deep understanding of the TORCH congenital infections will help
to better understand emerging ZIKV infections (33). Our findings
are summarized in Table 2 (34–46).

FIG 1 Sagittal MRI image of the head of an infant who was born with a head circumference below the third percentile (microcephaly), under investigation. The
arrow shows a collapse of the skull, inducing cranio-facial disruption, an exuberant external occipital protuberance (*), and redundant scalp skin (**). (Courtesy
of Anita Truttmann, Lausanne-CHUV, Switzerland; reproduced with permission.)
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General Considerations

The consequences associated with infections during pregnancy
include (i) increased maternal morbidity, demonstrated by the
higher rate of complications and mortality in pregnant women
infected with the influenza virus (47); (ii) adverse pregnancy out-
come, such as premature preterm rupture of membranes
(PPROM), preterm labor (PL), and miscarriage, which have been
associated with bacterial vaginosis (48) and Chlamydia trachoma-
tis infection (49, 50); (iii) congenital infections, discussed below;
(iv) severe fetal disease, such as parvovirus B19 infection-associ-
ated anemia (37); and finally (v) neonatal infections, such as
group B Streptococcus meningitis. Materno-fetal transmission can
occur through transplacental infection, ascending infection from
the genital tract after membrane rupture, vaginal delivery, and
breastfeeding.

Toxoplasmosis

Toxoplasmosis is caused by the strict intracellular parasite Toxo-
plasma gondii. Humans can be infected through contact with cat
feces containing oocysts, either directly or through contaminated
soil, vegetables, and fruits or through consumption of under-
cooked meat from infected animals (51). Previously considered a

widespread parasite, recent reports suggest a decrease in the prev-
alence of T. gondii, to approximately 30% in Western populations
(52, 53). Higher seroprevalence rates, however, are still observed
in developing countries and some specific populations, such as
farmers. Primary infection in immunocompetent patients is
generally asymptomatic, and public health considerations are
focused on the potential complications during pregnancy or
reactivation in immunosuppressed patients (retinitis or en-
cephalitis). In cases of a primary infection during pregnancy or
reactivation in immunocompromised patients, there is a risk of
transplacental infection of the fetus that is proportional to the
gestational age. The most high-risk period is considered to be
between 4 and 28 weeks gestational age.

Although placental transmission of T. gondii also occurs at later
stages, fetal consequences are less marked at later stages. The risk
of congenital toxoplasmosis is 59%, of which 10 to 12% of cases
are clinically apparent when infection occurs during the third tri-
mester, versus 9% of cases when infection occurs during the first
trimester but from which 75% will present with severe disabilities
(52). Fetal infection is associated with cerebral, ocular, and hepatic
anomalies, which can be diagnosed via ultrasound. The most spe-
cific signs are cerebral calcifications and ventricular enlargement,

FIG 2 Second-trimester ultrasound images of congenital infections: toxoplasmosis (A and B) and cytomegalovirus (C and D). (A and C) Sagittal plane; (B and
D) coronal plane. (A) Dystrophic calcifications in the junction between cortical and subcortical white matter (horizontal arrow), with the enlargement of the
subarachnoid space (vertical arrows). (B) Image for the same patient as in panel A. (C) Severe fetal cytomegalic inclusion disease (arrows at top) with
ventriculomegaly (v) and calcification (c). There is a noticeable reduction of the brain parenchyma thickness. (D) Image for the same patient as in panel C,
showing calcifications (arrow). (Courtesy of Yvan Vial, Lausanne-CHUV, Switzerland; reproduced with permission.)
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which mimic ZIKV infection effects, as illustrated in Fig. 2A and B
(54, 55). Despite significant cerebral lesions, microcephaly has not
been described at birth (primary microcephaly) (54, 56), but it can
be observed later (secondary microcephaly). The presence of a
high maternal antibody titer to Toxoplasma has been associated
with an increase in secondary microcephaly (60%) and a lower IQ
(�70, in 30%) (56). Stillbirth, intrauterine growth restriction
(IUGR), and premature labor are rarely observed (57). Manifes-
tations during the first days of life range from asymptomatic to
severe chorioretinitis, neurological impairments, and hematolog-
ical manifestations. For paucisymptomatic infants, the most com-
mon complication is the development of chorioretinitis later in
life. Despite the significant morbidity associated with infection
during pregnancy, most current guidelines no longer recommend
general prenatal screening (58–60), due to the lack of evidence for
effective treatment and standardized diagnostic criteria as well as
the risk of unnecessary amniocentesis procedures. Screening
might still be offered to high-risk women. Some European coun-
tries, such as France, still perform monthly screening in seroneg-
ative pregnant women (61). Due to the similar clinical presenta-
tion of fetal ZIKV infection and the difficulty of making a
definitive diagnosis, reintroduction of toxoplasmosis screening at
the first prenatal visit might be considered during the ZIKV epi-
demic in order to document initial serological status. Diagnosis
of an acute infection relies on the presence of IgM, which ap-
pears within 2 weeks following infection in a seronegative pa-
tient and can stay positive for a year following infection. Spe-
cific IgG then appears, the levels peak at 6 weeks, and those
infected remain positive for life. Some screened women will
present with both IgG and IgM, making the dating of the in-
fection difficult. IgG avidity testing does not provide reliable
information, as a low avidity can be observed for many years,
especially in pregnant women receiving treatment (62). In
cases of suspected infection, amniocentesis should be discussed
at least 4 weeks after the suspected time infection and after 18
weeks GA to increase sensitivity. Amniotic fluid is evaluated by
specific PCR, and these results are integrated with gestational
age at the time of seroconversion to estimate the risk of con-
genital toxoplasmosis (52, 63). Even in cases of a negative am-
niocentesis, monthly ultrasound monitoring is recommended,
as cases of late materno-fetal transmission have been described
(64, 65). Current guidelines recommend treatment with spira-
mycin as soon as maternal seroconversion is observed, which
can eventually be switched to pyrimethamine-sulfonamides
once fetal infection is confirmed. Such regimens, however,
have been shown to have only a weak effect on materno-fetal
transmission when started within 3 weeks following maternal
infection, and controversy regarding the benefit of treatment
exists (66, 67). Treatment might still be beneficial, as treated
infants have been observed to have a reduction in neurological
lesions (68, 69).

Cytomegalovirus

Cytomegalovirus infection is caused by human cytomegalovirus
(also known as human herpesvirus 5), a member of the Herpes-
virideae family, and is the most common congenital infection,
affecting approximately 1 in 150 babies (70). It is the leading cause
of developmental delay and sensorineural hearing loss. CMV in-
fection is clearly associated with microcephaly, as one of the first
isolations of the virus was performed in a 3-month-old child with

microcephaly in 1957 (71). Prevalence in pregnant women ranges
between 40 and 85% and is higher in low-socio-economic popu-
lations (72). Infection occurs through contact with body fluids
(saliva, urine, sperm, mucus) of an infected person.

Both primary and secondary infections (i.e., reactivation or in-
fection with another strain) are associated with materno-fetal
transmission, although the lesions are less severe in cases of sec-
ondary infections, due to partial protection via maternal immu-
noglobulins (73). In primary maternal infections during preg-
nancy, CMV crosses the placental barrier in 30% of cases. Only
15% of those newborns, however, will be symptomatic at birth,
and 5 to 15% of asymptomatic newborns will develop complica-
tions later in life, mostly sensorineural hearing loss (72, 74, 75).
Analogous to CMV, it is unlikely that 100% of the fetuses will be
symptomatic in cases of ZIKV congenital infection. The impact of
secondary CMV infection on fetal outcomes is still highly de-
bated; it was commonly thought that clinical manifestations were
seen in less than 1% of newborns, but recent studies have shown
that the incidence of symptomatic cases following secondary in-
fection might be higher, especially in case of infection with an-
other strain (74, 76, 77). Therefore, evidence of past infection does
not rule out the possibility of a congenital CMV infection.

Similar to toxoplasmosis, the severity of the lesions from con-
genital CMV infection seems to be inversely correlated with ges-
tational age (74). The most common manifestations at birth are
IUGR, microcephaly, hepatosplenomegaly, and petechia due to
severe thrombocytopenia. Later complications include develop-
mental delay, sensorineural hearing loss, and chorioretinitis.

Serological screening at the first prenatal encounter is contro-
versial due to the difficulty of interpreting the results. The pres-
ence of specific IgM, low IgG avidity, and low IgG titers evokes a
recent primary infection, and rising titers of IgG, high-avidity IgG,
and the possible reappearance of IgM suggest a reactivation (74,
78). The diagnosis of congenital CMV infection should be ex-
cluded in the presence of compatible fetal anomalies on ultra-
sound, as summarized in Table 2. An example of a cerebral ultra-
sound of a CMV-infected fetus is shown in Fig. 2C and D.
Congenital CMV infection is confirmed through amniocentesis
and subsequent PCR performed after 21 weeks gestation and 6 to
7 weeks after the suspected time of maternal infection. When per-
formed at this gestational age, sensitivity and specificity are 90%
and 100%, respectively (74, 75).

Hyperimmune immunoglobulins have been evaluated as a po-
tential treatment to prevent materno-fetal transmission. Though
early observational studies showed positive results (79), a recent
randomized trial performed on 123 women was unable to confirm
this (80); larger studies are needed. Similarly, maternal treatment
with valacyclovir has been shown to be associated with a reduction
of neonatal complications without maternal toxicity in cases of
confirmed fetal infection (81), but confirmation of these promis-
ing results is required. Finally, early postnatal treatment of symp-
tomatic newborns with either intravenous gancyclovir or oral val-
gancyclovir has been shown to improve hearing function and
neurodevelopmental outcomes (82–84). These treatment options
give a perspective on putative treatment strategies to prevent
ZIKV congenital infections and improve neonatal outcomes.
They also emphasize, however, that even after more than 50 years
of research on congenital CMV, no definitive strategies have been
established.
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Lymphocytic Choriomeningitis Virus

LCMV is a member of the Arenaviridae family that emerged in the
1990s as a teratogenic agent (85), although the first case of con-
genital infection was described in England in 1955 (86). Since
then, approximately 100 cases have been described, though the
prevalence might be higher, as LCMV infection may be misdiag-
nosed due to lack of knowledge (87, 88). LCMV is a rodent-borne
zoonotic infection. Humans become infected through direct or
indirect contact with rodents, such as mice, guinea pigs, and ham-
sters (85, 89). No human-to-human transmission has been re-
ported except for vertical transmission and via organ transplanta-
tion (85, 90). Infections in immunocompetent adults usually
cause mild symptoms, though severe neurological complications,
such as aseptic meningitis, encephalitis, and Guillain-Barré syn-
drome, occur in approximately 1/3 of patients (70).

Similar to ZIKV, LCMV seems to have a strict neurotropism
when contracted in utero, and congenital infections result in se-
vere neurological lesions (88, 91). Chorioretinitis is the most com-
mon finding, and it is observed in almost all infected cases (85);
funduscopic examination often shows peripheral scarring, while
macular scarring is observed in ZIKV, toxoplasmosis, or CMV
infection (85, 92–96). Microcephaly, congenital hydrocephaly re-
sulting in macrocephaly, and periventricular calcifications are of-
ten observed at birth (85). Unlike other TORCH infections and
similar to ZIKV infection, signs of systemic infection, such as skin
rash, thrombocytopenia, or hepatosplenomegaly, seem to be
rarely observed (85, 88), although some fetuses present with non-
immune hydrops fetalis (88, 97). Late complications include sei-
zures, cerebral palsy, mental retardation, and loss of vision (85).
An association with sensorineural hearing loss has been described;
however, it seems to be less frequent than in cases of CMV infec-
tion (3/44 cases) (85, 88).

Currently, most agencies, including the American Congress of
Obstetricians and Gynecologists (ACOG) and the Royal College
of Obstetricians and Gynaecologists (RCOG), do not have specific
guidelines for prevention of LCMV congenital infections, which is
likely secondary to the low number of cases. Data from animal
models, however, strongly support a causative role of LCMV in
fetal brain damage (91). Therefore, it seems rational to consider
LCMV as a differential diagnosis in cases of suspected congenital
infection. Diagnosis mostly relies on serological testing, and while
a specific PCR has been developed, it has not been widely used. An
immunofluorescence assay with adequate sensitivity and specific-
ity is commercially available and should be used as a screening tool
in suspected cases (70, 85, 87). No specific treatment to prevent
congenital infection in cases of maternal viremia currently exists;
specific antiviral therapies that have been shown to be efficient
against RNA viruses, such as ribavirin or favipiravir, might be
potential therapies in the future (87).

Rubella

Congenital rubella has become rare due to efficient vaccination
campaigns in Western countries (rubella is part of the MMR vac-
cine, which includes protection against measles, mumps, and ru-
bella). Rubella is still a significant cause of disabilities in develop-
ing countries. Additionally, a decrease in immunity is currently
observed in Western countries, and the absence of immunity is
observed in approximately 9 to 14% of pregnant women at first
prenatal visit in the United States (98).

The rubella virus belongs to the Togaviridae family. Like ZIKV,
rubella virus is an enveloped single-stranded positive RNA virus
(99) that normally causes a mild disease in immunocompetent
patients that is associated with a maculo-papular rash (99). Hu-
mans are the only reservoir, and infections occur through aerosol-
ization when in contact with an infected person and through ver-
tical transmission. Infectivity typically ranges from 7 days before
the onset of rash until up to 7 to 10 days after (100, 101). As with
toxoplasmosis and CMV, the severity of fetal damage is inversely
correlated to gestational age; birth defects are rarely observed
when infection occurs after 16 weeks gestation, except for senso-
rineural hearing loss that, as with CMV infection, can still be ob-
served in asymptomatic newborns (102). The risk is further de-
creased if infection occurs after 20 weeks gestation (101). Similar
to CMV, toxoplasmosis, LCMV, and potentially ZIKV, congenital
rubella is associated with severe brain damage. The most common
defects at birth are IUGR, ocular lesions (glaucoma, cataract, mi-
croophthalmia, and pigment retinopathy), sensorineural hearing
loss, purpura and petechia (Blueberry muffin baby) caused by
severe thrombocytopenia and dermal hematopoiesis, hepato-
splenomegaly, and cardiac malformations (101, 103). Microceph-
aly is clearly associated with congenital rubella (101). The most
common cardiac malformations include patent ductus arteriosus
and/or peripheral pulmonary artery stenosis, but other heart de-
fects are possible. Cardiac defects are quite typical of congenital
rubella and may also be a unique feature compared to other con-
genital infections, potentially including those caused by ZIKV.
Long-term complications are similar to those due to toxoplasmo-
sis and CMV, including hearing and/or vision loss and develop-
mental delay. Interestingly, congenital rubella is associated with
some endocrine complications, especially type I diabetes and thy-
roid dysfunction (101).

Most countries perform a maternal serological screening at the
first prenatal visit (104), and IgG titers of �10 IU are consid-
ered to be the sign of immunity. Though reinfections can occur,
especially after vaccine-gained immunity, fetal risks are most
likely very low (less than �5%) (100, 101).

Diagnosis at birth relies on the presence of specific IgM and
molecular detection of the virus in the newborn, which has been
shown to be detectable for months after birth. Interpretation of
mild disease detected later (i.e., only hearing deficit) should be
done cautiously, as children may have already received the MMR
vaccine (101). No specific treatment exists, and prevention relies
on vaccination that should only be performed in nonpregnant
women.

Syphilis, HIV, Parvovirus B19, Herpes Simplex Viruses, and
Varicella-Zoster Virus

Epidemiology, fetal and neonatal outcomes associated with the
remaining TORCH teratogenic infections are presented in Table
2. As these infections present differently from ZIKV congenital
infection, they will not be discussed in detail here. Nevertheless, it
is important to emphasize that, similar to CMV, HSV, and VZV,
which are also members of the Herpesviridae family, have also
been associated with microcephaly in case of in utero infection.
This phenomenon, however, is extremely rare, as a transplacental
infection is scarcely observed. When they occur, HSV and VZV
fetal infections are usually characterized by cutaneous and osteo-
articular lesions, which have not been observed thus far in ZIKV
infection. Complications associated with these infectious diseases
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are mostly related to early neonatal infections, which are not as-
sociated with fetal malformations (43–46, 105–110).

POSSIBLE EXPLANATION FOR ZIKV’S SHIFT IN
PATHOGENICITY AND SPREAD

Zika Outbreaks: New Mutations and Host Adaptations?

ZIKV is a Flavivirus, a member of the Flaviviridae family, which
encompasses other emerging viruses, such as DENV and West
Nile virus (WNV) (111). Of note, Chikungunya virus (CHIKV),
often mentioned with ZIKV, is an Alphavirus. Due to its transmis-
sion by an arthropod vector, ZIKV is also classified as an arbovirus
(arthropod-borne) (112). In the case of ZIKV, the main arthro-
pod vector is the Aedes aegypti mosquito (113). The main aspects
of ZIKV biology, including its description, history, emergence,
and phylogeny, have been extensively reviewed by Musso and
Gubler (114).

Until recently, although sporadic cases of human infection in
areas where ZIKV is endemic were described, the first of which was
reported in Nigeria in 1954 (115), ZIKV was regarded as a zoo-
notic pathogen with limited danger for humans. In fact, humans
were not considered part of the viral cycle, which was thought to
involve mosquitoes and nonhuman primates, and humans were
described as dead-end hosts secondary to a low viremia that pre-
vents reinfection of the vector (116).

In the last decade, however, a geographic expansion of the Asian
lineage was observed (117, 118). Since the first febrile outbreak in
Yap Island (Federated States of Micronesia) in 2007 (119), ZIKV
has spread through the Pacific Islands and more recently into the
Americas, especially in Brazil (see Introduction) (1, 2, 9, 120, 121).
Humans are now considered amplifying hosts in the urban cycle
of ZIKV, as evidenced by epidemics in the Pacific that occurred on
islands where nonhuman primates are absent (122).

Despite the lack of experimental evidence, it is plausible that the
recent increased ability of ZIKV to spread among humans and
cause outbreaks may have a genetic basis that results in the appear-
ance of new viral types that might have an enhanced ability to
infect and replicate within the vector and/or humans. Such adap-
tation to novel hosts could cause devastating epidemics in which
the virus may spread into an immunologically naive population
that has never encountered the pathogen before (123). As with the
other Flavivirus members, however, ZIKV must efficiently infect
two hosts, mosquitoes and primates, and consequently there are
major constraints on its genomic evolution (124). It has been sug-
gested that appearance of novel ZIKV variants could occur
through recombination events (120). Currently, however, there is
no experimental evidence of such events, which are rather infre-
quent among Flavivirus members (125). Although the potential of
a recombination event has been observed experimentally in the
case of DENV, based on phylogenetic analyses and genetic confir-
mation of identical crossover breakpoints (126), a viable clonal
recombinant Flavivirus has not been observed in nature or under
experimental conditions (127). Therefore, it is unlikely that re-
combination plays an important role in the generation of novel
ZIKV variants.

On the other hand, novel variants might occur through point
mutations at different levels in the ZIKV genome, which might
improve adaptation of the virus. First, as previously proposed,
mutations at the amino acid level might change the glycosylation
pattern of viral proteins. Second, mutations might occur in the

envelope protein (E protein), the main surface protein of ZIKV
that mediates specific recognition of host receptors and fusion to
the host membrane. In particular, gains and losses of putative
N-linked glycosylation sites may impact infectivity, viral release,
and neuroinvasiveness; these have been previously studied in
WNV and DENV. In a mouse model of infection, subcutaneous
injection of WNV carrying glycosylated E protein demonstrated
higher rates of neurological disease than did viruses in which the
site was absent (128). Interestingly, in the majority of isolates
causing human outbreaks, the glycosylation site was present (129,
130). In contrast, absence of the N-linked glycosylation site was
associated with an enhanced infectivity of C6/36 mosquito cells
and, to a lesser extent, mammalian cells (131). This was also ob-
served in DENV, where the ablation of the glycosylation site re-
sulted in a 100-fold increase in infectivity of C6/36 mosquito cells,
although release of viral particles was highly reduced in these mu-
tants in both mosquito and mammalian cell lines (132). In all
sequenced ZIKV isolates from recent outbreaks in Micronesia,
French Polynesia, and Brazil, the N-linked glycosylation site was
present at position 154 of the E protein (114). In contrast, most of
the African lineage isolates lack this site. The biological signifi-
cance of N-linked glycosylation of the E protein in ZIKV requires
further investigation and sequencing of additional isolates. Partic-
ular attention must be dedicated to the choice of ZIKV isolates for
investigation, as the deletion of the N-linked glycosylation site at
position 154 of the E protein has been linked to extensive passage
of the virus in mouse brain and cell culture (117, 120). Alterna-
tively, as suggested for other Flavivirus members, glycosylation of
other viral proteins in ZIKV, especially the nonstructural protein 1
(NS1), may play an important role in viral replication and evasion
of the host immune response (133, 134). In the case of ZIKV,
analysis of newly sequenced isolates and experimental evidence
using adequate animal models are required to confirm the link
between genetic mutations and increased ability to infect and rep-
licate in humans and/or vectors.

Adaptation to new hosts can be observed not only at the protein
level, but also in the nucleic acid composition of the genome, as in
the case of the codon usage bias with respect to human or vector
hosts. Again, evaluation of additional genomes is of great impor-
tance to confirm these results and perform analyses to assess the
impact of other fine-tuning mutations involved in the adaptation
to the new host. This should include examination of the untrans-
lated regions (UTRs) of the ZIKV genome that flank the polypro-
tein gene, as these UTRs play an important role in virus replication
and cyclization (135). Studies focused on DENV showed that spe-
cific sequences in the 3=UTR were essential for viral replication in
mosquito cells but not for replication in mammalian cells (136).
An increased ability of the virus to infect and replicate in mam-
malian cells was associated with variation of the 3=UTR, including
duplication of specific sites, without interfering with replication in
vector cells (137). Such mutations could be of great importance in
the ZIKV adaptation process to efficiently replicate in humans,
without interfering with the viral fitness in the vector host. In the
case of ZIKV, the previously observed ability to sporadically infect
humans suggests that recent mutations allowed fine-tuning of the
interaction with the new host, thus optimizing viral replication.
Similarly, increasing viral titers were observed for WNV, CHIKV,
and DENV, in which humans became the amplifying host (138).

Analysis of newly sequenced ZIKV isolates is required to con-
firm the link between genetic mutations and an increased ability to
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infect and replicate in humans and/or vectors. More importantly,
adequate animal models will be required to experimentally assess
the impact of E protein glycosylation, and mutations in general, to
the ability of ZIKV to infect the host. Mouse models of infection
have been successfully used to characterize ZIKV infection in the
past (139–141) and more recently (142). Nevertheless, future
models of infection should focus on nonhuman primates, which
are part of the natural sylvatic cycle of ZIKV infection, thus rep-
resenting a more adequate model to study adverse fetal outcomes
(143).

Conditions Favoring Outbreaks: Climate Change, Role of
the Vector, and Travel

The recent exceptional ZIKV epidemic spread in South America
might be linked to extraordinary climate conditions observed
during recent years. The 2015 El Niño-South Oscillation (ENSO)
caused an uncommonly warm winter and spring in the northeast-
ern part of South America (144) and a very favorable condition for
the spread of mosquitoes. Global climate changes are increasingly
linked to the emergence and spread of infectious diseases (145–
147). Although in the case of ZIKV this hypothesis needs to be
further explored, it has been speculated that ENSO influenced the
spread of DENV in the region (148–150). Congruently, recent
ZIKV epidemic foci in South America overlap regions that expe-
rienced the most marked effects on climate caused by ENSO
(144).

It is well known that the development and reproduction of
Aedes mosquitoes, including the A. aegypti vector, are greatly in-
fluenced by environmental factors (151–153). Due to their short
life cycle (approximately 10 days), mosquito populations are
highly dynamic in changing environments. In particular, temper-
ature fluctuations not only affect reproduction rates and mos-
quito behavior (154, 155), but also viral interactions and replica-
tion within the vector (156, 157).

Water availability is another key factor for mosquito develop-
ment, as larvae require water, preferably fresh, for development,
and in normal situations water is supplied in the form of precipi-
tation water.

As an example, expansion of the Aedes mosquito distribution
was linked to the increase of container-stored water in households
in which vector mosquitoes could breed (158). As a result, the
increase in vector-human contact raises the risk of epidemics.

Recent estimations indicate that 40 to 50% of the human pop-
ulation is exposed to Aedes mosquitoes (159, 160) and potentially
to arbovirus infections, including ZIKV. In several cases, impor-
tation of arboviruses into naive geographic areas has been linked
to human activities, such as traveling for tourism or commerce
(138, 161). The number of travelers is constantly increasing in the
current globalization era and has more than doubled in the last 20
years, reaching a total of 3.3 billion in 2014 (162). ZIKV infections
have been diagnosed in several cases in travelers returning from
regions of the epidemic (163–168). This situation is a major inter-
national health concern, especially in cases of global events orga-
nized in regions where the virus is epidemic. Preventive measures
are urgently required.

ZIKV AS A POTENTIAL TERATOGENIC AGENT

Confirmed Infection during Pregnancy

Confirmed cases of ZIKV infection during pregnancy or the neo-
natal period have been reported by different agencies (CDC, Eu-

ropean Center for Disease Prevention and Control [ECDC], Brasil
Ministério da Saúde, Latin American Network of Congenital Mal-
formations, WHO); however, detailed case descriptions are often
lacking. Additionally, single cases may be reported multiple times
by different sources (publication, web, national agencies), making
the identification and distinction between each individual case
difficult. There is a concern that the positive cases described below
have been counted multiple times, thus overestimating the true
number of infected mothers and newborns. Table 3 summarizes
the patients presented in this section.

In late 2013, Besnard et al. were the first researchers to report a
perinatal transmission of ZIKV (169) during the French Polynesia
outbreak, in which 11% of the population was estimated to have
been potentially infected (30,000 people) (122). The authors pre-
sented two cases in which infection was suspected and then con-
firmed at birth (38 weeks gestation for both patients). The first
case was described in a symptomatic mother (pruritic rash with-
out fever 2 days before delivery lasting 4 days in total) who gave
birth to an asymptomatic newborn delivered vaginally. In the sec-
ond case, both mother (mild fever, pruritic rash, and myalgia 3
days post-Cesarean delivery) and her child were symptomatic
(isolated diffuse rash and thrombocytopenia 24 h after maternal
symptoms). The pregnancy for the second case had been compli-
cated since the second trimester with gestational diabetes and in-
trauterine growth restriction. The authors did not report the de-
tails of either of these complications (diet or insulin treatment,
Doppler signs of placental insufficiency). While both pathologies
are likely unrelated to ZIKV infection, they may have weakened
the neonate (intrauterine growth restriction, hypoglycemia, neo-
natal jaundice) and/or increased his susceptibility to infection.
Both mothers and children evolved favorably. At least one sample
per patient (maternal and neonatal) tested positive via a specific
ZIKV reverse transcription-PCR (RT-PCR). Both mothers were
likely viremic at the time of delivery, since the first had a rash 2
days prior to delivery and the second had a positive RT-PCR on
day 1 postdelivery. The authors stated that transplacental infec-
tion was unlikely, as the second newborn remained ZIKV negative
until day 4 postpartum. Infection during the late stages of preg-
nancy, delivery, or postnatally through close contact with the
mother is more probable. RT-PCR was also positive in saliva from
the mother and newborn in the first case, in the urine of the second
newborn, and in the milk of both mothers. Interestingly, ZIKV
RNA was detectable in neonatal urine at a higher load and for a
longer duration than foudn in serum, as reported by others for
ZIKV (165, 170) and for other flaviviruses (171, 172). Of note,
milk cultures on Vero cells remained negative for ZIKV in both
cases (121, 173). All samples tested negative for DENV by RT-
PCR. No other viral causes of rashes (coxsackievirus, Epstein-
Barr virus, varicella-zoster virus, parvovirus B19) (174, 175),
and viral serologies (including ZIKV) were documented. The
long-term outcomes of these neonates, especially neurological,
are unknown.

Oliveira Melo et al. (11) and the Brazil Ministry of Health (176)
published the first description of intrauterine transmission of the
virus. These authors reported 2 cases of fetal microcephaly in fe-
tuses from women who suffered from symptoms compatible with
ZIKV infection at 18 and 19 weeks gestation, respectively (121).
Both pregnant patients originated from a state of Brazil (Paraiba)
considered part of the “microcephaly cluster.” Maternal blood
testing was negative for ZIKV, but time elapsed between initial
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symptoms and testing and investigation of urine/saliva samples
were not documented. ZIKV RNA (Asian genotype) was present
in the amniotic fluid of both patients (with a viral load 10,000
times higher than what is normally found in blood from adults
with acute infection [121]), whereas all other TORCH pathogen
serologies were negative. Fetal sonographic markers are described
here and can be found on the Phenotip database website (177).
The same publication briefly described six other microcephalic
children from the same state, all positive for ZIKV, and born to
mothers who were symptomatic during pregnancy. Their neona-
tal outcomes were not described, except for one child with severe
arthrogryposis.

Two similar cases were reported by the same research team
(178). Both mothers, also originating from the state of Paraiba in
Brazil, experienced ZIKV-like symptoms at 10 and 18 weeks ges-
tation, respectively. ZIKV genome was detected at 28 weeks gesta-
tion in the amniotic fluid of both pregnant women, whose fetuses
had been diagnosed in utero with microcephaly and brain calcifi-
cations (at 21 and 22 weeks, respectively). All maternal samples
were negative for ZIKV, CHIKV, and DENV molecular detection
as well as TORCH serologies. Both patients were still pregnant at
the time of the publication. Despite a viral metagenomics ap-
proach used in addition to the ZIKV RT-PCR, the presence of
other viruses was not reported. ZIKV IgM antibodies were de-
tected in the amniotic fluid but were not confirmed by plaque
reduction neutralization tests (PRNT) (179).

More recently, the WHO and PAHO (180) described the first
ZIKV-related neonatal death. The newborn, from the state of Pará
in Brazil, presented with microcephaly and other congenital
anomalies (not currently described) and died within 5 min after
birth. ZIKV RNA was identified in multiple fetal tissues, including
the brain and blood. Confirmation of presence of the viral genome
was provided by the Evandro Chagas Institute, the national refer-
ence laboratory for arboviruses in Belém, Pará, Brazil (180). More
details on the pregnancy, potential maternal symptoms, and the
nature of the other congenital anomalies are not yet available.

Four other cases from Brazil have been described by the CDC
(5, 181), but full reports of parts of these cases are still pending. All
four mothers reported having experienced a febrile rash illness
during their pregnancies. Two pregnancies ended in miscarriage
and two resulted in full-term infants with microcephaly who died
shortly after birth. Samples from all four pregnancies, including
brain samples from the infants, tested positive for ZIKV infection,
and genetic sequence analyses confirmed that the virus was similar
to the ZIKV strain currently circulating in Brazil. Again, details
about the type of samples tested, pregnancy history (gestational
age at miscarriage), and time of maternal symptoms have not been
fully described to date.

ZIKV was also detected in 14 cases (including 2 fetal losses)
among 387 babies with confirmed microcephaly and brain anom-
alies (23). Reports of details for these 14 cases are pending.

Mlakar et al. described the case of an expectant mother who had
ZIKV-like symptoms at 13 weeks gestation (12). She had worked
as a volunteer in Rio Grande do Norte state of Brazil. Ultrasounds
performed at 14 and 20 weeks gestation were normal. Microceph-
aly with brain and placental calcifications were identified at 29
weeks gestation upon her return to Europe. This was again con-
firmed 3 weeks later along with the new identification of intrauter-
ine growth restriction with normal blood flow on Doppler imag-
ing. ZIKV infection during pregnancy was not confirmed. The

patient opted for termination of pregnancy due to the dismal
prognosis. Birthweight and head circumference were at the 10th
and 1st percentile, respectively. Fetal autopsy confirmed an ab-
normally small brain (4 SD below average), almost complete
agyria, hydrocephalus, calcifications in the cortex, and subcortical
white matter, with associated cortical displacement and mild focal
inflammation. All other organs were normal. RT-PCR confirmed
ZIKV only in the fetal brain tissue, with consistent findings on
electron microscopy. The viral load (6.5 � 107) detected in the
fetal brain was higher than those previously reported in the serum
of ZIKV-infected patients, but similar to those reported in semen
samples (182). All autopsy samples were negative for other Flavi-
virus species, CHIKV, and TORCH PCRs, and karyotype by mi-
croarray technology was normal. The complete ZIKV genome was
recovered from the fetal brain and showed 99.7% identity with the
ZIKV strains isolated in French Polynesia (2013) and in Sao Paolo
(2015). The authors stated that the presence of two major amino
acid substitutions in nonstructural proteins NS1 and NS4B might
indicate a process of eventual adaptation of the virus to a new
environment (12).

Some national authorities have described additional cases, but
information on diagnostic and clinical outcomes is not yet avail-
able. The Colombian Ministry of Health is currently monitoring
5,013 pregnant women, among whom 633 are suspected ZIKV
cases, 3,921 are clinical cases, and 459 are laboratory-confirmed
cases by RT-PCR (183). Details regarding pregnant patients with
confirmed ZIKV infection are not available. The Hawaii State De-
partment of Health reported one case of microcephaly in a baby
born with ZIKV infection. The mother was likely infected with
ZIKV while living in Brazil in May 2015 (184). In the French
Caribbean area, 23 pregnant women with ZIKV infection are cur-
rently benefiting from enhanced monitoring in Martinique (n �
13), French Guiana (n � 8), and Guadeloupe (n � 2) (185). At the
time of this publication, no congenital abnormalities have been
detected.

More recently, 88 pregnant patients from Rio de Janeiro were
prospectively enrolled in a cohort study that took place from Sep-
tember 2015 through February 2016 (15). Inclusion criteria were a
rash that developed within the 5 days prior to prenatal consulta-
tion. Of note, only 28% reported having fever. Among 88 preg-
nant patients, 82% had a positive ZIKV RT-PCR in blood and/or
urine samples; gestational age at the time of diagnosis ranged from
5 to 38 weeks gestation. Positive DENV serologies were reported
in 88% of the patients, whereas ZIKV serologies were not re-
ported. Twenty-eight ZIKV-positive women declined fetal imag-
ing studies secondary either to distance from the obstetrical facil-
ity or fear of possible fetal abnormalities related to ZIKV infection.
Two ZIKV-positive women miscarried during the first trimester.
Among the 42 ZIKV-positive women who had further fetal ultra-
sonography, 12 (29%) showed fetal abnormalities (Table 3). In-
trauterine fetal death occurred in 2 fetuses whose mothers were
infected at 25 and 32 weeks gestation, respectively (autopsy not
mentioned). Other adverse findings included in utero growth re-
striction with or without microcephaly (5 fetuses), central ner-
vous system lesions or calcifications (7 fetuses), and abnormal
amniotic fluid volume or cerebral or umbilical artery blood flow
(7 fetuses). These findings were confirmed in 6 of the 42 babies
delivered at the time of publication. Lesions were noted in the
fetuses independent of gestational age at the time of exposure to
ZIKV, and brain anomalies were also seen in fetuses potentially
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infected as late as 27 weeks of gestation. Mothers infected in late
gestation were more prone to develop placental insufficiency, fe-
tuses with growth restriction, or fetal death. Isolated microcephaly
was observed in only one case. Since only symptomatic patients
were included in this study (15), it is not possible to know whether
the high rate (29%) of fetal/neonatal anomalies observed would be
similar in asymptomatic ZIKV-positive mothers.

Meaney-Delman et al. (186) briefly described CDC reports of 9
pregnant travelers with laboratory-confirmed ZIKV infections
(an additional 10 pregnant travelers are still under investigation).
Both ZIKV RT-PCR and IgM-specific serologies were used to con-
firm infection, but details of each case are not available. All 9
travelers reported at least one symptom compatible with ZIKV
infection. Outcomes included 2 miscarriages, with intrauterine
transmission confirmed in both cases by molecular detection of
ZIKV in the products of conception (one case was described ear-
lier [187]), 2 elective pregnancy terminations (only one described,
see below), and 3 live births (2 apparently healthy infants and 1
infant with severe microcephaly). In the 2 miscarriage cases pre-
viously described by Martines et al. (187), serologic testing con-
firmed recent ZIKV infection and products of conception were
ZIKV positive by RT-PCR and immunohistochemistry. The last
two pregnancies are still ongoing (currently approximately 18
weeks and 34 weeks gestation) without any complications de-
scribed so far. In this report, adverse outcomes were identified
only in patients in whom infection occurred during the first tri-
mester of pregnancy and compared to during the second or third
trimester of pregnancies for the two uneventful pregnancies.

Sarno et al. (188) reported a case of a fetal demise at 32 weeks
gestation in a 20-year-old asymptomatic pregnant woman from
the city of Salvador, Brazil, that was positive for ZIKV. Examina-
tions in the second and third trimesters demonstrated progressive
hydrops (see below). Extracts of cerebral cortex, medulla oblon-
gata, and cerebrospinal and amniotic fluids were all positive for
ZIKV by RT-PCR, while it was not detected in extracts from the
heart, lung, liver, vitreous body of the eye, or placenta. The asso-
ciation between ZIKV infection and hydrops fetalis suggests that
the virus may not be limited to the central nervous system but may
also cause damage to other organs.

Villamil-Gomez et al. (189) reported 2 cases of brain calcifica-
tions in an ongoing cohort of 28 ZIKV-positive pregnant patients
from Colombia. Since all these patients were still pregnant at the
time of the publication, more details are pending.

Finally, Driggers et al. (190) recently described a case of a preg-
nant woman infected with ZIKV at 11 weeks gestation with sub-
sequent prolonged maternal viremia. Indeed, ZIKV RNA was
identified in maternal serum from 16 weeks until termination of
pregnancy at 21 weeks gestation due to major brain anomalies. In
addition, serological testing demonstrated evidence of a recent
infection, with ZIKV IgM detection at a titer of �1:2,560 in the
serum on a plaque-reduction neutralization test (PRNT). ZIKV
DNA was detected in fetal tissues. The highest ZIKV viral loads
were found in fetal brain, followed by the placenta, fetal mem-
branes, and umbilical cord. Smaller amounts were detected in
fetal muscle, liver, lung, spleen, and amniotic fluid. On postmor-
tem analysis, the brain showed diffuse cortical thinning and abun-
dant apoptosis, extensive axonal rarefaction, and macrophage in-
filtrates by microscopic analysis. Viral particles were detected, and
ZIKV was subsequently isolated. Since the patient remained vire-
mic 10 weeks after the clinical onset of ZIKV infection, but not

after delivery, those authors suspected that the persistent ZIKV
viremia was a consequence of viral replication in the fetus or pla-
centa. Indeed, prolonged maternal viremia might reflect feto-pla-
cental shedding in severely infected fetuses. This study highlights
the possible importance of testing pregnant women beyond the
first week after symptom onset.

In summary, evidence of ZIKV infections during pregnancy has
been documented. However, many details regarding patient his-
tory, diagnostic method used, or full evaluation of the differential
diagnosis are lacking, as suggested by others (191). There is now
an urgent need to move from case reports to strong and well-
designed case-control or cohort studies to better understand the
true role of ZIKV during pregnancy (179), as was done with Guil-
lain-Barré syndrome (192). Even if the severity of fetal damage is
likely related to gestational age at the time of maternal infection,
the cases described above demonstrate a huge range in fetal out-
comes. Similar to other intrauterine infections, such as cytomeg-
alovirus infection or toxoplasmosis, where not all infected fetuses
are symptomatic, the reported cases of microcephaly and brain
damage might represent only the more severely affected children.
Moreover, fetal damage likely occurs weeks after infection, and the
latter is thus difficult to confirm retrospectively. Indeed, by the
time of testing, the virus has disappeared and serological tests may
cross-react with other flaviviruses, especially dengue virus (193).
Despite the neurotropic nature of ZIKV, it is possible that new-
borns with less severe disease and other affected organs have not
yet been diagnosed.

Suspected Cases under Ongoing Investigation

At this time, many cases of microcephaly are considered “suspect”
because they have been linked to maternal symptoms reported
during pregnancy. The only reliable method available to diagnose
ZIKV infection, however, is RT-PCR, which is only useful for viral
detection during the acute phase of illness, which lasts a few days
(a “hit-and-go” virus). This means that definitive diagnosis of
ZIKV infection will not be possible in many cases, since micro-
cephaly is only diagnosed during the third trimester or at birth,
potentially weeks after the acute phase. Moreover, since approxi-
mately 80% of patients with infections are asymptomatic (119,
194, 195), the lack of symptoms does not rule out ZIKV infection.

The health authorities of French Polynesia retrospectively re-
ported an unusual increase of at least 18 cases of brain malforma-
tions in fetuses and newborns, coinciding with the ZIKV out-
breaks in the islands (September 2014 to March 2015) (13, 121,
196). In 15 cases (88%), the first two trimesters of the pregnancies
coincided with the French Polynesian ZIKV outbreaks, leading to
an estimated prevalence rate of 6/1,000 births for microcephaly
(13). This prevalence is extremely high and comparable to that
observed in the “microcephaly cluster” of Brazil. None of the
pregnant women experienced clinical signs of infection. Flavivi-
rus-positive IgG serologies were found in 4 tested mothers who
were also negative for dengue virus, suggesting a possible asymp-
tomatic ZIKV infection. Of the 18 malformations registered, brain
malformations or syndromes with brain lesions were identified in
13, of which 10 women opted to terminate the pregnancy and 3
delivered babies with microcephaly. All karyotypes (n � 10) were
normal and CMV PCR was negative (n � 7). The five remaining
cases were infants with brainstem dysfunction and absence of
swallowing. More data regarding these cases was later published
by Jouannic et al. (197). Following the Brazilian alert on possible
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fetal brain damage secondary to ZIKV, 6 available stored amniotic
fluid samples were retrospectively tested using RT-PCR. Among
those, 4 were positive ZIKV and viral symptoms during the first
trimester of pregnancy were reported retrospectively in 3 of the 4
cases (197). Microcephaly, severe abnormalities of midline struc-
tures and the cerebellum, as well as abnormal gyration were ob-
served. The same group of authors published another series of 19
cases that were similar (198), without any mention of their previ-
ous study (197).

Cauchemez et al. also discussed 8 microcephaly cases in French
Polynesia from September 2013 to July 2015 among 66% of the
general population infected by ZIKV (199). Five cases that were
diagnosed during pregnancy opted for termination, and three
children were born alive. These cases have not been further de-
scribed. From this publication, Cauchemez et al. provided a quan-
titative estimate of the prevalence of microcephaly associated with
ZIKV infection (95 cases per 10,000 women infected in the first
trimester; CI 95% confidence interval [CI], 34 to 191).

In their weekly report in January 2016, Schuler-Faccini et al. (5)
described 37 infants with microcephaly (including 25 infants with
a head circumference of �3 SD and 11 infants with excessive scalp
skin). Two infants were excluded due to the identification of an
autosomal recessive microcephaly and a confirmed CMV infec-
tion. Rash during the first (n � 21, 57%) or second (n � 5, 14%)
trimester was reported by 26 (74%) mothers, and all of them were
living in or had traveled to known regions of ZIKV endemicity. All
infants tested negative for syphilis, toxoplasmosis, rubella, CMV,
and HSV infections. Details of the postnatal neuroimaging are
described later. Additionally, 5 infants had talipes, 4 had arthro-
gryposis, and 1 had microphthalmia. On neurologic examination,
abnormalities were reported in 49% of the cases, including hyper-
tonia/spasticity (37%), hyperreflexia (20%), irritability (20%),
tremors (11%), and seizures (9%). The same series of 35 cases of
suspected congenital ZIKV syndrome was further described in a
second report by Miranda-Filho et al. (200). The infants were
described to have microcephaly, facial disproportionality (face
appears large in comparison to a smaller head), and cutis girata
(skin scalp folds caused by the continued growth of the skin as
brain development slows down). Ventura et al. (95) described 13
other term babies with microcephaly, brain calcifications seen on
computed tomography (CT) scan, and ocular manifestations (see
details below). All were born during the ZIKV infection outbreak
in Brazil, and eight (62%; one described in reference 95 and seven
described in reference 96) of the mothers had malaise, rash, and
arthralgia during pregnancy, of which seven (87.5%) were in the
first trimester. Intrauterine ZIKV infection is highly suspected, as
serologies for toxoplasmosis, rubella, CMV, and HIV were nega-
tive.

Werner et al. (201) presented a case of a 27-year-old patient
with ZIKV-like symptoms at 12 weeks gestation. Ultrasounds at
12 and 21 weeks gestation were normal; however, microcephaly
was suspected at 32 weeks. Pre- and postnatal MRIs confirmed
microcephaly, brain calcifications, reduced gyration, corpus cal-
losum dysgenesis, and premature closure of the sutures. Since
maternal TORCH, DENV, and CHIKV testing was negative, the
authors suspected a possible congenital ZIKV infection.

Two cases of women that live in Barcelona but traveled in areas
where ZIKV is endemic at the end of 2015 and have tested positive
for ZIKV have been reported (202). These pregnancies are ongo-

ing and no fetal anomalies have been detected to date, but the final
outcomes of these pregnancies are yet to be determined.

Prenatal Sonographic Markers

As mentioned above, Oliveira Melo et al. (11) described the first
two prenatal cases of ZIKV infection. Microcephaly of 3.1 and 2.6
SD below the norm was identified at 29.2 and 30.1 weeks gesta-
tion, respectively, and lesions were limited to the brain. Both fe-
tuses had otherwise-normal growth (19th and 21st percentiles)
and no signs of fetal anemia (normal cerebral Dopplers). In one
case, cerebral lesions consisted of calcifications located around the
lateral and fourth ventricles and severe unilateral ventriculo-
megaly causing displacement of the midline, asymmetric cerebral
hemispheres, thinning of the parenchyma on the dilated side, fail-
ure to visualize or disappearance of the corpus callosum and thal-
ami, thin pons and brainstem, and a nonhomogeneous small mass
in the area of the basal ganglia. The second case demonstrated
even coarser calcifications involving the white matter of the fron-
tal lobe and cerebellum, corpus callosum, and vermian dysgenesis
and enlarged cisterna magna. Among the 6 other cases described
in the same study (11), fetal neurosonograms showed 2 cases with
cerebellar involvement and 3 with brain calcifications.

Prenatal sonographic features were also well described in the
paper of Mlakar et al. (see description of the case above) (12).
Whereas ultrasounds at 14 and 20 weeks gestation were normal,
the 28-week ultrasound showed reduced fetal movements, nu-
merous calcifications in the placenta and the brain, and blurred
brain structures, as well as a dilated occipital horn of the lateral
ventricles.

In a cohort study by Brasil et al. (15), 42 ZIKV-positive preg-
nant patients accepted prenatal ultrasonographic examinations. A
total of 12 fetuses demonstrated anomalies. Signs of placental in-
sufficiency were frequently reported and included intrauterine
growth restriction (n � 5), abnormal Doppler studies (n � 4), low
amniotic fluid volume (n � 2), and increased placental thickness
(n � 2). Brain anomalies were reported in 8 fetuses and included
microcephaly (n � 4), cerebral calcifications (n � 6), ventriculo-
megaly (n � 5), mega cisterna magna (n � 4), and other brain
anomalies (agenesis of the vermis, Blake’s pouch cyst, cerebellar
atrophy). Clubfoot or arthorgryposis, which are signs of potential
brain anomalies, were reported in 3 fetuses. Cerebral calcifications
were seen in fetuses of women infected as late as 27 weeks, whereas
intrauterine growth restriction was present in fetuses of women
infected during any trimester. Of note, 3 of 4 fetuses diagnosed
with microcephaly in utero were born at the time of the publica-
tion, 1 with isolated microcephaly and 2 identified as small for
gestational age (nonisolated microcephaly).

In 1 of the 9 infected patients described by Meaney-Delman et
al., absence of the corpus callosum, ventriculomegaly, and brain
atrophy were observed on ultrasound at 20 weeks and via mag-
netic resonance imaging (186). ZIKV RNA was detected in amni-
otic fluid, and the patient opted for termination of her pregnancy.

Sarno et al. (188) reported the first case of hydrops fetalis linked
to ZIKV infection. Indeed, ultrasound at 26 and 30 weeks gesta-
tion demonstrated intrauterine growth restriction, severe micro-
cephaly, hydranencephaly, intracranial calcifications, and de-
structive lesions of the posterior fossa, in addition to hydrothorax,
ascites, and subcutaneous edema.

In the case presented by Driggers et al. (190), fetal ultrasonog-
raphy showed no evidence of microcephaly or intracranial calci-
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fications until 5 weeks post-ZIKV infection. There was a progres-
sive decrease in the fetal head circumference, however, with
abnormal intracranial anatomy at 19 weeks gestation. Intraven-
tricular hemorrhage was suspected due to the presence of echo-
genic material in the frontal horns and the dilated ventricles.
Anomalies of the corpus callosum were also suspected. No paren-
chymal calcifications were seen.

Postnatal Imaging and Findings

Schuler-Faccini et al. published a detailed report on postnatal
brain imaging findings (5). CT scans and brain ultrasounds per-
formed on 35 infants suspected of intrauterine ZIKV infection
(see previous section) showed a pattern similar to the prenatal
findings described above. The authors described widespread brain
calcifications (74%), mainly localized to the periventricular, pa-
renchymal, and thalamic areas and in the basal ganglia. Ventricu-
lomegaly secondary to cortical/subcortical atrophy was reported
in 44% of cases, and 33% of infants also had evidence of cell
migration abnormalities (e.g., lissencephaly, pachygyria).

At the time of the publication by Brasil et al. (15), six live births
to mothers who presented with a rash during their pregnancy and
tested positive for ZIKV by RT-PCR occurred (see above). Two
newborns of mothers infected at 30 and 31 weeks gestation had
normal biometrics and normal examinations at birth. One infant,
whose mother was infected at 8 weeks gestation, had severe mi-
crocephaly, global cerebral atrophy, and calcifications confirmed
by CT scan as identified prenatally. Two infants with maternal
infection at 22 and 26 weeks gestation were reported to have
growth restriction in utero, which was confirmed as small for ges-
tational age at delivery with proportionally small heads. Finally,
one infant with anhydramnios whose mother was infected at 35
weeks gestation was found to have normal measurements at birth
but poor sucking reflex and electroencephalogram abnormalities.

Meaney-Delman et al. (186) described the case of a mother who
had ZIKV-like symptoms during her first trimester of pregnancy
while she was living in Brazil. She delivered a term infant with
severe microcephaly. Molecular and pathological evaluation of
the placenta demonstrated ZIKV by RT-PCR and immunohisto-
chemistry, respectively. The infant exhibited seizures, difficulty
swallowing, and hypertonia. A CT scan demonstrated multiple
scattered and periventricular brain calcifications. Fundoscopic ex-
amination revealed a pale optic nerve and mild macular chori-
oretinitis.

Other Fetal and Neonatal Anomalies

In addition to the brain anomalies described above, ZIKV infec-
tions may be involved with specific ocular tropism. One case de-
scribed by Oliveira Melo et al. (11) showed bilateral cataracts and
intraocular calcifications as well as a size discrepancy between
eyes.

Ventura et al. presented 2 reports discussing adverse ocular out-
comes in children born with microcephaly after the ZIKV out-
break in Brazil (95). In the first publication, outcomes for 1 male
and 2 female babies were described, and only one mother reported
symptoms of rash and arthralgia in the first trimester. None of the
mothers had ocular lesions on biomicroscopy and fundoscopy.
The pregnancies and prenatal follow-up ultrasounds were not de-
scribed. All infants were born between 37 and 38 weeks gestation,
and two of them were below the 10th percentile for weight. These
infants had microcephaly and cerebral calcifications detected by

CT scan. Although the presence of ZIKV infection was not evalu-
ated by RT-PCR, intrauterine infection is highly suspected since
toxoplasmosis, rubella, CMV, HSV, syphilis, and HIV were ruled
out in all cases (mothers and infants). On examination at 56 to 88
days of life, the three infants had unilateral ocular findings re-
stricted to the macular region (gross macular pigment mottling
and fovea reflex loss) (95). A well-defined macular neuroretinal
atrophy was also observed in one infant.

In another publication (96), the same authors reported 10 other
infants with ocular anomalies, microcephaly, and brain calcifica-
tions. Pregnancy details are described above in the section “Sus-
pected cases under ongoing investigation.” The mothers’ ocular
examinations were all normal. The infants had normal anterior
segment structures, normal reactive pupils with no afferent pupil-
lary defect, no retinal detachment or vessels anomalies. One infant
presented with horizontal nystagmus and six had strabismus (4
exophoria and 2 esophoria). Optic nerve hypoplasia (9 eyes) and
macular alterations (15 eyes) were present in 85% of the cases.
Macular alterations consisted of foveal reflex loss, mild to gross
pigment mottling, and sharply demarcated circular areas of cho-
rioretinal atrophy (96).

An additional 29 cases have been described by Freitas et al. (92,
94). Microcephalic infants with a presumed diagnosis of congen-
ital ZIKV infection were recruited through an active search in
December 2015 in Salvador and Sao Paulo, Brazil (203). All other
infections were ruled out (TORCH, HIV). ZIKV-like symptoms
were reported by 79.3% of the mothers (18, 4, and 1 in the first,
second, and third trimesters, respectively). Ocular abnormalities,
mainly bilateral (n � 7), were present in 10 children (34.5%).
Anomalies identified were focal pigment mottling of the retina
and chorioretinal atrophy (64.7%), optic nerve abnormalities
(47.1%), and bilateral iris coloboma and lens subluxation (1 pa-
tient each).

Among the 6 live births described by Brasil et al. (15), fundos-
copy demonstrated macular hypoplasia and/or scarring in 2 new-
borns of mothers who presented with a rash during their preg-
nancy and were confirmed to be ZIKV positive at 8 and 22 weeks
gestation, respectively.

Other Adverse Obstetrical Outcomes Associated with ZIKV
Infection

Through the confirmed and suspected cases described above,
ZIKV infection has been associated with miscarriage or adverse
neonatal outcomes. The pathophysiology of the brain lesions may
be related to the virus itself or a toxin leading to an inflammatory
reaction. This could result in findings of severe cerebral anomalies
(abnormal development leading to microcephaly, cerebral calcifi-
cation, and ocular lesions), especially when the infection occurs in
the first or second trimester of pregnancy. This is similar to other
vertically transmitted infections, such as toxoplasmosis, rubella,
and CMV. Moreover, other unknown factors, such as the immu-
nologic responses of mother and fetus or the amount of viral cir-
culation, may play an important role in the abnormalities ob-
served in newborns.

The rate of preterm births does not seem to increase in cases
of ZIKV infection. Among the 34 cases reported by Schuler-
Faccini (5), 9% were delivered prematurely, which does not
differ from the normal rate of preterm birth outside a ZIKV
outbreak (204, 205).
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Differences from Other Teratogenic Infections

The classical group of teratogenic pathogens is referred to as
“TORCH” and is recognized to cause multiple fetal anomalies
(206). In contrast, mainly brain and ocular malformations have
been identified after ZIKV infection during pregnancy. This po-
tential “pure” neurotropic effect of a virus is surprising, but it has
previously been described for other viruses (see the section on
LCMV, above). Future reports, however, may describe other fetal
organ involvement.

The severe damage of the cerebellum, brainstem, and thalami
that is seen after congenital ZIKV infection is rarely associated
with other intrauterine infections (11). The 2 fetal cases described
by Oliveira-Melo et al. showed some similarities to CMV and tox-
oplasmosis cases (11), but a more severe and destructive pattern
was noted, with a lack of nodules.

Miranda-Filho et al. (200) described the differences from other
congenital infections, based on 35 cases with presumed congenital
ZIKV syndrome. Congenital ZIKV cases have no hepatospleno-
megaly, petechiae, purpura rash, or other skin lesions. In contrast
to congenital toxoplasmosis, parvovirus B19 infection, and syph-
ilis, hearing abnormalities can be present after ZIKV infection.
Calcifications may be more severe with ZIKV than with toxoplas-
mosis or CMV infections. But like in all congenital TORCH infec-
tions, ocular abnormalities may be present with ZIKV.

As described by Rasmussen et al. (16), fetuses and infants with
congenital ZIKV infection have a typical pattern, including micro-
cephaly and intracranial calcifications, sometimes accompanied
by other brain anomalies, eye findings, redundant scalp skin, and
arthrogryposis. Moreover, some infants present features consis-
tent with “fetal brain disruption sequence” (16), characterized by
prominent occipital bone, overlapping cranial sutures, and re-
dundant scalp skin, findings that are not typically seen in other
forms of microcephaly. This phenotype suggests a growth of the
scalp skin in parallel with an interruption of cerebral growth after
an injury that occurred after the initial formation of brain struc-
tures, followed by partial collapse of the skull (16).

INVESTIGATION OF THE CAUSAL LINK

Evidence of cell line susceptibility to ZIKV, as well as human and
animal intrauterine transmission in genetically related viruses
(DENV, WNV, JEV) or in viruses with similar epidemiology
(CHIKV), is reviewed below.

Cell Lines

With mosquitoes as the vector for transmission and replication, it
is expected that ZIKV can infect and replicate in several mosquito
cell lines, such as C6/36 (Aedes albopictus) and AP-61 (Aedes pseu-
doscutellaris) (207, 208). In addition, several mammalian cells
lines are susceptible to ZIKV as well, including PS-C1 cells (por-
cine kidney), LLC-MK2 cells (Macaca mulatta, rhesus monkey,
kidney), and Vero cells (Chlorocebus aethiops, African green mon-
key, kidney) (139, 209). Recently, Hamel et al. (210) investigated
the ability of ZIKV to infect human skin cells, as these are thought
to be the target cells for ZIKV inoculation during the mosquito
blood-feeding process. They identified that human dermal fibro-
blasts, epidermal keratinocytes, and immature dendritic cells are
susceptible to ZIKV. The virus activates the innate immune re-
sponse, including type I and type II interferons (IFNs), in infected
primary human fibroblasts. In addition, Toll-like receptor 3 plays
a role in the recognition of ZIKV (210). Skin fibroblasts infected

with ZIKV resulted in the formation of an autophagosome, which
is associated with enhanced viral replication (210). Although au-
tophagy has not been described in ZIKV-infected neural cells so
far, it could potentially play a role in the development of micro-
cephaly. It has been reported that one potential cause of micro-
cephaly involves abnormal centrosome function (211). The am-
plification of the centrosome number has been revealed to be an
inducer of microcephaly (212). Several proteins, such as the UV
irradiation resistance-associated gene (UVRAG) product and Be-
clin-1, have a dual role in autophagy as well as centrosome stability
(213, 214). Specifically, Beclin-1, which induces an increase of
centrosomes in mice, results in a delay in mitosis, an increase in
apoptosis, improper neural stem cell orientation, premature neu-
ronal differentiation, and a decrease in progenitor cells in mice.
Overall, the reduction in brain matter formation leads to a de-
crease in brain size indicative of microcephaly (212). Studies in-
vestigating the role of ZIKV-infected neurons, autophagy, and the
possible effect on microcephaly development need to be further
addressed.

Other groups have shown that ZIKV grows efficiently in A549
human lung epithelial cells (215) and human neural stem cells
(216). ZIKV targets human brain cells and reduces their viability
and their growth into neurospheres and brain organoids. Those
authors concluded that ZIKV abrogates neurogenesis during hu-
man brain development (216). Bayer et al. (217) discovered that
primary human trophoblasts from full-term placentas are refrac-
tory to ZIKV infection. In addition, medium from uninfected tro-
phoblast cells protects nonplacental cells from ZIKV infection,
possibly secondary to the constitutive release of IFN-�.

Mice

Despite limited studies of ZIKV in mice, ZIKV has been shown to
be highly neurotropic (140, 218, 219). Dick et al. (218) demon-
strated that mice were susceptible to infection after intracerebral
inoculation with ZIKV, independent of their age. In contrast, in-
traperitoneal inoculation with ZIKV only led to disease in mice
who were 2 weeks or younger. Mice of 2 weeks and older could
rarely be infected with ZIKV via intraperitoneal inoculation (218).
Following intracerebral inoculation, mice showed evidence of
neuronal degeneration especially in the region of the hippocam-
pus, cellular infiltration, nuclear swelling with margination, and
pycnosis of the chromatin, followed by karyrrhexis and softening
of brain tissue. Cowdry type A inclusion bodies were observed
especially in brains of young mice showing extensive lesions (218,
219). Infection of young mice (between 1 and 5 days old) was also
associated with skeletal myositis and myocarditis (219). In an-
other study, 1-day-old mice and 5-week-old mice were infected
intracerebrally with ZIKV (140). The most prominent changes
were found in Ammon’s horn. In newborn animals, localized seg-
ments of necrosis in the band of pyriform cells, large amounts of
hyperchromatic debris, and astrocyte hypertrophy were noted. In
the 5-week-old mice, remarkable changes in astroglial cells were
observed throughout the whole cortex. Electron microscopy re-
vealed that ZIKV was able to replicate in astroglial cells and neu-
rons (140). It is important to note that in these studies the mice
were inoculated intracerebrally with ZIKV, and in order to con-
firm the neurotrophism of ZIKV, other inoculation routes should
be evaluated.

To our knowledge, no studies in which pregnant mice have
been infected with ZIKV have been performed. Several other stud-
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ies concerning related viruses, such as WNV and Japanese enceph-
alitis virus (JEV, another Flavivirus), however, have shown trans-
placental transmission and susceptibility of embryos. WNV
infection in pregnant mice (usual length of gestation of 20 to 21
days), for example, resulted in extremely high mortality, indepen-
dent of the infecting dose or the week of gestation (220, 221).
Several mouse studies demonstrated intrauterine transmission of
WNV, which was more efficient in mice infected during the sec-
ond week of gestation than during the third week of gestation (P �
0.0001) (220, 222, 223). Mouse embryos are susceptible to WNV
infection after the formation of the trophectoderm around 3.5
days postcoitus (dpc) through the formation of the functional
placenta around 10.5 dpc (223).

The transplacental transmission of JEV was investigated using a
mouse model, in which pregnant mice were infected by intraper-
itoneal inoculation on the first (day 5), second (day 8), or third
(day 15) week of gestation (224). Although no clinical symptoms
were observed in the inoculated mice, a brief viremia was followed
by replication of the virus in the spleen, liver, kidney, and placenta.
Infection of pregnant mice with JEV during the first week of ges-
tation resulted in more fetal and neonatal deaths (66%) than in
mice infected during the last 2 weeks of gestation. JEV was isolated
from brain tissue from stillborn, newborn, and/or infant mice
independent of the time of maternal inoculation during the preg-
nancy (224).

Pigs

To date, no studies have been performed on ZIKV infection in
pigs; however, the closely related JEV is known to be a common
cause of reproductive diseases in pigs and has been associated with
brain damage. While adult pigs show no clinical symptoms upon
JEV infection, infection of sows in early pregnancy results in still-
births, abnormal young, and JEV isolation from brain tissue
(225). Another study in pigs identified JEV in the brains of 3 pig-
lets, which died shortly after birth (226). More recently, Yamada et
al. (227) infected 3-week-old piglets with JEV, and this resulted in
encephalitis and lesions in the cerebrum, midbrain, and cerebel-
lum. Perivascular cuffing, neurophagia, neuronal necrosis, and
glial nodules were observed in the infected piglets. In addition,
they showed that JEV was able to reach the central nervous system
3 days after infection by crossing the blood-brain barrier (227).
Weaning piglets infected with WNV demonstrated similar lesions
in the central nervous system, as mentioned above (228). JEV and
WNV infections in pigs is reviewed in detail in the chapter on
flaviviruses in the book Diseases of Swine by Zimmerman et al.
(229).

In contrast to the adverse effects of JEV and WNV infection in
pregnant animals, the effects of JEV and WNV infection during
human pregnancy (described below) are limited. The observed
differences in disease outcomes between animal and human hosts
could be due to the experimental setup (unnatural dose of infec-
tion and infection route in animals), the immune response of the
host against the virus, or the virulence of the strain used for exper-
imental infection. The fact that JEV and WNV are able to cause
reproductive complications and induce brain damage in newborn
mice and pigs, however, suggests that these viruses have the po-
tential to cause serious effects in humans as well.

Humans

Reports of human intrauterine transmission of related viruses are
summarized in Table 4.

West Nile virus. The first and only case of intrauterine trans-
mission of WNV was documented in 2002 when a 20-year-old
woman was diagnosed with WNV 2 months prior to delivery (230,
231). She was hospitalized with flu-like symptoms that developed
into paraparesis, which subsequently slowly resolved. The physi-
cal examination of the female newborn was completely normal
(head circumference of 31.5 cm), and no rash or other skin find-
ings were present (231). Ophthalmologic examination revealed
bilateral chorioretinitis, and MRI of the brain showed dramatic
cerebral abnormalities. The brain demonstrated general lissen-
cephaly as well as a rectangular-shaped 2-cm cyst involving the left
posterior temporal lobe and projecting beyond the cortex, likely at
a site of more severe brain damage (231). As the cord blood, heel
stick blood, and cerebrospinal fluid (CSF) of the newborn were
positive for WNV-specific IgM and neutralizing antibodies and
intrauterine transmission, and infection of the infant was con-
firmed. Perinatal transmission of WNV has also been investigated
in a larger study of pregnant women in the United States (232).
Cord blood samples from 22 of 547 deliveries tested positive for
IgG antibodies against WNV. No cord blood samples, however,
tested positive for IgM antibodies to WNV, providing no evidence
of congenital WNV infections (232). The majority of these new-
borns were healthy, although a few infants were born with mal-
formations, such as chorioretinitis, severe cerebral abnormalities,
and neonatal respiratory distress, though no definite association
to WNV infection could be established (232). A second study,
which included 72 infants, indicated similar findings (233). Most
of the newborns had no physical abnormalities, while seven in-
fants had large malformations. Major birth defects followed first-
trimester maternal WNV infection in 1 case (polydactyly), sec-
ond-trimester infection in 3 cases (2 with microcephaly and 1 with
Down syndrome), and third-trimester infection in 3 cases (1 aor-
tic coarctation, 1 cleft palate, and 1 lissencephaly). The two new-
borns diagnosed with microcephaly did not have specific anti-
WNV IgM antibodies in their serum or CSF, and no WNV RNA
was detected by PCR in cord blood, cord tissue, or placenta (233).

Dengue virus. Several case reports have suggested vertical
transmission of DENV from mother to newborn, although none
has been definitively confirmed (234–237). All documented cases
of perinatal transmission of DENV thus far are linked to third-
trimester maternal infection. A 25-year-old Malay woman was
admitted to the hospital at 36 weeks gestation for stabilization of
preeclampsia. Two days later, she developed an acute fever. At
days 4, 7, and 10 of her illness, DENV infection was diagnosed
through IgM-specific antibodies (234). On the fifth day of hospi-
talization, she delivered a male infant vaginally, who developed
respiratory distress syndrome as well as a large uncontrollable left
intracerebral hemorrhage. DENV type 2 was isolated from his
blood, and the infant died of multiorgan failure on day 6 (234).
The illness of the infant at time of birth suggests intrauterine
transmission of DENV. DENV-specific IgM antibodies, however,
were not detected in blood samples taken at days 2 and 6, which
could be explained by the possible incubation time required to
achieve detectable levels of IgM. During a retrospective study of 53
pregnant women in French Guiana who contracted dengue fever
during their pregnancy, 20 blood samples were taken from the
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umbilical cord at birth (237). In three samples (15%), perinatal
transmission was confirmed. DENV-specific IgM antibodies were
detected in two of these cases, and DENV serotype 2 was isolated
from the newborn of the third case. Another example is the case of
a 22-year-old woman who was hospitalized at 40 weeks gestation
for fever, uterine contractions, and flu-like symptoms. The infant
was born via Caesarean section and monitored carefully at the
hospital, as vertical transmission was suspected. Five days after
birth, the infant developed fever and worsening thrombocytope-
nia. Both the mother and the infant tested positive (serology and
PCR) for DENV serotype 2 (237). Ocular manifestations, such as
bilateral chorioretinitis, are part of the characterized symptoms in
adults infected with DENV. In most of the cases, these symptoms
are self-limiting or treated with antibiotics and/or steroids; how-
ever, they can eventually lead to permanent visual impairment
(238–240). To our knowledge, no reports have been published
regarding ocular manifestations in newborns born from DENV-
infected mothers, manifestations which are present in TORCH
and WNV infections (231, 241).

Japanese encephalitis virus. In 1978, during an extensive epi-
demic of JEV in Uttar Pradesh (India), a woman was admitted to
the hospital at 22 weeks gestation with typical signs and symptoms
of JEV (242). Her JEV-specific IgM serology was positive, and she
aborted 4 days after disease onset. Specimens taken from brain,
liver, and placenta of the fetus were all positive for JEV, indicating
intrauterine transmission of the virus (242). So far, this is the only
documented case of intrauterine transmission of JEV in humans;
however, experimental JEV infections in animal models confirm
the possibility of intrauterine transmission.

Yellow fever virus. The first evidence of vertical transmission of
yellow fever was observed in 2009 during an outbreak of sylvatic
yellow fever in São Paulo State (Brazil) (243). A 30-year-old
woman presented with complaints of fever, headache, and jaun-
dice in late pregnancy. She delivered a female infant 3 days later via
vaginal delivery in a local hospital. Seven days postpartum, the
mother was admitted to the hospital with fever, jaundice, and
conjunctivitis. She had elevated liver enzymes and mild anemia.
On the 11th day of disease, a yellow fever IgM serology was posi-
tive (243). Her infant daughter was asymptomatic at birth and
discharged from the hospital after 2 days of exclusive breastfeed-
ing. She was admitted to the hospital on the third day of life,
however, with fever and cyanosis, which progressed to hematem-
esis, melena, hypoglycemia, and oliguria by day 8 of life. Despite
extensive therapy, the newborn had livery and kidney failure fol-
lowed by disseminated intravascular coagulation, seizures, and
finally coma. Death occurred on day 12, and autopsy samples
showed massive liver necrosis, pulmonary hemorrhage, and acute
tubular necrosis (243). Serum samples taken at 5 days after disease
onset were positive for YFV-specific IgM antibodies, and the pres-
ence of YFV was confirmed by PCR. It is not possible to rule out
transmission of yellow fever virus via breastfeeding, although this
would suggest an unusually short incubation period of the virus.
Transmission via breastfeeding has been recorded for the yellow
fever vaccine virus (attenuated 17DD substrain; approved by
WHO) (244). Several studies have investigated the effect of yellow
fever vaccination during early pregnancy (245–247). None of
these studies indicated that in utero exposure to yellow fever vac-
cine resulted in an increased risk of major malformations. IgM
antibodies against the vaccine strains, however, were detected in

cord blood of a newborn, indicating the possibility of intrauterine
transmission (245).

Chikungunya virus. Most of the reports concerning the effect
of CHIKV infection during pregnancy describe no major effect on
pregnancy outcomes or newborns if the mother was infected be-
fore the peripartum period (248–250). However, CHIKV-specific
IgM antibodies were detected in the cord blood of the infants,
providing evidence for intrauterine transmission of the virus (249,
250). In contrast, another study identified that in the case of a
symptomatic mother (2 days before and 2 days following deliv-
ery), the neonate also developed CHIKV symptoms (251). A study
by Geraldin et al. (252) examined 33 CHIKV-infected children at
around 2 years of age and compared them with 135 uninfected
peers. CHIKV perinatal transmission was identified for the infants
of mothers infected during pregnancy with a positive PCR and/or
presence of CHIKV-specific IgM antibodies. After adjustment for
maternal social situation, IUGR, and head circumference, CHIKV
infection was found to be associated with global neurodevelop-
mental delay (incidence rate ratio, 2.79; 95% CI, 1.45 to 5.34).
Twelve infants presented with CHIKV neonatal encephalopathy,
and five developed microcephaly (252).

CLINICAL MANAGEMENT

Prenatal Care

Screening strategies and general pregnancy monitoring. To
date, few agencies have expressed detailed recommendations with
regard to ZIKV. Nevertheless, everyone agrees that specific atten-
tion is required. Obstetricians should actively evaluate for signs of
active/past ZIKV infections in regions where it is endemic or for
those with history of travel to countries where ZIKV is circulating
(25, 253–257). Several agencies emphasize the importance of reg-
ular prenatal visits to complete recommended biological screen-
ing as well as ongoing general recommendations, such as avoid-
ance of alcohol and other teratogenic substances (255, 258).
Recently, the U.S. Centers for Disease Control and Prevention has
published detailed guidelines on screening strategies (256, 259).
The CDC proposes to offer serological screening to pregnant
women (i) upon return from travel to a country where ZIKV virus
is circulating and (ii) at the first prenatal visit, in combination with
the recommended routine infectious disease screening (generally
including HIV, CMV, rubella, HBV, HCV, and possibly toxoplas-
mosis) for pregnant women living in countries where ZIKV is
endemic. Seronegative women continuously exposed to ZIKV can
be offered follow-up screening during the second trimester (256).
At first, the CDC and ACOG limited screening to returning preg-
nant travelers demonstrating symptoms during or within 2 weeks
of travel, i.e., a mild fever, maculopapular rash, arthritis, or con-
junctivitis, but they rapidly extended it to all returning pregnant
women (253, 256). Due to the high proportion of asymptomatic
infections (122), general screening may be more appropriate in
areas where ZIKV is not endemic, as proposed by Baud et al., who
recently published detailed recommendations on the manage-
ment of suspected ZIKV infection in pregnant women (260).
Challenges associated with general screening, especially in areas of
endemicity, include the high rate of cross-reactivity with other
flaviviruses and the risk of false-positive results. Positive serologies
need to be confirmed by a PRNT, which is only performed in
highly specialized laboratories (179). Findings from such a test
may still be associated with cross-reactions in cases of secondary

Zika Virus and Pregnancy

July 2016 Volume 29 Number 3 cmr.asm.org 677Clinical Microbiology Reviews

http://cmr.asm.org


Flavivirus infections (i.e., another Flavivirus infection that occurs
after a previous Flavivirus infection) (114, 179). Additionally, in
countries where ZIKV is endemic, a general screening strategy
might overwhelm laboratory capacity, as suggested by Samarasek-
era et al., who discussed the limited number of RT-PCRs that
could be performed per day (i.e., 100) in Brazil (261). Therefore,
some agencies (258) have not made any specific recommenda-
tions regarding laboratory screening, while others (254) suggest
laboratory screening of pregnant women with ongoing symp-
toms, including RT-PCR of a urine or plasma sample as well as
serological testing (254). These agencies also propose freezing of a
clotted plasma sample in asymptomatic women with a history of
exposure to ZIKV for potential retrospective serological diagnosis
for cases of suspected fetal ZIKV infection. This strategy may be
more cost-beneficial, as even in the absence of specific IgM 2 to 12
weeks following exposure, maternal infection cannot necessarily
be ruled out, and ultrasound monitoring may still be utilized, as
discussed below (253, 256, 257, 260). Furthermore, the risk of fetal
sequelae in the case of a past or recent maternal infection is not
known. On the other hand, general screening could provide ex-
tensive epidemiological data that are currently needed to describe
epidemics. A discussion on the performance of the different diag-
nostic tools for ZIKV infection has been offered by Musso et al.
(114).

Ultrasound monitoring. As expressed by all major agencies
and through analogy to toxoplasmosis and CMV infections, ultra-
sound monitoring provides more information than maternal se-
rological status and therefore represents the main screening strat-
egy for pregnant women exposed to ZIKV (253–256, 258). In most
countries, routine prenatal care includes two ultrasounds, one
performed at the end of the first trimester for pregnancy dating
and a second performed between 18 and 22 weeks gestation to
detect major fetal anomalies (51). The course of fetal ZIKV infec-
tion, however, is not currently known, and specific lesions may
develop late in pregnancy. In addition, the correlation between
head circumference in utero and OFC at birth is stronger when
measurements are performed during the third trimester (i.e., after
28 weeks gestation) (27, 262). It should be emphasized that while
prenatal ultrasound may suggest microcephaly, the definitive di-
agnosis can only be made at birth. The presence of additional
cerebral anomalies may increase the predictive value in utero (27).
Baud et al. (260) and several agencies (256–258, 263) have sug-
gested that at least one additional ultrasound should be performed
in the third trimester in pregnant women exposed to ZIKV, inde-
pendent of maternal serological status, even in the absence of fetal
anomalies on previous ultrasounds. In higher-income countries
where ultrasound may be more easily accessible, additional serial
ultrasounds could be proposed. Baud et al., as well as the major
agencies (Collège National des Gynécologues et Obstétriciens de
Frances [CNGOF], RCOG, SOGC, CDC, and ACOG), recom-
mend obtaining a baseline ultrasound 3 to 4 weeks after maternal
exposure or at 16 to 18 weeks gestation and then every 3 to 4 weeks
for the remainder of the pregnancy (253–257, 260). Less frequent
monitoring might be proposed for seronegative pregnant women
(253, 256, 257, 260). In the presence of fetal anomalies, an MRI
may be beneficial at 30 to 34 weeks gestation to allow a better
description of the lesions (254, 255).

Amniocentesis. Amniocentesis and subsequent molecular
analysis is the gold standard to detect fetal CMV, toxoplasmosis,
and LCMV infection (see above). The specific ZIKV RT-PCR may

be performed on amniotic fluid samples, and therefore amniocen-
tesis may be considered for diagnosis of a fetal ZIKV infection (11,
178, 264).

Amniocentesis carries a significant risk of spontaneous abor-
tion (0.1 to 1%), especially when performed early in pregnancy
(265), and unnecessary amniocenteses should be strictly avoided
(33). Our group has recently suggested several considerations that
need to be taken into account when discussing amniocentesis rec-
ommendations (33). First, the sensitivity of the ZIKV RT-PCR in
amniotic fluid is not known. It is known, however, for T. gondii
and CMV that optimal detection in amniotic fluid can only be
performed once the fetal kidney produces a sufficient amount of
urine to allow for pathogen shedding. This is achieved around 20
weeks gestation, or once the pathogens have breached the placen-
tal barrier, which may occur 6 to 8 weeks after maternal infection
at the earliest (75). It is likely that ZIKV detection is limited by the
same factors, and therefore amniocentesis should not be per-
formed earlier than 21 weeks gestation and 6 to 8 weeks after
suspected maternal infection. Second, no data exist on the rela-
tionship between a positive amniocentesis and the development of
brain anomalies, and there is currently no treatment available.
Similarly to toxoplasmosis and CMV, it is unlikely that 100% of
fetuses will develop symptoms, and the severity of the damage
might be related to the gestational age at the time of infection. In
addition, a normal test may not provide reassurance. Infection
could still occur later in gestation, as described for toxoplasmosis
(65). Therefore, independent of the amniocentesis results, close
ultrasound monitoring (every 3 to 4 weeks) would still be re-
quired. Similar to CMV, factors that could help predict prognosis
include viral load and the severity of the lesions observed on ul-
trasound; however, data are lacking regarding ZIKV infection to
make any statement at this point (74).

Given the above, it may be prudent to offer amniocentesis only
in the presence of fetal evidence of infection to prevent amniocen-
tesis-related miscarriage or termination of asymptomatic fetuses
(33), as suggested by most gynecologic and obstetrical agencies
and the recently published recommendations by Baud et al. (253,
254, 257, 260, 263, 266). Of note, the CDC initially proposed to
offer amniocentesis to every pregnant woman with (i) positive or
inconclusive testing or (ii) ultrasound findings compatible with
ZIKV infection starting from 15 weeks gestational age (256), but
the CDC rapidly updated this recommendation to acknowledge
the above-mentioned considerations (263, 267). In any case, ade-
quate parental counseling is required regarding the risks and ben-
efits of amniocentesis. Furthermore, prognosis of infected fetuses
showing a concomitant brain anomaly is difficult to predict.
Long-term follow-up studies, however, are not available for con-
genital ZIKV infections, and parents should be counseled by a
multidisciplinary medical team with expertise in the infectious
disease field. The presence of fetal anomalies is considered to be an
acceptable indication for pregnancy termination in cases of con-
firmed toxoplasmosis or CMV infection (268), but pregnancy ter-
mination remains a highly debated subject (269). The RCOG
mentions that in the case of severe brain anomalies, termination of
pregnancy should be considered at any gestational age (254). Nev-
ertheless, as reminded by the WHO/PAHO, the decision to inter-
rupt the pregnancy can only be made by the mother-to-be, a de-
cision that will be highly influenced by her social and legal context
(258). As mentioned by Roa in a recent comment, abortion is
illegal in most ZIKV-circulating countries. Even in countries that
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allow pregnancy termination in cases of serious risk to maternal or
fetal health, such as Colombia, adequate information is rarely
given to mothers, partly due to significant social and religious
pressures (269). In that context, the benefit of amniocentesis is
questionable.

Additional recommendations for pregnant women. Pregnant
women may require a blood transfusion in cases involving signif-
icant blood loss, such as placenta previa or severe hemolysis,
which can occur in sickle cell disease, for example (270, 271).
Caution should be taken when transfusing pregnant women. The
presence of ZIKV has been detected in asymptomatic blood do-
nors (272). Therefore, pregnant women should only receive blood
products from an area without active transmission. If only locally
collected products are available, they should be ZIKV negative or
pathogen reduced (273). Many blood bank agencies have also now
declined blood donations from recent travelers to areas where
ZIKV is endemic.

Management of acute infection in pregnancy. The clinical
course of acute ZIKV infection is similar to that in nonpregnant
patients, and symptoms, if present, are similar to those in non-
pregnant patients (i.e., maculo-papular rash [an example of which
is presented in Fig. 3], conjunctivitis, low-grade fever, and arthral-
gia); an increase in the rate of complications, such as Guillain-
Barré syndrome, or of hospitalization rates has not been reported
so far (258). Clinical management relies on symptomatic treat-
ment after having excluded an alternative diagnosis (119, 255,
258). Suspicion of ZIKV infection should not postpone antibiotic
treatment in the presence of high fever if chorioamnionitis or
pyelonephritis are suspected. Paracetamol, also called acetamino-
phen, as well as antihistamine medications in case of a pruritic
rash can be safely administered during pregnancy.

Postnatal Care

Asymptomatic newborn. In asymptomatic newborns, clinical
evaluation and complementary examinations should focus on
early detection and prevention of latent and long-term symp-
toms. As for any newborn, a full clinical examination should be
performed to look for any anomalies; biometric parameters,
including adequate OFC measurements, the presence of a skin
rash, petechia, hepatosplenomagaly, and neurological symp-
toms should be clearly documented. All current recommenda-

tions suggest that further testing should only be advised for
asymptomatic newborns from mothers with a confirmed ZIKV
infection (254, 255, 260, 267, 274). For exposed mothers whose
serological status is unknown at the time of delivery, the CDC
additionally recommends screening mothers who have pre-
sented symptoms compatible with a ZIKV infection during
pregnancy (275).

For newborns at risk, serum samples should be obtained, ide-
ally from the umbilical cord, within 2 days, for RT-PCR and spe-
cific IgM detection and confirmation by PRNT if positive. In re-
gions where ZIKV is endemic, testing for other arboviruses,
especially DENV, is recommended (254, 255, 274). Extrapolating
from the current recommendations for diagnosis of a congenital
CMV infection (276), RT-PCR for urine and saliva samples could
also be performed, as molecular detection of ZIKV has been
shown to be highly efficient for both sample types (170, 260, 277).
RT-PCR can eventually be performed in cerebrospinal fluid if a
sample is available, but lumbar puncture should not be performed
without an additional indication (274). The placenta should be
carefully examined and sent for histopathological analysis as well
as tested for the presence of ZIKV by RT-PCR or immunohisto-
chemistry (254, 255, 274, 278). Similar analyses on fetal tissues,
placenta, and maternal serum should also be performed in cases of
fetal loss (254, 255).

As suggested by Baud et al., active monitoring for latent se-
quelae should be performed for infected asymptomatic newborns
(260). Additional examinations should include complete blood
count, liver function tests, fundoscopy, and hearing evaluation
through evoked autoemission acoustic or brainstem stimulation,
as well as cerebral ultrasound, except if a recent prenatal one is
available (260, 274).

Newborns presenting with microcephaly or prenatal cerebral
calcifications. In infants presenting with anomalies, clinical eval-
uation and complementary examinations should not only aim at
detection of early and long-term complications but also evaluate
the possible differential diagnosis (260). Clinical management re-
quires the participation of neurologists, geneticists, obstetricians,
and pediatricians and should take into account recommendations
for management of microcephaly (reviewed in reference 21). At
the first clinical evaluation, signs of dysmorphism, congenital in-
fections, and inborn errors of metabolism should be actively eval-
uated (21, 260, 274). The newborn and placenta should be tested
for ZIKV as described above, and maternal status for ZIKV infec-
tion should be confirmed (255, 260, 274). In addition, other con-
genital infections should be excluded. A CMV PCR for either a
urine or saliva sample needs to be rapidly performed (21, 260),
and maternal serological status for all other congenital TORCH
infections should be obtained (260). Detailed family history, as
well as pregnancy and birth history are required. Results of uni-
form newborn screening, which in most countries includes con-
genital hypothyroidism, phenylketonuria, congenital adrenal hy-
perplasia, hemoglobinopathies, galactosemia, or maple syrup
urine disease, among others, is useful (260, 279). The severity of
the brain lesions should be evaluated appropriately (i.e., cerebral
imaging, electroencephalogram) (260), and fundoscopy as well as
a hearing evaluation should be rapidly performed (260, 274). Fi-
nally, appropriate genetic testing should be discussed with a ge-
neticist (260); it seems reasonable to complete at least karyotype
and comparative genomic hybridization (CGH) array testing
(21).

FIG 3 Example of a pruritic maculo-papular rash on a traveler coming back
from New Caledonia (2014).
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Long-term follow up. Long-term monitoring of a child in-
fected congenitally has yet to be defined, but in addition to med-
ical management, close monitoring is required in order to gather
precious information. Using CMV, toxoplasmosis, and LCMV
congenital infections as a model, expected long-term complica-
tions include developmental delay, cerebral palsy, seizures, de-
creased visual acuity, and sensorineural hearing loss, which
should be closely monitored (260). The CDC proposes monitor-
ing of developmental milestones and OFC measurements as well
as at least one follow-up hearing evaluation at 6 months for
asymptomatic newborns (274). This seems to be a minimum, and
further regular hearing evaluations may be proposed as delayed-
onset and progressive hearing loss have described for congenital
CMV infections (280). Similarly, regular ophthalmologic exams
may be useful, since the course of ZIKV ocular lesions is currently
not known (260). Management of symptomatic patients needs to
be based on the severity of the lesions (260).

COUNSELING OF WOMEN OF REPRODUCTIVE AGE AND
PREGNANT PATIENTS

Knowledge regarding interplay between ZIKV infection and preg-
nancy is limited and still evolving. The following section is based
on current recommendations that are likely to be updated period-
ically to reflect emerging evidence. A summary of the described
recommendations is available in Table 5.

Women of Childbearing Age and Pregnant Patients
Traveling to Areas where ZIKV Is Endemic

It is not known if pregnant women are at higher risk of infection,
but it can be assumed that they have at least the same risk as the
rest of the population of being infected with ZIKV. The WHO, as
well as the large majority of surveyed health agencies and medical
organizations, recommend that pregnant women in any trimester
discuss travel plans with their health care providers and consider
postponing their travel to affected areas, especially to areas with
increasing or widespread transmission (254, 259, 281–293). The
English and French Colleges for Obstetrics and Gynecology in-
terim guidelines add that women of childbearing age should be
advised to avoid becoming pregnant while traveling. The RCOG
suggests a 28-day waiting period upon return or following the
abatement of ZIKV-compatible symptoms (254), and the Com-
mittee To Advise on Tropical Medicine and Travel from Canada
advises a 2-month waiting period upon return before trying to
conceive (293). In an effort to develop more precise guidance for
travelers, the CDC issued a revision to their ZIKV Travel Notice
on 18 March 2016, stating that travel entirely limited to elevations
of �2,000 m is considered to pose minimal threat for mosquito-
borne Zika virus transmission (294), as spatial analyses indicate
that because of unsuitable ecologic factors, A. aegypti is unlikely to
be found at elevations of �2,000 m (294).

Pregnant women traveling to regions where ZIKV is endemic
should be advised to stay informed about ZIKV (295). As there is
neither a vaccine nor prophylactic or therapeutic medications
available to prevent or cure ZIKV infection, the large majority of
the guidelines issued from health agencies or medical organiza-
tions recommend that pregnant women or women trying to get
pregnant traveling to such regions of endemicity be advised to take
measures to avoid being bitten by mosquitoes (254, 259, 266, 281–
290, 293, 296). The CDC’s mosquito prevention strategies include
wearing long-sleeved shirts and long pants, using registered insect

repellents, permethrin-treated clothing and gear, and staying and
sleeping in screened-in or air-conditioned rooms (297). Several of
the health agencies and medical organizations surveyed add that
since the Aedes mosquitoes (the primary vector for transmission)
are day-biting mosquitoes, it is recommended that those who
sleep during the daytime should stay under mosquito nets (bed
nets), with or without insecticide treatment (254, 286, 298).

The CDC suggests the use of U.S. Environmental Protection
Agency (EPA)-registered insect repellents, such as diethyl-m-
toluamide (DEET), picaridin, lemon eucalyptus oil or para-men-
thane-diol (PMD), and IR3535 (ethyl butylacetylaminopropi-
onate), as well as permethrin-treated clothing and gear to prevent
mosquito bites (299). The EPA, CDC, and the ACOG do not rec-
ommend any additional precautions for repellents used by preg-
nant or nursing women (286). According to the CDC, products
containing lemon eucalyptus oil should not to be used on children
under the age of 3 years (299), and the ECDC recommends avoid-
ing the use of DEET-based repellents in children under 3 months
of age (196). Among the above products, higher concentrations of
DEET-based products (30% and more), as well as PMD in one of
the studies, have been shown to provide the highest level of pro-
tection for the longest duration under laboratory conditions
(300–303), as well as under standardized field conditions across
the Americas for formulated products (304). Its effectiveness in a
noncontrolled setting in an area of endemicity, however, is still
being debated (305). Pregnant women may be concerned about
using DEET or the other suggested compounds. The available data
on toxic effects in humans and animals are reassuring for DEET
(306–312), with the exception of the results of one animal study
that assessed much higher doses than the normal human dose
(313) and a retrospective human study that noted an associa-
tion between hypospadias and insect repellent use during the
first trimester of pregnancy (314). Interpretation of the latter
study should be done with caution, as the methodology used
cannot establish a causal relationship. Reassuring data are also
available for permethrin (18, 315). Thus, even if the available
safety data for pregnancy are still limited, it is widely assumed
that the benefits of DEET and permethrin protection against
mosquito-driven infectious diseases outweigh the remaining
unknown potential risks for the unborn child. DEET is cur-
rently recommended by several teratogen information special-
ists and medical organizations for use by all pregnant women
who are traveling to areas where mosquito-borne diseases are
present (254, 311, 312). To prevent direct infant exposure,
breastfeeding women should be advised to wash their hands
before putting the infant to the breast (266). With regard to
other EPA-listed insect repellents, available data on toxic ef-
fects in humans and animals are scarce (311, 316, 317).

Prenatal Counseling for Pregnant Patients or Their Partner
with a History of Travel to an Area where ZIKV Is Endemic

Symptoms of ZIKV infection, such as fever, skin rashes, joint and
muscle pains, headaches, and red eyes are expected to occur within
14 days upon return from affected areas to regions where ZIKV is
not endemic. As only one in four humans infected with ZIKV
develops symptoms, many women may remain unaware that they
have been infected, as they may not develop any symptoms. Sev-
eral health agencies and medical organizations surveyed recom-
mend advising pregnant women who have traveled to areas
known for ZIKV transmission to discuss their travel during ante-
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TABLE 5 Recommendations issued from health agencies and medical organizations related to Zika virus (as of 24 March 2016)

Organizationa

Recommendations for women of childbearing age and pregnant women for areas where ZIKV is endemic

Traveling to such areas Returning from such areas Living in such areas

CDC (1) Consider postponing travel to affected
areas (pregnant women); (2) Use
appropriate protective measures
against mosquito bites (pregnant
women and women trying to
get pregnant)

(3) Mention travel during antenatal doctor
visits regardless of the presence of
symptoms (pregnant women); (4)
Abstain from sexual activity or use
condoms for duration of the pregnancy
to prevent infection through sex (for
pregnant women whose male partner
resides in or has traveled to an area of
active Zika virus transmission)

Recommendation 4 also applies to
nonpregnant women; (5) Evaluate
pregnancy intentions and timing
with women of reproductive age; (6)
Prevent unintended pregnancy for
women who do not want to become
pregnant by using the most effective
contraceptive method; (7) Prevent
mosquito bites (pregnant women)

WHO/PAHO Similar to CDC recommendations 1 and
2; abstain from sexual activity or use
condoms (women and partner
traveling to affected areas)

Similar to CDC recommendations 3 and 4;
abstain from sexual activity or use
condoms during 28 days (for women at
risk of getting pregnant or planning
pregnancy whose male partner resides in
or has traveled to area of active Zika
virus transmission)

Identify and eliminate potential
mosquito breeding sites;
recommendations similar to CDC
recommendations 4 and 7, also for
nonpregnant women; infected
breastfeeding women should
continue breastfeeding

ACOG Similar to CDC recommendation 1;
similar to CDC recommendation 2 but
only for pregnant women

Similar to CDC recommendation 3 Similar to CDC recommendations 5, 6,
and 7; infected breastfeeding women
should continue breastfeeding

RCOG Similar to CDC recommendation 1;
similar to CDC recommendation 2 but
only for pregnant women; avoid
becoming pregnant while traveling and
within 28 days upon return, or 28 days
after the abatement of ZIKV-like
symptoms

Similar to CDC recommendations 3 and 4;
abstain from sexual activity or use
condoms during 28 days if male partner
is without symptoms and 6 mo after
woman’s recovery from symptoms; for
women at risk of getting pregnant or
planning pregnancy whose male partner
resides in or has traveled to area of
active Zika virus transmission

Infected breastfeeding women should
continue breastfeeding

CNGOF Similar to CDC recommendation 1;
similar to CDC recommendation 2 but
only for pregnant women; abstain from
sexual activity or use condoms (women
and their partner traveling to affected
areas)

Similar to CDC recommendation 3;
abstain from sexual activity or use
condoms during 28 days or more (for
pregnant women and women at risk of
getting pregnant or planning pregnancy
whose male partner resides in or has
traveled to area of active Zika virus
transmission)

Similar to CDC recommendations 6
and 7; women planning pregnancy
should consider postponing
pregnancy during outbreak;
pregnant women should abstain
from sexual activity or use condoms
for the duration of the pregnancy;
identify and eliminate potential
mosquito breeding sites

ECDC Similar to CDC recommendation 1, but
also includes women who are planning
to become pregnant; similar to CDC
recommendation 2, but only for
pregnant women

Similar to CDC recommendations 3 and 4

Other health agencies or
teratology information
services surveyedb

Some surveyed agencies/services:
Consider postponing travel to affected
areas (pregnant women); avoid
becoming pregnant while traveling and
for 28 days upon return, or if woman
develops symptoms compatible with
ZIKV infection on return avoid
becoming pregnant for a further 28
days following recovery Every surveyed
agency/service: Pregnant women
should use appropriate protection
measures against mosquito bites

Some surveyed agencies/services: Abstain
from sexual activity or use condoms
during 28 days (for women at risk of
getting pregnant or planning pregnancy
and whose male partner resides in or has
traveled to an area of active Zika virus
transmission)

Jamaican Ministry of Health: Delay
becoming pregnant for the next 6 to
12 mo; Large majority of health
ministries surveyed: Use appropriate
protection measures against
mosquito bites; identify and
eliminate potential mosquito
breeding sites

a CDC, U.S. Centers for Disease Control and Prevention; WHO, World Health Organization; PAHO, Pan American Health Organization; ACOG, American Congress of
Obstetricians and Gynecologists; RCOG, Royal College of Obstetricians and Gynaecologists; CNGOF, Collège National des Gynécologues et Obstétriciens Français; ECDC,
European Centre for Disease Prevention and Control.
b The recommendations from other agencies or services included French or English websites from health ministries in countries or territories of the Americas and the Caribbean
islands reporting active Zika virus, or elsewhere if recommendations on Zika were available (Australia, Canada, Commonwealth of Dominica, France, Haiti, Israel, Jamaica, Mexico,
New Zealand, Samoa, Singapore, St. Maarten), the MotherToBaby service of the Organization of Teratology Information Specialists, the UK Teratology Information Service, and
Centre de Référence sur les Agents Tératogènes (Paris).
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natal visits in order to be assessed and monitored appropriately
regardless of the absence of symptoms (196, 254, 259, 266, 286,
296). In symptomatic patients, this includes the exclusion of den-
gue, which has a similar clinical presentation and geographic dis-
tribution but has an improved outcome after proper clinical man-
agement (266, 318).

Several cases of sexual transmission from males to their partners
have been reported (207, 319–326). Male-to-male sexual trans-
mission of ZIKV has also been described (327). The interval be-
tween onset of symptoms in a man and his partner has been de-
scribed to range between 4 and 19 days (207, 324, 328). Additional
studies are needed to better characterize the risk for sexual trans-
mission of ZIKV. In the meantime, several health agencies and
medical organizations have recommended that pregnant women
with a male partner that resides in or has traveled to an area of
active ZIKV transmission refrain from sexual activity or use con-
doms during sexual activity (i.e., vaginal or anal intercourse or
fellatio) (254, 266, 329). According to the CDC, ECDC, RCOG,
and WHO, these precautions should be followed for the duration
of the pregnancy (329). Furthermore, according to the RCOG, for
women at risk of becoming pregnant, or planning pregnancy,
these precautions should be exercised for 28 days following poten-
tial exposure for asymptomatic male partners and 6 months fol-
lowing recovery in symptomatic male partners. The WHO and
CNGOF recommend exercising precautions for 4 weeks regard-
less of the presence of symptoms (254, 290). Pregnant women are
advised to discuss this issue with their health care provider (329).
The ZIKV genome has also been detected in saliva during the
acute phase of the disease, but there is no information about the
presence of viable virus, viral load, and duration. The ECDC con-
cludes that the risk of transmission via saliva cannot be further
assessed at this time (196).

Counseling for Women of Childbearing Age and Pregnant
Patients Living in an Area where ZIKV Is Endemic

The CDC’s updated interim guideline from 5 February 2016 ex-
pand its guidance to women who reside in areas with ongoing
ZIKV transmission (256). One of the pillars of the CDC’s recom-
mendations is the evaluation of pregnancy intention and timing
for women of reproductive age residing in areas of ongoing ZIKV
transmission (256). Referring to the rate of unintended pregnan-
cies in the Unite States of 1 in 2 pregnancies (330), the CDC guide-
lines emphasize strategies to prevent unintended pregnancy (e.g.,
family planning and use of contraceptive methods) (256). Patients
should be counseled to use the most effective contraceptive
method that can be used correctly and consistently. Long-acting
reversible contraception (e.g., contraceptive implants and intra-
uterine devices) are cited as the best choice for women desiring
highly effective contraception (331). The issue of the access to this
type of birth control can be raised, however, due to the inequality
in contraceptive access described in areas where ZIKV is endemic
(332–334).

Some health authorities, such as the Jamaican Ministry of
Health, are proposing delaying conception and are advising
women to delay becoming pregnant for the next 6 to 12 months
(281, 335, 336).

Another pillar of the CDC’s February 5 updated interim guide-
lines as well as those of other health agencies or medical organiza-
tions is based on strategies to prevent mosquito bites (256, 292,
337, 338). Again, these strategies may have little impact on women

with limited resources (305). Some of the health agencies and
medical organizations highlight the importance of eliminating
potential mosquito breeding sites by emptying, cleaning, or cov-
ering containers that can hold water from every home and its
surroundings (266, 281, 288, 289, 292, 296, 337–339).

The ZIKV viremia is expected to last approximately 1 week in
patients with clinical illness (193, 277), although the actual dura-
tion of viremia is not yet well known (340). There is no current
evidence to suggest that a fetus would be at risk for infection if he
or she was conceived after maternal viremia had resolved. Thus,
women of reproductive age with current or previous laboratory-
confirmed ZIKV infection should be counseled that there is no
evidence that prior ZIKV infection poses a risk for birth defects in
future pregnancies, according to the CDC (256). The interval be-
tween the onset of symptoms and the time it becomes safe for
women to conceive, however, remains difficult to determine pre-
cisely.

Evidence of excretion of ZIKV in human breast milk has been
reported (169, 341). ZIKV cultures in breast milk, however, re-
main negative. The risk of transmission through oral ingestion is
unknown. Breast milk transmission has been reported for DENV
(342) and WNV (343). Neonatal infection is likely to be mild and
of short-term consequence (286). The ACOG, RCOG, and WHO
recommend that women continue breastfeeding, as the benefits of
breastfeeding likely outweigh the potential neonatal risks (286).

CONCLUSION AND PERSPECTIVES

At the beginning of February, the WHO declared that the severity
of the health threat associated with the continuing spread of the
ZIKV infection in Latin America and the Caribbean constituted a
Public Health Emergency of International Concern (9). The
WHO Director-General explained that “declaring an emergency
would allow for a coordinate global effort to get under way, en-
abling surveillance for microcephaly to be standardized and re-
search to be intensified” (261). With the rapidly evolving concern
among the public, health care providers, and the media, as well as
the existing gender and social inequalities in most of the areas
where ZIKV is endemic, there is an urgent need to assess the mag-
nitude of the prevalence of microcephaly in Brazil related to ZIKV,
as well as the presence of other factors that could play a significant
role in the development of these congenital neurological condi-
tions and modify the risks.

Standard criteria for proving causation adapted from Robert
Koch (344) (i.e., isolation of the causative organism, inoculation
of a susceptible person who develops the disease, followed by a
reisolation of the organism) would not be applicable in this
situation, mainly for ethical reasons. Therefore, the required
assessment relies on a combination of scientific and epidemio-
logic evidence (345). Yet, despite the growing scientific evi-
dence supporting the causal relationship (e.g., neurotropic vi-
rus, other proven teratogen pathogens, microcephaly cases
described with CHIKV, and an increase in the number of cases
with observed presence of ZIKV in tissues of affected newborn or
fetuses) (12) and the CDC’s announcement on the established
causal relationship between prenatal Zika virus infection and mi-
crocephaly and other serious brain anomalies (16), current epide-
miologic evidence is still scarce (Table 6). In March 2016, a cohort
study reported a risk of 29% ultrasound-detected abnormalities
(12 cases), including intrauterine growth restriction, CNS find-
ings, and fetal death, in fetuses of women with PCR-positive ZIKV
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infection (15). The study conducted in Rio de Janeiro enrolled
88 symptomatic pregnant women (i.e., presenting with a rash
that had developed within the previous 5 days). Among them,
72 (82%) had positive results for ZIKV via PCR of blood, urine,
or both sample types, 42 (60%) had prenatal ultrasonographic
examinations, and 28 declined imaging studies (15). Later, a
retrospective study using a modeling approach provided a
quantitative estimate of the prevalence of microcephaly asso-
ciated with ZIKV infection in French Polynesia (95 cases per
10,000 women infected in the first trimester; 95% CI, 34 to 191)
(199). These two studies quoted different risk estimates, sug-
gesting that the risk could depend on other factors, such as the
presence of clinical symptoms (inclusion criteria in Rio de
Janeiro’s study but not in the French Polynesia study) or other
coinfections (Table 6) (14).

We have seen that the diagnostic criterion for microcephaly is
an arbitrary cutoff based on an acceptable deviation from the av-
erage on reference charts. In Brazil, microcephaly was initially
defined as a head circumference below 33 cm, and this was later
corrected to 32 cm (261). Thus, some experts suggest that the
observed number of cases reported in Brazil could be partly due to
an overestimation by overdiagnosis, as well as an active search
derived from the mandatory reporting of cases of microcephaly
(346). Furthermore, several diseases or factors can cause micro-
cephaly. For example, the Latin American Collaborative Study of
Congenital Malformations (ECLAMC) estimates that 38% of
cases of congenital microcephaly reported in their database are

caused by chromosomal and single-gene errors (346). To evaluate
the causal relationship with ZIKV, microcephaly cases with an-
other known cause (environmental or genetic) should be ex-
cluded. Also, to evaluate the magnitude of the increase in preva-
lence, the baseline rate should be well defined. Yet, in Brazil, the
historical reported prevalence for microcephaly is low, approxi-
mately 0.5/10,000 live births (5), raising doubts about the veracity
of the baseline rate. A prospective cohort study with standardized
evaluation of the outcome could probably clarify the situation.
Finally, similar to other congenital infections (e.g., CMV or toxo-
plasmosis), diagnosis of microcephaly might only represent the
more severely affected children. Thus, other outcomes should be
considered, as it is possible that newborns with less severe disease
and other affected organs have not yet been diagnosed (Table 6)
(347, 348).

Another issue in evaluating the causal relationship is the lack of
diagnostic tools and laboratory capacity to confirm exposure to
ZIKV. Infection with ZIKV is difficult to confirm retrospectively,
because serological tests cross-react with other flaviviruses, espe-
cially DENV, which cocirculates in the Brazilian population.
Therefore, retrospective reporting of symptoms is used as a proxy
for ZIKV exposure. Moreover, ZIKV genome identification by
RT-PCR is hindered by the short period in which the virus is
present in the blood or other tissues. Thus, the exposure re-
mains difficult to confirm without more specific diagnostic
tools, at least retrospectively. Additionally, the window of ex-
posure that may constitute the period at risk is still unclear.
What is the impact of the gestational age at the time of maternal
infection on the severity of fetal complications? For example,
the burden of disease is inversely correlated to gestational age
with Toxoplasma gondii and CMV. Are we facing a teratogenic
effect limited to first-trimester exposure or are pregnant
women at risk during the entire pregnancy (Table 6)? Patricia
Brasil and colleagues suggested that the teratogenic effect may
not be limited to the first trimester, as abnormalities were ob-
served after infection occurred at any week of gestation (15). In
contrast, Simon Cauchemez and colleagues suggested that the
highest risk for microcephaly is associated with infection in the
first trimester of pregnancy (199), as previously suspected
(349). Again, a prospective cohort study looking at different
exposure timing could likely clarify the situation (179). Finally,
we do not yet know if asymptomatic ZIKV-infected pregnant
women can be considered “unexposed” (Table 6). Other
pathogens have shown teratogenic effects even in asymptom-
atic patients (e.g., Toxoplasma gondii, CMV), as well as in cases of
secondary infection (e.g., CMV). Even though studies could ex-
pand their inclusion criteria to include asymptomatic patients,
without more specific diagnostic tools, differentiating asymptom-
atic patients from uninfected patients will result in misclassifica-
tion issues.

To date, there is no available vaccine or treatment for ZIKV
(350), although a team of vaccine developers seemed optimistic
that a vaccine could already be available in 2016, at least for a
subset of the population (351). As vaccines exist for several of
ZIKV’s relatives, including dengue virus, yellow fever virus, and
Japanese encephalitis virus, and because ZIKV has only one sero-
type, compared to four dengue virus serotypes, experts estimate
that a ZIKV vaccine should follow a straightforward developmen-
tal pathway (352). Large sections of the targeted population, how-
ever, have neutralizing antibodies to other flaviviruses, and it is

TABLE 6 Gaps in knowledge concerning ZIKV infection in pregnant
women and women of reproductive age

Knowledge gaps impacting clinical management and counseling of pregnant
women and women of reproductive age

Benefits of universal screening in countries where ZIKV is endemic, as well
as development of an adequate screening diagnostic tool(s)

Treatments to prevent transplacental transmission (i.e., hyperimmune
immunoglobulin, antiviral treatments, vaccine)

Clinical course of congenital ZIKV infection
● Spectrum of disease (including extraneurological lesions, late-onset

symptoms)
● Severity of disease and prognosis
● Benefit of early antiviral treatment

Risk assessment for transplacental transmission and congenital lesions
● Quantitative estimate of the risk of microcephaly and other ZIKV-

associated birth defects in symptomatic and asymptomatic patients
● Gestational ages with highest transmission rate, highest risk of severe

fetal lesions, and risk-free period (if such exists)
● Transmission rates in primary vs secondary infections
● Additional risk factors (e.g., maternal IgG titer, maternal viremia, viral

load in amniotic fluid, specific ultrasound markers, coinfections)

Prevention measures
● Interval between the onset of symptoms and time it becomes safe for the

woman to conceive
● Period during which ZIKV-infected patients are contagious to their

sexual partner(s)
● Other transmission modes (e.g., saliva, blood, breast milk)
● Effectiveness of mosquito control strategies and other measures to avoid

ZIKV infection in areas where ZIKV is endemic
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unknown if this will affect people who receive the vaccine (i.e.,
antibody-dependent enhancement or cross-immunity) (353).
Furthermore, issues linked to practical and ethical considerations
when testing a vaccine in a targeted population, pregnant women,
may slow down its access for those who would benefit most (354).
An inactivated vaccine has the best chance of getting regulatory
approval for the targeted population of pregnant women (352).
Antiviral drugs could be a treatment option to investigate, even if
the few results available in other teratogenic infections remain
inconclusive in terms of preventing congenital infections and im-
proving neonatal outcomes (e.g., valacyclovir in CMV infection).
Meanwhile, strategies to fight mosquito vectors are being tested,
including the utilization of Wolbachia bacterium, a novel and
promising form of control for mosquito-transmitted diseases
(355, 356).

Until more is known (Table 6), health agencies and medical
organizations have issued very cautious guidance for health care
practitioners and pregnant patients or their male partners travel-
ing to, returning from, or living in affected areas. Guidelines for
women living in areas where ZIKV is endemic do not always take
into consideration poor access to contraception and the cultural
or legal barriers that make it difficult for a large group of women to
negotiate the use of contraception, or to even have access to preg-
nancy termination (269). Furthermore, several of the suggested
prenatal screening strategies (e.g., risks and benefits, amniocente-
sis in pregnant women with suspected infection) are linked to
poor predictive values and clinical benefits because of the absence
of studies (Table 6). Questions can be raised about risk-benefit
and cost-benefit ratios linked to these screening strategies, as well
as the amount of unnecessary anxiety generated in case of positive
results (Table 6).

In analogy to the DENV epidemics, ZIKV has the potential to
become endemic in more than 100 countries. New mutations
could impact viral replication in humans (i.e., leading to increased
virulence and consequently increased chances of virus transmis-
sion to a naive mosquito vector), as well as replication and trans-
mission in Aedes mosquitoes. Furthermore, the impact of human
activity might also impact ZIKV spread, directly (mass tourism
and high population densities in urban areas) and/or indirectly
(climate change). Further studies are urgently needed to assess the
impact of mutations on virulence, as well as on the magnitude of
the causal relationship between microcephaly and ZIKV out-
breaks and the roles of other factors that might modify the risk.
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