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What are the novel findings of this work? Zika virus (ZIKV) vertical transmission is not systematic and does not always lead to placental dysfunction with associated adverse outcomes. This original research presents the placental findings on prenatal ultrasound and anatomopathological examinations in a large cohort of ZIKV-infected placentas and controls.

What are the clinical implications of this work?

ZIKV-infected placentas exhibit a higher risk of placentomegaly and pathological anomalies than non-infected placentas, and early placentomegaly may represent the first sign of congenital ZIKV infection, which could be particularly useful in low income countries where the access to tertiary centers may be restricted.

INTRODUCTION

The recent worldwide epidemic has confirmed vertical trans-placental transmission of Zika virus (ZIKV) and its association with congenital anomalies, in particular severe central nervous system (CNS) lesions [START_REF] Rasmussen | Zika Virus and Birth Defects--Reviewing the Evidence for Causality[END_REF][START_REF] Oliveira Melo | Zika virus intrauterine infection causes fetal brain abnormality and microcephaly: tip of the iceberg?[END_REF][START_REF] Schaub | Analysis of blood from Zika virus-infected fetuses: a prospective case series[END_REF] .

In other congenital viral infections, the placenta is the major route of maternal-fetal transmission, through which the virus spreads during maternal viremia [START_REF] Pereira | Insights into viral transmission at the uterine-placental interface[END_REF][START_REF] Panchaud | Emerging Role of Zika Virus in Adverse Fetal and Neonatal Outcomes[END_REF] . Viral replication in the placenta could impair vascular remodeling and cause fibrosis, leading to placental dysfunction and reducing maternal-fetal circulation [START_REF] Uenaka | Histopathological analysis of placentas with congenital cytomegalovirus infection[END_REF][START_REF] Pereira | Congenital cytomegalovirus infection undermines early development and functions of the human placenta[END_REF][START_REF] Tsuge | Prospective Cohort Study of Congenital Cytomegalovirus Infection during Pregnancy with Fetal Growth Restriction: Serologic Analysis and Placental Pathology[END_REF] . A recent in vivo study on non-immune pregnant primates infected by ZIKV demonstrated a robust maternal-placental-fetal inflammatory response associated with abnormal oxygen transport within the placenta [START_REF] Hirsch | Zika virus infection in pregnant rhesus macaques causes placental dysfunction and immunopathology[END_REF] . Placentitis and placentomegaly are also described in human placentas infected by ZIKV [START_REF] Noronha | Zika virus damages the human placental barrier and presents marked fetal neurotropism[END_REF][START_REF] Rosenberg | Placental Pathology of Zika Virus: Viral Infection of the Placenta Induces Villous Stromal Macrophage (Hofbauer Cell) Proliferation and Hyperplasia[END_REF][START_REF] Mehrjardi | Is Zika Virus an Emerging TORCH Agent? An Invited Commentary[END_REF] . Studies reporting on features of congenital ZIKV described both CNS and non-CNS lesions, which could be a consequence of fetal and/or placental infection [START_REF] Schaub | Analysis of blood from Zika virus-infected fetuses: a prospective case series[END_REF][START_REF] Cortes | Clinical assessment and brain findings in a cohort of mothers, fetuses and infants infected with ZIKA virus[END_REF][START_REF] Pomar | Association between Zika virus and fetopathy: a prospective cohort study in French Guiana[END_REF] .

Similar to other TORCH group infections, vertical transmission is not systematic and does not always lead to placental dysfunction with associated adverse outcomes. In a previous study investigating the rates of maternal-fetal infection, we demonstrated transplacental infection by ZIKV in 76/291 (26.1%) fetuses/neonates born from infected mothers, of which 27 (35.5%) exhibited severe adverse outcomes (11 fetal losses and 16 severe CNS anomalies suggestive of Congenital Zika Syndrome [CZS]) [START_REF] Pomar | Maternal-fetal transmission and adverse perinatal outcomes in pregnant women infected with Zika virus: prospective cohort study in French Guiana[END_REF] .

Here, we describe the placental findings on prenatal ultrasound and anatomopathological examinations and correlate them with ZIKV congenital infection and severe adverse outcomes (fetal loss or CZS).

MATERIALS AND METHODS

Study population

Details of the study protocol are described elsewhere [START_REF] Pomar | Association between Zika virus and fetopathy: a prospective cohort study in French Guiana[END_REF][START_REF] Pomar | Maternal-fetal transmission and adverse perinatal outcomes in pregnant women infected with Zika virus: prospective cohort study in French Guiana[END_REF] . Briefly, the study was conducted at the French Guiana Western Hospital Center (Centre Hospitalier de l'Ouest Guyanais -CHOG) at the beginning of ZIKV epidemic from January 1-July 15, 2016. Initial inclusion of ZIKV-infected pregnant women and controls occurred either through routine serological testing of all pregnant women admitted to the prenatal diagnosis unit of the CHOG (performed in each trimester of pregnancy and at birth) or through serological and molecular testing in the presence of maternal symptoms. Molecular and serological testing were performed at the French Guiana National Reference Center (NRC) for arboviruses (Pasteur Cayenne), using the Realstar Zika Kit (Altona Diagnostics GmbH, Hamburg, Germany) for RT-PCR, in-house MAC-ELISA and micro-neutralizing assays for serologies.

Patients were monitored per the clinical standard of care in France, with the exception of prenatal ultrasound (US) performed monthly for patients positive for ZIKV, and enhanced by two supplementary ultrasounds for patients negative for ZIKV (at 26-28 weeks' gestation [wg] and 36-38wg), as recommended by the French authorities and others [START_REF] Picone | Zika virus infection during pregnancy[END_REF][START_REF] Vouga | Clinical management of pregnant women exposed to Zika virus[END_REF][START_REF] Pomar | Zika virus during pregnancy: From maternal exposure to congenital Zika virus syndrome[END_REF] . Data regarding demographic, medical, and obstetrical characteristics and possible risk factors for congenital diseases were prospectively collected. The study protocol was approved by the institutional review board of the CHOG.

Study groups by placental exposure status

Pregnant women were defined as ZIKV-positive either by a positive RT-PCR result in blood and/or urine, or by the presence of specific ZIKV IgM after anti-ZIKV antibody detection in the blood, confirmed by a micro-neutralizing assay in cases of suspected co-infections with other arboviruses (expected to be minimal, as circulation of Dengue virus has been low in French Guiana since 2014).

A confirmed congenital ZIKV infection was defined either by ZIKV RNA amplification by RT-PCR from at least one fetal/neonatal sample (placenta, amniotic fluid, cerebrospinal fluid, urine or blood) or identification of ZIKV specific IgM in the umbilical cord/neonatal blood or in cerebrospinal fluid.

Placenta ZIKV infection status was classified into three categories as follow:

1) Control placentas stemming from pregnant women who tested negative for ZIKV up to delivery, 2) Exposed placentas stemming from proven ZIKV-infected pregnant women without reported congenital infection in the newborn (i.e. "expZIKV"), 3) Infected placentas stemming from proven ZIKV-infected pregnant women with proven congenital infection in the newborn (i.e. "congZIKV") Infected placentas were then classified into placentas resulting from CZS, fetal loss or asymptomatic congenital infection at birth.

Placental analysis

Sonographers, clinicians and pathologists were aware of the ZIKV-status of the pregnant women, as well as potential fetal malformations at the time of prenatal and postnatal placental examination but were unaware of the fetal virological status for ZIKV (defined after postnatal testing).

Prenatal placental examination

All prenatal US examinations were performed by two experienced sonographers (VL, LP) using E8 and E10 Voluson ultrasounds with abdominal (RM6C) and transvaginal (RIC5-9-D) transducers (General Electric Medical System, Milwaukee, USA). Placental maximum vertical thickness was measured at each prenatal US, by longitudinal (non-oblique) scanning, with the US probe and beam perpendicular to the chorial plate. The measurements avoided areas of amniochorial detachment and periods of uterine contractility. Placentomegaly was defined as a placental thickness greater than 40mm [START_REF] Grannum | Ultrasound Examination of the Placenta[END_REF][START_REF] Dombrowski | The sonographically thick placenta: a predictor of increased perinatal morbidity and mortality[END_REF] . Umbilical artery Doppler was performed on a free vertical loop of cord at each prenatal US for ZIKV-infected pregnant women. Resistance index (RI) was reported and correlated with gestational age. An abnormal umbilical artery Doppler was defined as a RI higher than the 95 th percentile [START_REF] Acharya | Reference ranges for serial measurements of umbilical artery Doppler indices in the second half of pregnancy[END_REF] .

Post-natal placental examination

Routine examination of the placenta at the time of delivery was completed by a midwife and/or an obstetrician following live birth or intra-uterine fetal demise (IUFD). Anatomopathological examination of the placenta was intended to be offered to all patients with a confirmed ZIKV infection during pregnancy. During the peak of the epidemic, however, this was limited due to a lack of storage capacity, fixation material and pathologist availability. The placentas were fixed in 10% buffered formalin for 48 hours. Placental weight was measured and a birthweight / placental weight ratio was calculated using the Thompson et al. method [START_REF] Thompson | Placenta weight percentile curves for singleton deliveries[END_REF] . Low and high birthweight / placental weight ratios were defined by a ratio lower than the third percentile, and higher than the ninety-seventh percentile, respectively (according to gestational age and sex) [START_REF] Thompson | Placenta weight percentile curves for singleton deliveries[END_REF] . Samples from the umbilical cord, membrane, and placental parenchyma, including the decidua and chorionic plates were collected. Specific immunochemistry examination was offered for cases with congenital Zika virus syndrome (CZS) identified prenatally.

Anatomopathological anomalies included abnormal birthweight / placental weight ratio, signs of placental inflammation (chorioamnionitis lesions, villitis and intervillitis, calcifications), infarcts, ischemic necrosis with fibrin deposits, thrombosis, leukocytic infiltration and Hofbauer cell hyperplasia (defined in Appendix 1).

Covariates

Gestational age was collected at each prenatal measurement of placental thickness and at the time of delivery (after birth or IUFD). Maternal comorbidities (diabetes, vascular pathologies, thrombophilia, severe anemia, lead-poisoning, alcohol consumption, malnutrition, vitamin K deficit) or co-infections (TORCH group infections) and risk of aneuploidy >1/250 were evaluated as effect modifiers for the association between placental thickness, Doppler abnormalities or pathological results and ZIKVstatus of the placenta.

Statistical analyses

Baseline maternal and fetal / neonatal characteristics were compared based on the ZIKV-status of the placenta. Categorical variables were compared using Chi2 or Fisher's exact test, while the distribution of continuous variables was compared using the Krustall-Wallis test.

Placental thickness measurements were compared every month across the three groups (congZIKV, expZIKV and controls) using ANOVA. The weekly incidence of placentomegaly (>40 mm thickness) was compared across the three groups using Kaplan-Meier curves, and the cumulative incidence was compared using the logrank test. The weekly incidence of placentomegaly was also compared across fetuses with CZS, fetal loss or asymptomatic congenital infection at birth, using the same statistical methods. Factors associated with the incidence of placentomegaly throughout pregnancy were evaluated using the Cox proportional hazards model. Factors associated with abnormal umbilical Doppler measurements or anatomopathological findings, including placental ZIKV status, were evaluated using a logistic regression model. Abnormal Doppler measurements and anatomopathological findings were also compared across fetuses with CZS, fetal loss or asymptomatic congenital infection at birth, using the same statistical methods. Confidence intervals on risk-ratios and hazard ratios were calculated using the exact method. When data are missing, denominators are presented. All statistical analyses were conducted using Stata 14 (Stata Corporation, College Station, TX, USA).

RESULTS

From January 1 to July 15, 2016, a total of 1,690 pregnant women were tested for ZIKV during their pregnancy, among which 498 had confirmed maternal ZIKV infection (Figure 1). Among 291 fetuses/neonates/placentas with available testing for ZIKV from the proven infected mothers, congenital ZIKV infection was confirmed in 76 (26.1%) cases and represented the infected group (congZIKV), of which 27/76 (35.5%) resulted in fetal loss (n=11) or CZS (n=16). The remaining 215 fetuses/neonates/placentas without evidence of ZIKV infection (73.9%) represented the exposed group (expZIKV). A total of 334 fetuses/neonates/placentas from mothers that tested negative for ZIKV throughout their pregnancy represented the control group.

As shown in Table 1, no differences in baseline maternal characteristics and birth parameters were observed between these three groups. Fetal loss was more prevalent in cases of congenital (congZIKV) infection (14.5% vs 0.5% and 1.2%, p<0.001). The timing of diagnosis of maternal ZIKV infection was similar between infected (congZIKV) and exposed (expZIKV) placentas.

Association between prenatal ultrasound findings and ZIKV status of the placenta

Placental thickness was measured at least once during pregnancy, with a median number of 4, 4 and 3 measurements for infected (congZIKV), exposed (expZIKV) and control placentas respectively. By gestational age, infected placentas (congZIKV) tended to be thicker than exposed placentas (expZIKV) between 18 and 22 weeks (p=0.05) and were significantly thicker after 26 weeks' gestation (p<0.001). Similarly, infected placentas (congZIKV) were significantly thicker than controls after 18 weeks (p<0.001) (Figure 2). The kinetics of placental thickness by gestational age, between controls, expZIKV and congZIKV placentas is shown in the supplementary figure 1.

Placentomegaly (>40 mm thickness, supplementary figure 2) was observed more frequently in infected placentas (39.5%) compared to exposed placentas (17.2%) or controls (7.2%), even when adjusting for gestational age at diagnosis and co-morbidities (2.20% vs 0.79% for expZIKV vs 0.43% for controls per week, aHR 2.02 [95%CI 1.22-3.36] p=0.007 and aHR 3.23 [95%CI 1.86-5.61] p<0.001, when congZIKV were compared to expZIKV and controls, respectively) (Figure 3).

Placentomegaly was not more frequent in exposed placentas compared to controls after adjustment for gestational age and co-morbidities (aHR= 1.34 [95%CI 0.78-2.29] p=0.288). Placentomegaly appeared earlier in infected placentas (congZIKV, as early as 18 weeks, median 30 weeks) compared to exposed placentas (expZIKV, as early as 23 weeks, median 33 weeks) and to controls (as early as 22 weeks, median 34 weeks) (p<0.001).

When considering infected placentas, placentomegaly was observed more frequently in placentas from pregnancies with CZS (10/16, 62.5%) or fetal loss (5/11, 45.5%) compared to placentas from pregnancies with asymptomatic congenital ZIKV infection (15/49, 30.6%), even when adjusting for gestational age at diagnosis and co-morbidities (4.09% and 3.14% vs 1.48% per week, aHR 5.43 [95%CI 2.17-13.56] p<0.0001 and aHR 4.95 [95%CI 1.65-14.83] p=0.004) (Figure 4). Placentomegaly appeared earlier in CZS (as early as 18 weeks) and fetal losses (as early as 19 weeks) compared to asymptomatic congenital infections (26 weeks) (p=0.044 and p=0.048, respectively).

When considering placentomegaly >40mm as a predicter for congenital ZIKV-infection, the sensitivity was 39.5%, the specificity 88.8%, the positive predictive value (PPV) 32.3%, and the negative predictive value (NPV) 91.3%. As a predictor for CZS, the sensitivity was 62.5%, the specificity 86.7%, the PPV 11.0% and the PPV 98.9%. As a predictor for fetal loss related to congenital ZIKV infection, the sensitivity was 45.5%, the specificity 86.0%, the PPV 5.5% and the PPV 98.9%.

Umbilical artery Doppler measurements were available for 75/76 infected placentas (not performed in a case of intra-uterine fetal demise at 18 wg) and for all exposed placentas (Supplementary Figure 3). Umbilical artery RI higher than the 95 th percentile tended to be more frequent in infected placentas compared to exposed placentas (12.0 % vs 6.0%, adjusted for maternal co-morbidities although not significant: aRR= 1.95 [95%CI 0.85-4.19], p=0.0945). When considering infected placentas, umbilical artery RI higher than the 95 th percentile was more frequent in placentas stemming from fetal loss (3/10, 30.0%) compared to those stemming from asymptomatic congenital infections (3/49, 6.1%; aRR= 4.83 [95%CI 1.09-20.64], p=0.0292), but not more frequent in cases of CZS (3/16, 18.8%; aRR= 3.0 [95%CI 0.60-13.09], p=0.13).

Association between histopathological findings and ZIKV status of the placenta

Pathological examinations were available for 43/76 (56.6%) infected placentas and 171/215 (79.5%) exposed placentas (Figure 1). No differences in baseline maternal characteristics and pregnancy outcomes were observed between these two groups, apart from more frequent fetal loss in congZIKV infections (p<0.001) (supplementary table). No differences in baseline maternal and pregnancy outcomes were observed whether pathological examination was available or not (data not shown).

Among infected placentas (congZIKV), 27/43 (62.8%; 95%CI 48.3-77.2) demonstrated pathological anomalies: 5 chorioamnionitis lesions, 9 infarcts, 14 ischemic necrosis with fibrin deposits (INFD), 8 chronic villitis or inter-villitis, 2 subchorionic thrombosis, 2 calcifications. Leukocytic infiltration and Hofbauer cell hyperplasia were demonstrated by immunohistochemistry in two placentas of fetuses with CZS (following termination of pregnancy at 27 weeks and stillbirth at 33 weeks).

Among exposed placentas (expZKV), 37/215 (21.6%; 95%CI 15.5-27.8) demonstrated anomalies at pathological examination: 4 chorioamnionitis lesions, 10 infarcts, 5 INFD, 5 chronic villitis or intervillitis, 5 subchorionic thrombosis and 8 calcifications.

Infected placentas (congZIKV) exhibited a higher risk of any pathological anomalies compared to exposed (expZIKV) placentas (RR= 2.90 [95%CI 2.01-4.19], p<0.0001), even when adjusting for gestational age at delivery and co-morbidities (aRR= 2.60 [95%CI 1.40-4.83], p=0.002) (Table 2).

A low birthweight/placental weight ratio was also more frequent in infected (congZIKV) placentas compared to exposed (expZIKV) placentas (aRR= 2.78 [95%CI 1.12-8.78], p=0.035).

When considering infected placentas, pathological anomalies were not observed more frequently in placentas stemming from CZS (8/12, 66.7%) or fetal loss (8/10, 80.0%) compared to those stemming from asymptomatic congenital infections (11/21, 52.4%), after adjusting for gestational age at birth / IUFD and co-morbidities (aRR= 1.22 [95%CI 0.66-2.17] p=0.42 and aRR= 1.49 [95%CI 0.82-2.48] p=0.14).

Among infected placentas (congZIKV), positive RT-PCR at birth were found in 51/58 (87.9; 95%CI 76.7-95.0) of placentas tested and was not associated with a higher risk of any placental pathology (p= 0.80) or low birthweight/placental weight ratio.

DISCUSSION

Main results

In this study, ZIKV-infected placentas were thicker than non-infected placentas after 26 weeks' gestation and placentomegaly was more prevalent and presented earlier in comparison to non-infected placentas, particularly in cases of fetal / neonatal adverse outcomes (CZS and / or fetal loss). Infected placentas also exhibited a higher risk of anatomopathological anomalies than non-infected placentas.

Limitations

While the accuracy of molecular and serological testing for maternal and congenital ZIKV infection is still under debate, ZIKV status was assessed at multiple time points and on numerous samples [START_REF] Pomar | Maternal-fetal transmission and adverse perinatal outcomes in pregnant women infected with Zika virus: prospective cohort study in French Guiana[END_REF] , thus reducing the risk of false negative results. Non-infected pregnant women remained negative on ZIKV testing during all trimesters of pregnancy and at delivery [START_REF] Pomar | Association between Zika virus and fetopathy: a prospective cohort study in French Guiana[END_REF] . Fetal status of infants born to ZIKV positive and negative pregnant women was assessed on multiple samples, including umbilical cord and neonatal blood, placenta, urine and amniotic fluid and/or cerebro-spinal fluid for symptomatic cases, limiting the risk of misclassification [START_REF] Pomar | Maternal-fetal transmission and adverse perinatal outcomes in pregnant women infected with Zika virus: prospective cohort study in French Guiana[END_REF] . This potential misclassification would result in a potential underestimation of the observed differences between the three groups. The risk of false positive ZIKV results was limited because pregnant women were tested in the primo-epidemic stage, without significant circulation of other Flaviviridae during this period, and possible cross-reactions were minimized using a micro-neutralizing assay [START_REF] Pomar | Maternal-fetal transmission and adverse perinatal outcomes in pregnant women infected with Zika virus: prospective cohort study in French Guiana[END_REF] .

Interpretation

Placentomegaly was observed in 39.5% of infected placentas and was significantly associated with congenital ZIKV infection. A low birthweight/placental weight ratio was also associated with congenital ZIKV infection. Placentomegaly identified via US within a few weeks after infection may be the consequence of placental inflammation due to recent maternal and trans-placental infection [START_REF] Noronha | Zika virus damages the human placental barrier and presents marked fetal neurotropism[END_REF] .

The higher risk of low birthweight/placental weight ratio in the infected group is likely related to the additional impact associated with placentomegaly, which reflects the persistent enlargement of placentas. Placental enlargement could result from fibrinoid deposition and small vascularized villi that form to compensate for in utero hypoxia, recently described in congenital ZIKV infections [START_REF] Hirsch | Zika virus infection in pregnant rhesus macaques causes placental dysfunction and immunopathology[END_REF] and other congenital infections [START_REF] Torre | Placental enlargement in women with primary maternal cytomegalovirus infection is associated with fetal and neonatal disease[END_REF] . Placentomegaly in the infected group appeared earlier than in the exposed and control groups, which may be an early sign of trans-placental infection. Placentomegaly was observed in both asymptomatic and symptomatic congenital infections. In fetuses with CZS, placentomegaly appeared after fetal anomalies in one case, at the same time in two cases, and before the appearance of CZS in seven cases (from 2 to 13 weeks before).

The relatively low rate of a low birthweight/placental weight ratio compared to the rate of placentomegaly could also indicate that some of the instances of placentomegaly observed are transient and do not affect placental volume at birth. These transient placentomegalies may be associated with other co-morbidities and natural growth of the placenta, which may be why placentomegaly was identified in the third trimester in the exposed and control groups, and is thus unrelated to ZIKV. Abnormal umbilical Doppler measurements tended to occur more frequently in infected placentas but less so than placentomegaly. These results may indicate that placental infection resulting in placentomegaly does not always lead to placental dysfunction. However, an abnormal umbilical Doppler associated with placentomegaly in infected placentas may predict an acute risk of fetal loss (even if the fetus does not present with growth restriction at diagnosis) [START_REF] Simoni | Zika virus infection of Hofbauer cells[END_REF][START_REF] Chen | The Role of Preterm Placental Calcification in High-Risk Pregnancy as a Predictor of Poor Uteroplacental Blood Flow and Adverse Pregnancy Outcome[END_REF] .

The sensitivity of placentomegaly to predict congenital ZIKV infection is debatable but is similar for other congenital infections [START_REF] Torre | Placental enlargement in women with primary maternal cytomegalovirus infection is associated with fetal and neonatal disease[END_REF] . The sensitivity, however is increased when predicting CZS or fetal loss.

The NPV >90% for congenital infection and >98% for adverse outcomes of placenta thickness <40 mm may help to reassure pregnant patients in poor resource areas where molecular and serological testing are not available during an epidemic peak. Moreover, placental thickness measurement by ultrasound is easy to perform and does not require advanced expertise in comparison to neurosonograms.

It is important to keep in mind that increased placental thickness is not specific to congenital ZIKV infection and is associated with other congenital infections, chromosomal and fetal abnormalities, and maternal pathologies [START_REF] Elchalal | Sonographically thick placenta: a marker for increased perinatal risk--a prospective cross-sectional study[END_REF][START_REF] Benirschke | Pathology of the human placenta[END_REF][START_REF] Ghosh | Ultrasound measurement of placental thickness to detect pregnancies affected by homozygous alpha-thalassaemia-1[END_REF][START_REF] Harper | Triploid partial molar pregnancy detected through maternal serum alpha-fetoprotein and HCG screening[END_REF] .

Compared to exposed placentas, infected placentas exhibited a 2.6-fold increased risk of any histopathological anomaly. Placental inflammation consists of diffuse vascular inflammation, chorioamnionitis lesions, villitis and calcifications, such as described in cCMV infections [START_REF] Garcia | Placental morphology in cytomegalovirus infection[END_REF] . ZIKV showed its capacity to specifically infect human placental macrophages and trophoblasts [START_REF] Quicke | Zika Virus Infects Human Placental Macrophages[END_REF] , but placental inflammation was inconsistently described [START_REF] Rosenberg | Placental Pathology of Zika Virus: Viral Infection of the Placenta Induces Villous Stromal Macrophage (Hofbauer Cell) Proliferation and Hyperplasia[END_REF][START_REF] Van Der Eijk | Miscarriage Associated with Zika Virus Infection[END_REF][START_REF] Esquivel | Vertical transmission and placental pathology of twin pregnancies from Zika virus infected mothers[END_REF] and could only occur in early stages of congenital infections [START_REF] Schwartz | Viral infection, proliferation, and hyperplasia of Hofbauer cells and absence of inflammation characterize the placental pathology of fetuses with congenital Zika virus infection[END_REF] . Our study highlighted a higher rate of ischemic necrosis with fibrin deposits (INFD) in ZIKV-infected placentas, which could increase placental growth, such as in Syphilis congenital infections [START_REF] Kittipornpechdee | Fetal and Placental Pathology in Congenital Syphilis: A Comprehensive Study in Perinatal Autopsy[END_REF] . Only excessive INFD were considered and were found in all cases of fetal loss, however, this finding does not seem to be specific to ZIKV infection as it is also often found in fetal losses of other origins [START_REF] Ritter | Zika Virus: Pathology From the Pandemic[END_REF] . Subchorionic thrombosis and congestive capillaries observed more often in infected placentas have been previously described in congenital ZIKV infections, and could contribute to fetal hypoxia [START_REF] Chimelli | The spectrum of neuropathological changes associated with congenital Zika virus infection[END_REF] . We showed Hofbauer cell hyperplasia and leukocytic infiltration in ZIKV-infected placentas, as described by others as a specific finding in ZIKV-infected placentas [START_REF] Rosenberg | Placental Pathology of Zika Virus: Viral Infection of the Placenta Induces Villous Stromal Macrophage (Hofbauer Cell) Proliferation and Hyperplasia[END_REF][START_REF] Simoni | Zika virus infection of Hofbauer cells[END_REF][START_REF] Maykin | Placental Histopathologic Findings in Zika-infected Pregnancies[END_REF] .

Histopathological examination of the placenta highlights the potential long-term consequences of placental disorders during pregnancy, and the anomalies found may be the result of different pathologies impacting the placenta [START_REF] Benirschke | Pathology of the human placenta[END_REF] . We cannot exclude that some of the placental signs observed are partially due to other co-morbidities, however, the similarities in maternal co-morbidities and delivery characteristics between exposed and infected groups reduces the influence of other factors.

The main difference between these groups is the rate of fetal loss, but it may be mediated slightly due to the fact that fetal loss is a known consequence of fetal and placental infection by ZIKV [START_REF] Panchaud | Emerging Role of Zika Virus in Adverse Fetal and Neonatal Outcomes[END_REF][START_REF] Pomar | Maternal-fetal transmission and adverse perinatal outcomes in pregnant women infected with Zika virus: prospective cohort study in French Guiana[END_REF] .

Overall, ZIKV infection of the placenta precedes viral transmission to the fetus. We cannot exclude that ZIKV infection may be restricted to the placenta with no further involvement of the fetus, as described in some CMV infections [START_REF] Trincado | Highly sensitive detection and localization of maternally acquired human cytomegalovirus in placental tissue by in situ polymerase chain reaction[END_REF] . Placentomegaly may represent an early sign of congenital infection, before congenital Zika virus syndrome or other adverse outcomes become apparent [START_REF] Miwa | A thick placenta: a predictor of adverse pregnancy outcomes[END_REF] .

CONCLUSION

Our study provides a comprehensive description of placental consequences of ZIKV infection.

Infected placentas exhibited a higher risk for placentomegaly, low birthweight/placental weight ratio and higher proportion of histopathological anomalies. Although placentomegaly is nonspecific for ZIKV infection, early placentomegaly may represent the first sign of congenital ZIKV infection and should lead to an enhanced prenatal follow-up of ZIKV-exposed pregnancies. 
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Table 1 : Clinical Characteristics congZIKV

 1 

	None

π Including patients with multiple comorbidities * congZIKV: two active hepatitis B infections. expZIKV: two HIV, two primary toxoplasmosis, one HTLV, one Coxsackie virus, two primary VZV and one leptospirosis . Controls: two primary toxoplasmosis, one primary CMV, three HIV and three primary VZV ** Anti-Lea alloimmunisation, malnutrition, vitamin K deficit, increased HCG

Table 2 : Placental Outcomes congZIKV

 2 

				expZIKV	Controls
				Maternal	Maternal
		Maternal ZIKV+	ZIKV+	ZIKV-
		Fetus/placenta ZIKV+	Fetus/placenta	Fetus/placenta
		n = 76	ZIKV-	ZIKV-
				n = 215	n = 334
	Placentomegaly > 40mm, no (%, 95IC)	30	(39.5, 28.5-50.5)	37	(17.2, 12.2-22.3)	24	(7.2, 4.5-10.1)
	Umbilical artery RI > p95, no (%, 95IC)	9 / 75	(12.0, 4.6-50.5)	13	(6.0, 9.2) 2.9-	/	
	Birthweight / placental weight						
	ratio						
					(5.9,		
			(16.3,	10 /	2.3-	/	
	< p3, n (%, 95IC)	7 / 43	5.3-27.3)	171	9.4)		
					(8.2,		
			(9.3, 0.6-	14 /	4.1-	/	
	> p97, n (%, 95IC)	4 / 43	18.0)	171	12.3)		
	Pathology findings -no/total (%, 95IC)	27 / 43	(62.8, 77.2 ) 48.3-	171 37 /	(21.6, 27.8 ) 15.5-	/	
					(2.3,		
			(11.6,		0.1-		
	Chorioamnionitis lesions	5	2.1-21.2)	4	4.6)		
					(5.9,		
			(20.9,		2.3-		
	Infarcts	9	8.8-33.1)	10	9.4)		
			(32.6,		(2.9,		
	Ischemic necrosis with fibrin		18.6-		0.4-		
	deposits	14	46.6)	5	5.4)		
					(2.9,		
			(18.6,		0.4-		
	Villitis	8	7.0-30.2)	5	5.4)		
					(2.3,		
	Chorionic villitis with		(13.9,		0.1-		
	congestive capillaries	6	3.6-24.3)	4	4.6)		
					(2.9,		
			(4.6, 1.6-		0.4-		
	Subchorionic trombosis	2	10.9)	5	5.4)		
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- Supplementary Figure 3: Fetal growth, umbilical artery RI and kinetics of the placental thickness, according to gestational age and ZIKV-status of the placenta Fetal growth estimation was calculated using Hadlock 3 (Log10 EPF = 1.326 -0.00326(AC)(FL) + 0.0107(HC) + 0.0438(AC) + 0.158(FL), the 3rd percentile curve refers to Intergrowth 21st charts. Placentas associated with Small for gestational age (SGA) fetuses (confirmed on birthweight) were not more frequent in case of ZIKV-infection (1/59, 1.7 %) compared to ZIKV-exposed (5/196, 2.5%) or controls (7/334, 2.1%).When considering thick placentas (>40mm), SGA fetuses were not more frequent in infected placentas (1/29, 3.4%) compared to exposed placentas (2/37, 5.4%) or controls (2/24, 8.3%)