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a b s t r a c t 

Background: In 2016-2017, 68 women in Southern Vietnam had RT-PCR confirmed Zika virus (ZIKV) in- 

fection during pregnancy. We report here the outcomes of the pregnancies and the virological analyses 

related to this outbreak. 

Methods: We collected clinical and epidemiological information from the women who were enrolled in 

the study. Medical records related to the pregnancy in 2016–2017 were retrieved for those who were not 

able to be enrolled in the study. Children born to women with ZIKV infection during pregnancy were 

also enrolled. Serum samples were evaluated for presence of ZIKV antibodies. Phylogenetic analyses were 

performed on Zika virus genomes sequenced from the 2016–2017 serum samples. 

Findings: Of the 68 pregnancies, 58 were livebirths and 10 were medically terminated. Four of the med- 

ical records from cases of fetal demise were able to be retrieved, of which one was consistent with con- 

genital ZIKV infection. Of the 58 women with a livebirth, 21 participated in the follow-up investigation. 

All but two women had serologic evidence of ZIKV infection. Of the 21 children included in the study 

(mean age: 30.3 months), 3 had microcephaly at birth. No other clinical abnormalities were reported and 

no differences in neurodevelopment were observed compared to a control group. Phylogenetic analysis 

revealed a clade within the ZIKV Asian lineage and branch at the root of samples from the 2013–2014 

French Polynesian outbreak. The prM S139N mutation was not observed. 

Interpretation: We have been able to demonstrate a clade within the ZIKV Asian lineage implicated in 

adverse pregnancy outcomes in Southern Vietnam. 
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Research in context 

Evidence before this study 

Two major lineages of ZIKV have now been identified: 
the African and Asian lineages. During the ZIKV epidemics in 

French Polynesia (2013–2014) and the Americas (2015-2016), 
ZIKV has demonstrated an ability to cause severe disease out- 
comes, including congenital Zika syndrome in fetuses and in- 
fants and Guillain Barré syndrome in adults. We searched 

PubMed for publications on adverse fetal outcomes in Asia 
associated with ZIKV infection. We identified several case re- 
ports of ZIKV-associated microcephaly from Vietnam, Thai- 
land and Cambodia. Only one reported the genomic sequenc- 
ing analysis which found the Asian lineage to be the cause of 
fetal microcephaly in Thailand, indicating the pathogenicity 
of the Asian lineage beyond the epidemics in French Polyne- 
sia and the Americas. 

Added value of this study 

We conducted a multidisciplinary investigation into the 
outcomes of 68 pregnancies with RT-PCR confirmed ZIKV in- 
fection in 2016–2017. Through genomic sequencing and phy- 
logenetic analysis, we have been able to identify a clade 
within the ZIKV Asian lineage. Sequence analysis suggests 
that the clade was likely introduced between October 2004 
and January 2011, prior to the epidemics in French Polyne- 
sia and the Americas. We are able to describe adverse preg- 
nancy outcomes, including fetal abnormalities. We also report 
the persistence of anti-ZIKV antibodies in the women beyond 

three years post-infection. 

Implications of all the available evidence 

Our study offers important contributions to the under- 
standing of the relative pathogenicity of the Asian lineage 
of ZIKV, beyond what has been described previously, and of 
the longer-term kinetics of anti-ZIKV antibodies following RT- 
PCR confirmed ZIKV infection. Surveillance of ZIKV infection, 
particularly in pregnant women, needs to be maintained in 

countries across Asia. 

ntroduction 

Prior to the epidemics of 2007 in Yap Island, of 2013-2014 in 

rench Polynesia and of 2015–2016 across the Americas, Zika virus 

ZIKV) was understood to have extensive geographic distribution 

cross Africa and Asia [1] . At that time, the clinical presentation 

f ZIKV infection was understood to be restricted to mild, self- 

imiting disease [1] . 

However, severe disease outcomes following ZIKV infection be- 

ame apparent after the epidemics in French Polynesia in 2013–

014 and in Latin America in 2015-2016. The first severe neurologic 

omplications associated with ZIKV infection, including Guillain- 

arre syndrome in adults and microcephaly in fetuses and infants, 

ere identified in French Polynesia [ 2 , 3 ], followed by the addi-

ional congenital malformations in fetuses and infants associated 

ith in utero ZIKV infection in Brazil [4] . ZIKV is now known to

ause abnormalities in fetuses and infants exposed to the virus in 

tero including microcephaly, and congenital Zika syndrome (CZS). 

ZS comprises cranial morphology and brain anomalies, congenital 

ontractures, ocular anomalies and marked early sequalae [4–9] . 

Within the ZIKV Asian lineage, the comparative infectivity and 

athogenicity, including the ability to cause severe disease, beyond 

he French Polynesia and Latin America epidemics remain unclear 

10–12] . One hypothesis as to the change in disease epidemiology 
2 
nd the appearance of severe disease outcomes prior to the epi- 

emic in French Polynesia is a mutation in the virus, which may 

ave increased its virulence. The prM S139N mutation on the ZIKV 

enome has been identified and phylogenetic analysis suggests it 

ppeared before the outbreak in French Polynesia, and as such, 

ay be responsible for more severe disease outcomes [ 10 , 12 ]. Im-

roved diagnostic techniques and enhanced surveillance in other 

egions of the world since the epidemic in Latin America have 

hown continued circulation of the virus in South East Asia. 

Such enhanced surveillance in Vietnam identified circulation of 

IKV in Southern Vietnam in 2016-2017 [13] . During this time, 68 

regnant women had ZIKV infection confirmed by reverse tran- 

cription polymerase chain reaction (RT-PCR) performed at the Pas- 

eur Institute, Ho Chi Minh City. We report here an overview of the 

utcomes of the pregnancies and the development of the children 

orn to the mothers with RT-PCR confirmed ZIKV infection during 

regnancy and on the phylogenetic analysis of the ZIKV implicated 

n this outbreak. 

ethods 

pidemiological investigation 

regnant women 

ZIKV surveillance in Vietnam identified 68 pregnant women 

ith ZIKV infection confirmed by RT-PCR performed on a blood 

ample collected by the Pasteur Institute, Ho Chi Minh City. At the 

ime, women were informed of the result of ZIKV testing and the 

erum samples were stored at -70 °C at the Pasteur Institute, Ho 

hi Minh City. 

The samples were retrieved in 2019 and all women were con- 

acted to participate in a follow-up epidemiological investigation. 

hose who were able to be contacted were invited to participate 

n the study. For those who were not able to be contacted, medi- 

al records at the hospital where the women had sought antenatal 

are, or where a medical termination of the pregnancy had been 

onducted following fetal demise, were retrieved for information 

elated to the pregnancy, including the results of any ultrasono- 

raphic examinations, in accordance with local ethical regulations. 

Once women were enrolled, they were interviewed by a trained 

ember of the study personnel from Pasteur Institute, Ho Chi 

inh City using a structured questionnaire. This covered sociode- 

ographic information, including age, ethnicity, residence, and 

ifestyle factors. The participants were also asked about clinical 

nformation related to the pregnancy in 2016–2017: symptoms 

f ZIKV infection in 2016–2017, results of TORCH (toxoplasmosis, 

ther [syphilis, human immunodeficiency virus infection (HIV)], 

ubella and cytomegalovirus) infection testing during pregnancy, 

here available, hospitalizations and/or medications taken during 

regnancy, obstetrical history and the outcome of the pregnancy. 

articipants were encouraged to bring health records to the inter- 

iew. The health records of both the mother and the infant were 

eviewed, as well as the results of any ultrasonographic evaluations 

uring pregnancy in 2016–2017. 

In addition, a 3mL blood sample was collected to evaluate the 

ong term ZIKV antibody response, as well as the presence of an- 

ibodies of related viruses: dengue virus (DENV) and Japanese en- 

ephalitis virus (JEV). 

hildren born to women with confirmed ZIKV infection during 

regnancy 

The children born to women with confirmed ZIKV infection dur- 

ng pregnancy were also invited to participate. The women com- 

leted a questionnaire of behalf of the child which covered clini- 

al information such as anthropometric measurements at birth and 

bnormalities at birth and into early childhood, extracted from the 
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hild’s personal health record. Microcephaly at birth was defined 

s moderate when the head circumference Z score at birth was be- 

ween -2 and -3, and severe when the head circumference Z score 

t birth was below -3 based on gestational age and sex according 

o INTERGROWTH-21 st standards ( http://intergrowth21.ndog.ox.ac. 

k ). Microcephaly at birth was further defined as proportionate if 

he infant was also small for gestational age at delivery, and dis- 

roportionate if not. 

All children were referred to Children’s Hospital Number 1, 

o Chi Minh City for clinical examination by a pediatrician. Fur- 

her eye examination by fundoscopy was conducted. An auditory 

creening examination was performed, followed by otoacoustic 

missions (OAE), auditory brainstem response (ABR) and auditory 

teady-state response (ASSR) tests. Hearing of the child was con- 

idered normal if OAE, ABR and ASSR were within normal ranges. 

In addition, a 3 mL blood sample was collected from the child 

o evaluate the long term ZIKV antibody response, as well as the 

resence of antibodies of related viruses: DENV and JEV. 

For assessment of neurodevelopment, a trained member of the 

tudy personnel, blinded to the in utero ZIKV exposure status of 

he child, assessed all children using the Bayley Scales of Infant 

nd Toddler Development, Third Edition (Bayley-III). These scales 

rovide scores for three major development domains: motor, cog- 

ition and language. The normal range for each domain is 100 ±
5; scores below 85 indicate developmental delay. Children with 

cores in the normal range in all three domains were considered 

evelopmentally normal; children with any score below 85 in any 

f the three domains were considered as having a developmental 

elay. 

ontrol group 

To investigate the role of in utero ZIKV exposure on neurodevel- 

pment outcomes in early childhood, a control group of children 

 n = 21) were recruited among children attending routine immu- 

ization visits at Pasteur Institute, Ho Chi Minh City. Those eligi- 

le for inclusion in the control group self-reported no known ZIKV 

nfection in the mother during pregnancy and were matched for 

ge (within 1 month) and sex to the children born to women with 

onfirmed ZIKV infection during pregnancy. 

A trained member of the study personnel, blinded to the in 

tero ZIKV exposure status of the children, conducted the neurode- 

elopment assessment using the Bayley-III, as described above. 

aboratory evaluations 

Laboratory tests included RT-PCR for the detection of ZIKV with 

rioplex reagents. The testing procedure followed the primer and 

robe sequences, as described previously [14] . 

The serum samples collected from the women and children as 

art of the prospective investigation were tested for anti-ZIKV IgM 

nd IgG using a commercial enzyme-linked immunosorbent assay 

ELISA) (Euroimmun, Germany) according to the manufacturer’s in- 

tructions, as well as anti-ZIKV neutralizing antibodies, using a 

laque reduction neutralization test (PRNT), the details of which 

re provided in the Supplementary material. Serum samples were 

onsidered to be seropositive if ZIKV PRNT 50 was positive and the 

atio of ZIKV to DENV titers was higher than 2:1. Serum samples 

ere considered likely positive if ZIKV PRNT 50 was positive but the 

atio of ZIKV to DENV titers was less than 2:1. Anti-ZIKV antibodies 

ere considered to have persisted if serum samples were positive 

n 2020. 

The stored samples from 2016-2017 were re-tested by nucleic 

cid amplification, followed by genomic sequencing and phyloge- 

etic analysis. The methodology is described in the Supplementary 

aterial. 
3 
thics considerations 

The study received approval from the Institutional Review 

oard at Pasteur Institute, Ho Chi Minh City, Vietnam and Chil- 

ren’s Hospital Number 1 (Reference numbers: 21/GCN-PAS, 28 

une 2019, 2097/QD-BVND1, 5 September 2019). All study proce- 

ures were explained to and informed consent obtained from all 

ligible participants, and from a parent or legal guardian in the 

ase of the children, by a trained member of study personnel be- 

ore enrolment in the study. 

ole of the funding source 

The funders of the study had no role in study design, data 

ollection, data analysis, data interpretation or writing of the 

anuscript. The corresponding author has full access to the data 

n the study and had final responsibility for the decision to submit 

or publication. 

esults 

Between March 2016 and November 2017, 68 pregnant women 

ere referred from antenatal care to Pasteur Institute, Ho Chi Minh 

ity for ZIKV diagnosis and had a RT-PCR confirmed ZIKV infec- 

ion. Eighteen women had a positive test during the first trimester 

f pregnancy, 31 during the second trimester, 18 during the third 

rimester, and one woman for whom the trimester of pregnancy 

as unknown. 

Of the 68 women with a RT-PCR confirmed ZIKV infection 

uring pregnancy, 58 were livebirths and 10 pregnancies were 

edically terminated. Four medical records related to the preg- 

ancy from the cases of fetal demise were able to be retrieved; 

ix were unable to be retrieved. Attempts were made to contact 

ll 58 women whose pregnancy resulted in a livebirth. Twenty- 

ne women were able to be contacted and agreed to participate 

n the investigation, the remaining 37 were unable to be con- 

acted. Of these, the medical records related to the pregnancy of 

4 women were able to be retrieved; 23 medical records were 

nable to be retrieved. The 21 children born to the 21 women 

ho agreed to participate in the study were also enrolled in 

he study. In addition, 21 children attending routine immuniza- 

ion visits at Pasteur Institute, Ho Chi Minh City and who were 

atched for age and sex were recruited as a control group (see 

ig. 1 ). 

pidemiological investigation 

etal demise pregnancy outcomes 

Of the 10 cases of fetal demise, the medical records of four 

ases were able to be retrieved, one of which has been previously 

escribed [15] . Briefly, maternal ZIKV infection was confirmed on 

0 March 2016, one day after the onset of rash, conjunctivitis and 

atigue. Fetal demise was reported on 5 April 2016 during routine 

ltrasonographic examination at 8 weeks gestational age. RT-PCR 

esting on the fetus and a sample of the placenta was positive for 

IKV. 

In the second case, maternal ZIKV infection was confirmed on 

4 November 2016, three days after the onset of rash. Routine 

ltrasonographic examination at 6–8 weeks gestational age re- 

orted fetal demise and medical termination was performed on 26 

ovember. No fetal or placental samples were collected or tested 

or ZIKV infection. 

In the third case, maternal ZIKV infection was confirmed on 

4 January 2017, three days after the onset of rash. Routine ultra- 

onographic examination in the 8th week of gestation reported fe- 

http://intergrowth21.ndog.ox.ac.uk
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Fig. 1. Inclusion in analysis. 
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Table 1 

Characteristics of women with RT-PCR confirmed ZIKV infection (N = 21). 

Maternal characteristics N (%) 

Age at time of conception (median, range) 30 (21–42) 

Occupation 

Highly qualified professional, Manager 7 (33.3) 

Artisan, Merchant, Business owner 3 (14.3) 

Housewife 5 (23.8) 

Labourer, Factory worker 5 (23.8) 

Employee 1 (4.8) 

Residence 

Urban 13 (61.9) 

Rural 8 (38.1) 

Parity (at the time of 2016-2017 pregnancy) 

0 7 (33.3) 

1 10 (47.6) 

2 3 (14.3) 

3 1 (4.8) 

Previous adverse pregnancy outcomes (prior to 

2016-2017 pregnancy) 

Congenital abnormalities 0 (0) 

Stillbirth 1 (4.8) 

Miscarriage 4 (19.1) 

Medical termination 1 (4.8) 

Lifestyle practices during 2016-2017 pregnancy 

Alcohol consumption 5 (23.8) 

- Weekly alcohol consumption 2 (9.5) 

- Occasional alcohol consumption 3 (14.3) 

Drug use 0 (0) 

Smoking 0 (0) 

Trimester of ZIKV infection 

First 6 (28.6) 

Second 9 (42.9) 

Third 6 (28.6) 

Signs and symptoms of ZIKV infection during 

pregnancy 

Rash 17 (81.0) 

Fever 9 (42.9) 

Itching 5 (23.8) 

Limb swelling 4 (19.1) 

Myalgia 3 (14.3) 

Arthralgia 3 (14.3) 

Headache 3 (14.3) 

Conjunctival hyperemia 1 (4.8) 

Bleeding 1 (4.8) 

Pain behind eyes 0 (0) 

Petechiae 0 (0) 

Neonate characteristics 

Gestational age (mean, range) ( n = 16) 38.7 (37–40) 

Sex 

Male 6 (28.6) 

Head circumference Z score (mean, IQR) ( n = 13) -0.66 (-1.1, 0.3) 

Normal 10 (76.9) 

Abnormal (head circumference Z score < -2) 3 (23.1) 
al demise and medical termination was performed on 17 January 

017. RT-PCR testing on a placental sample was positive for ZIKV. 

In the fourth case, routine ultrasonographic examination at the 

nd of the second trimester on 16 March 2017 identified fetal mi- 

rocephaly and intrauterine growth restriction (IUGR). TORCH test- 

ng was negative on 6 January 2017, but maternal RT-PCR ZIKV 

esting on 17 March 2017 was positive. At the time of the medi- 

al termination on 21 April 2017, fetal weight was 10 0 0g at 28.5

eeks gestation. 

iveborn pregnancy outcomes 

Of the 58 livebirths, 21 women were able to be contacted and 

ecruited into the study. The remaining 37 were unable to be con- 

acted, but the medical records of 14 women, specific to the preg- 

ancy in 2016–2017, were able to be retrieved. Among these 14 

ivebirths, three reported abnormalities at the time of delivery, of 

hich two were consistent with in utero ZIKV exposure. For these 

hree livebirths, consultation of medical records indicates that ma- 

ernal ZIKV, HIV and Rubella (IgM) tests were performed during 

regnancy. All three had positive ZIKV, negative HIV and negative 

ubella (IgM) test results. 

In the first case, maternal ZIKV infection was confirmed by RT- 

CR on 8 November 2016, following the onset of rash and fever on 

9 October 2016. IUGR was noted during pregnancy and the infant 

as born at 36 weeks’ gestation on 28 November 2016 with low 

irth weight and moderate proportionate microcephaly. 

In the second case, maternal ZIKV infection was confirmed by 

T-PCR on 15 December 2016, following onset of symptoms on 

2 December. The infant was born at 35 week’s gestation on 19 

arch 2017 with low birth weight and severe disproportionate mi- 

rocephaly. 

In the third case, maternal ZIKV infection was confirmed by 

T-PCR on 7 May 2017 following the onset of symptoms on 3 

ay 2017. The infant was born at 39 week’s gestation on 17 Oc- 

ober 2017 with low birth weight, moderate disproportionate mi- 

rocephaly, a left-tilted neck, edema of the right collarbone, and 

lub foot. 

Among the 21 infants that were liveborn and included in the 

tudy, three had moderate disproportionate microcephaly at birth. 

o other abnormalities were reported. The characteristics of the 21 

omen and the 21 children recruited into the study are described 

n Table 1 . 

TORCH testing was not routinely conducted for most pregnan- 

ies, although all tests during pregnancy were negative when con- 

ucted (Supplementary Table 1). Of the prospective blood samples 

ollected between March and July 2020 from 20 of the 21 women 

ho had RT-PCR confirmed ZIKV infection in 2016–2017, all but 
4 
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Table 2 

Results of prospective serologic testing ∗ in women with RT-PCR confirmed ZIKV infection during pregnancy in 2016/2017 

ZIKV PRNT JEV PRNT DENV1 PRNT DENV2 PRNT DENV3 PRNT DENV4 PRNT ZIKV IgG ZIKV IgM ZIKV serologic status 

1 160 80 10 40 0 0 Positive Negative Positive 

2 1280 80 40 0 0 0 Negative Negative Positive 

3 80 0 80 20 10 20 Positive Negative Likely positive 

4 640 80 80 80 1280 10 Positive Negative Likely positive 

5 - - - - - - - - NA 

6 640 0 80 20 0 0 Positive Negative Positive 

7 80 20 40 10 0 0 Negative Negative Positive 

8 80 20 80 80 40 20 Borderline Negative Likely positive 

9 1280 80 80 40 80 80 Positive Negative Positive 

10 160 0 10 0 0 0 Positive Negative Positive 

11 0 20 20 10 40 10 Negative Negative Negative 

12 160 0 80 80 40 0 Positive Negative Positive 

13 0 20 20 20 40 0 Positive Negative Negative 

14 160 0 40 20 0 0 Borderline Negative Positive 

15 10240 40 40 640 80 80 Positive Negative Positive 

16 2560 0 40 160 40 10 Positive Negative Positive 

17 160 0 320 80 40 10 Positive Negative Likely positive 

18 1280 160 40 20 20 0 Positive Negative Positive 

19 160 0 160 0 0 80 Positive Negative Likely positive 

20 320 20 20 160 80 0 Positive Negative Positive 

21 2560 0 80 20 20 10 Positive Negative Positive 

∗ Mean ( ±SD) time from date of RT-PCR ZIKV testing to time of blood collection for serologic testing: 36.0 ± 1.7 months. 

Table 3 

Results of prospective serologic testing ∗ in children born to women with RT-PCR confirmed ZIKV infection during pregnancy in 2016-2017. 

ZIKV PRNT JEV PRNT DENV1 PRNT DENV2 PRNT DENV3 PRNT DENV4 PRNT ZIKV IgG ZIKV IgM ZIKV serologic status 

1 0 0 0 0 0 0 Negative Borderline Negative 

2 0 0 0 0 0 0 Negative Negative Negative 

3 0 80 0 10 0 0 Negative Negative Negative 

4 0 0 0 0 80 0 Negative Negative Negative 

5 0 0 0 0 0 0 Negative Negative Negative 

6 20 0 160 1280 2560 40 Positive Negative Inconclusive 

7 0 0 20 0 0 0 Negative Negative Negative 

8 0 0 0 0 0 0 Borderline Negative Negative 

9 0 0 0 0 0 0 Negative Negative Negative 

10 0 0 0 0 0 0 Negative Negative Negative 

11 0 0 20 0 0 0 Negative Negative Negative 

12 0 0 0 0 0 40 Negative Negative Negative 

13 0 20 0 0 0 0 Negative Negative Negative 

14 0 0 20 0 0 0 Negative Negative Negative 

15 0 0 0 0 0 0 Negative Negative Negative 

16 0 0 0 0 0 0 Negative Negative Negative 

17 0 0 10 0 0 0 Negative Negative Negative 

18 0 0 0 0 0 0 Negative Negative Negative 

19 0 0 0 0 0 0 Negative Negative Negative 

20 0 0 0 0 0 0 Negative Negative Negative 

21 0 0 0 0 0 0 Negative Negative Negative 

∗ Mean ( ±SD) time from date of birth to time of blood collection for serologic testing: 30.8 ± 2.6 months. 
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wo samples were seropositive ( Table 2 ). In contrast, all but one 

f the 21 blood samples collected from the children were sero- 

ogically negative for anti-ZIKV antibodies; one blood sample was 

ikely anti-ZIKV seropositive ( Table 3 ). 

All clinical assessments of the children were normal. The mean 

ge at the time of the assessment was 30.8 ± 2.6 months. All 15 

nd 19 children who underwent auditory and fundoscopic exami- 

ations, respectively were normal. 

For neurodevelopment assessment, 21 children attending rou- 

ine immunization visits at Pasteur Institute, Ho Chi Minh City 

ere recruited as a control group. Three children (14.3%) born to 

omen with RT-PCR confirmed infection had a developmental de- 

ay: 2 in language domain and 1 in motor domain ( Table 4 ). One

f the two children with a delay in the language domain was also 

ne of the three children who had moderate disproportionate mi- 

rocephaly at birth. One child in the control group had a develop- 

ental delay in cognitive domain. However, in comparison with 

he control group, the difference was not statistically significant 

 P = 0.60). 
5 
hylogenetic analysis 

We combined ZIKV genomic sequences sampled from pregnant 

omen in 2016–2017 in Vietnam with ZIKV sequences available 

rom around the world in public databases to perform spatio- 

emporal analysis of ZIKV spread, via phylogenetic tree reconstruc- 

ion, dating and phylogenetic inference. The results are consistent 

ith current knowledge of ZIKV circulation ( Fig. 2 ). Asian, French 

olynesian and South American sequences clustered in the phy- 

ogenetic tree, as expected. The samples of the pregnant women 

rom Vietnam form a clade, potentially likely corresponding to a 

ingle introduction, however the bootstrap support of this clade 

bootstrap value: 49) does not exclude the possibility of multiple 

ntroductions. Nonetheless, the hypothesis of a single introduction 

s also in agreement with the phylogenetic inference which places 

he root of the well supported (bootstrap value: 87) parent clade 

n Vietnam. The Vietnamese sequences belong to the Asian lin- 

age and branch at the root of French Polynesian samples (boot- 
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Table 4 

Comparison of children born to women with ZIKV confirmed infection during pregnancy ( N = 21) and control group 

of infants attending routine immunization visits at Pasteur Institute, Ho Chi Minh City. 

Children born to women with 

ZIKV confirmed infection 

during pregnancy ( N = 21) 

Control group of children 

attending routine 

immunization visit ( N = 21) 

Age at the time of assessment (mean, SD) 30.8 ± 2.6 30.5 ± 2.8 

Height (mean, SD) 90.4 ± 5.9 88.7 ± 5.8 

Weight (mean, SD) 13.3 ± 2.5 13.6 ± 2.3 

Eye examination (n = 19) ∗

Normal 20 (100%) - 

Abnormal 0 (0.0%) - 

Auditory test (n = 15) ∗∗

Normal 20 (100%) - 

Abnormal 0 (0.0%) - 

Neurodevelopment + 

Normal ( > 85) 18 (85.7%) 20 (95.2%) 

Abnormal ( < 85) 3 (14.3%) 1 (4.8%) 

Language 2 0 

Motor 1 0 

Cognitive 0 1 

∗ Eye examination by fundoscopy 
∗∗ Auditory screening examination was performed, followed by otoacoustic emissions (OAE), auditory brainstem re- 

sponse (ABR) and auditory steady-state response (ASSR) tests. Hearing of the child was considered normal if OAE, ABR 

and ASSR were within normal ranges. 
+ Neurodevelopment assessed using the Bayley Scales of Infant and Toddler Development, Third Edition (Bayley-III). 

Fig. 2. Time-scaled phylogenetic tree of Vietnamese ZIKV sequences. Time-scaled phylogenetic tree of Vietnamese ZIKV sequences (pink branches under the yellow ribbon) 

along public ZIKV sequences, with inferred geographical information. External colour strips indicate the known strains of ZIKV: Asian in blue (includes sequences mostly 

sampled in Asia), French Polynesian in green, and South American (sequences mostly but not only from South America) in red. Branch colours indicate their inferred 

geographical origin. For example, the geographical origin of the clade containing Vietnamese, French Polynesian and South American strains is inferred as Vietnam (marginal 

probability is shown in parenthesis) and its date is estimated as March 2009 (95%CI in parenthesis). The parent node is inferred as Thailand and its date is estimated as July 

2007. Temporal predictions are obtained with LSD2 [28] , geographic predictions - with PastML [29] (MPPA + F81), the visualisation is performed with iTOL [30] . The bootstrap 

supports of the branches around the Vietnamese cluster are shown in grey. 

6 
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trap value: 87), which is also consistent with current knowledge 

f ZIKV circulation [12] . 

Among the 3 additional sequences in the clade we have iden- 

ified in Vietnam, 1 has been reported in Japan and 2 in China. 

he Japanese sample is known to be an importation from Vietnam 

n 2016, [16] which is in accordance to our phylogenetic tree (tip 

nnotated with a green star in Fig. 2 ). Among the two sequences 

rom China, one has been submitted in July 2019 with little in- 

ormation on its origins, and the other has been sampled from a 

erson returning from Myanmar [17] . 

139N mutation 

Of the ZIKV samples that we sequenced, five had sufficient cov- 

rage to infer the genotype at this position. We found that our 

amples do not harbour the prM S139N mutation. Although we 

annot exclude the presence of the S139N mutation in samples 

ith low coverage, it is likely that this mutation was not present 

t the time of introduction of the virus to Vietnam and did not 

merge in Vietnam. 

ating and geographical origin of outbreaks 

Known sampling dates of public sequences and of samples from 

he pregnant women in Vietnam allowed us to estimate the date 

f each internal node of the phylogenetic tree with Least Squares 

egression method. The date of introduction to Vietnam was esti- 

ated between October 2004 (lower 95%CI value for the most re- 

ent high-confident (marginal probability: 1.0) non-Vietnamese an- 

estor (Thailand)) and January 2011 (upper 95%CI value of the com- 

on ancestor of all the Vietnamese sequences, bootstrap value: 

7), for which the location was confidently (marginal probability: 

.96) estimated as Vietnam, as shown in Fig. 2 . The virus introduc- 

ion to Thailand is estimated around 1999 (see Supplementary Ma- 

erial), with an introduction to Singapore around 2015. The Viet- 

amese clade is estimated to have been introduced to South Amer- 

ca around 2013 via French Polynesia (2011). While our phylogeo- 

raphic analysis was shown to be quite robust against sampling 

ariations (see Supplementary Material), it cannot estimate loca- 

ions that were not present in our dataset (e.g. Myanmar as an in- 

ermediate in the Vietnam-to-China introduction) [17] . Therefore, 

e cannot dismiss the possibility of non-direct introduction from 

hailand to Vietnam (via intermediate, non-sampled locations) or 

rom Vietnam to French Polynesia 

Though the dates may display some variability in the confi- 

ence intervals, the general scenario aligns with current literature 

18] , and the outbreak in Vietnam is estimated to have emerged 

round March 20 09 [December 20 06 – August 2010]. 

iscussion 

We have been able to document the outcomes of pregnancies 

n women with RT-PCR confirmed ZIKV infection between March 

016 and November 2017 and identify abnormalities in the fe- 

uses associated with maternal ZIKV infection. Further, phyloge- 

etic analysis of the viral genomes enables us to identify a clade 

ithin the ZIKV Asian lineage implicated in the outbreak. 

Of the 10 pregnancies that were medically terminated, avail- 

ble medical records for 4 of these pregnancies indicate abnormal- 

ties associated with maternal ZIKV infection in three fetuses. Of 

hese, two had positive ZIKV placental samples, confirming con- 

enital ZIKV infection. An additional 3 neonates not included in 

he follow up investigation were identified as having microcephaly, 

ow birth weight and other complications at birth associated, of 

hich 2 have abnormalities likely associated with maternal ZIKV 

nfection. Among the further 21 neonates included in the follow 

p investigation, 3 had moderate disproportionate microcephaly at 
7 
irth, although no other abnormalities were reported. These find- 

ngs allow us to infer the pathogenicity, including an ability to 

ause adverse fetal outcomes, of the clade within the ZIKV Asian 

ineage implicated in the outbreak. 

The phylogenetic analysis conducted on the stored samples 

rom 2016 reveal a clade within the Asian lineage and branch at 

he root of samples from the 2013–2014 French Polynesian out- 

reak. Our data suggest a potential single introduction, estimated 

o have occurred between October 2004 and January 2011. How- 

ver, we cannot exclude an alternative hypothesis of several, later 

ntroductions into Vietnam. In any case, the introduction event ap- 

ears to be many years before infections were detected in the 

regnant women included in our study in Southern Vietnam. We 

re also unable to infer from our study whether the infections de- 

ected in pregnant women were the result of an outbreak of con- 

iderable magnitude across a period of 20 months, or the result of 

ow but sustained levels of endemic circulation, as has been doc- 

mented in Thailand [19] . However, the available epidemiological 

urveillance data from 2016, showing an increase in ZIKV infections 

n Southern Vietnam in the last quarter of the year [13] , as well as

he absence of evidence of ZIKV infection in children, would be 

ore consistent with an epidemic event. 

The prM S139N mutation on the ZIKV genome may be respon- 

ible for more severe disease outcomes identified in French Poly- 

esia and Latin America [ 10 , 12 ]. Importantly, our samples do not 

arbour this mutation. Our findings are consistent with the finding 

hat the Asian lineage of ZIKV is able to cause adverse fetal out- 

omes, including microcephaly. A case report of fetal microcephaly 

ollowing congenital ZIKV infection with the Asian lineage of ZIKV 

as previously been reported from Thailand [11] . An alternative hy- 

othesis as to the change in disease epidemiology may be another 

utation that occurred in Asia and allowed secondary spread to 

rench Polynesia and Latin America, and/or the introduction of the 

irus in an immunologically naive population. 

Anti-ZIKV antibody kinetic studies have shown that anti-ZIKV 

gG antibodies appear rapidly after RT-PCR confirmed infection and 

emain detectable up to 6 months [20–22] . What remains unclear 

s the longer-term antibody response to ZIKV infection. In French 

olynesia, seroprevalence dropped from 49% between February- 

arch 2014 at the end of the ZIKV outbreak to 22% in September- 

ovember 2015 [23] . In contrast, in Florida, United States of Amer- 

ca, 62 Miami residents with confirmed ZIKV infection in 2016 

ere found to have neutralizing antibodies 12–19 months after in- 

ection [24] , although direct comparison with seroprevalence find- 

ngs in French Polynesia is limited by differences in immunoassays 

sed in each study. In our study, we have been able to show the 

ersistence of specific anti-ZIKV neutralizing antibodies beyond 3 

ears following RT-PCR confirmed infection. All but two of the 21 

omen included in the follow up investigation had persistent anti- 

IKV antibodies. The absence of a decline in antibodies may also 

e influenced by the endemic circulation of ZIKV [25] , which, in 

ontrast to islands in the Pacific, may maintain anti-ZIKV antibody 

itres. 

Congenital ZIKV infection has been demonstrated by nucleic 

cid amplification based diagnostic tests on placenta and fetal sam- 

les [26] . What remains unclear is the diagnosis of congenital in- 

ection using serology [ 26 , 27 ]. There is an assumption, derived 

rom antibody kinetics for other congenital infections including 

IV, that maternal IgG may be able to be detected in the neonate 

t birth, but these antibodies wane during the first year of life. As 

 result, any anti-ZIKV IgG detected in the child beyond 12 months 

f age can be assumed to have been mounted in utero in response 

o congenital ZIKV infection. In our study, we found only 1 of the 

1 toddlers included in the follow up to have detectable anti-ZIKV 

eutralizing antibodies. We are unable to infer whether the ab- 

ence of detectable anti-ZIKV neutralizing antibodies in the other 
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hildren reflects an absence of congenital ZIKV infection, the wan- 

ng of antibodies in early childhood or the inability of the immune 

ystem of the fetus to mount an immune response if infected early 

n the perinatal period. Further longitudinal investigations on anti- 

ody kinetics in infected mothers and their infants are needed. 

While our study offers important contributions to the under- 

tanding of the relative pathogenicity of the Asian lineage of ZIKV 

nd long-term antibody kinetics following RT-PCR confirmed ZIKV 

nfection, our findings are limited by the fact that not all 68 

omen could be followed up as part of the prospective study. Al- 

hough we do not find any adverse development outcomes in the 

1 children born to women with confirmed ZIKV infection during 

regnancy, we cannot rule out the existence of selection bias, in 

hat among those who did not participate in the follow up may 

ave been those with developmental delays. The main reason for 

ot participating in the follow up study was our inability to con- 

act the women to invite them to participate in the study. This is 

ikely the result of deliveries in Southern Vietnam primarily take 

lace in the large maternity wards of hospitals in Ho Chi Minh 

ity, with women from rural areas returning home after delivery. 

 further limitation is the lack of systematic TORCH testing during 

regnancy, however the retrospective data collection of pregnancy 

nformation meant that we were restricted to the routine practices 

f clinicians in Vietnam. 

In conclusion, we have been able to demonstrate a clade within 

he ZIKV Asian lineage has been able to cause adverse pregnancy 

utcomes among women who were infected during pregnancy in 

outhern Vietnam. We are also able to demonstrate persistence of 

nti-ZIKV antibodies in the women more than four years after RT- 

CR confirmed infection. As the follow-up was incomplete, we can- 

ot draw conclusions as to the impact of congenital ZIKV infection 

n development outcomes in early childhood. 
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