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Abstract: 

 

Background 

Prenatal lead exposure is known to have neurotoxic effects on the developing fetus, while some viral infections 

may have a tropism for the central nervous system. Our objective was to study whether the effects of prenatal 

lead exposure on infant development and behaviors at 18 months of age are modified by the occurrence of a 

maternal infection to Zika virus (ZIKV) during pregnancy. 

 

Methods 

During the ZIKV epidemic in Guadeloupe in 2016 a cohort of pregnant women was set up. Blood samples 

(pregnancy, childbirth and cord) (n=297) enabled us to measure blood lead levels aimed to determine prenatal 

lead exposure and the likelihood of maternal infection during pregnancy (ZIKV status + vs -). The 18 months 

“Ages and Stages Questionnaire” (ASQ) was used to generate scores for global development, fine and gross 

motor skills, communication, problem solving, and personal-social skills. The questions from a longitudinal 

cohort study conducted in Canada (Québec) were used to generate hyperactivity, opposition, inattention and 

physical aggression scores. Associations were tested by multivariate linear regressions. 

 

Results 

Prenatal lead exposure was associated with delays in neurodevelopment at 18 months, reflected by lower 

scores in ASQ totals, and in the fine motor and problem-solving domains. Some of these associations appeared 

to be sex-specific, observed almost exclusively in boys (ASQ total, fine motor and personal-social scores). 

Prenatal lead exposure was not associated with behavioral scores. ZIKV infection during pregnancy was 

associated with a lower fine motor ASQ score, and higher scores for hyperactivity, opposition and physical 

aggression. Significant interaction between prenatal lead exposure and ZIKV status was observed with a lower 

personal-social score in ZIKV (-) only, and for hyperactivity and inattention scores, though some of these 

interactions (ASQ personal-social score, inattention score) were no longer significant when children with 

microcephaly were excluded from the analyses. 

 

Discussion/Conclusion 

Our study confirms previous findings of associations between prenatal exposure to lead at low levels and 

adverse neurodevelopmental outcomes during infancy and the particular vulnerability of boys. It suggests 

associations between ZIKV infection during pregnancy and adverse effects on a number of neurodevelopmental 

functions (fine motor function) and behaviors (opposition, hyperactivity), that need to be confirmed at later 

age. There is no strong evidence of interaction between ZIKV infection and lead exposure but both prenatal risk 

factors may affect fine motor function. 
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Introduction 

The neurotoxic potential of early life exposure to lead is well established and empirical evidence suggests 

that there is no safe level for exposure occurring during infancy and childhood. Exposure to lead during these 

developmental periods has consistently been associated with subtle deficits in important child outcomes such 

as cognitive ability, including intellectual quotient (IQ), attention, memory and problem solving, as well as 

visuo-spatial skills, motor abilities and regulation(Crump et al. 2013; Gagnon-Chauvin et al. 2020; Lanphear et 

al. 2005) at blood levels below 7.5 and even 5 µg/dL, with a linear exposure-response curve (McFarland et al. 

2022), steeper at low levels than at higher levels. Recently, one systematic review and one meta-analysis both 

concluded that there are significant associations between low levels of lead exposure during childhood and 

Attention Deficit/Hyperactivity Disorder (ADHD) symptoms and diagnosis (Donzelli et al. 2019; He et al. 2019). 

The developmental effects of prenatal lead exposure have been studied less, mostly because this would 

require a longitudinal research design including maternal enrollment during pregnancy or at delivery, for 

characterization of prenatal exposure. Most studies have reported lower IQ among children exposed prenatally 

to very low levels of lead (below 5 µg/dL) (Desrochers-Couture et al. 2018; Fruh et al. 2019; Jedrychowski et al. 

2009; Polanska et al. 2018; Tatsuta et al. 2020), with the exception of the UK birth cohort (Taylor et al. 2017). 

Several of these studies observed these associations only in boys (Desrochers-Couture et al. 2018; Polanska et 

al. 2018; Tatsuta et al. 2020). Alterations in behavior (such as attention deficits or hyperactivity) have also been 

reported in association with prenatal exposure to lead at low levels (Neugebauer et al. 2015; Sioen et al. 2013). 

Recently, the need to consider multiple exposures occurring at various periods in life (especially prenatally) 

has been recognized as a more comprehensive risk assessment. A large number of studies of children’s 

neurobehavior have been published recently, evaluating the role played by mixtures of neurotoxic agents or 

potential modifiers (Bauer et al. 2020; Vuong et al. 2020). Exposure to mixtures of metals including lead in 

particular has been studied using novel statistical methodology (Lazarevic et al. 2019), with the objective of 

estimating the overall effect of the mixture and identifying the agents in the mixture responsible for the health 

effects as well as the potential joint effects of some of these agents (Freire et al. 2018; Guo et al. 2020; Valeri et 

al. 2017). In these studies, lead is usually identified as an active component of the mixture, sometimes in 

interaction (such as with arsenic – (Freire et al. 2018)). Other modifiers of lead’s toxic action have been 

suggested in addition to sex (previously mentioned). For example, maternal stress during pregnancy was 

reported as an effect modifier of prenatal lead neurotoxicity (Tamayo et al. 2017) on cognitive development 

during infancy, as was prenatal tobacco’s interaction that was reported as an effect modifier with childhood 

lead exposure in association with ADHD (Froehlich et al. 2009). 

To our knowledge, no joint effect of lead exposure and viral exposure has ever been reported in humans. 

Zika virus (ZIKV) is a mosquito-borne flavivirus. ZIKV can cross the placenta, and is the only arbovirus linked to 

congenital malformations. An estimate of 4 to 9% of women with a prenatal ZIKV infection result in suspected 

congenital ZIKV syndrome (CZS) including brain and ocular malformations, microcephaly, congenital deafness, 

limb contractures, and arthrogryposis (Adams et al. 2016; Krauer et al. 2017; Melo et al. 2016; Oliveira Melo et 
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al. 2016; Pomar et al. 2019; Rasmussen et al. 2016; Valentine et al. 2016; van der Linden et al. 2016). The study 

of the health consequences of co-exposure to lead and biological agents can be justified (especially when these 

agents share modes of action) in order to identify whether synergetic processes exist. In the fetus, the principal 

targets of ZIKV are neural progenitor cells (NPC) and glial cells in the developing brain. The consequences are 

cell death and reduced NPC proliferation, which results in impaired brain development (Wen et al. 2017). In 

parallel Huang and Schneider, suggest that even low levels of lead can differentially affect the proliferation, 

migration and differentiation of embryonic neural stem cells originating from different brain regions (Huang 

and Schneider 2004). Other action mechanisms include alterations in neurotransmissions (especially serotonin 

and catecholaminergic neurotransmission in the cerebral cortex, hippocampus, and cerebellum), and disrupting 

mechanisms of the endocrine hypothalamic–pituitary–gonadal (HPG), hypothalamic–pituitary–thyroidal (HPT), 

and hypothalamic–pituitary–adrenal (HPA) axes (Gagnon-Chauvin et al. 2020). 

A ZIKV epidemic started in Guadeloupe (French West Indies) in April 2016; the epidemic peak was reached 

during the first week of June. In total, it lasted 22 weeks, with more than 30,500 clinically suggestive cases (SpF 

2017) (nearly 10% of the population) including 639 cases biologically confirmed in pregnant women for whom, 

in January 2017, eight microcephaly and five other fetal brain malformations had been detected on ultrasound 

(SpF 2017). The present study was set up during the ZIKV epidemic to study whether prenatal ZIKV and lead, 

and their co-exposure, are related to non-optimal neurodevelopment and behaviors during infancy. 

 

Materials and Methods 

Population and data collection 

The ZIKA-DFA-FE/BB studies were carried out in the French Territory of America (which includes the islands 

of Guadeloupe, Martinique, Saint-Martin, and Saint-Barthelemy as well as the territory of French Guiana in 

South America) during the 2016 ZIKV epidemic, they sought to address the natural history of ZIKV infection 

during pregnancy (Hoen et al. 2018). Cohorts of pregnant women and their infants were monitored from birth 

to the age of 24 months, and this monitoring included the collection of clinical and paraclinical information 

(including ultrasounds and biological results) within the framework of usual care practices, as well as the 

constitution of a biological collection for determination of ZIKV infection during pregnancy. These studies 

received ethical approval from the Comité de Protection des Personnes Sud-Ouest et Outre-Mer III. All 

participants provided written informed consent. Both cohorts were implemented by the CIC 1424 Inserm. 

The present study is ancillary to the ZIKA-DFA-FE cohort study. Eligible women were those who delivered 

live newborns at the maternity ward of the University hospital of Guadeloupe after 14 October 2016, starting 

on the day of this complementary study. A total of 740 women (of 837) were enrolled in the present study, and 

for most a maternal face-to-face interview was conducted at the maternity unit after delivery (n=684), or when 

they left the hospital via a phone interview (n=25) or a home visit (n=31). These interviews were conducted by 

research staff trained in the collection of socioeconomic and demographic characteristics. Blood samples were 

collected within the framework of the ZIKA-DFA-FE study. Data on child development and behavior, maternal 

lifestyle and socioeconomic characteristics were obtained from the 421 families participating in the 18-month 

follow-up via an interview conducted by phone (n=300), or in person at the hospital (n=119) or at home (n=2). 
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435 women had blood samples available for metals assessment, and of these, 303 women were followed up 

after 18 months. A posteriori exclusion criteria included maternal conditions during pregnancy and those 

pregnancy characteristics very likely to impact infant development – such as a history of human 

immunodeficiency virus infection (n=2) or preterm delivery (very and extremely premature babies) (n=4). Our 

study is based on 297 mother-child dyads at the 18-month follow-up (Figure 1). 

Assessment of prenatal exposure to lead and other metals  

A maternal blood sample (10 ml of peripheral venous blood in EDTA tubes) was collected at delivery. An 

aliquot of whole blood was taken, then the rest was centrifuged to collect the supernatant (plasma). Whole 

blood and plasma were temporarily stored at -30°C by the Centre of Biological Resources at the University 

Hospital of Guadeloupe. These blood samples were sent to the LERES laboratory in Rennes in UN3373 

packaging, under frozen temperature control (-80°C).  

Eight elements (Pb, Mn, Cu, Zn, Cd, As, Se and Hg) were measured in 435 whole blood samples. For each 

sample, a 0.5 ml volume of 67% acid was added to 0.5 ml of blood prior to a mineralization step at 83°C lasting 

4 hours, using a graphite block (Hotblock Pro, model SC-189, Environmental Express). The mineralized samples 

were diluted 1:20 with a solution of HCl (2% in ultrapure water), and analyzed by a plasma torch coupled to a 

tandem mass spectrometer (ICP-MSMS 8800, Agilent Technologies). For the determination of selenium and 

arsenic, interferences were managed using a tandem mass spectrometer and the oxygen mode. On-line 

addition of internal standards (Sc, Ge, 77Se, Rh, Re and Ir) was performed to correct for matrix effects and 

verify the absence of drift (signal variation less than 25%). To resolve interference effects, Se quantification was 

performed by isotopic dilution with 77Se.  

For each analytical sequence, consumable blanks and reference blood tests were systematically analyzed 

(lyophilized blood: Utak level 1; Utak level 2). The results of the blood samples were validated if the 

concentrations of the reference blood at each level were within the limits of the control cards. The 

measurement uncertainties for each element in the control samples were all less than 20%. The limits of 

quantification (LOQ) for Pb, Mn, Cu, Zn, Cd, As, Se and Hg were 2, 5, 200, 200, 0.25, 1, 20 and 0.4 µg/L 

respectively. The laboratory participated in the interlaboratory tests organized by the INSPQ (Institut National 

de Santé Publique du Québec) on the determination of metals in blood (obtaining a Z score < 3), which enabled 

the method to be accredited by the French accreditation committee (COFRAC 2019). All metals compounds 

were detected with percentages of above 70%. An imputation method was applied for missing data (i.e. <LOD) 

using a maximum likelihood method (Jin et al. 2011). Then the lead concentration was log-transformed to the 

base of ten, to satisfy normality and have interpretable estimates. 

Definition of the ZIKV infection during pregnancy 

Since ZIKV infection can be asymptomatic (or when it results in clinical signs these are non-specific) the 

definition of a ZIKV+ case required biological confirmation. For molecular diagnostics, the “window” during 

which it is possible to reveal the ZIKV genome by Polymerase Chain Reaction in the blood or in the urine is 

narrow: between 7 and 10 days from the date of the start of clinical signs (HAS 2016). Therefore, all women 

included in the ZIKA-DFA-FE cohort benefited from an anti-ZIKV ELISA serological test (Euroimmun ©, Hully 

2016), carried out on a blood sample taken at time of delivery (maternal and cord blood), regardless of their 
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ZIKV infection status during pregnancy or during delivery (asymptomatic, symptomatic, PCR negative or 

positive). Confirmed ZIKV+ and ZIKV- cases were defined according to an algorithm used in the ZIKA-DFA-FE 

cohort, taking into account clinical status, the result of the PCR prescribed if necessary during pregnancy, the 

ZIKV serology (IgM and / or IgG detection) of maternal or cord blood, the date of initiation of the pregnancy 

and the ZIKV 2016 epidemic period in Guadeloupe (calendar weeks 17 to 39, that is April 25 to September 25) 

(Hoen et al. 2018). Where the algorithm was unable to classify women into confirmed ZIKV+ or ZIKV- cases 

(approximately 40%), we defined “probable ZIKV exposure” according to the date of the beginning of 

pregnancy, considering the epidemic curve. The epidemic peak having occurred in the 23rd week of 2016, the 

end of the 27th week (10th of July 2016) was chosen as a cut-off point of exposure to ZIKV during pregnancy. If 

the date of start of pregnancy preceded the start of the 28th week of 2016, then the woman was classified as a 

“probable ZIKV-exposed case”. If the date of start of pregnancy came after that week, then she was classified 

as a “probable ZIKV-unexposed case”. Regarding ZIKV infection status, two variables were then considered: one 

taking into account confirmed cases only based on the algorithm ZIKA-DFA-FE (in supplemental data; 183 

mother-child pairs at the 18-months follow-up); the other combining confirmed and probable cases, which 

underpins the main results. 

Outcomes 

Neurodevelopment at 18 months of age was documented using the French version of the Ages and Stages 

Questionnaire (ASQ); this is a screening test aimed at identifying children at risk of developmental delay 

(Squires and Bricker 2009). Fine motor, gross motor, personal-social, problem-solving and communication 

subscales were answered by the mother; each subscale contains six items. Mothers had to answer each item 

using a 3-point Likert scale ranging from 10: “yes”, 5:“sometimes” to 0: “not yet”. The sum of response items 

provided total scores for each subscale, and the sum of all five subscale scores provided a total ASQ score. 

Higher continuous scores are indicators of better development in each domain. Examination of the variable 

distributions revealed a ceiling effect for the gross motor development subscale, which was therefore 

dichotomized at the median value of 60. 15 questions from the Quebec Longitudinal Study of Child 

Development (QLSCD) were used to document the following externalizing behaviors: hyperactivity (6 items), 

opposition (3 items), inattention (3 items) and physical aggression (3 items) (Orri et al. 2021). These questions 

were shown to be associated with characteristics known to be risk factors for behavioral impairment, such as 

prenatal tobacco exposure, family type, maternal age and maternal depression (Ahun et al. 2018; Galera et al. 

2011; Huijbregts et al. 2007, 2008). Mothers had to answer each question describing her child’s behavior using 

a 3-point Likert scale ranging from 1: “never”, 2:“sometimes” or 3: “often”. A higher score denotes more severe 

behavioral difficulties. 

Other data 

Birth weight (in g), the date of start of pregnancy and gestational age (weeks of gestation based on the first 

trimester ultrasound (WG)) were abstracted from medical records. Maternal sociodemographic and lifestyle 

characteristics were, in most cases, collected via a face-to-face post-delivery interview and included: maternal 

date of birth, pre-pregnancy height (cm) and weight (kg), parity (primiparous vs. multiparous), place of birth 

(French West Indies for Martinique / Guadeloupe / Saint-Martin / Saint-Barthelemy; other West Indies for Cuba 
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/ Dominican Republic; mainland France, rest of Europe and others), family situation (with a partner, alone with 

family members, alone), education level (≤12 years, >12 years), and smoking status during pregnancy (no, yes). 

Maternal pre-pregnancy BMI was calculated as weight (kg)/height (m)².  

At the 18-month follow-up, the following information was obtained from the maternal interview: 

breastfeeding duration (number of months); household income (<450€, 451-800€, 801-1500€, 1501-3000€, 

>3000€); quality of stimulation provided to the child via two indicators, 1) maternal depression symptoms 

(using the third quartile cutting point (>12) of the 10-item Center for Epidemiologic Studies Depression Scale 

(CES-D-10; (Radloff 1977)), and 2) the quality of maternal stimulation provided to the child. This was estimated 

using five questions: “How often do you sing along with your child?”, “How often do you read stories or show 

pictures in a book to your child?”, “Do you play with games with your child at home?”, “Do you take your child 

for a walk at the beach or park?”, and “Do you play physical games (ball) with your child?” Mothers had to 

specify how often they interact with their child in these ways: (3) almost every day, (2) several times a week, or 

(1) less than once a week or almost never. The sum of responses to the items ranged from 5 to 15, where a 

higher score suggests greater opportunities for stimulation (Pele et al. 2013).  

Statistical analysis  

For all scores calculated, where fewer than 50% of items were missing, a correction method was used as 

follows: Score = ∑ items of the score * (total N of items/N of non-missing items). The study population 

characteristics were described using means, standard deviations and percentages. The determinants of ZIKV 

infection and blood lead concentrations were studied using Student t, χ2 and Fisher tests to describe 

differences between infected/exposed and non-infected/unexposed mothers. Using simple linear and simple 

logistic models, neurodevelopment and behavior scores obtained at the 18-month follow-up were studied in 

relation to lead exposure, ZIKV exposure and the interaction of lead exposure and ZIKV exposure. Multivariable 

linear regression models for continuous outcomes and logistic models for dichotomous outcomes were used.  

Covariates were chosen a priori as major risk factors identified in the literature. For infants: sex, 

birthweight, gestational age and age at 18-month follow-up; for mothers: age at delivery, pre-pregnancy BMI, 

parity, education level, marital status, tobacco use during pregnancy, breastfeeding duration, mother’s 

stimulation score and depression symptoms. Where the covariates were continuous, a linearity test was used 

to decide how they should be considered, comparing embedded models using the likelihood ratio test, with the 

ordinal variable declared as either continuous or categorical. If linearity was not accepted, they were 

categorized in quartiles. Covariates associated at a p-value of 0.20 or less were included in multiple regression 

models to assess their confounding influence by removing them one by one, starting with the least significant 

for the outcomes. For the developmental and behavioral outcomes, sex was forced in the models. Lead 

concentrations were analyzed both as categorical variables (in tertiles to assess a possible nonlinear 

association) and as continuous (log to the base of ten). Prenatal exposures to other metals were simultaneously 

tested (p < 0.20) in the regression models, after studying correlation with lead using the Spearman correlation. 

These were considered possible confounders if the correlation between lead and the compound had a p-value 

of <0.01.  
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The possible statistical interaction between prenatal ZIKV exposure and lead tertiles was tested assuming 

an additive or multiplicative scale in linear or logistic regression models. When the interaction term was 

statistically significant at p-value < 0.20, the adjusted means (obtained using the “lsmeans” statement from the 

SAS PROC GLM) of the outcome were presented graphically for each stratum built by ZIKV exposure and lead 

tertiles. The possible statistical interaction between sex and lead tertiles was tested and was presented in 

supplementary analysis. 

Four series of sensitivity analyses were performed to assess the robustness of the associations observed: (i) 

The exclusion of children with microcephaly (defined as head circumference less than 2 SD below the mean for 

sex and gestational age using the INTERGROWTH-21st Z-scores (Villar et al. 2014)) to see if the associations 

observed were driven by those cases, or not; 18 newborns were classified as microcephalic. (ii) In addition to 

the complete cases (n=258), analyses with imputations to address missing data on demographic and 

socioeconomic characteristics. The missing values of each variable were less than 9% of the source population 

(8.5% for maternal depression symptoms; 2.7% for maternal stimulation score; 1.4% for BMI; 0.7% for 

breastfeeding duration; 0.3% for maternal education level; 0.3% for parity; 0.1% for gestational age at delivery; 

0.1% for family situation; and 0% for all other variables of interest). Predicted values of a linear regression with 

selected covariates (p<0.20) were used to impute the missing data. (iii) The exclusion of infants with those 

medical conditions most likely to impact infant development (Sickle cell disease (n=1), hospitalized infants for 

convulsion without fever (n=3)). (iiii) The exclusion of outliers, identified using DFFITS for linear regression or 

standardized Pearson chi-square residuals for logistic regression.  

Statistical analysis was performed using SAS software (version 9.4). The significance level was set at 0.05. 

Results 

The sociodemographic and medical characteristics of participating mothers and infants are shown in Table 

1. The mean age at delivery was 30.5 years of age. Most of the mothers were born in the French West Indies 

(60.9%), and had completed high school (62.3%). 22% of participating mothers were obese pre-pregnancy, and 

9% smoked cigarettes during pregnancy. Lead was detected in 100% of maternal blood samples. The mean 

concentration level was 13.5 µg/L (median 11 µg/L). Tertiles of lead concentration (µg/L) were: T1 [2.2 - 9.2[, T2 

[9.2 - 13.3[, T3[13.3 - 111]. 

Lead concentrations were mildly correlated with cadmium (r=0.33), zinc (r=0.21), selenium (r=0.20) and 

manganese (r=0.21), and somewhat less related to mercury (r=0.09) concentrations. Maternal lead 

concentrations were positively correlated with age at delivery and pre-pregnancy BMI. Blood lead levels were 

higher among those women not having completed high school and those born in other West Indies (Table 1). 

Women infected by ZIKV during pregnancy were more likely to be younger at delivery, and to have higher 

scores for depressive symptoms (Table 1). On average, breastfeeding duration was 7½ months, and the mean 

age of infants at follow-up was 17.4 months (age corrected for gestational age). Table 2 shows the descriptive 

statistics of the outcomes under study. Bivariate associations between outcomes of interest and socioeconomic 

and demographic characteristics are shown in Supplementary Table 1.  

Table 3 showed that higher tertiles of lead were associated with lower ASQ total scores, fine motor 

subscale and problem-solving subscale scores. The score decreases were monotonous (ptrend 0.03, 0.02 and 
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<.0001, respectively) and when using log-transformed lead concentrations, the score decreases were -19.3 [-

39.8; 1.4] for ASQ total score, -5.9 [-12.2; 0.5] and -14.6 [-21.7; -7.6] for fine motor and problem-solving scores, 

respectively. ZIKV exposure was associated with an ASQ fine motor score decrease of -3.5 [-6.3; -0.8], though 

not with any other ASQ scores. Table 4 shows a significant interaction between ZIKV exposure and lead 

exposure for the ASQ personal-social score, while a monotonic decrease in the score with lead exposure was 

observed only in ZIKV (-) women. The results are presented in Figure 2 (p-interaction=0.05 with additive scale). 

No evidence of interaction between ZIKV exposure and lead tertiles was observed for any of the other ASQ 

scores (Table 4). Infant sex and prenatal lead interactions are significant for ASQ total, fine motor and personal-

social scores, a monotonic decrease in the scores with lead exposure was observed only in boys 

(Supplementary Table 2).  

Table 5 showed no association between maternal lead concentrations (in tertiles or log-transformed to the 

base of ten) and behavioral scores. ZIKV exposure was associated with a significantly increased opposition 

score of 0.8 [0.3; 1.2] and physical aggression of 0.5 [0.7; 0.9], as well as a higher hyperactivity score but the p-

value was not reaching the statistical significance level. Table 6 showed a significant interaction between ZIKV 

exposure and lead exposure for hyperactivity and inattention scores: a monotonous increase in both scores 

was observed in ZIKV (+) women, while a non-monotonic relationship was observed in ZIKV women (-). Results 

are presented in Figures 6 and 7, (p-interaction=0.02 and 0.10 respectively with additive scale). Supplementary 

Table 3 showed a significant interaction between infant sex and maternal lead concentrations for physical 

aggression. No evidence of interaction between ZIKV exposure or infant sex and lead exposure was observed 

for the other behavioral scores (Table 6).  

After excluding from the analysis those newborns with microcephaly (6%), the results were very similar in 

terms of the association with ASQ scores, a trend persisting between total, fine motor and problem-solving 

scores with lead in tertiles, and the association between ZIKV exposure and fine motor score (Supplementary 

Table 4). The association of ZIKV exposure with the hyperactivity score was reinforced, becoming statistically 

significant (p=0.04), while the association with the aggression score became non-significant (Supplementary 

Table 5). The interaction between ZIKV and lead exposure was no longer significant in the ASQ personal-social 

score (Supplementary Table 6). The other associations were similar (Supplementary Tables 5 and 6). When 

excluding infants with a probable in utero ZIKV exposure from the analysis (keeping only infants with a 

confirmed exposure classification), the results were fairly similar (Supplementary Tables 7 to 9). The fine motor 

subscale had stronger association for all analyses (lead in tertiles, log-transformed or ZIKV model) 

(Supplementary Table 7). Using complete case data, or excluding infants with medical conditions that could 

lead to development impairment, did not change the results (data not shown).  

Discussion 

In this birth cohort, set up in Guadeloupe during the 2016 ZIKV outbreaks, we found associations between 

prenatal lead exposure and neurodevelopmental delays at 18 months, with lower scores in total ASQ, fine 

motor and problem-solving domains. These associations appear to be boy-specific (total ASQ, fine motor, and 

personal and social scores). No associations were observed with infant behavior. 
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Decreases in ASQ problem-solving scores were strongest among the ASQ subscales and similar in boys and 

girls, and some of these associations were modified by ZIKV infection. 

Our results corroborate those reported in many studies conducted among older children in terms of poorer 

cognitive development (including lower IQ) among children exposed prenatally to lead levels below 5 µg/dL 

(Desrochers-Couture et al. 2018; Fruh et al. 2019; Jedrychowski et al. 2009; Polanska et al. 2018; Tatsuta et al. 

2020). Several of these studies observed these associations, as we did, in boys only (Desrochers-Couture et al. 

2018; Polanska et al. 2018; Tatsuta et al. 2020). Alterations in behavior, such as attention deficit or 

hyperactivity, have been reported in association with prenatal exposure to lead at low levels (Neugebauer et al. 

2015; Sioen et al. 2013) but were not observed here. 

In our study, ZIKV infection during pregnancy was associated with a lower fine motor ASQ score, and higher 

scores for hyperactivity, opposition and aggressive behaviors at 18 months. When children with microcephaly 

at birth were excluded from the analysis, associations with ZIKV infection remained unchanged in terms of fine 

motor and opposition scores, reached significance for hyperactivity (from p=0.08 to 0.04), and became not 

significant with aggressive behavior (from p=0.02 to 0.07), suggesting that part of this association may be 

mediated by microcephaly. In a previous analysis of a partly overlapping cohort in the French West Indies and 

French Guiana that excluded babies with microcephaly at birth and also used the ASQ questionnaire – though 

completed by the mother when infants reached 24 months of age, “there would not appear to be an impact on 

longer term neurodevelopment outcomes attributable to in utero ZIKV exposure which may manifest after 

birth up to 24 months of age” (Grant et al. 2021). Other cohorts following normocephalic children potentially 

exposed to ZIKV infection in utero, reported decreases in neurodevelopmental outcomes trajectories up to age 

18 months (Mulkey et al. 2020). A slower rate of communication skills development was observed over a 24-

month period (Key et al. 2021), as well as loss of visual acuity and contrast sensitivity without evidence of 

losses in cognitive, motor or language development or head growth up to 30 months (Blackmon et al. 2022).  

A few associations between neurodevelopment and prenatal lead exposure did appear to be modified by 

ZIKV infection, namely the ASQ personal-social score and behavior scores (hyperactivity, inattention). However, 

the interactions between prenatal lead exposure and ZIKV infection on ASQ personal-social and inattention 

scores were no longer significant when children with microcephaly were excluded. The interaction of lead and 

ZIKV observed on hyperactivity scores appeared to be driven mainly by differences in scores in those children 

highly exposed to lead (T3): in this T3 group, children of ZIKV (+) women showed the highest hyperactivity 

scores overall, compared to the less exposed children (T1-T2). However, children of ZIKV (-) women (expected 

to represent a control population) showed a decrease in hyperactivity score compared to the less exposed 

children; this is counterintuitive given the previous associations found between hyperactivity and prenatal lead 

exposure (Donzelli et al. 2019; He et al. 2019; Neugebauer et al. 2015). Lower fine motor scores were observed 

in association both with lead exposure and ZIKV infection, possibly a result of shared mechanism (altered 

migration, proliferation and differentiation of neural stem cells) (Gagnon-Chauvin et al. 2020, Wen et al. 2017, 

Huang and Schneider 2004) but there is  only weak evidence for the presence of an interaction i.e. if any, 

effects of ZIKA infection and lead are additive not more. 
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Strengths 

Our study was based on a relatively large population of mother-child pairs with well-characterized ZIKV-

infection status during pregnancy (including an attempt to classify most of the population, with varying degrees 

of confidence, reducing the risk of selection bias). A number of confounders and co-exposures were collected 

at various phases of the study and expected associations with outcomes were present. Finally, a number of 

sensitivity analyses were conducted. 

 

Limitations 

Despite a careful ZIKV-exposure-classification process during the pregnancy, the exact period of infection 

during pregnancy could not be determined. Both animal (Block et al. 2020; Nguyen et al. 2017) and human 

(Brasil et al. 2016) studies have suggested that the most severe cases of CZS (e.g. microcephalia) were most 

likely to be due to infection early in pregnancy. Sensitivity analyses excluding microcephalic children at birth 

were conducted, but other features of CZS such as abnormal fetal brain findings on ultrasonography or 

magnetic resonance imaging were not excluded. Maternal blood lead level at delivery was used to characterize 

child exposure to lead. A number of cohort studies have shown that blood markers of lead environmental 

exposure are relatively stable during pregnancy (Arbuckle et al., 2016 ; Ettinger et al., 2004) and we consider 

that one single measurement of blood lead concentration at delivery is a reliable measure of prenatal 

exposure, and a correlate of breast milk contamination. Within this period of chronic exposure covering both in 

utero and early life exposure, no specific window of vulnerability can therefore be identified based on exposure 

measurement. A great many statistical tests were performed (including interactions with ZIKV exposure and 

with sex), and these may have resulted in some chance findings. For this reason, the plausibility of positive 

results was discussed in light of sensitivity analyses and previous knowledge. The limited size of the population 

may however have restrained our ability to identify interactions. 

 

Conclusions 

Our study confirms previous findings of associations between perinatal exposure to lead at low levels and 

adverse neurodevelopmental outcomes during infancy, and adds to evidence of a particular vulnerability 

among boys. It also suggests associations between ZIKV infection during pregnancy and subtle adverse effects 

on fine motor function, oppositional and hyperactive behaviors. These associations need to be confirmed at a 

later age and in other populations. Though there is no clear, consistent evidence of interaction between ZIKV 

infection and lead exposure, we are reporting consistent results supporting the hypothesis that both prenatal 

lead exposure and ZIKV infection during pregnancy are related to poorer fine motor function during infancy. 

Lower performance on fine motor function observed in association with ZIKV infection is comparable to what is 
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observed in the third tertile of lead concentrations (>1.3 g/dL maternal blood), amounting to a loss of 12% in 

terms of fine motor function when both exposures were present (14% of the population). 
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Figure 1: Flow chart 

 740 women enrolled 
 

 684 hospital interviews 

 31 home interviews 

 25 phone interviews 
 

√ 303 infants with maternal blood lead 
levels available 

√ 422 women with blood lead 
levels available 

  

421 infants eligible for the 18th month follow up 
 

 119 hospital interviews 

 2 home interviews 

 300 phone interviews 

297 infants eligible after secondary exclusion 
 

HIV n=2  

 antiepileptic treatment n=0,  

 very and extremely premature deliveries n= 4 

  twins n=0 
 

435 women provided blood samples 
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Table 1: Population characteristics (n=297) and determinants of ZIKV infection and blood lead 

levels at 18-month follow-up  

      18-month follow-up N=297 
Blood lead level 

(µ/L) ZIKV   

      
Yes (n=127) No (n=170) 

 
    

M
V 

% (N) or mean (±SD) [min Q1 
Med Q3 max] 

corr or mean 
[IC 95%] p* 

% (N) or 
mean (±SD) 

% (N) or 
mean (±SD) p* 

Maternal characteristics               

Age at delivery (years) 0 30.5 (±6.31) 0.14 0.02 30.0 (±6.5) 31.5 (±6.3) 
0.0
2 

BMI (kg/m²) 4 26.2 (±6.3) 0.16 
0.00

5 26.9 (±6.8) 25.9 (±5.9) 
0.1
4 

Obesi
ty 

 
4 

      

 
Underweight 

 
5.7% (17) 

12.3 [7.6; 
17.1] 0.13 4.0% (5) 7.1% (12) 

0.7
1 

 
Normal 

 
42.4% (126) 

12.4 [10.6; 
14.1] 

 
43.6% (54) 42.6% (72) 

 

 
Overweight 

 
30.0% (89) 

13.6 [11.6; 
15.7] 

 
30.6% (38) 27.8% (47) 

 

 
Obese 

 
21.9% (65) 

15.9 [13.5; 
18.4] 

 
21.8% (27) 22.5% (38) 

 Parity 
 

1 
      

 
Primiparous 

 
36.7% (109) 

13.0 [10.7; 
15.3] 0.50 41.7% (53) 32.9% (56) 

0.1
2 

 
Multiparous 

 
63.3% (188) 

13.8 [12.6; 
15.1] 

 
58.3% (74) 67.1% (114) 

 Education level 0 
      

 
≤12 years 

 
37.7% (112) 

15.7 [13.6; 
17.9] 0.01 39.4% (50) 36.5% (62) 

0.6
1 

 
>12 years 

 
62.3% (185) 

12.2 [10.9; 
13.5] 

 
60.6% (77) 63.5% (108) 

 Place of birth 0 
      

 
French West Indies 

 
60.9% (181) 

12.1 [10.7; 
13.5] 

<.0
001 63.8% (80) 58.8% (99) 

0.1
5 

 
Other West Indies 

 
26.9% (80) 

18.1 [16.0; 
20.2] 

 
28.3% (37) 25.9% (45) 

 

 

Metropolitan France, Europe 
and other 

 
12.1% (36) 

10.6 [7.4; 
13.7] 

 
7.9% (10) 15.3% (26) 

 Tobacco use during pregnancy  0 
      

 
No 

 
90.9% (270) 

13.6 [12.3; 
14.8] 0.70 89.0% (113) 92.4% (157) 

0.3
2 

 
Yes 

 
9.1% (27) 

13.0 [10.5; 
15.6] 

 
11.0% (14) 7.6% (13) 

 Marital status 1 
      

 
With a partner 

 
53.4% (158) 

13.0 [11.7; 
14.6] 0.39 48.8% (62) 57.1% (97) 

0.0
8 

 
Alone with family members 

 
17.9% (53) 

12.9 [10.2; 
15.7] 

 
23.6% (30) 13.5% (23) 

 

 
Alone 

 
28.7% (85) 

14.8 [12.6; 
16.9] 

 
27.6% (35) 29.4% (50) 

 Household income  
       

 
<450€ 

 
8.8% (26) 

18.4 [14.5; 
22.2] 0.14 10.3% (13) 7.7% (13) 

0.1
7 

 
451-800€ 

 
9.1% (27) 

13.7 [9.5; 
17.5] 

 
11.8% (15) 7.1% (12) 

 

 
801-1500€ 

 
35.7% (106) 

13.2 [11.3; 
15.1] 

 
39.4% (50) 32.9% (56) 

 

 
1501-3000€ 

 
29.3% (87) 

12.9 [10.8; 
15.0] 

 
25.2% (32) 32.3% (55) 

 

 
>3000€ 

 
17.2% (51) 

12.8 [10.0; 
15.5] 

 
13.4% (17) 20.0% (34) 
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Maternal self-reported depression 
symptoms at 18 monthsa 

2
4 

      

 
No 

 
75.1% (223) 

13.5 [12.1; 
14.8] 0.84 66.1% (84) 81.8% (139) 

0.0
02 

 
Yes 

 
24.9% (74) 

13.7 [11.7; 
15.7] 

 
33.9% (43) 18.2% (31) 

 Maternal blood levels of metals 
(µg/L)               

Lead (µg/L) 0 
   

14.0 (±11.5) 13.2 (±8.7) 
0.5
3 

 
% detected 

 
100% (297) 

     

 
concentration  

 

13.5 (±10.0) [2.2 - 8.5 - 11.0 - 
15.4 - 111] 

      tertiles [min p33 p66 max]   [2.2 - 9.2 – 13.3 - 111]      

Arsenic (µg/L) 
7
3 

 
0.04 0.52 2.8 (±4.2) 2.8 (±4.1) 

0.8
7 

 
% detected 

 
75% (224) 

     

 
concentration  

 

2.8 (±4.1) [0.3 - 1.0 - 1.6 - 2.8 - 
36.8] 

     
Cadmium (µg/L) 

8
5 

 
0.33 

<.0
001 0.4 (±0.2) 0.4 (±0.2) 

0.1
1 

 
% detected 

 
71% (212) 

     

 
concentration  

 

0.4 (±0.2) [0.1 - 0.2 - 0.3 - 0.4 - 
1.7] 

     
Copper (µg/L) 0 

 
0.04 0.53 

1590.6 
(±239.8) 

1563.7 
(±280.0) 

0.3
8 

 
% detected 

 
100% (297) 

     

 
concentration  

 

1575 (±263) [912 - 1408 - 1556 
- 1733 - 2859] 

     
Mercury (µg/L) 

1
0 

 
0.09 0.13 2.1 (±1.4) 2.1 (±1.5) 

0.8
5 

 
% detected 

 
97% (287) 

     

 
concentration  

 

2.1 (±1.4) [0.2 - 1.2 - 1.8 - 2.6 - 
9.1] 

     
Zinc (µg/L) 0 

 
0.21 

0.00
02 

5757.0 
(±1026.3) 

5975.2 
(±1213.0) 

0.0
9 

 
% detected 

 
100% (297) 

     

 
concentration  

 

5882 (±1140) [2809 - 5097 - 
5766 - 6598 - 11252] 

     
Selenium (µg/L) 0 

 
0.20 

0.00
4 107.8 (±26.8) 105.5 (±17.4) 

0.3
8 

 
% detected 

 
100% (422) 

     

 
concentration  

 

106 (±22) [61 - 93 - 105 - 117 - 
273] 

     
Manganese (µg/L) 1 

 
0.21 

0.00
03 15.9 (±5.1) 16.3 (±6.5) 

0.5
3 

 
% detected 

 
99% (296) 

     

 
concentration  

 

16.2 (±5.9) [3.4 - 12.6 -15.1 - 
18.9 - 43.8] 

     Infant characteristics               

Birth weight (g) 0 3155 (±497) -0.01 0.79 3126 (±482) 3116 (±540) 
0.8
5 

Gestational age at delivery (weeks) 0 38.9 (±1.5) 0.04 0.44 38.9 (±1.6) 38.6 (±1.7) 
0.1
5 

Sex 
 

0 
      

 
Male 

 
48.8% (145) 

13.3 [11.7; 
14.9] 0.71 45.7% (58) 51.2% (87) 

0.3
5 

 
Female 

 
51.2% (152) 

13.7 [12.1; 
15.4] 

 
54.3% (69) 48.8% (83) 

 
Breastfeeding duration (month) 2 7.7 (±6.7) -0.08 0.15 7.7 (±6.7) 7.3 (±6.7) 

0.5
6 

Maternal stimulation score  9 
 

11.9 (±2.0) -0.08 0.17 11.9 (±2.1) 12.0 (±1.9) 
0.6
3 
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Corrected age at 18m assessment 
(month)b 

0 17.4 (±0.7) -0.10 0.07 17.4 (±0.6) 17.2 (±0.7) 0.0
0 

MV: missing values, Min: minimum, Q1: first quartile, Med: median, Q3: third quartile, Max: maximum, p: p-values. 
Description data and bivariate analysis were realized on imputed data, *p-values obtained from Student t, Chi², Spearman correlation (corr) 
or Anova tests.  
aAbbreviated (10-item) Center for Epidemiologic Studies Depression Scale. 
bAge at 18-month assessment corrected for gestational age. 
1€=1.07US$ 
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Table 2: Descriptives for 18-month outcomes 

    18-month follow-up N=297 

    MV mean (±SD) range 

Prenatal characteristics       

Gestational age at delivery (weeks) 0 38.9 (±1.7) 33-41 

Head circumference (cm) 0 33.8 (±1.8) 27-38 

Birth weight (g) 0 3155 (±497) 1800-4680 

Neurodevelopmental scores       

ASQ total score 0 222.6 (±40.0) 0-300 

ASQ communication 0 40.5 (±15.1) 0-60 

ASQ gross motor 0 56.4 (±8.5) 0-60 

ASQ fine Motor 0 45.3 (±13.0) 0-60 

ASQ personal-social  0 43.9 (±9.5) 0-60 

ASQ problem solving 0 36.4 (±14.1) 0-60 

Hyperactivity 9 12.5 (±2.7) 6-18 

Inattention 9 5.2 (±1.5) 3-9 

Opposition 9 8.2 (±1.8) 4-12 

Physical aggression 9 5.3 (±1.8) 3-9 

MV: missing values ASQ: Ages and Stages Questionnaire.  
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Table 3: Multivariable analysis between blood lead levels, ZIKV exposure and ASQ scores at 18 

months (n=297) 

    ASQ total score 
ASQ gross 

motor ASQ fine motor 
ASQ personal-

social  
ASQ problem 

solving ASQ communication 

    
β [95% 

CI] p 

p 
tre
nd 

OR 
[95% 
CI] p 

p  
tre
nd 

β [95% 
CI] p 

p 
tre
nd 

β [95% 
CI] p 

p 
tre
nd 

β [95% 
CI] p 

p  
tr
e
n
d 

β [95% 
CI] p 

p 
tre
nd 

Blood lead 
levels                   

 
T1 (ref) 

0.
0
6 

0.0
3 (ref) 

0.
4
2 

0.
40 (ref) 

0.
0
6 

0.0
2 (ref) 

0.
1
8 

0.6
1 (ref) 

<.000
1 

<.
00
01 (ref) 

0.
9
8 

0.9
3 

 
T2 

-9.9 [-
19.7; -

0.1] 
  

1.2 
[0.6; 
2.3] 

  

-2.8 [-
6.1; 
0.4] 

  

-2. 3 [-
4.8; 
0.3] 

  

-4.0 [-
7.6; -0.4] 

  

0.2 [-
3.8; 
4.2] 

  

 
T3 

-11.8 [-
22.5; -

1.0] 
  

1.3 
[0.7; 
2.6] 

  

-3.9 [-
7.3; 
0.4] 

  

-0.6 [-
3.4; 
2.2] 

  

-8.3 [-
12.0; -

4.6] 
  

-0.2 [-
4.6; 
4.2] 

  

Blood lead 
levels (log 10) 

-19.3 [-
39.8; 
1.4] 

0.
0
7   

1.7 
[0.5; 
5.7] 

0.
4
2   

-5.9 [-
12.2; 
0.5] 

0.
0
7   

2.3 [-
3.1; 
7.7] 

0.
3
9   

-14.6 [-
21.7; -

7.6] 
<.000
1   

-1.3 [-
9.6; 
7.1] 

0.
7
6   

ZIKV   

-5.9 [-
14.1; 
2.4] 

0.
1
6   

1.4 
[0.8; 
2.3] 

0.
2
7   

-3.5 [-
6.3; -
0.8] 

0.
0
1   

-0.5 [-
2.6; 
1.6] 

0.
6
4   

-0.15 [-
3.2; 2.9] 0.92   

-1.4 [-
4.8; 
1.9] 

0.
4
0   

                    ZIKV: Zika virus, ASQ: Ages and Stages Questionnaire, β coefficient and 95%CI obtained from linear regression, OR: odds ratio and 95%CI 
obtained from logistic regression.  
Tertiles of lead concentration (µg/L): T1 [2.2 - 9.2[, T2 [9.2 - 13.3[, T3[13.3 - 111]. 
ASQ total adjusted for sex, birth weight, parity, maternal pre-pregnancy BMI, ZIKV, maternal cadmium levels, breastfeeding duration, maternal 
depression and stimulation scores; for the ZIKV model additionally adjusted for lead tertiles and infant’s age at assessment. 
ASQ gross motor adjusted for sex, stimulation score, household income at follow-up, maternal selenium and mercury levels; for the ZIKV 
model additionally adjusted for marital status and lead tertiles. 
ASQ fine motor score adjusted on sex, parity, maternal pre-pregnancy BMI, maternal tobacco use during pregnancy, marital status, 
depression symptoms, breastfeeding duration, stimulation score, ZIKV and maternal mercury level; for the ZIKV model additionally adjusted 
for lead tertiles. 
ASQ personal-social adjusted for sex, gestational age at delivery, birth weight, maternal education, stimulation score, and maternal cadmium 
and mercury levels; for the ZIKV model adjusted for sex, maternal education, stimulation score and maternal cadmium levels. 
ASQ problem solving adjusted for sex, parity, maternal pre-pregnancy BMI, marital status, household income at follow-up and stimulation 
score; for the ZIKV model additionally adjusted for lead tertiles. 
ASQ communication adjusted for sex, maternal pre-pregnancy BMI, infant’s age at assessment, maternal depression symptoms, household 
income at follow-up, stimulation score and maternal cadmium levels. 
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Table 4: Interaction analysis between blood lead levels, ZIKV exposure and ASQ scores at 18 months 
(n=297) 

  

ZIKV- ZIKV+ 
 

 

Blood 
lead 

levels 
β [95% CI] or OR [95% CI] p interaction 

ASQ total score T1 (ref) -4.4 [-18.6; 9.9] 0.48 

 
T2 -7.0[-20.0; 6.0] -18.0 [-31.6; -4.4] 

 

 
T3 -14.2 [-28.0; -0.5] -13.1 [-27.7; 1.4] 

 
ASQ gross motor T1 (ref) 0.8 [0.3; 2.1] 0.47 

 
T2 0.9 [0.4; 2.3] 1.2 [0.67; 2.21] 

 

 
T3 0.9 [0.4; 2.2] 1.3 [0.8; 2.1] 

 
ASQ fine motor  T1 (ref) -3.7[-8.4; 0.9] 0.48 

 
T2 -2.1 [-6.4; 2.2] -7.4 [-12.0; -2.8] 

 

 
T3 -5.0 [-9.3; -0.7] -6.3 [-11.0; -1.5] 

 
ASQ personal-social  T1 (ref) -0.8 [-4.5; 2.9] 0.05 

 
T2 -1.1 [-4.6; 2.3] -4.4 [-7.9; -0.9] 

 

 
T3 -2.3 [-5.9; 1.3] 0.8 [-2.9; 4.6] 

 
ASQ problem solving T1 (ref) -0.3 [-8.1; 6.4] 0.84 

 
T2 -3.6 [-8.46; 1.1] -4.7 [-9.7; 0.3] 

 

 
T3 -8.9 [-8.4; -4.1] -7.8 [-13.1; -2.5] 

 
ASQ communication T1 (ref) -3.2 [-8.9; 2.6] 0.74 

 
T2 -0.6 [-5.9; 4.7] -1.6 [-7.2; 3.8] 

 

 
T3 -1.4 [-7.1; 4.2] -1.5 [-7.5; 4.4] 

 ZIKV: Zika virus, ASQ: Ages and Stages Questionnaire, β coefficient and 95%CI obtained from linear 
regression, OR: Odds ratio and 95%CI obtained from logistic regression for the ASQ gross motor model, p-value 
for interaction (additive or multiplicative scale). 
Tertiles of lead concentration (µg/L): T1 [2.2 - 9.2[, T2 [9.2 - 13.3[, T3[13.3 - 111]. 
ASQ total adjusted for sex, birth weight, parity, maternal pre-pregnancy BMI, ZIKV, maternal cadmium levels, 
breastfeeding duration, maternal depression and stimulation scores. 
ASQ gross motor adjusted for sex, stimulation score, household income at follow-up, maternal selenium and 
mercury levels. 
ASQ fine motor score adjusted for sex, parity, maternal pre-pregnancy BMI, maternal tobacco use during 
pregnancy, marital status, depression symptoms, breastfeeding duration, stimulation score and maternal 
mercury levels. 
ASQ personal-social adjusted for sex, birth weight, gestational age ate delivery, maternal education, stimulation 
score and maternal cadmium and mercury levels. 
ASQ problem solving adjusted for sex, parity, maternal pre-pregnancy BMI, marital status, household income at 
follow-up and stimulation score. 
ASQ communication adjusted for sex, maternal pre-pregnancy BMI, infant’s age at assessment, maternal 
depression symptoms, household income at follow-up, stimulation score and maternal cadmium levels. 
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Figure 2: Personal-social ASQ-score adjusted means according to ZIKV infection and blood lead 
levels (n=297) during pregnancy; Tertiles of lead concentration (µg/L): T1 [2.2 - 9.2[, T2 [9.2 - 13.3[, 
T3[13.3 - 111]; p-value of interaction (additive scale) = 0.05 
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Table 5: Multivariable analysis between blood lead levels, ZIKV exposure and behavioral outcomes 
at 18-months (n=288) 

  Hyperactivity Opposition Inattention Physical aggression 

    β [95% CI] p ptrend β [95% CI] p ptrend β [95% CI] p ptrend β [95% CI] p ptrend 

Blood lead levels             

 
T1 (ref) 0.62 0.74 (ref) 0.44 0.72 (ref) 0.27 0.35 (ref) 0.89 0.68 

 
T2 0.2 [-0.5; 1.0] 

  
0.3 [-0.2; 0.8] 

  
0.1 [-0.3; 0.5] 

  
-0.1 [-0.6; 0.4] 

  

 
T3 -0.2 [-0.9; 0.6] 

  

0.1 [-0.4; 0.6] 

  

-0.2 [-0.6; 0.2] 

  

-0.1 [-0.6; 0.4] 

  Blood lead levels 
(log 10) -0.3 [-1.8; 1.3] 0.73   -0.0 [-0.9; 0.9] 0.94   -0.1 [-0.9; 0.7] 0.89   -0.2 [-1.1; 0.7] 0.70   

ZIKV 
 

0.6 [-0.7; 1.2] 0.08 
 

0.8 [0.3; 1.2] 0.0004 
 

0.1 [-0.3; 0.4] 0.58 
 

0.5 [0.7; 0.9] 0.02 
 ZIKV: Zika virus, β coefficient and 95%CI obtained from linear regression. 

Tertiles of lead concentration (µg/L): T1 [2.2 - 9.2[, T2 [9.2 - 13.3[, T3[13.3 - 111] 
Hyperactivity score adjusted for sex, ZIKV and maternal depression and maternal cadmium levels; for the ZIKV model additionally adjusted for tobacco use during 
pregnancy. 
Opposition score adjusted for sex, gestational age at delivery, parity, maternal education, household income, marital situation, maternal tobacco use during 
pregnancy, ZIKV and stimulation score.  
Inattention score adjusted for sex, parity and maternal selenium levels; for the ZIKV model additionally adjusted for maternal education, pre-pregnancy BMI and 
stimulation score. 
Physical aggression score adjusted for sex, parity, household income, maternal depression symptoms, stimulation score and ZIKV. 
 

 
Table 6: Interaction analysis between blood lead levels, ZIKV exposure and behavioral scores at 18 
months (n=288) 

 
 

ZIKV- ZIKV+ 
 

 

Blood lead 
levels 

β [95% CI]  β [95% CI] p interaction 

Hyperactivity T1 (ref) 0.2 [-0.9; 1.3] 0.02 

 
T2 0.4 [-0.5; 1.4] 0.2 [-0.8; 1.3] 

 

 
T3 -0.8 [-1.9; 0.2] 1.0 [-0.1; 2.1] 

 
Opposition T1 (ref) 0.6 [-0.1; 1.3] 0.83 

 
T2 0.2 [-0.4; 0.8] 1.1 [0.4; 1.7] 

 

 
T3 -0.1 [-0.7; 0.6] 0.8 [0.1; 1.5] 

 
Inattention T1 (ref) -0.1 [-0.7; 0.5] 0.10 

 
T2 0.2 [-0.3; 0.7] -0.0 [-0.6; 0.5] 

 

 
T3 -0.5 [-1.0; 0.1] 0.1 [-0.5; 0.7] 

 Physical 
aggression T1 (ref) 0.2 [-0.5; 0.9] 0.61 

 
T2 -0.2 [-0.9; 0.4] 0.3 [-0.4; 1.0] 

 

 
T3 -0.3 [-0.9; 0.3] 0.4 [-0.3; 1.1] 

 ZIKV: Zika virus, β coefficient and 95%CI obtained from linear regression, p-value for interaction additive or 
multiplicative scale. 
Tertiles of lead concentration (µg/L): T1 [2.2 - 9.2[, T2 [9.2 - 13.3[, T3[13.3 - 111]. 
Hyperactivity score adjusted for sex, maternal depression and maternal cadmium levels.  
Opposition score adjusted for sex, gestational age at delivery, parity, maternal education, household income, 
marital situation, maternal tobacco use during pregnancy and stimulation score.  
Inattention score adjusted for sex, parity and maternal selenium levels. 
Physical aggression score adjusted for sex, parity, household income, maternal depression symptoms, 
stimulation score and ZIKV. 
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Figure 6: Hyperactivity adjusted means scores according to ZIKV infection and blood lead levels 
(n=288) during pregnancy; Tertiles of lead concentration (µg/L): T1 [2.2 - 9.2[, T2 [9.2 - 13.3[, 
T3[13.3 - 111]; p-value of interaction (additive scale) = 0.02 

 
 
 
 
Figure 7: Inattention adjusted means score according to ZIKV infection and blood lead levels 
(n=288) during pregnancy; Tertiles of lead concentration (µg/L): T1 [2.2 - 9.2[, T2 [9.2 - 13.3[, 
T3[13.3 - 111]; p-value of interaction (additive scale) = 0.10 
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Highlights (3 to 5 bullet points (maximum 85 characters, including spaces, per bullet point): 

 Knowledge on interaction between neurotoxic viruses and chemicals is scarse  

 Guadeloupean pregnant women have been exposed to ZIKA virus and lead pollution 

 Child neurodevelopmental and behavioral outcomes were assessed at 18 months 

 Both Zika virus and lead affect fine motor domain, no interaction is evidenced 

 Sex-specific neurodevelopment effects of low prenatal lead exposure are suggested 
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