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Abstract

:

Active tobacco exposure during pregnancy is a known determinant of fetal growth. Nitrates and atrazine metabolites in drinking water may affect fetal growth as a mixture of endocrine disruptors (ED). We aimed to determine whether EDC have an additional effect on fetal growth compared to active tobacco exposure. A historic cohort study was carried out with a sample stratified with regard to the maternity unit, drinking water exposure, and year of birth. The women included were living in Deux-Sèvres, had given birth between 2005 and 2010 in three selected maternity units, and ultrasound data were available in their obstetrical records. Mixed linear models were used to analyze fetal weight evolution from the second trimester to the time of birth according to drinking water exposure to EDC mixture and active tobacco exposure. We included 558 mother-neonate couples, of whom 9% were exposed to high doses of the mixture and 21% to active tobacco smoking. There was no difference in fetal weight evolution according to drinking water mixture exposure (0.97 g; 95% CI [−3.01; 4.94]). We could not show a supplementary effect of mixture exposure in drinking-water on fetal growth as compared to active tobacco exposure. Further research is needed, using more precise methods to estimate EDC exposure.
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1. Introduction


Adverse pregnancy outcomes such as low birth weight (LBW) and small-for-gestational-age (SGA) are known to have effects on neonatal and future adult health. More specifically, these outcomes may be associated with cardiovascular disease, type 2 diabetes, and psychomotor and cognitive impairment [1]. In addition, they are associated with higher rates of perinatal mortality [2].



Several factors are known to affect fetal growth [3]: genetic factors such as the infant’s gender and ethnic group; constitutional factors such as parents’ height and weight; socio-demographic factors including maternal age and parental income; obstetric factors involving parity, infertility, low birth weight in siblings, nutritional intake during pregnancy.



It is a known fact that active tobacco exposure is an established risk factor of perinatal outcomes, causing 24–25% of intrauterine growth retardation (IUGR) or SGA and 16% of LBW in developed countries [4,5]. Moreover, the effect of tobacco exposure can be observed as soon as the second trimester of pregnancy on head circumference and femur length [6]. Several hypotheses have been put forward on the effect of active tobacco exposure on fetal growth: 1: direct toxicity on fetal growth; 2: nutritional deprivation due to slowed blood circulation; 3: context of other risk factors for adverse pregnancy outcomes associated with maternal smoking during pregnancy [7,8].



While the second hypothesis is predominantly favored in the literature, the third hypothesis is getting growing attention. Tobacco smoke contains an endocrine disruptor mixture that could have antagonist or synergistic effects. Tobacco has an anti-estrogenic effect on women by inhibiting aromatase activity and by estradiol metabolite hydroxylation [9]. Lower levels of estradiol are measured in newborns exposed to active tobacco during pregnancy. In addition, three pesticides of the dinitroaniline family have been detected in tobacco smoke [10]. These three pesticides are known or suspected endocrine disruptors. However, tobacco smoke contains a lot of other pollutants such as carbon monoxide which could also affect fetal growth by impairing oxygen transport [7].



Drinking water exposure to environmental pollutants has also been studied, and associations between drinking water exposure to endocrine disruptors and SGA or LBW have been discovered: mothers exposed during pregnancy to atrazine [11,12,13,14,15] or a mixture of atrazine metabolites and nitrates [16] in drinking water were more likely to give birth to SGA or LBW babies.



Nitrates are potential Endocrine disruptive compounds (EDCs) with an anti-androgenic effect [17,18] by inhibiting the steroid hormone syntheses via conversion to nitric oxide. Despite its effect on oxygen transport by induction of methemoglobin, nitric oxide inhibits the cytochrome P450 enzymes stopping the transformation of free cholesterol into progesterone [19]. Atrazine is likewise a potential EDC with anti-androgenic and weak estrogenic effects [20]. There may therefore exist an additive effect of active tobacco exposure when mixed with environmental exposure to EDC during pregnancy. Indeed, EDCs have specific properties such as synergism or antagonism when mixed, which depend on the dose [21] and on each substance’s mode of action [22]. In the literature, most studies have highlighted the effect on fetal growth of a single compound (tobacco, pesticides), while two studies have focused on a mixture exposure of atrazine metabolite and nitrate [16,23].



A dose-response relationship between active tobacco exposure and fetal growth has been repeatedly observed [4,24,25], suggesting a causal relationship between tobacco exposure and fetal growth. The effect of maternal tobacco smoking on fetal growth has been described as early as 18 weeks of gestation (WG) on ultrasound biometry measurements and could vary according to the time period of pregnancy, thereby introducing the notion of window exposure effect on fetal growth [25,26]. Definitions of outcomes in the literature have nonetheless differed (low birth weight, below 2500 g, SGA and IUGR) as have the exposure periods studied (entire pregnancy, second trimester, third trimester). All of them have used fetal growth measurements at birth, particularly birth weight, the usual indicator of fetal growth. Because of these discrepancies, no period of greater vulnerability of the fetus or exposure window during pregnancy has been found. However, fetal growth can be assessed early in pregnancy with ultrasound measurements: biparietal diameter (BPD), abdominal circumference (AC), and femur length (FL). These biometry parameters can be used to calculate estimated fetal weight (EFW), according to mathematical formulas [27]. Biometry parameters enable searching for exposure effects during pregnancy, before birth, and at specific times, according to the exposures of interest.



We aimed to determine whether exposure to endocrine-disrupting compounds in drinking water has an additional effect on fetal growth measured by fetal weight compared to the known and observed effect of active tobacco exposure during pregnancy.




2. Materials and Methods


2.1. Study Area and Timeline


This retrospective cohort study was conducted between 2005 and 2010 in Deux-Sèvres, in western France. In this district of 5999 km² with 362,944 inhabitants in 2007, agricultural activity is predominant with 75% of land use essentially involving livestock, mainly sheep and goats along with cereal production. We chose Deux-Sèvres because of its rurality and consequently sizable use of pesticides and also because of the highest known ground concentration of nitrates in the western part of France.




2.2. Data Collection


The French regional health agency (ARS, Agence Régionale de Santé) regularly assesses pesticide and nitrate levels in drinking water. As required by law, the number of measurements by the municipality is proportional to population size. Municipalities are split or grouped into community water systems (CWS), geographic areas receiving drinking water from the same source, and water quality is considered to be homogeneous within a CWS. All the samples concerned treated water, and were taken from CWS and water treatment plants, between 1 April 2004 and 31 December 2010 to obtain complete exposure data throughout the pregnancy of every woman included in the study.



Birth records are drawn from the infant health certificates issued by the district office of maternal and childhood protection. Completed by the hospital or clinic before the infant’s discharge, these documents are mandatory, and thereby likely to include practically all births. The information contained in these certificates includes sex, birth weight, gestational age (weeks of gestation at birth), age of mother, number of previous pregnancies, parental occupation, and place of residence at birth. Data from birth records were validated according to a methodology approved by the French “Direction de la recherche, des études, de l’évaluation et des statistiques” [28].




2.3. Population Study


We identified all live births in Deux-Sèvres from 1 January 2005 to 31 December 2010 of neonates whose mothers lived in the district at the time of birth, whose birth took place in the maternity units of the hospitals of Niort, Poitiers, and Bressuire, and whose birth certificate had been recorded. We excluded the non-environmental causes known to induce low birth weight such as multiple births, early deaths (before birth record completion), neonates with congenital abnormalities, and birth by cesarean section. We also excluded neonates whose mothers lived in municipalities having more than one CWS providing drinking water or whose place of residence could not be identified. Sampling date, sampling location, and CWS or treatment plant names were available for each measurement in drinking water. Concentrations of nitrates and atrazine in drinking-water routinely measured in drinking-water were assigned by the maternal municipality of residence at birth. These concentrations, considered as a proxy of EDC exposure in drinking-water were merged with birth and obstetrical records by the place of residence of the mother at birth.



Because information about pregnancy ultrasounds and certain maternal characteristics are not available in birth records, we went to maternity units to collect supplementary data in the obstetrical records. Because of organizational and time constraints, we selected a random sample of mother-neonate couples, stratified with regard to year of birth, exposure status to atrazine metabolites during pregnancy, and maternity unit of birth.



A number of subjects were measured to show a difference of 100 g of fetal weight at the third trimester between couples exposed and couples not exposed to atrazine metabolites for an α-risk of 5% with a power of 80%. The choice of the difference was based on two of the quantified effects of environmental exposure on EFW at third trimester found in the literature: active tobacco exposure with a difference in EFW of 56 g [8] and outdoor air pollution exposure with a difference in EFW of 200 g [29]. In the absence of other data in the literature, we chose between the values of the effect on fetal growth of active tobacco exposure (56 g) and air pollution exposure (200 g) and chose a value of 100 g. The number of subjects needed was 674 couples and we decided to add 20% of the number of subjects needed in our sample to take account of potential missing data, which lead to a final number of 800 couples.



Data about ultrasounds, gestational diabetes, smoking during pregnancy and maternal weight and height were obtained in the obstetrical records of the mothers sampled. At this step, we excluded mother-neonate couples whose files did not contain detailed ultrasound reports from the second and third trimester and cases in which ultrasound measurements were carried out before 20 or after 25 weeks of gestation (WG) for the second trimester and before 30 and after 35 WG for the third trimester. We also excluded births occurring before 35 WG so that there was no overlap of gestational age between estimated fetal weight at third trimester and birth weight.



Among the study population of 14,022 mother-neonate couples, 800 were randomly sampled and 558 were finally included in the study, as shown in the flowchart (Figure 1).




2.4. Health Outcomes


Our principal outcome consisted of the evolution of fetal weight between second trimester and birth (repeated measurements for each subject at second, third trimester, and birth). Estimated fetal weight at second and third trimesters of pregnancy was calculated by a mathematical formula based on fetal biometry parameters: biparietal diameter (BPD), abdominal circumference (AC), and femur length (FL), given by the results of pregnancy ultrasounds. This formula was developed by Hadlock [30]: Log10(PFE) = 1.335 + 0.0316.BPD + 0.0457.AC + 0.1623.FL − 0.0034.AC.FL. Birth weight was collected in birth records.




2.5. Exposure Assessment


Two types of exposure during pregnancy were studied: drinking water exposure to a mixture of atrazine metabolites (pesticides most often found in drinking water) and nitrates defined according to a method described elsewhere [16] and active tobacco smoking of the mother during pregnancy. Chemical analyses in drinking-water are mandatory in France and are done by accredited laboratories that are certified by the ministry of health according to the law [31], providing the technical and administrative conditions of the analyses. These laboratories are then selected by regional health agencies (ARS) by invitation to tender. Sampling on site is carried out by ARS agents or by certified lab technicians, and sampling locations are selected according to hazards identified in the drinking-water production or distribution system.



Mixture exposure was defined by six classes (unexposed to pesticides and exposed to the first tercile of the mean concentration of nitrates; unexposed to pesticides and exposed to the second tercile of the mean concentration of nitrates; unexposed to pesticides and exposed to the third tercile of the mean concentration of nitrates; exposed to pesticides and first tercile of the mean concentration of nitrates; exposed to pesticides and the second tercile of the mean concentration of nitrates; exposed to pesticides and the third tercile of the mean concentration of nitrates). Active tobacco exposure during pregnancy was defined as a binary variable: yes/no.




2.6. Statistical Analyses


The following analyses were weighted on the inverse of sample probabilities according to the stratification used to correct an overrepresentation of mother-neonate couples exposed to atrazine and its metabolites in drinking-water in our sample and calculated fetal weight evolution during pregnancy in grams and 95% confidence intervals (95%CI). Covariates were selected in the multivariate analysis according to three criteria: they were significantly associated with the outcome and the exposure variables at a threshold of 25%; they were known or suspected confounding factors in the literature; they were independent of each other. They included covariates acting on birth weight: newborn gender; maternal weight before pregnancy (in kilograms); maternal age (<27; 27–29; 29–33; >33 years); the history of low birth weight in siblings (yes/no); household occupation (disadvantaged: workers and unemployed; moderately advantaged: self-employed, employees and farmers; advantaged: managers and executives); gestational diabetes; gestational age at ultrasound examination or birth (weeks of gestation) and factors influencing drinking water exposure: rural location of residence at birth; season during which the second trimester of pregnancy took place. We included rural and seasonal variables in the analyses because pesticide usage is predominant in summer and autumn and rural areas.



Our outcome, fetal weight evolution between second trimester and birth was studied by longitudinal data analysis using linear mixed models. The linear mixed models take account of intra-subject correlation caused by repeated data by using the variance of random-effects parameters as covariance parameters. The slope of the models was the evolution of gestational age between each fetal weight measurement. We used three linear mixed models: one model with both exposures (model #1), another model with only drinking water exposure to the mixture of atrazine metabolites and nitrates (model #2), and a third model with only active tobacco exposure (model #3). The outcome was modeled as the exponential of the fetal weight evolution in grams. Random effects on intercept and slope (weeks of gestational age) were allowed. The goodness of fit was assessed by consideration of independence and normality of the residuals [32]. To fulfill the aim of our study, we tested the interaction terms between EDC mixture exposure and active tobacco exposure during pregnancy and we compared nested models using the likelihood ratio (LR) test and non-nested models using the Akaike criteria (AIC).



Analyses were performed with SAS using the proc mixed procedure (version 9.3; SAS Institute, Cary, NC, USA).





3. Results


Among the 558 mother-neonate couples, the average number of atrazine metabolite measurements in drinking water during pregnancy was 3 ± 1 and the average number of nitrate measurements was 35 ± 30.



During the study period, 438 drinking water atrazine metabolite measurements were carried out; for desethylatrazine and 2-hydroxyatrazine (the most frequent metabolites) they ranged from 0 to 0.1 µg/L. Most of them (432, 98.4%) came from treatment plant water. During pregnancy, 283 mothers (corresponding to 50.7% of the raw total and 42.5% of the weighted total) were exposed to atrazine metabolites with an average concentration of atrazine metabolites in drinking water of 0.04 ± 0.02 µg/L for both desethylatrazine and 2-hydroxyatrazine. During the study period, 3168 drinking water nitrate measurements were performed; they ranged from 0 to 63.3 mg/L and came from CWS waters only. During pregnancy, all mothers were exposed to nitrates with an average concentration of nitrates in drinking water of 23.5 ± 11.8 mg/L. Limits of drinking water nitrate concentration terciles were 18.1 and 30.3 mg/L during the entire pregnancy.



Study population characteristics are presented in Table 1. The mean estimated fetal weight was 558.2 ± 4.8 g at the second trimester and 2068.6 ± 14.0 g at the third trimester. Mean gestational age at completion of ultrasound measurement was 22.3 ± 0.04 weeks of gestation (WG) at the second trimester and 32.3 ± 0.04 WG at the third trimester. Mean birth weight was 3337.3 ± 23.5 g and mean gestational age at birth was 39.4 ± 0.1 WG. Before adjustment on the available confounders, fetal weight evolution between second trimester and birth was associated with active tobacco exposure during pregnancy but not with drinking water exposure to an atrazine metabolite and nitrate mixture (Table 2). After adjustment on the available confounders, fetal weight evolution between second trimester and birth was not associated with drinking water exposure to an atrazine metabolite and nitrate mixture. However, fetal weight evolution was associated with tobacco exposure with (−3.46 g per WG [−6.07; −0.85]) or without drinking water exposure to an atrazine metabolites and nitrates mixture (−3.43 g per WG [−6.05; −0.82]) (Table 2 and Table 3). The interaction terms between EDC mixture exposure and tobacco smoking during pregnancy were not significant (F test = 0.58, p = 0.717). Comparing both models, the likelihood ratio test was not significant (LR khi² test = 6.6, p = 0.25).




4. Discussion


Our results did not show that drinking water exposure to an EDC mixture has an additional adverse effect on fetal growth between the second trimester and birth when active tobacco exposure is likewise taken into consideration. We found a decrease in fetal weight evolution between the second trimester of pregnancy and birth when the mother smoked during pregnancy (−3.46 g per week of gestation (WG) [−6.07; −0.85]). The decrease in fetal weight evolution during pregnancy of 3.46 g per WG represents a difference of 138 g at birth (40 WG) between exposed and unexposed neonates. This result is consistent with the literature. Jaddoe and al [25] observed a difference of 200 g at birth between neonates actively exposed and neonates not exposed to tobacco during pregnancy, and Gaillard and al noted a difference of 165 g at birth (40 SA) [33]. More recently, Cardenas et al. [34] observed a difference of 175 g at birth between exposed and unexposed neonates. Furthermore, they observed that prenatal maternal smoking might interact with placental DNA methylation at specific loci in the epigenome, mediating the association with lower birth weight in infants.



We did not find a significant association between fetal weight evolution and drinking water exposure to atrazine metabolites and nitrate mixture. Almberg et al. [11] observed an increased risk of low birth weight associated with atrazine exposure in drinking water over the entire gestational period OR 1.27 1.10–1.45) and the first (OR 1.20 1.08–1.34) and second trimester (OR 1.13 1.07–1.20) of pregnancy. However, no association was observed between SGA and atrazine exposure in drinking-water. But atrazine concentrations in the Almberg study were higher, ranging from 0 to 15 µg/L with geometric annual means of 0.15, 0.16, and 0.29 µg/L, which could explain why results were inconsistent.



The study population came from birth records that may be considered exhaustive as they are mandatory in France. Sample selection was stratified on drinking water pesticide exposure status according to the results of a prior study [16], year, and maternity ward of birth. Stratification on year and maternity ward of birth was carried out with equal probability. We stratified on the year of birth to take account of pesticide level variations between locations and over the years as atrazine and its metabolites are more present in drinking water in the district of Deux-Sèvres [35] and since in Europe atrazine has been forbidden from sale since 2002 and from use since 2003 [36]. Therefore, residual atrazine is still present in drinking-water but its concentration may decrease over time. We stratified on maternity unit of birth for feasibility reasons. Mother-neonate couples exposed to pesticides were over-represented in the sample because exposure prevalence in the population is low. Stratification was taken into account in the analysis by weighting on sample probability and stratifying on birth year according to a method described elsewhere [37]. Any selection bias was thereby avoided. Our study population is representative of the general French population in 2010, particularly with regard to the prevalence of mothers smoking during pregnancy [38].



We studied the effects of a mixture exposure of atrazine metabolites and nitrates, both of them endocrine-disrupting compounds that have specific properties such as dose-response [39] and synergistic effects [21] when mixed. We did not study the effect of drinking water exposure to atrazine metabolites or nitrates alone because exposure to only one EDC does not reflect reality and consequently does not seem relevant [16]. Assessment of drinking-water exposure is very limited in birth cohorts. Indeed, water contaminants have received the least attention among all other environmental risks in the literature. However, pregnant and lactating women may consume more drinking water than non-pregnant women, increasing their daily intake of water contaminants [40].



A major strength of our study consists in its repeated measurements of fetal biometry, which facilitate observation of effects at different stages of pregnancy and consequently allow for detailed study of fetal development over time using longitudinal models and taking inter-individual variability and intra-individual correlation into close consideration. To our knowledge, there exist only a few studies using a similar approach [8,41,42,43,44] but none of them have analyzed the effects of presence or absence of active tobacco exposure along with drinking water exposure to an EDC mixture. Unfortunately, such a method implies that the exposure effect on fetal growth is homogeneous during pregnancy and the result is averaged, without considering potential time exposure windows [45] when the fetus could be more vulnerable and likewise without considering fetal growth physiology [46] with a greater weight gain at third trimester. It may induce misclassification of exposure and underestimation of the association when an actual window of exposure exists.



Our work has some limitations. The scarcity of significant results in our study may be due to a lack of power. We chose a sample size based on the results of the effect of active tobacco exposure [8,47] and outdoor air pollution exposure [29] on fetal growth during pregnancy even though, to our knowledge, there exists no study quantifying the effect on fetal growth of drinking water exposure to pesticides and nitrates, taken either separately or in a mixture. And since at present there is no widely accepted general standard for sample size computations in mixed linear models presenting both fixed and random effects, it was with the method used for multiple linear models that we determined the sample size. Moreover, our number of subjects, in the final analysis, was much lower than expected because of missing data and could have also lead to a significant lack of power which could have a substantial effect on our results.



Our assessment of drinking water exposure may not reflect the actual exposure of pregnant women. Laboratory analyses of water quality are done to verify whether or not concentrations are above the regulatory limit, which is largely above the detection limit. Therefore, they do not search for the detection limit, only for the quantification limit. In our study, the data situated between detection and quantification limits were considered as the absence of exposure to atrazine metabolites. It is possible that we underestimated exposure to atrazine metabolites and subsequently to a mixture and that conversely, we overestimated the association between mixture exposure and fetal growth. Furthermore, drinking water exposure depends on drinking water consumption patterns. In the western part of France, where the district of Deux-Sèvres is located, the percentage of people drinking tap water was estimated in 2007 at 61% [48]. In the United States, it has been observed that pregnant and non-pregnant women do not differ in tap water consumption [49]. Furthermore, recent results from the Endocrine Disruptor Deux-Sèvres (EDDS) cohort study showed that 71% of pregnant women drank tap water [50] so it may not have affected our estimates. Besides, using ecological data on drinking-water prevents selection bias that can be found in cohort studies. Moreover, ecological studies allow one to study large populations and therefore provide greater statistical power. They also use existing databases, which can be used directly without the necessity of contacting a large population [51,52]. This design appears to be a very cost-efficient epidemiological approach and can be executed in a relatively short period of time and can cover large territories in terms of environmental exposure.



Other measurement methods could have been used to assess EDC mixture exposure such as declarative data collected by questionnaire, individual drinking-water metrology, or biometrology in urines, blood, or breast milk. All these methods bring individual assessment, but declarative data is based on personal recall and may lead to a misclassification of exposure. Individual metrology of drinking water, in the home of the mothers, could be useful but requires to go to the homes of each couple, which is costly and complicated in terms of organization and logistics. At last, biometrology is a very effective way to assess EDC mixture exposure but requires the consent of each mother and also leads to practical difficulties and costs in our study.



In the birth records placed at our disposal, no data were available on women’s mobility during pregnancy. All we had at our disposal was the mother’s home address at the time of birth. However, moving during pregnancy occurs in only 9–32% of cases, mostly during the second trimester and for a short distance (<10 km) [53,54] so we can assume that it did not significantly affect our exposure estimates.



Our exposure assessment was not an individual estimation of exposure, which nonetheless seems to be the best method, by avoiding selection bias. EDC exposure assessment can be rendered more precise through exposure biomarkers such as blood and urine or cord blood, amniotic fluid, and breast milk, with concentrations that could reflect fetal exposure [12,55]. For example, BPA and its chlorinated derivatives have been successfully detected and reliably quantified in human urine and colostrum, and the methods applied can be used to estimate fetal exposure to these EDC in drinking water [56,57]. Moreover, BPA and phthalate urinary levels have been combined with ultrasound measurements of fetal growth in the literature [58]. Atrazine is particularly lipophilic and accumulates in mammary tissues in rats, according to the amount of dose administered and transferred to the offspring via milk [59]. However, temporal and spatial variability and the limited samples of the individual estimation method [55] show that ecological assessment, although less accurate, is still useful. Moreover, urinary atrazine metabolites were significantly correlated to tap water consumption during pregnancy [60].



Data on mother-neonate couples were limited to the information available on birth and obstetrical records. Smoking status during pregnancy was binary (yes/no). We did not have enough information in obstetrical records on the number of cigarettes smoked so we could not evaluate the dose of active tobacco exposure. But most other studies have likewise compared smoking to non-smoking mothers and focused on the exposure window [8,26,47]. Another limitation of our study consists in the fact that data on active smoking during pregnancy was declarative, which may have induced misclassification of exposure and an under or overestimation of the association. The ultrasound measurements that we used to build our outcome allow for the study of fetal growth early in pregnancy, well before birth, and therefore for earlier detection of issues. Other studies assessing the association between drinking water pesticide or nitrate exposure and fetal growth have applied indicators of the latter at the time of birth [11,14,15,16,61], not earlier in pregnancy.



We did not have information on the ultrasound operators, the measurement methods, or the machines used because this data was not available in the obstetrical records. The measurement variability derived from this lack of information could decrease the precision of our estimations. But the literature shows a good inter and intra-observer reproducibility [62,63], so the lack of precision in our estimations of fetal weight should be limited. We could not use a formula with all biometry parameters because of the unavailability of obstetrical records of ultrasound measurements of head circumference. We chose Hadlock’s formula with three parameters of biometry to determine EFW [27]. Even though the equation was obtained from data based on a small number of subjects and although estimation becomes less precise with distance from the term, this formula has the same mean absolute error as the formula involving all parameters [64]. Estimation of fetal weight at any gestational age would be more precise with magnetic resonance imaging and volumetric equations [62] but access to this highly specific technique is distinctly limited in current practice. Nevertheless, the formula used in this study is among the most precise ones available and also one of the most widely used in clinical practice [64,65].



Atrazine exposure was measured only in drinking water, which meant that airborne or food exposure could not be assessed. However, it has been shown that atrazine metabolites are rarely found in food and that their atmospheric concentration is usually quite low, just above the detection limit [66]. We did not take into account environmental tobacco exposure, but this factor does not modify the association between active tobacco exposure and prevalence of small for gestational age or low birth weight newborns [67] nor is it associated with fetal growth earlier in pregnancy [8]. We lacked data on maternal alcohol consumption and nutritional behavior, factors that can also have an effect on fetal growth [3]. But the available data was of attested good quality, having been subjected to quality control with the validated procedure.



A previous study with an ecological estimation found an association between EDC mixture exposure during pregnancy and birth weight [16] but this study was based only on existing data and the sample of mother-neonate couples was much larger, limiting the lack of power, unlike our current work. Although it was not observed earlier in pregnancy, a possible effect of EDC mixture on fetal growth may exist, and it should help to motivate preventive actions towards pregnant women on EDC [68].




5. Conclusions


This historical cohort study did not show that drinking water exposure to an EDC mixture may have an additional adverse effect on fetal growth between the second trimester and birth in the event of active tobacco exposure, even though previous works had found that an EDC mixture may affect birth weight. Future studies are needed, with larger samples and using endocrine-disrupting compound biomarkers in blood and breast milk associated with a more individualized assessment of drinking-water exposure to provide more precise and unbiased fetal exposure estimates. Besides, as tobacco smoking and other toxic factors such as EDC mixture exposure may have associated effects on fetal growth, future studies should investigate exposure to more than one toxic factor on fetal growth. Furthermore, to better understand fetal growth dynamics, more complex methods such as prenatal growth curves could constitute valuable modeling, taking into account an appreciable number of fetal and parental characteristics.







Author Contributions


C.C. elaborated the study design, collected and analyzed the data, wrote the manuscript; M.A.-L. was a major contributor in the development of the study design, the recruitment of patients and the data collection, the data analysis. A.D. and S.R. were contributors in the development of the study design, the data analysis and the rereading of the manuscript. V.M. supervised all the work. All authors have read and agreed to the published version of the manuscript.




Funding


No funding was granted for this study.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Advisory comity on information processing regarding research in health (Comité consultatif sur le traitement de l’information en matière de recherche dans le domaine de la santé CCTIRS N°11.392); National Commission on Computer Technology and Freedom (Commission Nationale de l’Informatique et des Libertés CNIL).




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets during and/or analyzed during the current study available from the corresponding author on reasonable request.




Acknowledgments


The authors thank the maternity units in the hospital of Niort, Bressuire, and Poitiers for the availability of the obstetrical files, the district office of maternal and childhood protection for the infant health certificates, and the French regional health agency (ARS, Agence Régionale de Santé) for the results of pesticide and nitrate controls in drinking water.




Conflicts of Interest


The authors declare they have no competing interests.




References


	



Barker, D.J.P. The Developmental Origins of Chronic Adult Disease. J. Am. Coll. Nutr. 2004, 93 (Suppl. 6), 26–33. [Google Scholar] [CrossRef]

	



Mathews, T.J.; Miniño, A.M.; Osterman, M.J.K.; Strobino, D.M.; Guyer, B. Annual Summary of Vital Statistics: 2008. Pediatrics 2011, 127, 146–157. [Google Scholar] [CrossRef]

	



Kramer, M.S. Determinants of Low Birth Weight: Methodological Assessment and Meta-Analysis. Bull. World Health Organ. 1987, 65, 663–737. [Google Scholar]

	



Källén, K. The Impact of Maternal Smoking during Pregnancy on Delivery Outcome. Eur. J. Public Health 2001, 11, 329–333. [Google Scholar] [CrossRef] [PubMed]

	



Kramer, M.S.; Séguin, L.; Lydon, J.; Goulet, L. Socio-Economic Disparities in Pregnancy Outcome: Why Do the Poor Fare so Poorly? Paediatr. Perinat. Epidemiol. 2000, 14, 194–210. [Google Scholar] [CrossRef] [PubMed]

	



Abraham, M.; Alramadhan, S.; Iniguez, C.; Duijts, L.; Jaddoe, V.W.V.; Den Dekker, H.T.; Crozier, S.; Godfrey, K.M.; Hindmarsh, P.; Vik, T.; et al. A Systematic Review of Maternal Smoking during Pregnancy and Fetal Measurements with Meta-Analysis. PLoS ONE 2017, 12, e0170946. [Google Scholar] [CrossRef]

	



Banderali, G.; Martelli, A.; Landi, M.; Moretti, F.; Betti, F.; Radaelli, G.; Lassandro, C.; Verduci, E. Short and Long Term Health Effects of Parental Tobacco Smoking during Pregnancy and Lactation: A Descriptive Review. J. Transl. Med. 2015, 13, 327. [Google Scholar] [CrossRef] [PubMed]

	



Iñiguez, C.; Ballester, F.; Amorós, R.; Murcia, M.; Plana, A.; Rebagliato, M. Active and Passive Smoking during Pregnancy and Ultrasound Measures of Fetal Growth in a Cohort of Pregnant Women. J. Epidemiol. Community Health 2012, 66, 563–570. [Google Scholar] [CrossRef]

	



Dušková, M.; Hruškovičová, H.; Simůnková, K.; Stárka, L.; Pařízek, A. The Effects of Smoking on Steroid Metabolism and Fetal Programming. J. Steroid Biochem. Mol. Biol. 2014, 139, 138–143. [Google Scholar] [CrossRef]

	



Dane, A.J.; Havey, C.D.; Voorhees, K.J. The Detection of Nitro Pesticides in Mainstream and Sidestream Cigarette Smoke Using Electron Monochromator-Mass Spectrometry. Anal. Chem. 2006, 78, 3227–3233. [Google Scholar] [CrossRef] [PubMed]

	



Almberg, K.S.; Turyk, M.E.; Jones, R.M.; Rankin, K.; Freels, S.; Stayner, L.T. Atrazine Contamination of Drinking Water and Adverse Birth Outcomes in Community Water Systems with Elevated Atrazine in Ohio, 2006–2008. Int. J. Environ. Res. Public Health 2018, 15, 1889. [Google Scholar] [CrossRef] [PubMed]

	



Chevrier, C.; Limon, G.; Monfort, C.; Rouget, F.; Garlantézec, R.; Petit, C.; Durand, G.; Cordier, S. Urinary Biomarkers of Prenatal Atrazine Exposure and Adverse Birth Outcomes in the PELAGIE Birth Cohort. Environ. Health Perspect. 2011, 119, 1034–1041. [Google Scholar] [CrossRef] [PubMed]

	



Munger, R.; Isacson, P.; Hu, S.; Burns, T.; Hanson, J.; Lynch, C.F.; Cherryholmes, K.; Van Dorpe, P.; Hausler, W.J. Intrauterine Growth Retardation in Iowa Communities with Herbicide-Contaminated Drinking Water Supplies. Environ. Health Perspect. 1997, 105, 308–314. [Google Scholar] [CrossRef] [PubMed]

	



Ochoa-Acuna, H.; Frankenberger, J.; Hahn, L.; Carbajo, C. Drinking-Water Herbicide Exposure in Indiana and Prevalence of Small-for-Gestational-Age and Preterm Delivery. Environ. Health Perspect. 2009, 117, 1619–1624. [Google Scholar] [CrossRef]

	



Villanueva, C.M.; Durand, G.; Coutte, M.B.; Chevrier, C.; Cordier, S. Atrazine in Municipal Drinking Water and Risk of Low Birth Weight, Preterm Delivery, and Small-for-Gestational-Age Status. Occup. Environ. Med. 2005, 62, 400–405. [Google Scholar] [CrossRef]

	



Migeot, V.; Albouy-Llaty, M.; Carles, C.; Limousi, F.; Strezlec, S.; Dupuis, A.; Rabouan, S. Drinking-Water Exposure to a Mixture of Nitrate and Low-Dose Atrazine Metabolites and Small-for-Gestational Age (SGA) Babies: A Historic Cohort Study. Environ. Res. 2013, 122, 58–64. [Google Scholar] [CrossRef]

	



Guillette, L.J. Endocrine Disrupting Contaminants—Beyond the Dogma. Environ. Health Perspect. 2006, 114 (Suppl. 1), 9–12. [Google Scholar] [CrossRef]

	



Guillette, L.J.; Edwards, T.M. Is Nitrate an Ecologically Relevant Endocrine Disruptor in Vertebrates? Integr. Comp. Biol. 2005, 45, 19–27. [Google Scholar] [CrossRef]

	



Panesar, N.S.; Chan, K.W. Decreased Steroid Hormone Synthesis from Inorganic Nitrite and Nitrate: Studies in Vitro and in Vivo. Toxicol. Appl. Pharmacol. 2000, 169, 222–230. [Google Scholar] [CrossRef] [PubMed]

	



McKinlay, R.; Plant, J.A.; Bell, J.N.B.; Voulvoulis, N. Endocrine Disrupting Pesticides: Implications for Risk Assessment. Environ. Int. 2008, 34, 168–183. [Google Scholar] [CrossRef] [PubMed]

	



Silins, I.; Hogberg, J. Combined Toxic Exposures and Human Health: Biomarkers of Exposure and Effect. Int. J. Environ. Res. Public Health 2011, 8, 629–647. [Google Scholar] [CrossRef]

	



Perez, J.; Domingues, I.; Soares, A.M.; Loureiro, S. Growth Rate of Pseudokirchneriella Subcapitata Exposed to Herbicides Found in Surface Waters in the Alqueva Reservoir (Portugal): A Bottom-up Approach Using Binary Mixtures. Ecotoxicology 2011, 20, 1167–1175. [Google Scholar] [CrossRef]

	



Stayner, L.T.; Almberg, K.; Jones, R.; Graber, J.; Pedersen, M.; Turyk, M. Atrazine and Nitrate in Drinking Water and the Risk of Preterm Delivery and Low Birth Weight in Four Midwestern States. Environ. Res. 2017, 152, 294–303. [Google Scholar] [CrossRef]

	



Hammoud, A.O.; Bujold, E.; Sorokin, Y.; Schild, C.; Krapp, M.; Baumann, P. Smoking in Pregnancy Revisited: Findings from a Large Population-Based Study. Am. J. Obstet. Gynecol. 2005, 192, 1856–1862. [Google Scholar] [CrossRef] [PubMed]

	



Jaddoe, V.W.; Verburg, B.O.; de Ridder, M.A.; Hofman, A.; Mackenbach, J.P.; Moll, H.A.; Steegers, E.A.; Witteman, J.C. Maternal Smoking and Fetal Growth Characteristics in Different Periods of Pregnancy: The Generation R Study. Am. J. Epidemiol. 2007, 165, 1207–1215. [Google Scholar] [CrossRef]

	



MacArthur, C.; Knox, E.G. Smoking in Pregnancy: Effects of Stopping at Different Stages. Br. J. Obstet. Gynaecol. 1988, 95, 551–555. [Google Scholar] [CrossRef]

	



Hadlock, F.P.; Harrist, R.B.; Sharman, R.S.; Deter, R.L.; Park, S.K. Estimation of Fetal Weight with the Use of Head, Body, and Femur Measurements—A Prospective Study. Am. J. Obstet. Gynecol. 1985, 151, 333–337. [Google Scholar] [CrossRef]

	



Collet, M.; Vilain, A. Les Certificats de Santé de l’Enfant Au Huitième Jour (CS8). Validités 2006 et 2007; Direction de La Recherche, Des Études, de L’évaluation et Des Statistiques: Paris, France, 2010. [Google Scholar]

	



Iñiguez, C.; Ballester, F.; Estarlich, M.; Esplugues, A.; Murcia, M.; Llop, S.; Plana, A.; Amorós, R.; Rebagliato, M. Prenatal Exposure to Traffic-Related Air Pollution and Fetal Growth in a Cohort of Pregnant Women. Occup. Environ. Med. 2012, 69, 736–744. [Google Scholar] [CrossRef] [PubMed]

	



Hadlock, F.P.; Deter, R.L.; Harrist, R.B.; Park, S.K. Estimating Fetal Age: Computer-Assisted Analysis of Multiple Fetal Growth Parameters. Radiology 1984, 152, 497–501. [Google Scholar] [CrossRef] [PubMed]

	



Arrêté Du 24 Janvier 2005 Relatif Aux Conditions D’agrément Des Laboratoires Pour La Réalisation Des Prélèvements et Des Analyses Du Contrôle Sanitaire Des Eaux; JORF n°44 du 22 février 2005; Légifrance: Paris, France, 2005.

	



Laird, N.M.; Ware, J.H. Random-Effects Models for Longitudinal Data. Biometrics 1982, 38, 963–974. [Google Scholar] [CrossRef]

	



Gaillard, R.; de Ridder, M.A.J.; Verburg, B.O.; Witteman, J.C.M.; Mackenbach, J.P.; Moll, H.A.; Hofman, A.; Steegers, E.A.P.; Jaddoe, V.W.V. Individually Customised Fetal Weight Charts Derived from Ultrasound Measurements: The Generation R Study. Eur. J. Epidemiol. 2011, 26, 919–926. [Google Scholar] [CrossRef]

	



Cardenas, A.; Lutz, S.M.; Everson, T.M.; Perron, P.; Bouchard, L.; Hivert, M.-F. Mediation by Placental DNA Methylation of the Association of Prenatal Maternal Smoking and Birth Weight. Am. J. Epidemiol. 2019, 188, 1878–1886. [Google Scholar] [CrossRef]

	



Commissariat Général Au Développement Durable. Les Pesticides Dans Les Milieux Aquatiques Données 2007. N°26. Juillet. 2010. Available online: Https://Www.Google.Com/Url?Sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwiJgJLLu73rAhWC2eAKHQk4CE8QFjAAegQIAxAB&url=https%3A%2F%2Fwww.Statistiques.Developpement-Durable.Gouv.Fr%2Fsites%2Fdefault%2Ffiles%2F2019-01%2Fles-Pesticides-Dans-Les%2520milieux-Aquatiques-Etudes-et-Documents-26-Juillet2010.Pdf&usg=AOvVaw0ky6paMUNbHccb2D1AJcVD (accessed on 4 April 2012).

	



Avis Du 27/11/01 Relatif Aux Détenteurs D’autorisation de Mise Sur Le Marché, Aux Distributeurs et Aux Utilisateurs de Produits Phytopharmaceutiques Contenant de L’atrazine, de La Simazine, de La Cyanazine, de L’amétryne Ou de La Terbuthylazine; JO N° 275 Du 27 Novembre 2001; Légifrance: Paris, France, 2001.

	



Ardilly, P. Les Techniques de Sondage; Editions Technip: Paris, France, 2006. [Google Scholar]

	



Blondel, B.; Kermarrec, M. Enquête Nationale Périnatale 2010. Les Naissances En 2010 et Leur Évolution Depuis 2003; Inserm: Paris, France, 2011. [Google Scholar]

	



Vandenberg, L.N.; Colborn, T.; Hayes, T.B.; Heindel, J.J.; Jacobs, D.R., Jr.; Lee, D.-H.; Shioda, T.; Soto, A.M.; vom Saal, F.S.; Welshons, W.V.; et al. Hormones and Endocrine-Disrupting Chemicals: Low-Dose Effects and Nonmonotonic Dose Responses. Endocr. Rev. 2012, 33, 378–455. [Google Scholar] [CrossRef]

	



Makris, K.C.; Andra, S.S. Limited Representation of Drinking-Water Contaminants in Pregnancy-Birth Cohorts. Sci. Total Environ. 2014, 468–469, 165–175. [Google Scholar] [CrossRef]

	



Ferguson, K.K.; Meeker, J.D.; Cantonwine, D.E.; Mukherjee, B.; Pace, G.G.; Weller, D.; McElrath, T.F. Environmental Phenol Associations with Ultrasound and Delivery Measures of Fetal Growth. Environ. Int. 2018, 112, 243–250. [Google Scholar] [CrossRef] [PubMed]

	



Heil, S.H.; Higgins, S.T.; Bernstein, I.M.; Solomon, L.J.; Rogers, R.E.; Thomas, C.S.; Badger, G.J.; Lynch, M.E. Effects of Voucher-Based Incentives on Abstinence from Cigarette Smoking and Fetal Growth among Pregnant Women. Addiction 2008, 103, 1009–1018. [Google Scholar] [CrossRef] [PubMed]

	



Ribas-Fitó, N.; Ramón, R.; Ballester, F.; Grimalt, J.; Marco, A.; Olea, N.; Posada, M.; Rebagliato, M.; Tardón, A.; Torrent, M.; et al. Child Health and the Environment: The INMA Spanish Study. Paediatr. Perinat. Epidemiol. 2006, 20, 403–410. [Google Scholar] [CrossRef]

	



Wu, C.; Li, J.; Xia, W.; Li, Y.; Zhang, B.; Zhou, A.; Hu, J.; Li, C.; Zhao, H.; Jiang, M.; et al. The Association of Repeated Measurements of Prenatal Exposure to Triclosan with Fetal and Early-Childhood Growth. Environ. Int. 2018, 120, 54–62. [Google Scholar] [CrossRef] [PubMed]

	



Barrett, J.R. Endocrine Disruption: Developmental Picture Window. Env. Health Perspect. 2009, 117, A101. [Google Scholar] [CrossRef] [PubMed]

	



Lepercq, J.; Boileau, P. Physiologie de La Croissance Foetale. EMC Gynecol. Obstet. 2005, 2, 199–208. [Google Scholar] [CrossRef]

	



Bernstein, I.M.; Plociennik, K.; Stahle, S.; Badger, G.J.; Secker-Walker, R. Impact of Maternal Cigarette Smoking on Fetal Growth and Body Composition. Am. J. Obstet. Gynecol. 2000, 183, 883–886. [Google Scholar] [CrossRef]

	



Menard, C.; Girard, D.; Lèon, C.; Beck, F. (dir) Baromètre Santé Environnement 2007; INPES: Saint-Denis, France, 2008; 420p. [Google Scholar]

	



Zender, R.; Bachand, A.M.; Reif, J.S. Exposure to Tap Water during Pregnancy. J. Expo. Anal. Environ. Epidemiol. 2001, 11, 224–230. [Google Scholar] [CrossRef] [PubMed]

	



Albouy-Llaty, M.; Dupuis, A.; Grignon, C.; Strezlec, S.; Pierre, F.; Rabouan, S.; Migeot, V. Estimating Drinking-Water Ingestion and Dermal Contact with Water in a French Population of Pregnant Women: The EDDS Cohort Study. J. Expo. Sci. Environ. Epidemiol. 2015, 25, 308–316. [Google Scholar] [CrossRef]

	



Walter, S.D. The Ecologic Method in the Study of Environmental Health. I. Overview of the Method. Environ. Health Perspect. 1991, 94, 61–65. [Google Scholar] [PubMed]

	



Tong, S. Migration Bias in Ecologic Studies. Eur. J. Epidemiol. 2000, 16, 365–369. [Google Scholar] [CrossRef] [PubMed]

	



Bell, M.L.; Belanger, K. Review of Research on Residential Mobility during Pregnancy: Consequences for Assessment of Prenatal Environmental Exposures. J. Expo. Sci. Environ. Epidemiol. 2012, 22, 429–438. [Google Scholar] [CrossRef] [PubMed]

	



Hodgson, S.; Lurz, P.W.W.; Shirley, M.D.F.; Bythell, M.; Rankin, J. Exposure Misclassification Due to Residential Mobility during Pregnancy. Int. J. Hyg. Environ. Health 2015, 218, 414–421. [Google Scholar] [CrossRef] [PubMed]

	



Slama, R.; Cordier, S. Impact of chemical and physical environmental factors on the course and outcome of pregnancy. J. Gynécologie Obstétrique Biol. Reprod. 2013, 42, 413–444. [Google Scholar] [CrossRef] [PubMed]

	



Migeot, V.; Dupuis, A.; Cariot, A.; Albouy-Llaty, M.; Pierre, F.; Rabouan, S. Bisphenol a and Its Chlorinated Derivatives in Human Colostrum. Environ. Sci. Technol. 2013, 47, 13791–13797. [Google Scholar] [CrossRef]

	



Venisse, N.; Grignon, C.; Brunet, B.; Thévenot, S.; Bacle, A.; Migeot, V.; Dupuis, A. Reliable Quantification of Bisphenol A and Its Chlorinated Derivatives in Human Urine Using UPLC-MS/MS Method. Talanta 2014, 125, 284–292. [Google Scholar] [CrossRef]

	



Ferguson, K.K.; Meeker, J.D.; Cantonwine, D.E.; Chen, Y.-H.; Mukherjee, B.; McElrath, T.F. Urinary Phthalate Metabolite and Bisphenol A Associations with Ultrasound and Delivery Indices of Fetal Growth. Environ. Int. 2016, 94, 531–537. [Google Scholar] [CrossRef] [PubMed]

	



Stoker, T.E.; Cooper, R.L. Distribution of 14C-Atrazine Following an Acute Lactational Exposure in the Wistar Rat. Reprod. Toxicol. 2007, 23, 607–610. [Google Scholar] [CrossRef] [PubMed]

	



Chevrier, C.; Serrano, T.; Lecerf, R.; Limon, G.; Petit, C.; Monfort, C.; Hubert-Moy, L.; Durand, G.; Cordier, S. Environmental Determinants of the Urinary Concentrations of Herbicides during Pregnancy: The PELAGIE Mother-Child Cohort (France). Environ. Int. 2014, 63, 11–18. [Google Scholar] [CrossRef]

	



Mayhoub, F.; Berton, T.; Bach, V.; Tack, K.; Deguines, C.; Floch-Barneaud, A.; Desmots, S.; Stephan-Blanchard, E.; Chardon, K. Self-Reported Parental Exposure to Pesticide during Pregnancy and Birth Outcomes: The MecoExpo Cohort Study. PLoS ONE 2014, 9, e99090. [Google Scholar] [CrossRef]

	



Perni, S.C.; Chervenak, F.A.; Kalish, R.B.; Magherini-Rothe, S.; Predanic, M.; Streltzoff, J.; Skupski, D.W. Intraobserver and Interobserver Reproducibility of Fetal Biometry. Ultrasound Obstet. Gynecol. 2004, 24, 654–658. [Google Scholar] [CrossRef]

	



Verburg, B.O.; Mulder, P.G.H.; Hofman, A.; Jaddoe, V.W.V.; Witteman, J.C.M.; Steegers, E.A.P. Intra- and Interobserver Reproducibility Study of Early Fetal Growth Parameters. Prenat. Diagn. 2008, 28, 323–331. [Google Scholar] [CrossRef]

	



Anderson, N.G.; Jolley, I.J.; Wells, J.E. Sonographic Estimation of Fetal Weight: Comparison of Bias, Precision and Consistency Using 12 Different Formulae. Ultrasound Obstet. Gynecol. 2007, 30, 173–179. [Google Scholar] [CrossRef]

	



Geerts, L.; Widmer, T. Which Is the Most Accurate Formula to Estimate Fetal Weight in Women with Severe Preterm Preeclampsia? J. Matern. Neonatal Med. 2011, 24, 271–279. [Google Scholar] [CrossRef] [PubMed]

	



U.S.A. Department of Health and Human Service. For Toxic Substances and Disease Registry Toxicological Profile for Atrazine. Available online: http://www.Atsdr.Cdc.Gov/Toxprofiles/Tp153.Pdf (accessed on 10 April 2013).

	



Van den Berg, G.; van Eijsden, M.; Vrijkotte, T.G.M.; Gemke, R.J.B.J. Educational Inequalities in Perinatal Outcomes: The Mediating Effect of Smoking and Environmental Tobacco Exposure. PLoS ONE 2012, 7, e37002. [Google Scholar] [CrossRef]

	



Sathyanarayana, S.; Focareta, J.; Dailey, T.; Buchanan, S. Environmental Exposures: How to Counsel Preconception and Prenatal Patients in the Clinical Setting. Am. J. Obstet. Gynecol. 2012, 207, 463–470. [Google Scholar] [CrossRef]








[image: Ijerph 18 02200 g001 550] 





Figure 1. Flow chart, Deux-Sèvres, France. (CWS: Community water system). 
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Table 1. Characteristics of the study population and potential confounders, Deux-Sèvres, France.
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Characteristics of The Study Population and Potential Confounders

	
Raw Results

	
Weighted Results *




	
Missing

Values

	
Total (N = 558)

	
Total (N = 9013)




	

	
N

	
%

	
N

	
%

	
N

	
%






	
Sex of the newborn

	
0

	
0

	

	

	

	




	
Boy

	

	

	
238

	
42.7

	
3893

	
43.2




	
Girl

	

	

	
320

	
57.4

	
5120

	
56.8




	
Premature birth

	
0

	
0

	

	

	

	




	
Yes

	

	

	
16

	
2.9

	
282

	
3.1




	
Household occupation

	
5

	
1

	

	

	

	




	
Disadvantaged

	

	

	
69

	
12.5

	
1157

	
13.0




	
Moderately advantaged

	

	

	
352

	
63.7

	
5932

	
66.5




	
Advantaged

	

	

	
132

	
23.9

	
1825

	
20.5




	
Rural location of residence

	
0

	
0

	

	

	

	




	
Yes

	

	

	
206

	
36.9

	
2974

	
33.0




	
Primiparity

	
13

	
2

	

	

	

	




	
Yes

	

	

	
215

	
39.5

	
3329

	
37.6




	
Maternal age (years)

	
0

	
0

	

	

	

	




	
<27

	

	

	
135

	
24.2

	
2211

	
24.5




	
27–29

	

	

	
124

	
22.2

	
2144

	
23.8




	
30–33

	

	

	
154

	
27.6

	
2497

	
27.7




	
>33

	

	

	
145

	
26.0

	
2161

	
24.0




	
Maternal body mass index (kg/m²)

	
6

	
1

	

	

	

	




	
<18

	

	

	
24

	
4.4

	
395

	
4.5




	
18–24

	

	

	
376

	
68.1

	
5858

	
66.1




	
25–29

	

	

	
91

	
16.5

	
1605

	
18.1




	
>29

	

	

	
61

	
11.1

	
1011

	
11.4




	
History of low birthweight

	
7

	
1

	

	

	

	




	
Yes

	

	

	
20

	
3.6

	
314

	
3.5




	
Gestational diabetes

	
49

	
9

	

	

	

	




	
Yes

	

	

	
42

	
8.3

	
685

	
8.3




	
Season during second trimester

	
0

	
0

	

	

	

	




	
Spring

	

	

	
124

	
22.2

	
2131

	
23.6




	
Summer

	

	

	
146

	
26.2

	
2214

	
24.6




	
Fall

	

	

	
132

	
23.7

	
2193

	
24.3




	
Winter

	

	

	
156

	
28.0

	
2475

	
27.5




	
Smoking during pregnancy

	
50

	
9

	

	

	

	




	
Yes

	

	

	
110

	
21.7

	
1665

	
20.5




	
Mixture exposure in drinking water during the whole pregnancy

	
0

	
0

	

	

	

	




	
Atrazine metabolites No and Nitrates < 18.14 mg/L

	

	

	
66

	
11.8

	
1224

	
13.6




	
Atrazine metabolites No and Nitrates 18.14–30.33 mg/L

	

	

	
137

	
24.6

	
2679

	
29.7




	
Atrazine metabolites No and Nitrates > 30.33 mg/L

	

	

	
72

	
12.9

	
1279

	
14.2




	
Atrazine metabolites Yes and Nitrates < 18.14 mg/L

	

	

	
120

	
21.5

	
2532

	
28.1




	
Atrazine metabolites Yes and Nitrates 18.14–30.33 mg/L

	

	

	
54

	
9.7

	
538

	
6.0




	
Atrazine metabolites Yes and Nitrates > 30.33 mg/L

	

	

	
109

	
19.5

	
761

	
8.4








* Weight defined by the inverse of the sample probabilities.
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Table 2. Fetal weight evolution during pregnancy according to drinking water mixture exposure and active tobacco exposure before and after adjustment for available confounders, Deux-Sèvres, France.
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Fetal Weight Evolution during Pregnancy According to Drinking Water Mixture Exposure and Active Tobacco Exposure before and after Adjustment for Available Confounders

	
Fetal Weight between Second Trimester and Birth & in Grams




	
Unadjusted Analysis

	
Adjusted Analysis (N = 458)

Model #1




	
Difference

	
95%CI

	
p

	
Difference

	
95%CI

	
p






	
Weight evolution according to drinking-water mixture exposure during pregnancy in grams

	

	

	
0.512

	

	

	
0.481




	
Atrazine metabolites No and Nitrates < 18.14 mg/L

	
1

	

	

	
1

	

	




	
Atrazine metabolites No and Nitrates 18.14–30.33 mg/L

	
−0.60

	
[−4.48; 3.28]

	

	
−0.76

	
[−4.56; 3.04]

	




	
Atrazine metabolites No and Nitrates > 30.33 mg/L

	
−1.48

	
[−6.03; 3.06]

	

	
−1.60

	
[−6.06; 2.86]

	




	
Atrazine metabolites Yes and Nitrates < 18.14 mg/L

	
1.98

	
[−2.03; 5.99]

	

	
1.85

	
[−2.08; 5.79]

	




	
Atrazine metabolites Yes and Nitrates 18.14–30.33 mg/L

	
0.02

	
[−4.62; 4.66]

	

	
−0.17

	
[−4.72; 4.38]

	




	
Atrazine metabolites Yes and Nitrates > 30.33 mg/L

	
1.06

	
[−2.99; 5.11]

	

	
0.97

	
[−3.01; 4.94]

	




	
Weight evolution according to smoking during pregnancy in grams

	

	

	
0.010

	

	

	
0.009




	
No

	
1

	

	

	
1

	

	




	
Yes

	
−3.48

	
[−6.13; −0.83]

	

	
−3.46

	
[−6.07; −0.85]

	




	
Season during the second trimester

	

	

	
0.812

	

	

	
0.759




	
Summer

	
1

	

	

	
1

	

	




	
Fall

	
−29.66

	
[−90.53; 31.21]

	

	
−31.37

	
[−91.21; 28.48]

	




	
Winter

	
−15.13

	
[−73.63; 43.37]

	

	
−20.92

	
[−79.78; 37.94]

	




	
Spring

	
−19.46

	
[−82.84; 43.91]

	

	
−10.22

	
[−72.78; 52.34]

	




	
Newborn gender

	

	

	
0.004

	

	

	
0.005




	
Boy

	
1

	

	

	
1

	

	




	
Girl

	
−64.62

	
[−108.46; −20.78]

	

	
−62.26

	
[−105.98; −18.55]

	




	
Maternal weight before pregnancy (kg)

	
2.65

	
[1.09; 4.22]

	
0.001

	
2.48

	
[0.91; 4.05]

	
0.002




	
Maternal age (years)

	

	

	
0.614

	

	

	
0.901




	
<27

	
−21.79

	
[−85.43; 41.85]

	

	
7.79

	
[−58.33; 73.91]

	




	
27–29

	
1

	

	

	
1

	

	




	
29–33

	
4.42

	
[−57.82; 66.66]

	

	
16.44

	
[−44.65; 77.53]

	




	
>33

	
19.89

	
[−43.38; 83.16]

	

	
23.01

	
[−40.84; 86.86]

	




	
History of low birth weight

	

	

	
0.579

	

	

	
0.483




	
No

	
1

	

	

	
1

	

	




	
Yes

	
−34.01

	
[−154.30; 86.28]

	

	
−43.64

	
[−165.54; 78.26]

	




	
Household occupation

	

	

	
0.842

	

	

	
0.987




	
Advantageous

	
1

	

	

	
1

	

	




	
Moderately advantageous

	
2.04

	
[−50.36; 54.45]

	

	
−3.68

	
[−55.72; 48.35]

	




	
Disadvantageous

	
−18.74

	
[−97.09; 59.61]

	

	
−5.94

	
[−86.70; 74.83]

	




	
Gestational diabetes

	

	

	
0.108

	

	

	
0.169




	
No

	
1

	

	

	
1

	

	




	
Yes

	
63.25

	
[−13.97; 140.47]

	

	
53.76

	
[−22.95; 130.46]

	




	
Rural location of residence at birth

	

	

	
0.911

	

	

	
0.722




	
No

	
1

	

	

	
1

	

	




	
Yes

	
−2.57

	
[−47.72; 42.58]

	

	
−8.69

	
[−56.66; 39.28]

	








95%CI: 95% confidence interval. & weighted analysis on the inverse of sampling probability.
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Table 3. Comparison of non-nested models of fetal weight evolution according to active tobacco exposure and drinking water mixture exposure during pregnancy, Deux-Sèvres, France.
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Comparison of Non-Nested Models of Fetal Weight Evolution according to Active Tobacco Exposure and Drinking Water Mixture Exposure during Pregnancy

	
Fetal Weight between Second Trimester and Birth in Grams & (N = 458)




	
Only Drinking-Water Exposure

Model #2

AIC = 19,658.4

	
Only Tobacco Exposure

Model #3

AIC = 19,636.7




	

	
Difference

	
95%CI

	
p

	
Difference

	
95%CI

	
p






	
Weight evolution according to mixture exposure in drinking water during pregnancy in grams

	

	

	
0.506

	

	

	




	
Atrazine metabolites No and Nitrates < 18.14 mg/L

	
1

	

	

	

	

	




	
Atrazine metabolites No and Nitrates 18.14–30.33 mg/L

	
−0.64

	
[−4.46; 3.19]

	

	

	

	




	
Atrazine metabolites No and Nitrates > 30.33 mg/L

	
−1.52

	
[−6.00; 2.97]

	

	

	

	




	
Atrazine metabolites Yes and Nitrates < 18.14 mg/L

	
1.93

	
[−2.02; 5.89]

	

	

	

	




	
Atrazine metabolites Yes and Nitrates 18.14−30.33 mg/L

	
−0.03

	
[−4.61; 4.55]

	

	

	

	




	
Atrazine metabolites Yes and Nitrates > 30.33 mg/L

	
0.98

	
[−3.01; 4.98]

	

	

	

	




	
Weight evolution according to smoking during pregnancy

	

	

	

	

	

	
0.010




	
No

	

	

	

	
1

	

	




	
Yes

	

	

	

	
−3.43

	
[−6.05; −0.82]

	




	
Season during second trimester

	

	

	
0.779

	

	

	
0.776




	
Summer

	
1

	

	

	
1

	

	




	
Fall

	
−31.44

	
[−91.73; 28.85]

	

	
−29.55

	
[−89.25; 30.15]

	




	
Winter

	
−19.72

	
[−79.02; 39.58]

	

	
−21.55

	
[−79.65; 36.54]

	




	
Spring

	
−13.96

	
[−76.89; 48.97]

	

	
−9.55

	
[−72.14; 53.04]

	




	
Newborn sex

	

	

	
0.010

	

	

	
0.003




	
Boy

	
1

	

	

	
1

	

	




	
Girl

	
−57.97

	
[−101.90; −14.05]

	

	
−65.23

	
[−108.87; −21.58]

	




	
Maternal weight before pregnancy (kg)

	
2.51

	
[0.93; 4.09]

	
0.002

	
2.44

	
[0.87; 4.01]

	
0.002




	
Maternal age (years)

	

	

	
0.749

	

	

	
0.895




	
<27

	
−8.98

	
[−74.13; 56.17]

	

	
7.24

	
[−58.83; 73.30]

	




	
27–29

	
1

	

	

	
1

	

	




	
29–33

	
12.51

	
[−48.96; 73.98]

	

	
16.12

	
[−45.03; 77.27]

	




	
>33

	
24.40

	
[−39.93; 88.73]

	

	
23.29

	
[−40.06; 86.64]

	




	
History of low birth weight

	

	

	
0.340

	

	

	
0.450




	
No

	
1

	

	

	
1

	

	




	
Yes

	
−59.38

	
[−181.49; 62.74]

	

	
−46.74

	
[−167.99; 74.51]

	




	
Household occupation

	

	

	
0.862

	

	

	
0.998




	
Advantageous

	
1

	

	

	
1

	

	




	
Moderately advantageous

	
−6.58

	
[−58.93; 45.77]

	

	
−0.58

	
[−52.38; 51.23]

	




	
Disadvantageous

	
−22.24

	
[−102.38; 57.90]

	

	
−2.29

	
[−82.81; 78.23]

	




	
Gestational diabetes

	

	

	
0.217

	

	

	
0.156




	
No

	
1

	

	

	
1

	

	




	
Yes

	
48.63

	
[−28.54; 125.80]

	

	
55.25

	
[−21.10; 131.60]

	




	
Rural location of residence at birth

	

	

	
0.791

	

	

	
0.692




	
No

	
1

	

	

	
1

	

	




	
Yes

	
−6.51

	
[−54.81; 41.79]

	

	
−9.04

	
[−53.90; 35.82]

	








95%CI: 95% confidence interval; AIC: Akaike criterion. & weighted analysis on the inverse of sampling probability.
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