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Abstract
Background
Exposure to persistent environmental organic pollutants may contribute to the development of obesity among children. Chlordecone is a persistent organochlorine insecticide with estrogenic properties that was used in the French West Indies (1973–1993) and is still present in the soil and the water and food consumed by the local population. We studied the association between prenatal and childhood exposure to chlordecone and the adiposity of prepubertal children.

Methods
Within the Timoun Mother–Child Cohort Study in Guadeloupe (French West Indies), 575 children had a medical examination at seven years of age, including adiposity measurements. A Structural Equation Modeling approach was used to create a global adiposity score from four adiposity indicators: the BMI z-score, percentage of fat mass, sum of the tricipital and subscapular skinfold thickness, and waist-to-height ratio. Chlordecone concentrations were measured in cord blood at birth and in the children’s blood at seven years of age. Models were adjusted for prenatal and postnatal covariates. Sensitivity analyses accounted for co-exposure to PCB-153 and pp’-DDE. Mediation analyses, including intermediate birth outcomes, were conducted.

Results
Prenatal chlordecone exposure tended to be associated with increased adiposity at seven years of age, particularly in boys. However, statistical significance was only reached in the third quartile of exposure and neither linear nor non-linear trends could be formally identified. Consideration of preterm birth or birth weight in mediation analyses did not modify the results, as adjustment for PCB-153 and pp’-DDE co-exposures.

Conclusion
Globally, we found little evidence of an association between chlordecone exposure during the critical in utero or childhood periods of development and altered body-weight homeostasis in childhood. Nevertheless, some associations we observed at seven years of age, although non-significant, were consistent with those observed at earlier ages and would be worth investing during further follow-ups of children of the Timoun Mother–Child Cohort Study when they reach puberty.
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The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12940-022-00850-2.
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Background
The prevalence of obesity has been rising over the last few decades and is now a major public health issue among children and adults [1]. Childhood obesity is of concern because it is a significant driver of adverse health effects at a later age. These include diabetes mellitus, cardiovascular diseases, hypertension and stroke, and certain types of cancer [2, 3]. Obesity results from a combination of factors, including genetics, diet, and physical activity. Experimental data have suggested that perinatal exposure to certain environmental chemical contaminants can interfere with energy balance, encouraging weight gain and early-onset obesity [4, 5]. Particular attention has focused on substances with hormonal properties (endocrine-disrupting chemicals, EDCs) because of their ability to disrupt hormonally-regulated metabolic processes, especially if exposure occurs during early development [6]. Among them, persistent organic pollutants (POPs) have attracted attention because of their widespread presence in humans due to their high persistence and low environmental degradability.
Several epidemiological studies have investigated relationships between early exposure to POPs (in utero and during childhood) and the risk of childhood obesity. Most used a single indicator, such as the body-mass index (BMI) or weight [7–10]. Fewer studies considered other indicators of adiposity, such as waist circumference, waist-to-height ratio, or skinfold thickness [11, 12]. Consistent associations have been reported between prenatal exposure to p,p´‑dichlorodiphenyldichloroethylene (DDE, the major and most persistent metabolite of dichlorodiphenyltrichloroethane, DDT) and an elevated BMI in childhood, whereas associations with prenatal polychlorinated biphenyl (PCB) exposure has been less consistently reported [13–17].
Chlordecone (decachloroocta-hydro-1,3,4,-metheno-2H-cyclobuta[cd]-pentalene-2-one, also known as Kepone) is an organochlorine insecticide initially manufactured in the United States in the early 1960s [18]. After the chemical disaster that resulted in a poisoning episode involving chlordecone plant workers in the industrial city of Hopewell (Virginia) [19] and the contamination of the James River up to the Chesapeake Bay, chlordecone use, production, and distribution was banned by the United States in 1976 [20]. However, it was subsequently produced by a French company and extensively used to control the banana root borer from 1973 to 1993 in the French West Indies (FWI, Guadeloupe and Martinique) [21]. This pesticide undergoes no significant biotic or abiotic degradation in the environment18, and it has been estimated that the duration of chlordecone pollution of soil in FWI will last for decades or centuries [22]. Chlordecone in soil is slowly drained by rainfall towards superficial water, ground water, and marine coastal waters and contaminates the terrestrial and aquatic ecosystems, including crops, livestock, and fishing products [23, 24]. The permanently polluted soil and water are thus responsible for the contamination of local foodstuffs and the population of FWI, including pregnant women and children, continues to be exposed to this chemical through the consumption of contaminated foodstuffs [25].
Numerous toxicological studies have demonstrated that chlordecone is a reproductive and developmental toxicant and neurotoxic and carcinogenic in rodents [18]. It is also an EDC because of its estrogenic properties, both in vitro and in vivo [26, 27]. Chlordecone crosses the placental barrier in pregnant rodents and is transferred to the newborn through maternal breastfeeding, thus exposing the developing organism during the earliest stages of development [28]. Moreover, early post-natal exposure to chlordecone in rats is associated with significant sex-dependent changes in adult body weight, resulting in lighter males and heavier females [29].
The Timoun Mother–Child Cohort Study was established in Guadeloupe (FWI) to investigate the consequences of prenatal and childhood exposure to chlordecone on pregnancy and child development. In previous analyses of the Timoun Mother–Child Cohort Study, we showed that prenatal exposure of children to chlordecone, assessed by chlordecone concentrations in the cord blood, may be associated with reduced birth weight in overweight and obese mothers in a non-monotonic manner [30]. We further observed that prenatal exposure to chlordecone was associated with an elevated BMI in early infancy (in boys at 3 months of age and in girls at 8 and 18 months of age), whereas early postnatal exposure to chlordecone via breastfeeding and contaminated foodstuffs was associated with lower BMI measurements at 3, 8, and 18 months, especially in girls [31].
Here, we investigated whether the association between prenatal and childhood exposure to chlordecone and adiposity was still present at a later age, among seven-year-old children, in the same Timoun Mother–Child Cohort Study. We used a multidimensional approach to estimate adiposity by combining four indicators: BMI z-score, the sum of the skinfolds, the weight-to-height ratio (WHtR), and the percentage of body fat mass.
Methods
Population
This study took place in Guadeloupe (FWI), a Caribbean archipelago where most of the inhabitants are of African descent. The Timoun Mother Child Cohort Study included 1,068 pregnant women between November 2004 and December 2007 from the general population, recruited during last-trimester visits at public and private health centers (University Hospital of Guadeloupe, General Hospital of Basse-Terre, Polyclinic of Guadeloupe, and antenatal care dispensaries) [32]. At inclusion, women were interviewed by trained midwives to assess their medical history, socioeconomic conditions, and dietary habits. At delivery, data concerning maternal diseases during pregnancy, the delivery, and newborn health status and anthropometric characteristics at birth were collected by the medical staff and maternal and cord blood samples were obtained. Follow-up visits of the children were then organized at 3, 7, and 18 months of age in a selected sub-cohort excluding cases of multiple birth, preterm birth, intra-uterine growth restriction, neonatal disease or malformation, and serious maternal illness before or during pregnancy (N = 611) [33–35]. At seven years of age (May 2011-October 2015), all mothers initially included in the cohort were contacted for a follow-up interview and a medical examination of their child. Among them, 592 (55.4% of the initial cohort) were interviewed and had their child examined at the University Hospital of Guadeloupe. During the medical examination of the children, face-to-face interviews were conducted with their mothers to collect information about the socio-economic context in which the child was growing up (environment, lifestyle, dietary habits, etc.) and the health of the child and his/her parents. A blood sample was also collected from the children at the end of the examination. For the present study, we excluded 17 children because of major congenital anomalies or severe diseases that may affect growth (N = 4) and those with initiated puberty (breast Tanner stage ≥ 3 for girls and testis volume ≥ 5 ml for boys) (N = 13), leaving 575 children in the final sample (S-Fig. 1).
Exposure assessment
Cord blood and child blood samples at the seven-year visit were collected in EDTA tubes. After centrifugation, plasma samples were stored at -20 °C. They were transferred by airmail on dry ice to Liège, Belgium, for organochlorine analysis. Chlordecone, p,p’-DDE, and PCB congener 153 (PCB-153) analyses were performed by the Center for Analytical Research and Technology (CART) at Liège University in Belgium, in 2007–2009 or 2013 for cord blood samples and in 2015 for child blood samples.
Among PCBs, we selected congener 153 because it correlates very well with the total PCB concentration in plasma [36]. The concentrations in plasma were quantified by gas chromatography coupled to electron-capture detection, as previously described [37, 38]. The limit of detection (LOD) was 0.06 μg/L for cord chlordecone, 0.05 µg/L for cord p,p’-DDE, and PCB-153, and 0.02 μg/L for childhood chlordecone, p,p’-DDE, and PCB-153.
Total cord plasma cholesterol and triglyceride concentrations were determined enzymatically (DiaSys Diagnostic Systems GmbH; Holzheim, Germany) and the total lipid concentration calculated as previously described [39].
Adiposity indicators at seven years of age
During the medical examination, anthropometric measurements were taken by trained nurses or midwives, following a standardized protocol, to assess the child’s growth, corpulence, and fat repartition. They included height, waist, and hip circumference measurements, and tricipital and subscapular skinfold thickness. Each measurement was performed twice and averaged for the analyses. The weight and body fat mass were estimated once by bioelectrical impedance using a professional body composition monitor (Tanita® BC.420.MA-S scale, Tokyo). We considered four indicators to assess adiposity of the children for the present study: (1) the BMI, computed as the ratio of the weight (kg) to squared height (m2), which was transformed into a z-score according to the sex and exact age of the child at the time of the measurement using the WHO references, [40] (2) the waist circumference, measured while the child was standing upright, in exhalation, halfway between the last rib and the iliac crest, from which the WHtR was computed, (3) the sum of skin folds (mm), calculated from the subscapular and tricipital fold measurements, and (4) the body fat mass, expressed as the percentage of fat mass (%).
Statistical analysis
We used the structural equation modeling (SEM) framework to study the association between prenatal and childhood exposure to chlordecone and the children’s adiposity at seven years of age, estimated through multiple indicators. The “adiposity” latent variable (called the “adiposity score” throughout the manuscript) was based on the BMI z-score, the sum of the skinfolds, the WHtR, and the percentage of body fat mass. The percentage of fat mass and sum of the skinfolds were log10-transformed to normalize their distribution. For easier interpretation of the adiposity latent variable, the factor loading of the BMI z-score was arbitrarily set to 1, such that the adiposity score was expressed using the same unit as the BMI z-score. The associations between cord and child blood chlordecone concentrations and the adiposity score were estimated by linear regression coefficients (Fig. 1). All model parameters (factor loadings, variances, covariances, and regression coefficients) were estimated by maximum likelihood. Parameters were considered to be significant if their 95% confidence intervals (95% CIs) did not include 0. As recommended in the SEM approach, a combination of various model fit indices was checked to validate the models [41–43]: a Satorra–Bentler scaled Chi-square statistic with p > 0.05, a Root Mean Square Error of Approximation (RMSEA) < 0.06, a Comparative Fit Index (CFI) > 0.90, a Goodness-of-Fit statistic (GFI) > 0.95, and a Standardized Root Mean Square Residual (SRMR) < 0.05 were considered to establish a good fit of the model.[image: ]
Fig. 1Graphical representation of the Structural Equation Modeling of the association between exposure to chlordecone and adiposity at age 7. Note: Adiposity is a latent trait defined by four indicators. Adiposity indicators: BMI z-score: WHO references, by sex and age (in months); % Fat mass: estimated by bioelectrical impedance; Sum of skinfolds: sum of the subscapular and tricipital fold measurements; WHtR (Waist-to-Height Ratio): waist circumference (cm) / height (cm). Arrows with solid lines represent regression coefficients. Arrows with dotted lines represent factor loadings. Double-headed curvilinear arrows represent residual variances of the indicators. Prenatal covariates: maternal place of birth, maternal BMI before pregnancy, and maternal level of education, cord blood total lipids (g/L, log10 scale). Covariates at 7 years of age: exact age at measurement, duration of breastfeeding, time spent exercising, watching TV, or playing videogames per week, and obesogenic dietary habits


Cord and child blood chlordecone concentrations were considered as categorical (quartiles, based on their distribution in the population study) or continuous variables for the analyses. As continuous variables, chlordecone values under the LOD were replaced by random values below the LOD using the maximum likelihood method [44, 45]. The imputation of values below the LOD was run 10 times so that 10 imputed samples were produced and analyzed after log10-transformation of cord blood and childhood concentrations.
The a priori selection of covariates used for adjustment in the models was based on those found in the literature on the association of perinatal exposure to POPs with child growth and the risk of childhood obesity [46–49]: exact age at measurement (in months), maternal place of birth (Guadeloupe/Martinique, other Caribbean Islands, Europe), maternal BMI before pregnancy (< 18.5, 18.5 to < 25, 25 to < 30, ≥ 30 kg/m2), maternal level of education (< 5, 5 to < 12, ≥ 12 years), duration of (non-exclusive) breastfeeding (none, < 3, 3 to < 7, 7 to < 18 months, ≥ 18 months), time spent exercising per week (no activity, ≤ median, > median duration among those practicing a sport), time spent watching TV or playing videogames per week (≤ median, > median), and dietary habits of the child. Information on the child's diet at seven years of age was collected using a frequency food questionnaire (28 foodstuffs, frequencies ranging from "never" to "several times a day"). We defined a score of obesogenic food consumption by summing the frequencies of intake of the following foodstuff categories: ‘French fries, fried potatoes', ‘pizzas, pies', 'soft drinks', 'light soda', ‘pastries, biscuits, cakes', 'sweets, chocolate', and 'crackers, snacks'. The score for obesogenic dietary habits was categorized into quartiles. All models were adjusted for total lipids in cord blood (when studying prenatal exposure) or in child blood (when studying postnatal exposure), after log10-transformation [50, 51]. Missing data for chlordecone concentrations and covariates were accounted for using the Full Information Maximum Likelihood (FIML) method [52, 53].
All analyses were stratified by sex because of morphological differences between boys and girls and a potential interaction with chlordecone exposure.
Sensitivity analyses were conducted: models for prenatal chlordecone exposure were adjusted for cord blood PCB-153 and p,p’-DDE levels and for child chlordecone levels; similarly, models for childhood chlordecone exposure were further adjusted for child PCB-153 and p,p’-DDE levels at the same age and for cord chlordecone level. We also tested the role of intermediate outcomes as mediator variables by conducting formal mediation analyses that included the following birth outcomes that could potentially result in an association between prenatal exposure and adiposity at seven years of age: [54–56] birth weight, preterm birth, small for gestational-age (SGA), and large for gestational-age (LGA). These mediation analyses were performed within the SEM approach to identify the direct and indirect effects of prenatal chlordecone exposure on adiposity at seven years of age.
As complementary analyses, we separately modeled each adiposity indicator using linear regression models to test their consistency with the SEM approach and provide results comparable to those of the literature. We also implemented General Additive Models (GAM), including restricted cubic splines, to fit a potential non-linear association between the multidimensional adiposity score and exposure [57].
We finally checked correlations between covariates (S-Table 1) and verified that there was no multi-collinearity issue when estimating the models (not shown).
The analyses were computed using SAS® and R software. SEM analyses were conducted with the lavaan R package [58].
Results
Most (~ 90%) of the mothers of children participating in the follow-up of the Timoun Mother–Child Cohort Study were of Caribbean origin (French West Indies, other Caribbean islands) (Table 1). Approximately 41% of these women were overweight or obese before pregnancy, 14% had diabetes mellitus (non-gestational or gestational), and 13% had hypertension (non-gestational or gestational). Tobacco smoking and alcohol consumption during pregnancy were reported by only 3 and 2% of the mothers, respectively. Fourteen percent of the children were born preterm, whereas 9% each were considered SGA or LGA. Children were examined at an average age of seven years and eight months. All attended school and 47% practiced a sport outside of school (weekly median practice time = 2 h, when practicing). They spent on average of 11 h/week (including school days and weekends) watching TV and 70% played videogames (median = 3.5 h/week among players).Table 1Description of the study sample


	 	All (N = 575)
	Boys (N = 283)
	Girls (N = 292)
	p-valuea

	N
	% or mean (std)
	N
	% or mean (std)
	N
	% or mean (std)

	Pregnancy and birth

	 Maternal age
	575
	31.7 (6.6)
	173
	31.8 (6.8)
	200
	31.7 (6.4)
	0.59

	 Maternal place of birth
	 	 	 	 	 	 	0.06

	 French West Indies
	465
	80.9
	238
	84.1
	227
	77.7
	 
	 Other Caribbean Islands
	52
	9.0
	25
	8.8
	27
	9.2
	 
	 Europe
	58
	10.1
	20
	7.1
	38
	13.0
	 
	 Maternal education (yrs)
	 	 	 	 	 	 	0.54

	  < 5
	28
	4.9
	13
	4.6
	15
	5.1
	 
	 5–12
	398
	69.2
	202
	71.4
	196
	67.1
	 
	  > 12
	149
	25.9
	68
	24.0
	81
	27.7
	 
	 Maternal BMI
	 	 	 	 	 	 	0.57

	 Underweight
	33
	5.8
	19
	6.8
	14
	4.9
	 
	 Normal
	300
	53.1
	151
	54.3
	149
	51.9
	 
	 Overweight
	131
	23.2
	63
	22.7
	68
	23.7
	 
	 Obese
	101
	17.9
	45
	16.2
	56
	19.5
	 
	 Tobacco during pregnancy
	18
	3.1
	8
	2.8
	10
	3.4
	0.68

	 Alcohol during pregnancy
	12
	2.2
	5
	1.9
	7
	2.5
	0.61

	 Hypertensionb
	70
	12.6
	30
	10.9
	40
	14.2
	0.25

	 Diabetesc
	76
	13.7
	41
	15.0
	35
	12.5
	0.39

	 Preterm birth
	83
	14.4
	45
	15.9
	38
	13.0
	0.32

	 Small for gestational age
	51
	8.9
	31
	10.9
	20
	6.8
	0.08

	 Large for gestational age
	51
	8.9
	18
	6.4
	33
	11.3
	0.04

	Child at 7 years of age

	 Age at examination (months)
	575
	92.0 (2.6)
	283
	92.1 (2.7)
	292
	91.9 (2.6)
	0.54

	 BMI z-score
	 	 	 	 	 	 	0.001

	 Underweight
	17
	3.0
	12
	4.3
	5
	1.7
	 
	 Normal
	406
	70.9
	195
	69.2
	211
	72.5
	 
	 Overweight
	87
	15.2
	33
	11.7
	54
	18.6
	 
	 Obese
	63
	11.0
	42
	14.9
	21
	7.2
	 
	 % Fat mass
	565
	19.4 (6.2)
	276
	18.2 (5.8)
	289
	20.4 (6.5)
	 < 0.001

	 Subscapular fold (mm)
	495
	6.8 (3.1)
	240
	6.3 (2.8)
	255
	7.3 (3.3)
	 < 0.001

	 Tricipital fold (mm)
	510
	9.6 (4.1)
	249
	8.6 (3.9)
	261
	10.5 (4.1)
	 < 0.001

	 Sum of skinfolds (mm)
	495
	16.5 (6.8)
	240
	15.0 (6.4)
	255
	17.9 (6.9)
	 < 0.001

	 Waist circumference (cm)
	571
	57.4 (6.8)
	283
	57.4 (6.8)
	288
	57.4 (6.9)
	0.80

	 Waist-to-height ratio
	571
	0.44 (0.04)
	283
	0.44 (0.04)
	288
	0.44 (0.05)
	0.63

	 Sport practice (Yes)
	271
	47.3
	140
	49.8
	131
	44.9
	0.23

	 Time practicing sports (h/week) d
	271
	2 (1.5 – 4)
	140
	2 (2.5 – 4)
	131
	2 (1 – 3.5)
	0.03

	 Time watching TV (h/week)
	575
	11.4 (7.5)
	283
	11.1 (7.2)
	292
	11.8 (7.7)
	0.34

	 Time playing videogames (h/week)
	575
	3.2 (4.0)
	283
	3.5 (4.0)
	292
	2.9 (4.0)
	0.02


ap-values from Wilcoxon (continuous variables) or Chi-square (nominal variables) tests
bNon-gestational or gestational hypertension
cNon-gestational or gestational diabetes
dMedian (Q1- Q3) time of sport practice among practicing children



Among the 575 children, 87 (15%) were overweight and 63 (11%) were obese (Table 1). The distribution of BMI categories varied significantly between boys and girls: girls were significantly more often overweight (19% vs 12% of the boys), but boys were more often obese (15% vs 7% of the girls). The mean percentage of fat mass was 19.4% and was significantly higher for girls (20.4%) than for boys (18.2%). The average sum of the skinfolds, available for 495 children (86% of the sample), was 16.5 mm and significantly higher for girls (18 mm vs 15 mm in boys). The mean WHtR was 0.44 and did not differ between sexes. There was a strong correlation among the four indicators of adiposity (Spearman p > 0.70) for both sexes, which tended to be higher for girls (S-Table 2). Factor loadings of these indicators on the adiposity latent variable are presented in S-Table 3. They were all significant and did not vary between the raw (minimally adjusted for age and maternal place of birth) and fully adjusted models. The fit statistics of the SEM models considering both sexes together were partially unsatisfactory (χ2 p < 0.01, RMSEA p = 0.07). After stratification, all fit indicators were satisfactory for both sexes (S-Table 3). The sex-specific distributions of the adiposity latent variable are plotted in S-Fig. 2.
The distributions of chlordecone, PCB-153, and pp’-DDE concentrations in cord blood and the blood of the children at seven years of age are presented in Table 2. The median concentration of chlordecone was 0.21 μg/L (Interquartile Range (IQR) = [0.07; 0.38]) in the cord blood samples and 0.05 μg/L (IQR = [0.02; 0.11]) in the children’s blood samples at seven years of age. There was no significant correlation between chlordecone concentrations in the cord blood of the children and their blood at seven years of age (Spearman p = 0.09, p = 0.13). Cord blood concentrations of chlordecone did not correlate significantly with cord blood concentrations of PCB-153 (ρ = -0.02, p = 0.76) and only mildly with cord blood concentrations of pp’-DDE (ρ = 0.16, p = 0.002). Finally, blood concentrations of chlordecone at seven years of age mildly correlated (negatively) with blood concentrations of PCB-153 or did not correlate significantly with blood concentrations of p,p’-DDE at the same age (ρ = -0.11, p = 0.02 and ρ = 0.004, p = 0.92, respectively) (S-Table 4).Table 2Distributions of chlordecone, PCB153, and pp’-DDE concentrations in cord blood and the blood of the children at seven years of age


	Concentration in µg/L
	N
	LOD
	% detected
	Min
	Q1
	Median
	Q3
	Max

	In cord blood
	Chlordecone
	373
	0.06
	78.6
	 < LOD
	0.07
	0.21
	0.38
	29. 8

	PCB153
	372
	0.05
	53.0
	 < LOD
	 < LOD
	0.06
	0.14
	1.75

	pp’-DDE
	372
	0.05
	83.6
	 < LOD
	0.10
	0.28
	0.73
	12.5

	At 7 years (blood)
	Chlordecone
	446
	0.02
	71.7
	 < LOD
	0.02
	0.05
	0.11
	7.01

	PCB153
	446
	0.02
	83.9
	 < LOD
	0.04
	0.07
	0.12
	1.29

	pp’-DDE
	446
	0.02
	97.1
	 < LOD
	0.09
	0.19
	0.42
	26.4


LOD Limit of detection, Min Minimum, Q1 1rst Quartile, Q3 3rd Quartile, Max Maximum



Chlordecone cord blood concentration as a continuous variable (log10) was not linearly significantly associated with the adiposity score for boys or girls (Table 3), whether adjusting or not for prenatal co-exposure to PCB-153 and pp’-DDE or childhood exposure to chlordecone (β = 0.20, 95% CI, -0.15 − 0.55 for boys and β = 0.16, 95% CI, -0.13 − 0.45 for girls in Model 1). However, boys and girls had higher adiposity scores in all upper quartiles relative to the first quartile but reaching statistical significance in the third quartile only (β = 0.85, 95% CI, 0.22 − 1.49 for boys and β = 0.49, 95% CI, 0.04 − 0.95 for girls) (Table 3, Model 1). This association was maintained across different adjustment strategies: inclusion of cord blood PCB-153 and pp’-DDE concentrations in the models strengthened the association observed in the second and third quartiles of exposure for boys (β = 0.66, 95% CI, 0.05 − 1.27 for Q2 and β = 0.99, 95% CI, 0.38 − 1.61 for Q3) (Table 3, Model 2). Further adjustment for blood chlordecone concentrations at seven years of age decreased the association observed for the cord blood concentrations among boys and reinforced the association among girls (Table 3, Model 3). Linear regression models separately run for each individual adiposity indicator yielded results consistent with those observed with the SEM approach of adiposity (no significant linear association, increased adiposity, particularly in the third quartile relative to the first quartile, with higher effect-sizes for boys) (S-Table 5).Table 3Association between chlordecone concentrations in cord blood and adiposity at seven years of age


	 	Model 1b
	Model 2c
	Model 3d

	Chlordecone in cord blood (µg/L)
	N
	β (95% CI)
	β (95% CI)
	β (95% CI)

	Boys
	173/283a
	 	 	 
	 < 0.075
	40
	0 (ref)
	0 (ref)
	0 (ref)

	0.075—0.212
	45
	0.61 (-0.03; 1.24)
	0.66 (0.05; 1.27)
	0.47 (-0.20; 1.15)

	0.212—0.382
	45
	0.85 (0.22; 1.49)
	0.99 (0.38; 1.61)
	0.65 (-0.01; 1.31)

	 ≥ 0.382
	43
	0.26 (-0.36; 0.88)
	0.35 (-0.25; 0.95)
	0.29 (-0.37; 0.94)

	log10
	173
	0.20 (-0.15; 0.55)
	0.17 (-0.18; 0.52)
	0.21 (-0.15; 0.57)

	Girls
	200/292a
	 	 	 
	 < 0.075
	54
	0 (ref)
	0 (ref)
	0 (ref)

	0.075—0.212
	49
	0.08 (-0.38; 0.53)
	0.16 (-0.29; 0.61)
	0.20 (-0.30; 0.69)

	0.212—0.382
	48
	0.49 (0.04; 0.95)
	0.48 (0.03; 0.92)
	0.65 (0.17; 1.13)

	 ≥ 0.382
	49
	0.31 (-0.16; 0.79)
	0.15 (-0.33; 0.63)
	0.49 (-0.01; 0.99)

	log10
	200
	0.16 (-0.13; 0.45)
	0.15 (-0.14; 0.44)
	0.16 (-0.13; 0.45)


Adiposity is a latent variable defined from the BMI z-score, % Fat Mass, Sum of subscapular and tricipital folds, and Waist-to-Height Ratio, expressed in the same units as the BMI z-scores
Indices of fit (Model 1, exposure in quartiles):
Boys: χ2 p = 0.02; RMSEA = 0.04 95% CI, 0.01- 0.05; CFI = 0.98; GFI = 1; SRMR = 0.01
Girls: χ2 p = 0.21; RMSEA = 0.02 95% CI, 0.00–0.04; CFI = 0.99; GFI = 1; SRMR = 0.01
aMissing cord blood concentrations accounted for by the FIML estimation
bModel 1 was adjusted for: exact age at measurement (months), maternal place of birth (Guadeloupe / Martinique, other Caribbean Islands, Europe), maternal BMI before pregnancy (< 18.5, 18.5 to < 25, 25 to < 30, ≥ 30 kg/m2), maternal level of education (< 5, 5 to < 12, ≥ 12 years), duration of breastfeeding (four categories), time spent exercising per week, time spent watching TV or playing videogames per week, obesogenic dietary habits at seven years of age (four categories), cord blood total lipids (g/L, log10 scale)
cModel 2 is the same as Model 1 but additionally adjusted for cord blood concentrations of PCB153 and pp’-DDE
dModel 3 is the same as Model 1 but additionally adjusted for blood concentrations of chlordecone at age 7 (N = 131 boys and N = 158 girls with blood samples available at birth (cord blood) and at 7 years)



Non-linear modeling of the associations between prenatal exposure as a continuous variable and the global adiposity score using restricted cubic splines (GAM) showed no significant trend (neither linear nor non-linear) (S-Fig. 3).
The results of mediation analyses are graphically presented in S-Fig. 4 to S-Fig. 7. There was no significant indirect effect through any of the intermediate birth outcomes tested.
Finally, no significant associations were observed between chlordecone concentrations at seven years of age as a continuous variable (log10) and adiposity for boys or girls, regardless of the adjustment model (Table 4) (β = -0.07, 95% CI, -0.42 − 0.28 for boys and β = -0.001, 95% CI, -0.29 − 0.29 for girls in Model 1). In the categorical analysis, adiposity tended to be lower in the two upper quartiles of exposure for boys, but without consistent statistical significance.Table 4Association between chlordecone concentrations and adiposity at seven years of age


	 	Model 1b
	Model 2c
	Model 3d

	Chlordecone in blood at 7 years (µg/L)
	N
	β (95% CI)
	β (95% CI)
	β (95% CI)

	Boys
	221/283a
	 	 	 
	 < 0.017
	53
	0 (ref)
	0 (ref)
	0 (ref)

	0.017—0.051
	51
	0.20 (-0.35; 0.74)
	0.12 (-0.36; 0.60)
	0.16 (-0.39; 0.70)

	0.051—0.112
	62
	-0.22 (-0.73; 0.30)
	-0.48 (-0.95; -0.01)
	-0.16 (-0.68; 0.36)

	 ≥ 0.112
	55
	-0.07 (-0.61; 0.46)
	-0.10 (-0.58; 0.38)
	-0.01 (-0.56; 0.53)

	log10
	221
	-0.07 (-0,.42; 0.28)
	-0,09 (-0.38; 0.20)
	-0.08 (-0.43; 0.27)

	Girls
	225/292a
	 	 	 
	 < 0.017
	60
	0 (ref)
	0 (ref)
	0 (ref)

	0.017—0.051
	59
	0.20 (-0.23; 0.62)
	0.28 (-0.12; 0.69)
	0.32 (-0.13; 0.77)

	0.051—0.112
	49
	0.06 (-0.40; 0.51)
	0.01 (-0.41; 0.44)
	0.01 (-0.45; 0.47)

	 ≥ 0.112
	57
	-0.10 (-0.54; 0.33)
	-0.12 (-0.54; 0.30)
	0.01 (-0.44; 0.46)

	log10
	225
	-0.001 (-0.29; 0.29)
	-0,07 (-0.36; 0.22)
	0.01 (-0.28; 0.30)


Adiposity is a latent variable defined from the BMI z-score, % Fat Mass, Sum of subscapular and tricipital folds, and Waist-to-Height Ratio, expressed in the same units as the BMI z-scores
Indices of fit (Model 1, exposure in quartiles):
Boys: χ2 p = 0.02; RMSEA = 0.04 95% CI, 0.02–0.05; CFI = 0.98; GFI = 1; SRMR = 0.01
Girls: χ2 p = 0.06; RMSEA = 0.03 95% CI, 0.00–0.05; CFI = 0.99; GFI = 1; SRMR = 0.01
aMissing blood concentrations at seven years of age accounted for by the FIML estimation
bModel 1 was adjusted for: exact age at measurement (months), maternal place of birth (Guadeloupe / Martinique, other Caribbean Islands, Europe), maternal BMI before pregnancy (< 18.5, 18.5 to < 25, 25 to < 30, ≥ 30 kg/m2), maternal level of education (< 5, 5 to < 12, ≥ 12 years), duration of breastfeeding (four categories), time spent exercising per week, time spent watching TV or playing videogames per week, obesogenic dietary habits at seven years of age (four categories), blood total lipids at 7 years of age (g/L, log10 scale)
cModel 2 is the same as Model 1 but additionally adjusted for blood concentrations of PCB153 and pp’-DDE
dModel 3 is the same as Model 1 but additionally adjusted for cord blood concentrations of chlordecone (N = 131 boys and N = 158 girls with blood samples available at birth (cord blood) and at 7 years)



Discussion
In the Timoun Mother–Child Cohort Study, we examined the association between prenatal and postnatal chlordecone exposure and a global adiposity score in school-age children. We found a non-monotonic association between prenatal exposure to chlordecone, assessed by concentrations in cord blood, and adiposity at seven years of age for both boys and girls. Only the third quartile of prenatal exposure was associated with significantly increased adiposity, more markedly in boys. Further adjustments for PCB-153 and DDE did not change substantially the results. The association was not mediated by the birth weight of the child or his/her status at birth, such as being preterm, SGA, or LGA. The association between postnatal exposure to chlordecone, assessed by concentrations in the children’s blood at seven years of age, and adiposity at the same age tended to be negative among boys, but non-significantly.
The age of the children in the present study (seven years) is a critical period during the process of child growth, as it occurs at the end of the period of adiposity rebound (between five and seven years) and before the onset of puberty. An early adiposity rebound entails higher adiposity at seven years of age and is a risk factor for obesity in later life [59, 60]. Seven years was therefore a relevant age to study the potential effects of prenatal and childhood exposure on early markers of later obesity. We excluded children who had already initiated puberty from the analysis to consider only childhood adiposity not yet affected by the hormonal modifications of puberty.
The non-monotonic relationship we observed between prenatal chlordecone exposure and adiposity (inverted U-shaped curve) was not entirely unexpected, as it is recognized that EDC compounds may exhibit such patterns [61]. In the Timoun Mother–Child Cohort Study, we previously observed a similar non-monotonic association between prenatal chlordecone exposure and birth weight in overweight and obese mothers [30]. Nonetheless, in the present study, a complementary non-linear analysis (spline regression) did not confirm such a non-linear trend. Consequently, the inverted u-shaped association should be interpreted with caution, and we cannot exclude that it may result from a threshold effect resulting from the categorization of the exposure or a chance finding resulting from residual confounding.
While taking this limitation into account, we also observed that the association between prenatal exposure to chlordecone and adiposity at age seven tended to be stronger among boys. Similarly, sex-dependent effects of perinatal exposure to chlordecone have been frequently reported in animal studies, particularly in the development of behavioral and/or neural function, sexual differentiation, and adult weight gain [29, 62]. These differential effects have been attributed to the estrogenic properties of chlordecone. [26]. In the Timoun Mother–Child Cohort Study, we similarly reported that prenatal exposure to chlordecone was associated with poorer fine motor scores at 18 months of age [33] and lower visual contrast sensitivity at seven years of age, [63] preferentially in boys.
Though non-significant, associations between childhood exposure to chlordecone and adiposity tended to be negative among boys. This observation is consistent with experimental studies conducted in rats, in which early post-natal exposure to chlordecone was associated with significant sex-dependent changes in adult body weight, resulting in lighter males relative to females [29]. In the preceding follow-up at 18 months of age, within in a selected subsample of the initial cohort (N = 299), in which children with abnormal birth characteristics (weight, gestational age) or born after pathological pregnancy had been excluded, we showed a significantly elevated BMI to be associated with higher prenatal exposure and a significantly lower BMI with higher early postnatal exposure [31]. Our results at seven years of age suggest a similar pattern, but most of the associations were statistically non-significant. This suggests that the effects observed at earlier ages may be transient and are attenuated with age and exposure to multiple other factors during childhood. It is also possible that adverse medical conditions that had been excluded in the 18 months follow-up (and not at 7 years) may interact with prenatal exposure to chlordecone and adiposity along childhood. However, our mediation analyses of potential intermediate birth outcomes such as birth weight, preterm birth, SGA, and LGA did not show indirect effects of the prenatal chlordecone exposure on adiposity at 7 years.
Mutual adjustment for prenatal and childhood chlordecone concentrations aimed to distengle the effect of exposure during distinct periods of sensitivity. Adjusting for postnatal exposure tended to lower the effect-size of prenatal exposure, particularly in boys. This was partly due to the positive correlation (although moderate or low) between prenatal and postnatal exposures (reflecting common determinants of exposure to chlordecone during pregnancy and childhood) which was higher in boys (rho = 0.15, p = 0.08) than in girls (rho = 0.05, p = 0.57) (data not shown).
As all cohorts, the Timoun cohort study also suffers from attrition (57% of the initial cohort participated in the follow-up at 7 years). In terms of socio-demographic characteristics, the participating mothers at 7 years were younger and more educated than the non-participants, and mothers from other Caribbean origin, or who smoked during pregnancy were under-represented in the participants (S-Table 6). However no difference was observed between participants and non-participants regarding maternal pre-pregnancy BMI, diabetes and HTA, known as predictors of child adiposity. This suggests that the outcome may not be associated with attrition at 7 years, thus the risk of a Missing Not At Random (MNAR) attrition scenario is limited in our study. Moreover, there was no significant difference in the mean levels of cord blood chlordecone concentrations between participants and non-participants (but the third quartile of exposure was over-represented in the participants). Nevertheless, attrition and missing chlordecone measurements at birth and 7 years contributed to limit the power of some of our analyses, in particular those combining prenatal and childhood exposures (Models 3 in Table 3 and Table 4), after sex stratification and categorization of exposure in quartiles. This may have prevented us from showing significant associations with postnatal exposure, despite trends consistent with those observed at earlier ages.
In our cohort, the prevalence of children reported as exposed to maternal smoking and drinking during pregnancy was too low to study the impact of these factors. The low prevalence of smoking is consistent with the low consumption of tobacco in the FWI population, also in pregnant women, compared to Europe [64–66]. However, drinking during pregnancy may be under-declared in our cohort, despite our efforts to collect it twice, at inclusion (during the third trimester) and after delivery (through an interview on diet during pregnancy). As under-declaration may be differential according to the exposure and/or the outcome levels, residual confounding may be present. We did not consider passive smoking during childhood in our main analyses because it was not correlated with cord blood chlordecone concentrations. A posteriori sensitivity analyses (not shown) confirmed that it did not confound the association between exposure to chlordecone in-utero or in childhood with adiposity at 7 years.
The major strengths of the present study include its prospective design and the multidimensional approach to determining adiposity. The gold standard tool to measure fat accumulation is dual-energy X-ray absorptiometry, but its implementation is complex, invasive, and costly in large epidemiological studies. BMI is widely used as a valuable surrogate measure, but shows limitations in differentiating adipose tissue from lean mass, particularly in the intermediate BMI range [67] and in children and adolescents [68, 69]. The WHtR has been proposed as an efficient alternative that better correlates with visceral abdominal fat and metabolic risk factors in children [70–73]. Skinfold thicknesses (sum of triceps, biceps, subscapular, and suprailiac) have also been studied as adiposity indicators that are more representative of subcutaneous fat than BMI [74, 75]. Most of the epidemiological studies that have investigated obesity and being overweight in children in relation to prenatal exposure to environmental chemical contaminants have been based on weight or BMI only. Only a few included other adiposity indicators, such as waist circumference, the sum of skinfolds, or the waist/height ratio [11, 12]. Here, we chose to use an integrative continuous multidimensional variable that reflects global adiposity based on relevant indicators. The consideration of multiple indicators of adiposity was particularly relevant in our study in the French West Indies, where more than 90% of the population is of African ancestry. The association between BMI and other indicators of adiposity has been shown to differ with ethnicity: black children have less body fat than white children for the equivalent levels of BMI adjusted for age [76]. As a consequence, similar BMI levels may represent different levels of obesity-related risk [77]. Our adiposity score was mainly determined by the BMI z-score, which was modulated by other indicators to reflect individual adiposity more accurately. The definition of this score differed slightly across sexes: the adiposity score correlated more highly with fat mass in girls than boys, whereas no differential factor loading was observed for the other adiposity indicators. Finally, from a statistical perspective, this methodological approach of multiple outcomes through SEM prevented us from replicating the analyses for each adiposity indicator and generating multiple testing.
Another strength of our study is the evaluation of exposure based on measurements of the chlordecone concentrations in blood and the consideration of co-exposure to other organochlorine compounds. The half-life of chlordecone in blood is approximately six months in humans [78]. Thus, a single measurement in cord blood can be considered to be reasonably representative of fetal exposure throughout pregnancy. During childhood, such as at seven years of age, a single determination of plasma chlordecone concentrations reflects the body burden under steady-state conditions and integrates all sources of exposure from various absorption pathways, thus providing a confident estimation of exposure over an extended period. However, variations in chlordecone exposure between birth and seven years of age, during early childhood (breastfeeding, diet diversification), may not have been reflected by the single blood measurement at seven years and the associations observed between exposure and adiposity at seven years of age remain cross-sectional. Moreover, the number of children with exposure measurement below the LOD was not negligible (21.4% for cord blood and 28.3% for childhood measurements), and despite multiple imputation, may have limited our ability to estimate with precision the shape of the association with adiposity at low levels of exposure (within the first quartile of exposure).
In the FWI, the general population is exposed to a mixture of environmental pollutants that may interact with chlordecone exposure or confound the association between chlordecone exposure and child adiposity. But chlordecone contamination of FWI populations is exclusively driven by consumption of local foodstuffs, which in turn are less or not contaminated by widespread pollutants commonly found in Western foodstuffs. In our study, blood concentrations of other POPs that are suspected to promote adiposity in children after prenatal exposure (such as PCB-153 or pp’-DDE) were weakly correlated with chlordecone blood levels. Their integration as co-exposures in sensitivity analyses tended to strengthen the associations, and therefore did not change our conclusions. However, we cannot totally exclude that some residual confounding from other chemical co-exposures exists.
Conclusions
Our findings in children aged seven years did not allow us to clearly conclude that exposure to chlordecone during critical windows of development contributes to alter weight homeostasis during childhood, before puberty. Growth data collected during further follow-ups of the Timoun Mother–Child Cohort Study will make it possible to search for a possible impact of chlordecone exposure on obesity at puberty.
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