Prenatal exposure to polybrominated flame retardants and fetal growth
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ABSTRACT
Objectives To investigate the relation between PBDEs and fetal growth or newborn anthropometry.
Design Birth cohort study established in 2004-2007.

Setting Asturias and Valencia, Spain.

Participants 686 mothers and their newborns 
Main outcome measure PBDE congeners (BDE-47, -99, -153, -154 and -209) were determined in the serum of 670 mothers at 12 weeks of pregnancy and 534 samples of umbilical cord serum. Estimated fetal weight (EFW), abdominal circumference (AC), femur length (FL), and biparietal diameter (BPD) during gestation as well as birth weight (BW), birth length (BL), and head circumference (HC) at delivery were all measured. Growth at 12-20 and 20-34 gestational weeks and newborn anthropometry were both assessed by standard deviation (SD) scores adjusted for constitutional characteristics. The relation between PBDE congeners, their sum (ΣPBDEs) and outcomes was studied by multiple linear regression. 
Results An inverse association was found between ΣPBDEs and AC, EFW, and BPD at 20-34 weeks and HC at birth. Regarding congeners, the association was clearer with BDE-99; an inverse association was found with AC, EFW, and BPD at 20-34 weeks, and BW and HC at delivery. Concerning matrices, more robust associations with head size were found when using maternal serum, while the effects on the rest of the parameters were clearer with cord serum. The range of decrease was 1.3-3.5% for each 2-fold increase in PBDE concentrations.
Conclusion PBDEs may impair fetal growth in late pregnancy and be observable at birth. 
What is already know on this subject
PBDE human exposure has recently raised concern due to the endocrine disrupting properties of these substances. The fetal period is one of the most vulnerable stages to the exposure to these chemicals. However, the few studies on PBDE exposure and birth size have failed to yield conclusive results, and no reports have dealt with its possible effects on fetal growth during pregnancy.
What this study adds

This is the first study showing the specific body segments that may be affected by PBDEs during pregnancy and the largest study on newborn size conducted to date. Our results showed a decrease in weight, abdominal circumference and head diameter in late pregnancy associated with PBDEs and these effects were also visible at birth.
INTRODUCTION

Polybrominated diphenyl ethers (PBDEs) are flame retardants commonly used in many types of household and commercial products.1 Humans are exposed to these contaminants via several sources, including diet and indoor environment.2;3 PBDEs can cross the placenta and have been found in cord samples of different birth cohorts worldwide.4 

Even though PBDEs have been widely used for several decades and humans are exposed to them on a daily basis, little is known about their possible effects on development. Thus, epidemiological reports on fetal growth are scarce, have chosen anthropometrical size at birth as a proxy measure of in utero development, and have failed to yield conclusive results. Some of these studies reported an inverse association with birth weight5-8 or length,9 whereas others found no association with anthropometric measures at delivery.10;11 

Fetal growth is a good determinant of perinatal and postnatal health. In fact, the ‘fetal programming’ hypothesis proposed by Barker12 suggests that impaired fetal growth leads to small but permanent deficits in childhood development and is also a risk factor of some chronic diseases in adulthood, such as diabetes, hypertension, and heart disease.13 Consequently, the possible impact of PBDEs on fetal growth is a matter of public concern and more studies are warranted. 
The main aim of the present study is to investigate the relation between maternal and cord concentrations of five PBDE congeners (BDE-47, -99, -153, -154 and -209) and their sum (ΣPBDEs) and growth at 12-20 and 20-34 weeks of pregnancy by using longitudinal fetal ultrasonic measurements and anthropometric measures at birth. This work was undertaken within the INMA (INfancia y Medio Ambiente – Environment and Childhood) Project from Spain. 
MATERIAL AND METHODS

Study design and population

The INMA Project is a mother-and-child cohort study established in different areas of Spain following a common protocol.14 This study included the INMA cohorts of Asturias and Valencia since serum samples were available for PBDE determinations. The Hospital Ethics Committees of each region approved the research protocol, and all mothers gave their written informed consent between November 2003 and June 2007, prior to inclusion. 
A total of 1349 eligible women (≥16 years, singleton pregnancy, enrolment at 10-13 weeks of gestation, non-assisted conception, delivery scheduled at the reference hospital, and no communication handicap) were recruited in the first trimester of pregnancy. Excluding the women who withdrew from the study, were lost to follow-up, and with induced or spontaneous abortions or fetal deaths, 1272 (94%) women were followed up to delivery. 
In the present study, the sample size was 686 mothers and their newborns (Table 1) with at least two valid ultrasounds and samples available for PBDE determinations in maternal (n=670) and/or umbilical cord (n=534) serum. Around 98% of the women from the Asturias cohort were included in the present study and population characteristics did not differ between included and excluded women. A total of 28% of the women from Valencia were selected at random and included in the present study. The lower proportion of Valencia women in the study is due to the lack of serum samples available for PBDE determinations. There were no differences in population characteristics between them either, except in the case of a lower proportion of included mothers with non-rural residence (3%) and not working during pregnancy (12%) compared to non-included women (7% and 19%, respectively, data not shown). 

PBDE exposure assessment

The analytical methods and quality control procedures used in the laboratory have been described elsewhere.15;16 Briefly, concentrations of 14 PBDEs were analyzed using gas chromatography coupled to a mass spectrometer (Detection limit (LOD) range: 0.0006-0.006 ng/mL). In this study, results of those PBDEs with maternal or/and cord concentrations with a detection frequency >50% (BDE-47, -99, -153, -154 and -209) were presented. The laboratory complies with the Arctic Monitoring and Assessment Program (AMAP) for persistent organic pollutants in human serum (Centre de Toxicologie, Institut National de Santé Publique du Québec). 
Enzymatic techniques were used to determine total cholesterol and triglycerides, and total serum lipid concentrations were calculated as described by Phillips.17 Means (standard deviations [SDs]) of total lipid contents in maternal (n=473) and cord (n=486) serum were 5.8 (1.26) and 2.6 (0.51) mg/mL, respectively. We used individual total lipid values to calculate PBDE concentrations on a lipid content basis. 
Fetal outcomes
Specialized obstetricians performed ultrasound examinations in routinely scheduled antenatal care visits in gestational weeks 12, 20 and 34. We also had access to any other ultrasound scans performed during pregnancy at the same hospital. From 2 to 8 valid ultrasound measurements were obtained per subject between the 7th and 41st weeks of gestation. Gestational age was based on the self-reported date of the last menstrual period, but an estimation based on an early crown–rump length measurement was considered if the self-reported and estimated dates differed by ≥7 days.18 Women with a difference of ≥3 weeks were excluded from the study (n=8). Data outside the range of the mean ±4 SDs for each gestational age were also eliminated to avoid the influence of extreme values (n≤5 for all parameters).
Fetal measures were abdominal circumference (AC), biparietal diameter (BPD) and femur length (FL). Additionally, estimated fetal weight (EFW) was calculated using the Hadlock algorithm.19 Linear-mixed models20 were used separately in each cohort to obtain longitudinal growth curves for each outcome. Models were adjusted for constitutional factors known to affect fetal growth (maternal height, age, parity, country of origin and pre-pregnancy weight, father’s height and fetal gender).

Fetal curves were used to calculate conditional SD scores for 12-20 and 20-32 weeks of gestation, which describe the growth of a fetus during these time intervals, i.e., the size at the final time point is evaluated using conditional mean and SD values based on the size at the initial time point. Information on fetal growth modeling has been reported previously.21
Newborn outcomes

Newborns were weighed (g) at birth by the midwife in the delivery room, and the length (cm) and head circumference (cm) were measured within the first 12 hours of life by a nurse in the hospital ward. Outcome variables were gestational age SD scores for birth weight (BW), birth length (BL) and head circumference (HC) at delivery based on the constitutional growth potential. SD scores were calculated according to a customized model that takes into account maternal variables (preconception weight, height and parity), paternal variables (height) and newborn variables (sex and gestational age at birth).22
Other covariates

At weeks 10-13 and 28-32 the pregnant women completed two detailed in-person questionnaires on anthropometric and socio-demographic characteristics and life style variables, and two semi-quantitative food frequency questionnaires (FFQs), as further described elsewhere.23 
The following maternal variables were a priori considered to be included in the models: age (years), height (cm), pre-pregnancy body mass index (BMI, Kg/m2), zone of residence (rural and non-rural), country of origin (Spain and others), education (up to primary, secondary, and university studies), employment during pregnancy (yes and no), social class defined according to the most privileged occupation during pregnancy of the mother or the father using a widely employed Spanish adaptation of the international ISCO88 coding system (class I: managerial jobs, senior technical staff, and commercial managers; class II: skilled non-manual workers; and class III: manual workers), parity (none and ≥1 births), consumption of tobacco at the beginning of pregnancy (yes and no), passive smoking in at least two environments from among the home, workplace and restaurants/leisure areas (yes and no), season of last menstrual period, carpets at home (yes and no), curtains at home (yes and no), type of mattress (foam, box spring, latex, and other types), frequency of housekeeping (<1, 1 and >1 times/week), vacuum cleaner use (<1, 1 and >1 times/week), resident density, number of hours per week of television use, previous lactation (none, <6 months, and ≥6 months), total energy intake (Kcal/day), beverages containing alcohol (yes and no), and intake of eggs, oils and fats, seafood, and meat products (all expressed in servings/week). We also considered paternal height (cm) and BMI (Kg/m2), as well as the gender of the fetus. 

Statistical analysis 

For descriptive purposes, we present numbers and percentages for categorical variables, and means and SDs for continuous variables. Percentiles (P) 25, 50 and 75 are presented for PBDEs. Contaminant concentrations were expressed in pg/mL or ng/g lipid, the latter for comparison with the literature. We used cohort-adjusted Pearson’s partial correlations to describe pairwise relationships between levels of lipids and PBDEs (both log2-transformed) in either maternal or cord serum. PBDE and lipid concentrations were log2-transformed, since their distributions were skewed to the right. 
We conducted multivariate linear regression analyses to study the relation between maternal or cord log2(PBDE) serum concentrations (on a wet-weight basis) and fetal growth or newborn anthropometry. Firstly, we built a core model for each SD score and each exposure window by using the significant covariates at the p<0.2 level in crude analyses (only adjusted by cohort) as possible predictors. Variables not related at p<0.1 using the F test were excluded following a backward procedure. Each exposure variable was then incorporated and potential confounders were added and retained in the final models if the contaminant coefficient changed by >10% after inclusion of this variable. Any possible confounder was previously selected if variables were associated with log2(PBDE) concentrations at the p<0.2 level in Tobit regression analyses. Finally, the homoscedasticity and normality of regression residuals was assessed, and extreme outliers (studentized residuals ≥4) or highly influential observations (Cook's distance >0.5) were excluded from the main analyses. 
We used multiple imputation with chained equations24 to deal with missing values in covariates and with values <LOD in PBDEs (thus avoiding the fixed imputation of LOD/2 by assuming a log-normal distribution of the contaminants and conditioning the imputation to the range [0, LOD]). A total of 50 complete datasets were generated by using the mice package for R.25 To impute PBDE values <LOD, we defined an additional function for bootstrap multiple imputation of interval censored variables.26 Final models were replicated in the multiple imputed datasets, and estimates on each dataset were combined using Rubin’s rules for multiple imputation.27 Parameter estimates were expressed as the % of change in the outcome with respect to the mean, and its 95% confidence interval (CI) associated with a 2-fold increase in PBDE concentrations.
We performed different sensitivity analyses to evaluate the robustness of the results. Firstly, we compared models of PBDEs using multiple imputation (the main analysis of our study) to models of complete data (which is the analysis replacing PBDE values <LOD with 1/2LOD value, and excluding cases with missing values in the covariates). In PBDE models of multiple imputation, four more analyses were re-run: i) including gestational weight gain (classified according to the recommendations of the Institute of Medicine: low, recommended and high28), since this variable may be associated with PBDE concentrations,29 ii) adding lipid levels (as a separate term in order to elude potential biases due to lipid standardization30), and including either iii) the sum of three polychlorinated biphenyls (∑PCBs: PCB 138, 153 and 180), or iv) hexachlorobenzene (HCB) measured in maternal or cord serum, both of which showed an association with fetal growth in a previous analysis (Lopez-Espinosa et al. submitted). Lipid levels were also included in the multi-pollutant analyses. 
We used the statistical software R 2.15.3 (R Foundation for Statistical Computing, Vienna, Austria; http://www.R-project.org) for all statistical analyses. Where associations are referred to as statistically or marginally significant associations, this implies a p-value<0.05 or p-value<0.1, respectively.
RESULTS

Study population characteristics

Table 1 shows the socio-demographic characteristics of the study population. Most of the women (94%) were born in Spain, 32% smoked at the beginning of their pregnancy, 59% were primiparous and the mean age was 31 (SD: 4.6) years.  

PBDE concentrations and Pearson’s correlations between PBDEs and lipids
Table 2 shows the descriptive analyses of the contaminants. Congeners were above LOD in a range from 40-90%, except BDE-154 (25.3%) and BDE-209 (27.5%) in cord serum. BDE-153 and -154 were the most commonly detected congeners (90.2% and 81.0%, respectively) in maternal serum. Congener frequency of detection in the cord serum samples tended to decrease at higher numbers of bromine substituents. Total PBDE medians in maternal and cord samples were 57 and 18.9 pg/mL (10.7 and 7.5 ng/g lipid), respectively. Median concentrations of all congeners were lower in umbilical cord than in maternal serum when reported on a fresh weight basis, except in the case of BDE-47 (Table 2).
Table 2 also shows the Pearson’s correlations between log2(PBDE) and log2(lipid) levels in both matrices. Due to the lack of information on lipid levels for all samples (29% and 9% of missing values in maternal and cord samples) and the lack of statistically significant correlations between contaminants and lipids (adjusted by cohort), except in the case of cord BDE-99 (r= -0.09; p=0.04), the main analyses were not adjusted for lipid content. However, we did conduct sensitivity analyses including this variable (Figures 2-3) to make them comparable with previous studies. 
PBDE exposure and fetal and newborn size 
Figure 1 shows the association between maternal and cord serum log2(PBDE) concentrations and SD scores of fetal growth at 12-20 and 20-34 weeks of gestation and anthropometric measures at birth. Results are expressed as % of change (95% CI) for a 2-fold increase in PBDE concentrations. 
An inverse association was found between cord ΣPBDEs and AC (-2.9%[-4.8, -0.9]), and EFW (-2.6%[-4.5, -0.6]) at 20-34 gestational weeks. Although inverse, no statistically significant association was observed with BW. Maternal ΣPBDEs were also statistically inversely associated with BPD at 20-34 weeks (-3.5%[-6.1, -0.9]) and HC at birth (-2.9%[-5.5, -0.3]) (Figure 1). 

Regarding individual congeners, statistically significant associations were found with BDE-99 following similar patterns to those of ΣPBDEs. Thus, higher cord BDE-99 concentrations were associated with lower AC (-1.9%[-3.5, -0.4]), and EFW (‑1.8%[‑3.4, -0.2]) at 20-34 weeks. At birth, maternal BDE-99 was associated with decreases in BW (-1.4%[-2.7, -0.2]). There was also a statistically significant association between maternal BDE-99 and reductions in BPD at weeks 20-34 (‑1.3%[‑2.5, -0.02]) and HC at delivery (-2.1%[-3.4, -0.8]). Additionally, cord BDE-47, -153 and -209 concentrations were marginally associated (p<0.10) with AC at 20-34 gestational weeks and cord BDE-153 with EFW at 20-34 weeks of gestation. Maternal BDE-47 concentrations were also marginally associated with EFW at 20-34 weeks of gestation and with HC at delivery (Figure 1).

Figure 2 shows the sensitivity analysis between ∑PBDEs and outcomes. The estimates of the complete case analysis (i.e. analysis replacing PBDE values <LOD with half the LOD value, and excluding cases with missing values in the covariates) were quite similar to those of the main analysis (i.e. multiple imputation) when maternal serum was used as a matrix of PBDE exposure. CIs of the complete case analysis were slightly wider in the case of cord serum. In addition, the magnitude of estimations did not change substantially after adjusting the main analysis for gestational weight gain or lipids or other OCs plus lipids (Figure 2). Figure 3 also shows these sensitivity analyses for individual congeners associated with outcomes at p-value<0.1 in the main analysis. Results were also similar in all cases except for the complete case analysis, where the magnitudes of decrease in all parameters were somewhat stronger. 
DISCUSSION
Our results suggest an inverse association between PBDEs and outcomes that estimate fetal weight, abdominal circumference and head diameter in late pregnancy and these effects were visible at birth for the head and to a lesser extent for weight. The effects at different points of time in the pregnancy and at birth should be compared with caution since the characteristics measured are not exactly the same. Concerning matrices, we found more robust associations with head size when using maternal serum, while the effects on the rest of the parameters were clearer with cord serum. 
In the present study, cord concentrations of ∑PBDEs were associated with decreases in weight at 20-34 weeks of gestation. Regarding congeners, the association was clearer with BDE-99, since we found an inverse association between cord concentrations of this congener and weight at 20-34 weeks, and between maternal BDE-99 and weight at birth. To our knowledge, there are no previous studies assessing fetal growth by using ultrasound data with which to compare our results, but the findings of preceding studies on newborn reproductive outcomes have a certain consistence with the results found here. Previously, BDE-47, -99, -100 and -153 were the most repeatedly studied congeners. Among them, BDE-99 followed by -47 were the most frequently associated with weight at birth. Thus, previous research has shown that concentrations of BDE-47 and -99 were higher in the milk of Taiwanese mothers whose newborns weighed ≤3.05 Kg at birth compared to the rest (n=20).6 In this study, BDE-209 was also investigated and a significant association with this outcome emerged as well. Concentrations of BDE-47 and -99 at 26 weeks of pregnancy in South California (n=286),5 and cord BDE-99 in Canada (n=97)8 were also associated with decreases in weight at birth. In the first of these two studies, associations with these contaminants were slightly reduced and were no longer statistically significant after adjusting for maternal weight gain, as was the case in the present study. Finally, a Swedish study (n=413) also found an inverse association between the sum of BDE-47, ‑99, -100 and ‑153 in milk and birth weight after adjusting for gestational length, but analyses with individual congeners were not presented.7 In contrast, two other studies performed in Indianapolis, USA (n=12)10 and Western Australia (n=164)11 did not find a statistical significant association with this outcome. 
Maternal ∑PBDE concentrations, especially BDE-99, were inversely associated with decreases in head diameter at 20-34 weeks of gestation and at birth. Two previous studies have evaluated this potential link, and although the direction of the associations was negative, none was statistically significant with head circumference at delivery.5;6  

Higher PBDE concentrations were not associated in a statistically significant way with drops in FL. One6 out of the three5;31 previous studies measuring the impact of these compounds on birth length found a significant association between higher milk BDE-99 and -209 concentrations of mothers whose newborns had a birth length ≤50 cm, although the size of the sample used in the study was small (n=20).
Regarding concentrations, we found statistically significant associations at lower concentrations compared with previous studies. Thus, maternal BDE-99 serum concentrations were lower in the present study (median: 1.14 ng/g lipid) than in Canadian and US studies (median range: 3.85-17.9 ng/g lipid)11 and slightly higher than in an Australian report (median: 0.88 ng/g lipid).24
Possible biological mechanisms underlying the effects of PBDE on fetal growth are not known, but could involve impairments in the endocrine system, since these contaminants may alter human levels of insulin-like growth factors and thyroid hormones during pregnancy32-35, which play vital roles in fetal growth and development.

Preceding studies in other birth cohorts concluded that slower growth in weight and head from mid to late pregnancy was a predictor of a higher risk of delayed infant development regardless of postnatal growth.36 In addition, infants with poor prenatal head growth were at a higher risk of impairment of brain development.13 Finally, fetal growth retardation may also be associated with adverse health effects later in life, such as childhood obesity and cardiovascular diseases.37 
There are some shortcomings in the present study that should be considered. One is the possibility of selection bias due to the inclusion criteria, but at the same time this criterion is aimed at obtaining a more homogeneous population and reducing the potential for confounding. Additionally, we did not observe any significant differences in the main study variables between the excluded women belonging to the cohort and the sub-sample included in the present study, with only a slightly more frequent proportion of mothers excluded from the Valencia cohort with a rural residence and without a job during pregnancy. Finally, due to the high number of statistical tests conducted, there is the possibility of potential random associations. The estimates of the coefficients and their confidence intervals should be taken as a global picture of the pattern of the relations between the variables involved in the study.5;8  
To the best of our knowledge, this is the first report on the relation between serum PBDE concentrations and fetal growth during pregnancy, and the largest study on newborn size conducted to date. The availability of information on fetal growth during pregnancy and at delivery is an advantage, since reproductive outcomes at birth may be indirect delayed measures of growth that are unable to identify critical periods within gestation.28 Other important advantages are the use of repeated measurements of fetal growth and the use of models adjusted for maternal and fetal constitutional factors in order to compare the expected versus real growth of each fetus. Other strengths are the prospective design, low rate of drop-outs from recruitment to delivery, individual information on potential confounders, the use of multiple imputation to deal with undetected values in the exposure variables and missing values in the covariates,38 and the adjustment for other contaminants. Finally, PBDE concentrations in two different matrices collected at two different moments were available in this study. 
CONCLUSIONS 
Our results showed a decrease in weight, abdominal circumference and head diameter in late pregnancy associated with PBDEs and these effects were also visible at birth (range of decrease: 1.3-3.5% for each 2-fold increase in PBDE concentrations). There are no previous studies with which to compare our results but our findings suggest the possible existence of special vulnerability windows of exposure to these contaminants at the end of pregnancy. Regarding birth size, our results match the findings of some previous studies as regards a possible inverse association between PBDEs and weight at delivery. PBDE concentrations in serum were, in general, lower than in previous studies. Only a limited amount of data has been published on head dimensions and length that can be contrasted with our results. More studies on this topic are therefore warranted. 
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Table 1. Characteristics of the study population, INMA Project, (Spain), 2003-2007
	Variables
	Asturias

(n=467)
	Valencia

(n=219)
	Whole population

(n=686)

	Maternal characteristics
	
	
	

	Age (years): Mean±SD
	31.5±4.4
	29.7±4.7
	30.9±4.6

	Height (cm): Mean±SD
	162.3±6.1
	161.8±6.7
	162.2±6.3

	BMI (Kg/m2): Mean±SD 
	23.9±4.3
	24.0±4.6
	23.9±4.4

	Gestational weight gain: n(%)a
	170(37.4)
	85(39.7)
	255(38.1)

	Born in Spain: n(%)
	450(96.4)
	195(89.0)
	645(94.0)

	Up to primary school: n(%) 
	85(48.2)
	78(35.6)
	163(23.8)

	Working in pregnancy: n(%)
	339(72.6)
	193(88.1)
	532(77.6)

	Lowest social class: n(%)         
	216(46.4)
	109(49.8)
	325(47.4)

	Rural residence: n(%) 
	59(12.6)
	6(2.7)
	65(9.5)

	Primiparous: n(%)           
	287(61.5)
	121(55.3)
	408(59.5)

	Smoking: n(%)b
	125(28.4)
	83(38.2)
	208(31.7)

	Passive smoking: n(%)
	213(48.4)
	155(72.8)
	368(56.4)

	Alcohol consumption: n(%)   
	29(6.3)
	36(16.4)
	65(9.5)

	Paternal characteristics 
	
	
	

	Height (cm): Mean±SD
	175.4±6.9
	175.8±7.1
	175.5±6.9

	BMI (Kg/m2): Mean±SD
	26.6±3.5
	26.0±3.4
	26.4±3.5

	Child characteristics
	
	
	

	Gender (male): n(%)
	249(53.3)
	123(56.2)
	372(54.2)

	BW (g): Mean±SD
	3271.0±475.8
	3291.4±479.1
	3277.6±476.6

	BL (cm): Mean±SD
	49.7±2.1
	50.4±2.1
	49.9±2.2

	HC at birth (cm): Mean±SD
	34.3±1.5
	34.2±1.5
	34.2±1.5


BMI: pre-pregnancy body mass index; BW: birth weight; BL: birth length; HC: head circumference.
aAdequate gestational weight gain according to the recommendations of the Institute of Medicine.

bAt week 12 of pregnancy. 

Table 2. PBDE concentrations and Pearson's correlations between PBDEs (pg/mL) and lipids (mg/mL) in the INMA Project, 2003-2007 (Spain)
	PBDE


	>LOD
	Concentration 

(pg/mL)
	Concentration 

(ng/g lipid)
	Correlations between PBDEs and lipids

	
	(%) 
	P25
	P50
	P75
	P25
	P50
	P75
	r
	p

	Maternal serum 
	n=670
	n=473
	n=473

	BDE-47
	40.3
	<LOD
	<LOD
	10.71
	<LOD
	<LOD
	2.01
	-0.03
	0.49

	BDE-99
	57.9
	<LOD
	6.55
	16.74
	0.22
	1.14
	3.19
	-0.03
	0.47

	BDE-153
	90.2
	7.34
	12.48
	21.19
	1.18
	2.19
	3.68
	0.05
	0.25

	BDE-154
	81.0
	3.96
	9.96
	22.07
	0.65
	1.91
	4.09
	-0.01
	0.89

	BDE-209
	47.8
	<LOD
	<LOD
	17.24
	<LOD
	<LOD
	3.22
	0.01
	0.82

	∑PBDEs
	-
	33.70
	57.05
	98.93
	6.28
	10.74
	19.13
	0.01
	0.87

	Umbilical cord serum 
	n=534
	n=486
	n=486

	BDE-47
	59.0
	<LOD
	4.43
	11.55
	<LOD
	1.73
	4.73
	-0.02
	0.65

	BDE-99
	51.7
	<LOD
	2.82
	8.85
	<LOD
	1.05
	3.80
	-0.09
	0.04

	BDE-153
	50.4
	<LOD
	1.42
	5.20
	<LOD
	0.56
	2.10
	0.05
	0.30

	BDE-154
	25.3
	<LOD
	<LOD
	1.42
	<LOD
	<LOD
	0.76
	0.06
	0.16

	BDE-209
	27.5
	<LOD
	<LOD
	6.81
	<LOD
	<LOD
	2.79
	0.01
	0.81

	∑PBDEs
	-
	9.05
	18.89
	41.94
	4.00
	7.51
	17.52
	0.004
	0.93


LOD: detection limit; P: percentile; PBDE: polybrominated diphenyl ether; r: Pearson’s coefficient adjusted for cohort; ∑: sum.  
Figure 1. Association between prenatal PBDE concentrations and fetal growth or newborn size in the INMA Project, 2003-2007 (Spain)
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Footnotes: AC: abdominal circumference; BL: birth length; BPD: biparietal diameter; BW: birth weight; EFW: estimated fetal weight; FL: femur length; HC: head circumference; PBDE: polybrominated diphenyl ether; ∑: sum. 

% change in fetal (shaded white) or newborn (shaded gray) measures associated with a 2-fold increase in PBDE concentrations. 

+ p-value<0.1; * p-value<0.05; ** p-value<0.01.

Figure 2. Sensitivity analysis of the association between prenatal concentrations of ∑PBDEs and fetal growth or newborn size in the INMA Project, 2003-2007 (Spain)
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Footnote: AC: abdominal circumference; BL: birth length; BW: birth weight; BPD: biparietal diameter; EFW: estimated fetal weight; HC: head circumference; HCB: hexachlorobenzene; FL: femur length; ∑PCBs: sum of PCB 138, 153 and 180; ∑PBDEs: sum of polybrominated diphenyl ethers.
Main analysis: results from multiple imputation; Complete case: excluded cases with missing values in covariates and fixed imputation of values <LOD in PBDEs with LOD/2; Gestational weight gain: main analysis adjusted for this variable; Lipids: Main analysis adjusted for lipid levels; ∑PCBs + lipids or HCB + lipids: Main analysis adjusted for either ∑PCBs or HCB and lipids. 
% change in fetal (shaded white) or newborn (shaded gray) measures associated with a two-fold increase in ∑PBDE concentrations. 
Figure 3. Sensitivity analysis of the association between prenatal concentrations of individual PBDE congeners and fetal growth or newborn size in the INMA Project, 2003-2007 (Spain). Only models with a p-value<0.1 in the main analysis were selected.
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Footnote: AC: abdominal circumference; BL: birth length; BW: birth weight; BPD: biparietal diameter; EFW: estimated fetal weight; HC: head circumference; HCB: hexachlorobenzene; FL: femur length; ∑PCBs: sum of PCB 138, 153 and 180; PBDE: polybrominated diphenyl ether.
Main analysis: results from multiple imputation; Complete case: excluded cases with missing values in covariates and fixed imputation of values <LOD in PBDE with LOD/2; Gestational weight gain: main analysis adjusted for this variable; Lipids: Main analysis adjusted for lipid levels; ∑PCBs + lipids or HCB + lipids: Main analysis adjusted by either ∑PCBs or HCB and lipids. 

% change in fetal (shaded white) or newborn (shaded gray) measures associated with a 2-fold increase in ∑PBDE concentrations. 
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