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A B S T R A C T

Background and aims: There is evidence that endocrine disrupting chemicals (EDCs) have developmental effects
at environmental concentrations. We investigated whether some EDCs are associated with the adverse birth
outcome Small for Gestational Age (SGA).
Methods: We used PCB 153, p,p'-DDE, HCB, PFOS and PFOA measured in maternal, cord blood or breast milk
samples of 5446 mother-child pairs (subset of 693 for the perfluorinated compounds) from seven European birth
cohorts (1997–2012). SGA infants were those with birth weight below the 10th percentile for the norms defined
by gestational age, country and infant's sex. We modelled the association between measured or estimated cord
serum EDC concentrations and SGA using multiple logistic regression analyses. We explored effect modification
by child's sex and maternal smoking during pregnancy.
Results: Among the 5446 newborns, 570 (10.5%) were SGA. An interquartile range (IQR) increase in PCB 153
was associated with a modestly increased risk of SGA (odds ratio (OR) of 1.05 [95% CI: 1.04–1.07]) that was
stronger in girls (OR of 1.09 [95% CI: 1.04–1.14]) than in boys (OR of 1.03 [95% CI: 1.03–1.04]) (p-interac-
tion= 0.025). For HCB, we found a modestly increased odds of SGA in girls (OR of 1.04 [95% CI: 1.01–1.07] per
IQR increase), and an inverse association in boys (OR of 0.90 [95% CI: 0.85–0.95]) (p-interaction= 0.0003).
Assessment of the HCB-sex-smoking interaction suggested that the increased odds of SGA associated with HCB
exposure was only in girls of smoking mothers (OR of 1.18 [95% CI: 1.11–1.25]) (p-interaction=0.055). Higher
concentrations of PFOA were associated with greater risk of SGA (OR of 1.64 [95% CI: 0.97–2.76]). Elevated
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PFOS levels were associated with increased odds of SGA in newborns of mothers who smoked during pregnancy
(OR of 1.63 [95% CI: 1.02–2.59]), while an inverse association was found in those of non-smoking mothers (OR
of 0.66 [95% CI: 0.61–0.72]) (p-interaction=0.0004). No significant associations were found for p,p'-DDE.
Conclusions: Prenatal environmental exposure to organochlorine and perfluorinated compounds with endocrine
disrupting properties may contribute to the prevalence of SGA. We found indication of effect modification by
child's sex and smoking during pregnancy. The direction of the associations differed by chemical and these effect
modifiers, suggesting diverse mechanisms of action and biological pathways.

1. Introduction

A suboptimal intra-uterine environment can affect fetal growth and
contribute to the risk of developing adult diseases (Barker, 1998). The
fetus depends on an accurate hormone balance for its development
(Diamanti-Kandarakis et al., 2009). Concern has risen since several
endocrine disrupting chemicals (EDCs), particularly those with estro-
genic activity, are suspected of disrupting the programming of endo-
crine signaling pathways during development (Newbold, 2011). Ma-
ternal exposure to EDCs has been associated with fetal growth (de Cock
and van de Bor, 2014; Tang-Peronard et al., 2011). During gestation,
fetuses are exposed to the accumulated maternal body burden of per-
sistent organic pollutants with endocrine properties, including: poly-
chlorinated biphenyls (PCBs), dichlorodiphenyldichloroethylene (p,p'-
DDE), hexachlorobenzene (HCB), perfluorooctane sulfonate (PFOS) and
perfluorooctanoic acid (PFOA). Despite regulatory measures and due to
their long half-lives, these compounds are still ubiquitous in the en-
vironment and detected in a variety of human tissues and fluids
(Malisch and Kotz, 2014). The human elimination half-lives of PCB 153,
p,p'-DDE, HCB, PFOS and PFOA are>10 years (Ritter et al., 2011),
~5 years (Ferreira et al., 2011), ~6 years (To-Figueras et al., 2000),
~5 years (Olsen et al., 2007), and 3.5 years (Olsen et al., 2007), re-
spectively. Due to their high lipophilicity (organochlorine compounds)
or amphoteric properties (perfluorinated compounds) these compounds
are transported via the placenta to the fetus and can also reach the
infant through maternal milk (Stefanidou et al., 2009; WHO/UNEP,
2013).

Up to date, most epidemiological studies have investigated asso-
ciations between EDCs and birth weight or other continuous measures
like birth length, head circumference, gestational age, and most of them
reported significant inverse associations, i.e. lower birth weight, birth
length and head circumference for increased EDC concentrations, in-
cluding HCB (Eggesbo et al., 2009), PCBs (Govarts et al., 2012) and
perfluorinated compounds (Bach et al., 2015; Johnson et al., 2014).
However, there is much variation in studies reporting on these asso-
ciations with several studies observing no significant association
(Berkowitz et al., 1996; Gladen et al., 2003; Khanjani and Sim, 2006;
Longnecker et al., 2005; Wolff et al., 2007). Moreover, although birth
weight is accurately measured, its interpretation is not always obvious
(EURO-PERISTAT, 2013). Investigating infants born small for gesta-
tional age (SGA) has advantages since it is a clinical outcome, and
therefore has clear implications for public health (Lee et al., 2013).
Only a few studies, have looked at the association of EDCs and SGA
(Basterrechea et al., 2014; Eggesbo et al., 2009; Lauritzen et al., 2017;
Longnecker et al., 2005; Manzano-Salgado et al., 2017). Longnecker
et al. (Longnecker et al., 2005) found a significant positive association
of PCBs with SGA while no significant association was found for birth
weight. The HUMIS cohort found a positive association close to sig-
nificance of HCB with SGA (Eggesbo et al., 2009), while Basterrechea
et al. (Basterrechea et al., 2014) found no significant association for
HCB. In a recent Scandinavian study, prenatal exposure to PFOA, PCB
153 and HCB were significantly associated with higher odds for SGA
(Lauritzen et al., 2017). Manzano-Salgado et al. (Manzano-Salgado
et al., 2017) found no significant associations between some per-
fluorinated compounds and SGA, whereas PFOS exposure was asso-
ciated with low birth weight in boys.

In the present study, we harmonized and pooled data from seven
European birth cohorts with organochlorine measures and four of them
with measures of the perfluorinated compounds, providing a large
study sample to investigate the association between the selected EDCs
and SGA. This allowed us to examine the hypothesis that EDCs influ-
ence fetal growth.

2. Methods

2.1. Description of cohorts

Within the EU-FP7 OBELIX project, five European birth cohorts
were available for our pooled analysis: FLEHS I and II (FLemish
Environment and Health Study), HUMIS (HUman Milk Study), LINC
(LInking EDCs in maternal Nutrition to Child health) and PCB cohort of
Flanders, Norway, The Netherlands and Slovakia respectively. We in-
vited two additional cohorts, INMA (INfancia y Medio Ambiente;
Environment and Childhood) (Spain) and PELAGIE (Endocrine dis-
ruptors: longitudinal study on pathologies of pregnancy, infertility and
childhood) (France), resulting in seven European birth cohorts. Cohort
participants were sampled from the general population and included
births from 1997 to 2012. The INMA cohort was considered as two
populations based upon the matrix (one available per child) used for the
EDC measurements (maternal or cord serum). This makes a total of 8
study populations. Our study population sample was restricted to live-
born singleton births, with available exposure levels and information on
at least one birth outcome. In total, we used EDC measurements from
5446 women. Table 1 lists cohort characteristics, while Supplemental
Material, Table S1 contains cohorts' descriptions and references. Each
cohort study was approved by the national ethical committee. Mothers
provided written informed consent prior to participation.

2.2. Exposure assessment

All cohorts provided concentrations from the selected exposure
markers if available. PCB 153 was selected as a marker of overall ex-
posure to PCBs (used in many industrial applications), since it is the
most abundant congener (Hagmar et al., 2006) and highly correlated
with most of the congeners, p,p'-DDE because it is the most persistent
metabolite of the widely used insecticide DDT (Agency for Toxic
Substances and Disease Registry (ATSDR), 2002), and HCB, another
organochlorine pesticide widely used as fungicide. PFOS and PFOA
were included as markers for exposure to the perfluorinated compounds
which are used as fluorosurfactants in consumer products such as te-
flon, stain-resisting fabrics and fire-fighting foams. Information on
chemical-analytical methods and their limits of detection/quantifica-
tion (LODs/LOQs) together with the lipid analysis method of the sam-
pled matrices is given in the Supplemental Material, p.6–7 and Table
S2. Concentrations below the LOD/LOQ were replaced with LOD/LOQ
divided by 2 (Hornung and Reed, 1990). Cohorts with ≥50% of
samples below the LOD/LOQ for an exposure biomarker were excluded
from the analysis of that exposure biomarker.

Since cord serum levels are considered the best proxy of organo-
chlorine exposure during fetal life (Korrick et al., 2000), we estimated
the equivalent concentrations in cord serum from the concentrations
measured in maternal serum or breast milk.
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Table 1
Characteristics of the 8 study populations.

Characteristics FLEHS I
(Belgium,
2002–2004)

FLEHS II
(Belgium,
2008–2009)

HUMIS
(Norway,
2002–2006)

INMA cord
(Spain,
1997–2008)

INMA mat
(Spain,
2004–2008)

LINC
(The Netherlands,
2011–2012)

PCB cohort
(Slovakia,
2002–2004)

PELAGIE
(France,
2002–2006)

Na 1105 242 440 1287 860 84 1034 394
Small for gestational age
Yes 113 (10.2%) 17 (7.0%) 60 (13.6%) 129 (10.0%) 91 (10.6%) 4 (4.8%) 127 (12.3%) 29 (7.4%)
No 992 (89.8%) 225 (93.0%) 380 (86.4%) 1158 (90.0%) 769 (89.4%) 80 (95.2%) 907 (87.7%) 365 (92.6%)

Birth weight (g) 3390
(1245–5575)

3530
(2175–4950)

3614
(2015–5100)

3250
(1200–4880)

3290
(770–4785)

3600
(2130–4950)

3350
(950–5060)

3370
(1070–4760)

Gestational Age (GA)
(weeks)

39
(31–42)

40
(34–42)

40
(35–44)

40
(30–42)

40
(28–42)

40
(34–42)

40
(30–43)

40
(27–42)

Determination of GA
1st day last
menstruation

964 (74.9%) 84 (100%) 1034 (100%)

Ultrasound 394 (100%)
Combination 440 (100%) 323 (25.1%) 860 (100%)
Missing (%) 100% 100% 0% 0% 0% 0% 0% 0%

Term
Preterm
(< 37weeks)

38 (3.4%) 5 (2.1%) 10 (2.3%) 52 (4.0%) 29 (3.4%) 3 (3.6%) 25 (2.4%) 10 (2.5%)

Term (37–42weeks) 1067 (96.6%) 237 (97.9%) 406 (92.3%) 1217 (94.6%) 822 (95.6%) 81 (96.4%) 1007 (97.4%) 384 (97.5%)
Over term
(> 42weeks)

0 (0%) 0 (0%) 24 (5.5%) 18 (1.4%) 9 (1.1%) 0 (0%) 2 (0.2%) 0 (0%)

Child gender
Boy 577 (52.2%) 126 (52.1%) 227 (51.6%) 676 (52.5%) 427 (49.7%) 50 (64.1%) 526 (50.9%) 200 (50.8%)
Girl 528 (47.8%) 116 (47.9%) 213 (48.4%) 611 (47.5%) 433 (50.4%) 28 (35.9%) 508 (49.1%) 194 (49.2%)
Missing (%) 0% 0% 0% 0% 0% 7.1% 0% 0%

Maternal age at delivery
(years)

29.6
(18.1–44.0)

30.2
(18.2–42.4)

29
(16–42)

31.1
(16.7–44.5)

31.8
(17.8–43.8)

31.3
(23.1–40.4)

25.5
(17.9–44.9)

30.4
(20.1–44.9)

Missing (%) 0.5% 0% 0% 1.2% 0.1% 6.0% 0.8% 0%
Maternal age at delivery

<25 years 157 (14.3%) 27 (11.2%) 73 (16.6%) 107 (8.4%) 35 (4.1%) 5 (6.3%) 477 (46.5%) 33 (8.4%)
25 < 30 years 425 (38.7%) 89 (36.8%) 176 (40.0%) 398 (31.3%) 234 (27.2%) 22 (27.9%) 339 (33.0%) 150 (38.1%)
30 < 35 years 404 (36.8%) 93 (38.4%) 127 (28.9%) 529 (41.6%) 392 (45.6%) 35 (44.3%) 164 (16.0%) 150 (38.1%)
≥35 years 113 (10.3%) 33 (13.6%) 64 (14.6%) 238 (18.7%) 198 (23.1%) 17 (21.5%) 46 (4.5%) 61 (15.5%)
Missing (%) 0.5% 0% 0% 1.2% 0.1% 6.0% 0.8% 0%

Maternal pre-pregnancy
BMI (kg/m2)

22.4
(14.0–44.6)

22.3
(16.0–47.4)

23.1
(16.6–43.8)

22.5
(15.8–49.6)

22.4
(14.9–53.8)

22.5
(17.7–36.5)

21.2
(14.5–40.7)

21.4
(16.5–37.6)

Missing (%) 3.0% 0.8% 1.8% 1.2% 0% 2.4% 4.4% 1.0%
Maternal pre-pregnancy BMI

<18.5 kg/m2 60 (5.6%) 15 (6.3%) 14 (3.2%) 53 (4.2%) 43 (5.0%) 2 (2.4%) 126 (12.8%) 29 (7.4%)
18.5 < 25 kg/m2 737 (68.8%) 169 (70.4%) 275 (63.7%) 911 (71.7%) 598 (69.5%) 63 (76.8%) 680 (68.8%) 303 (77.7%)
25 < 30 kg/m2 201 (18.8%) 36 (15.0%) 99 (22.9%) 224 (17.6%) 158 (18.4%) 10 (12.2%) 128 (13.0%) 43 (11.0%)
≥30 kg/m2 74 (6.9%) 20 (8.3%) 44 (10.2%) 83 (6.5%) 61 (7.1%) 7 (8.5%) 54 (5.5%) 15 (3.9%)
Missing (%) 3.0% 0.8% 1.8% 1.2% 0% 2.4% 4.4% 1.0%

Maternal gestational
weight gain (kg)

13
(0–35)

/ 14
(−3−31)

13.2
(−5.7–37.1)

13.5
(−7.4–30.4)

13
(−6–23)

14
(1–35)

13
(3−31)

Missing (%) 50.2% 100% 2.5% 36.8% 6.6% 9.5% 27.1% 38.3%
Maternal height (cm) 167

(149–184)
168
(148–183)

168
(149–199)

162
(135–185)

163
(145–180)

171
(158–187)

165
(133–186)

164
(146–190)

Missing (%) 2.0% 0.8% 0.7% 1.2% 0% 1.2% 0% 0%
Maternal height

< 163 cm 281 (26.0%) 50 (20.8%) 84 (19.2%) 656 (51.6%) 389 (45.2%) 6 (7.2%) 362 (35.0%) 154 (39.4%)
163–169 cm 406 (37.5%) 90 (37.5%) 172 (39.4%) 422 (33.2%) 312 (36.3%) 17 (20.5%) 407 (39.4%) 152 (38.9%)
≥169 cm 396 (36.6%) 100 (41.7%) 181 (41.4%) 193 (15.2%) 159 (18.5%) 60 (72.3%) 265 (25.6%) 85 (21.7%)
Missing (%) 2.0% 0.8% 0.7% 1.2% 0% 1.2% 0% 0.8%

Parity
0 670 (60.6%) 98 (40.5%) 184 (41.8%) 667 (51.8%) 481 (56.1%) 31 (38.3%) 438 (42.5%) 172 (43.7%)
1 297 (26.9%) 80 (33.1%) 172 (39.1%) 489 (38.0%) 323 (37.7%) 31 (38.3%) 338 (32.8%) 142 (36.0%)
≥2 138 (12.5%) 64 (26.5%) 84 (19.1%) 131 (10.2%) 54 (6.3%) 19 (23.5%) 255 (24.7%) 80 (20.3%)
Missing (%) 0% 0% 0% 0% 0.2% 3.6% 0.3% 0%

Maternal education
Secondary education
or less

847 (78.6%) 91 (38.6%) 156 (35.5%) 932 (73.5%) 541 (63.1%) 27 (33.3%) 952 (92.3%) 142 (36.0%)

Higher education 230 (21.4%) 145 (61.4%) 283 (64.5%) 336 (26.5%) 316 (36.9%) 54 (66.7%) 79 (7.7%) 252 (64.0%)
Missing (%) 2.5% 2.5% 0.2% 1.5% 0.3% 3.6% 0.3% 0%

Maternal smoking during pregnancy
Yes 179 (16.2%) 29 (12.2%) 51 (11.6%) 383 (30.1%) 234 (27.8%) 3 (3.7%) 158 (15.3%) 56 (14.4%)
No 923 (83.8%) 208 (87.8%) 389 (88.4%) 891 (69.9%) 607 (72.2%) 78 (96.3%) 876 (84.7%) 333 (85.6%)
Missing (%) 0.3% 2.1% 0% 1.0% 2.2% 3.6% 0% 1.3%

(continued on next page)
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The non-dioxin-like organochlorine compounds PCB 153, p,p'-DDE
and HCB were measured in cord plasma or serum for FLEHS I & II, the
PCB cohort and PELAGIE, in breast milk for HUMIS, in cord plasma or
breast milk for the LINC cohort, and in cord or maternal serum for the
INMA cohort. For the recalculation of PCB 153 and p,p'-DDE to cord
serum levels, we used conversion factors obtained from a previous
study (Govarts et al., 2012):

= ×Cord serum level (ng/L) 0.20 maternal serum level (ng/L)

= ×Cord serum level (ng/L) 1.20 breast milk level (ng/g fat)

For HCB, we obtained conversion factors from available data in the
literature (Palkovicova Murinova et al., 2017; Patayova et al., 2013):

= ×Cord serum level (ng/L) 0.265 maternal serum level (ng/L)

= ×Cord serum level (ng/L) 2.18 breast milk level (ng/g fat)

Due to variability between the published milk/maternal serum HCB
concentration ratios (Palkovicova Murinova et al., 2017), a sensitivity
analysis was performed using the minimum and maximum ratios of
0.848 and 1.87, respectively, which resulted in a conversion factor of
1.42 and 3.13, respectively, for the conversion of breast milk levels to
cord serum levels.

The perfluorinated compounds PFOS and PFOA were measured in
breast milk samples for HUMIS and the PCB cohort, in cord plasma for
FLEHS II and in cord plasma or breast milk for the LINC cohort. Based
on the recently published partitioning coefficients for breast milk:-
plasma of 0.014 and 0.058 and fetal:maternal plasma concentrations of
0.45 and 0.78 for PFOS and PFOA respectively in Verner et al. (Verner
et al., 2016), the following conversion factors were obtained:

= ×For PFOS:Cord serum level (ng/L) 32 breast milk level (ng/L)

= ×For PFOA:Cord serum level (ng/L) 13 breast milk level (ng/L)

2.3. Outcome variable

The outcome of interest was SGA, calculated as birth weight below
the 10th percentile of birth weight for each week of pregnancy defined
by available country- and sex-specific reference weight curves (FLEHS I
and II: The Flemish Centre for the Study of Perinatal Epidemiology
2001–2010; HUMIS: (Skjaerven et al., 2000); INMA: (Carrascosa et al.,
2008); LINC: (Visser et al., 2009); PCB cohort: (Kucera et al., 1998);
PELAGIE: (Audipog Sentinel Network, 2008)). An overview of the

country- and sex-specific reference percentiles used for each cohort is
given in the Supplemental Material, Table S3 and Table S4. Birth
weight was extracted from medical records collected in the birth co-
horts and information on gestational age was estimated from the
questionnaires based on date of the last menstrual period and/or by
ultrasound. For HUMIS and some of the INMA cohorts, the data ob-
tained from the last menstrual period were replaced by ultrasound
determination if the discrepancy between the two methods exceeded
7–14 days (Table 1).

2.4. Statistical analysis

After harmonizing and pooling the data, we assessed correlations
between exposures using Spearman's correlation coefficient. For the
outcome SGA, we fitted a multiple logistic regression model to estimate
the association with each EDC independently, adjusting for con-
founders, using a generalized estimating equation (GEE) that accounts
for correlation from between-cohort variation. A p-value < 0.05 was
taken as significance level for the EDC estimate. Potential confounders
and known determinants of birth weight were included in the models
based on literature (Bailey and Byrom, 2007; Goldenberg et al., 1997;
McCowan and Horgan, 2009). These included sex of the newborn
(male/female), maternal pre-pregnancy body mass index (BMI;<
18.5 kg/m2, 18.5 < 25 kg/m2, 25 < 30 kg/m2, and≥ 30 kg/m2),
maternal height (< 163 cm, 163 < 169 cm, ≥169 cm), smoking status
during pregnancy (non-smoking, smoking as derived from ques-
tionnaire information), maternal education (maximum secondary
school, higher education), maternal age at delivery (< 25 years,
25 < 30 years, 30 < 35 years, ≥35 years) and parity (0, 1 and≥ 2).
Missing values were not imputed. We additionally evaluated sex and
smoking status as potential effect modifiers of EDC exposures as in-
dicated by several previous studies (Casas et al., 2015; Eggesbo et al.,
2009; Hertz-Picciotto et al., 2005; Lamb et al., 2006; Sonneborn et al.,
2008; Vafeiadi et al., 2014). Effect modification was analyzed in models
including main effects and cross-product terms. A p-value < 0.05 was
the significance level suggesting an interaction. Moreover, we tested for
heterogeneity in the exposure-effect association between the cohorts by
fitting a model with the interaction term between cohort and exposure.
Not all cohorts or only a subset of some cohorts had information on
maternal gestational weight gain (GWG) (Table 1). We performed a
sensitivity analysis to explore the effect of GWG on the EDC-SGA as-
sociations, except for the perfluorinated compounds, which do not ac-
cumulate in fat tissue. As information on ethnicity is missing for some

Table 1 (continued)

Characteristics FLEHS I
(Belgium,
2002–2004)

FLEHS II
(Belgium,
2008–2009)

HUMIS
(Norway,
2002–2006)

INMA cord
(Spain,
1997–2008)

INMA mat
(Spain,
2004–2008)

LINC
(The Netherlands,
2011–2012)

PCB cohort
(Slovakia,
2002–2004)

PELAGIE
(France,
2002–2006)

Ethnicity
Caucasian 415 (94.3%) 1223 (96.1%) 834 (97.0%) 799 (78.9%)
Inuit 3 (0.7%)
Roma 1 (0.2%) 214 (21.1%)
Other 4 (0.9%) 49 (3.9%) 26 (3.0%)
Missing (%) 100% 100% 3.9% 1.2% 0% 100% 2.0% 100%

Sample typeb

Cord blood 1105 (100%) 242 (100%) 1287 (100%) 66 (78.6%) 1026 (99.2%) 394 (100%)
Maternal blood 860 (100%)
Breast milk 440 (100%) 61 (72.6%) 210 (20.3%)

Caesarean section
Yes 53 (4.8%) 11 (4.6%) 60 (13.6%) 151 (12.8%) 101 (14.4%) 3 (3.6%) 50 (12.9%)
No 1052 (95.2%) 230 (95.4%) 380 (86.4%) 1032 (87.2%) 599 (85.6%) 81 (96.4%) 337 (87.1%)
Missing (%) 0% 0.4% 0% 8.1% 18.6% 0% 100% 1.8%

Continuous measures described by median (min-max); categorical measures described by frequencies (%). Abbreviations: SGA, Small for Gestational Age; BMI, body
mass index.

a Number of live-born singleton births with exposure levels and information on at least one outcome.
b Some mothers of the PCB and LINC cohort had more than one biological sample (cord blood and breast milk), however to assess exposure, only one sample type

was used depending on the compound.

E. Govarts et al. Environment International 115 (2018) 267–278

270



Ta
bl
e
2

C
on

ce
nt
ra
ti
on

of
th
e
PC

B
15

3,
p,
p'
-D

D
E
an

d
H
C
B
(n
g/

L)
ex
po

su
re

bi
om

ar
ke

rs
in

co
rd

se
ru
m
,a

ct
ua

l
or

ob
ta
in
ed

by
co

nv
er
si
on

,
of

th
e
8
st
ud

y
po

pu
la
ti
on

s.

PC
B
15

3
(n
g/

L)
p,
p'
-D

D
E
(n
g/

L)
H
C
B
(n
g/

L)

St
ud

y
po

pu
la
ti
on

n
M
ea
n
±

SD
M
ed

ia
n

P2
5-
P7

5
n
<

LO
D
/

n
<

LO
Q

(%
)

n
M
ea
n
±

SD
M
ed

ia
n

P2
5-
P7

5
n
<

LO
D
/

n
<

LO
Q

(%
)

n
M
ea
n
±

SD
M
ed

ia
n

P2
5-
P7

5
n
<

LO
D
/

n
<

LO
Q

(%
)

FL
EH

S
Ia

10
48

73
.1

±
56

.3
60

.0
30

.0
–1

05
.0

20
6

(1
9.
7%

)
10

94
31

5.
4
±

34
7.
4

22
0.
0

13
0.
0–

37
6.
0

19 (1
.7
%
)

10
27

48
.4

±
35

.6
40

.0
20

.0
–6

1.
0

24
9

(2
4.
3%

)
FL

EH
S
II
a

24
2

62
.9

±
35

.8
53

.0
38

.0
–7

8.
0

7 (2
.9
%
)

24
2

20
7.
6
±

21
2.
1

15
3.
5

93
.0
–2

38
.0

0 (0
%
)

24
2

N
ot

ca
lc
ul
at
ed

d
12

1
(5
0%

)
H
U
M
IS

b
44

0
43

.5
±

20
.8

39
.0

30
.6
–5

2.
0

0 (0
%
)

44
0

74
.4

±
10

8.
4

49
.7

34
.1
–7

9.
7

0 (0
%
)

44
0

26
.2

±
9.
7

24
.4

20
.2
–2

9.
3

0 (0
%
)

IN
M
A

co
rd

a
12

16
15

7.
1
±

11
2.
5

13
6.
0

91
.4
–1

94
.2

11
1

(9
.1
%
)

12
17

95
9.
3
±

17
61

48
6.
6

26
6.
7–

10
07

20 (1
.6
%
)

88
6

30
0.
1
±

37
3.
8

17
7.
0

93
.7
–3

40
.2

15
6

(1
7.
6%

)
IN

M
A

m
at

c
85

9
52

.7
±

34
.6

46
.4

30
.8
–6

6.
1

56 (6
.5
%
)

85
7

21
2.
1
±

32
5.
6

13
1.
1

82
.3
–2

05
.6

5 (0
.6
%
)

86
0

76
.7

±
62

.5
59

.8
34

.0
–9

8.
0

80 (9
.3
%
)

LI
N
C
e

79
36

.0
±

20
.1

30
.0

<
LO

Q
-4
2.
0

30 (3
8.
0%

)
79

10
1.
6
±

94
.6

79
.0

42
.0
–1

14
.1

13 (1
6.
5%

)
79

N
ot

ca
lc
ul
at
ed

d
53 (6
7.
1%

)
PC

B
co

ho
rt
a

10
26

39
4.
1
±

45
9.
7

27
1.
8

16
9.
3–

44
9.
9

2 (0
.2
%
)

10
25

13
09

±
11

94
10

15
55

4.
7–

16
78

8 (0
.8
%
)

10
17

27
4.
1
±

36
3.
0

17
8.
4

10
2.
8–

31
3.
6

39 (3
.8
%
)

PE
LA

G
IE

a
39

4
12

6.
7
±

77
.4

11
0.
0

75
.0
–1

60
.0

0 (0
%
)

39
3

25
4.
4
±

33
6.
3

18
0.
0

10
0.
0–

30
0.
0

74 (1
8.
8%

)
39

4
37

.3
±

22
.6

32
.5

<
LO

Q
-5
1.
0

99 (2
5.
1%

)
C
om

bi
ne

d
53

04
15

1.
7
±

24
6.
7

88
.0

45
.0
–1

70
.0

41
2

(7
.8
%
)

53
47

60
3.
6
±

11
14

25
8.
0

11
7.
0–

64
6.
3

13
9

(2
.6
%
)

46
24

14
8.
5
±

26
5.
2

63
.8

30
.0
–1

56
.6

62
3

(1
3.
5%

)

A
bb

re
vi
at
io
ns
:
PC

B,
po

ly
ch

lo
ri
na

te
d
bi
ph

en
yl
;p

,p
'-D

D
E,

di
ch

lo
ro
di
ph

en
yl
di
ch

lo
ro
et
hy

le
ne

;
H
C
B,

he
xa

ch
lo
ro
be

nz
en

e;
SD

,s
ta
nd

ar
d
de

vi
at
io
n;

P,
pe

rc
en

ti
le
;L

O
D
,
lim

it
of

de
te
ct
io
n;

LO
Q
,l
im

it
of

qu
an

ti
fi
ca
ti
on

.
a
O
bs
er
ve

d
co

rd
se
ru
m

co
nc

en
tr
at
io
ns
.

b
Es
ti
m
at
ed

co
rd

se
ru
m

co
nc

en
tr
at
io
ns

ba
se
d
on

m
ea
su
re
d
co

nc
en

tr
at
io
ns

in
br
ea
st

m
ilk

.
c
Es
ti
m
at
ed

co
rd

se
ru
m

co
nc

en
tr
at
io
ns

ba
se
d
on

m
ea
su
re
d
co

nc
en

tr
at
io
ns

in
m
at
er
na

l
se
ru
m
.

d
Fo

r
ex
po

su
re

bi
om

ar
ke

rs
w
it
h
≥
50

%
of

th
e
m
ea
su
re
s<

LO
D

or
LO

Q
,t
he

m
ea
n
(S
D
)
an

d
m
ed

ia
n
w
er
e
no

t
ca
lc
ul
at
ed

.
Th

is
co

ho
rt

w
as

ex
cl
ud

ed
in

th
e
an

al
ys
is

of
th
at

ex
po

su
re

bi
om

ar
ke

r.
e
C
om

bi
na

ti
on

of
ob

se
rv
ed

an
d
es
ti
m
at
ed

co
rd

se
ru
m

co
nc

en
tr
at
io
ns

ba
se
d
on

m
ea
su
re
d
co

nc
en

tr
at
io
ns

in
br
ea
st

m
ilk

.

E. Govarts et al. Environment International 115 (2018) 267–278

271



of the cohorts (FLEHS I & II, LINC and PELAGIE), but probably a high
percentage is Caucasian, a sensitivity analysis was performed excluding
the Roma participants as they constituted about 21% of the PCB cohort
(Table 1). Furthermore, we reran the final analysis restricting to studies
where EDCs have been measured in cord blood for the non-dioxin-like
organochlorine compounds without applying conversion factors.
Moreover, multipollutant models were studied for the pooled database
including PCB 153, p,p'-DDE and HCB as these pollutants were mea-
sured in all 7 birth cohorts. We did not attempt to include also the
perfluorinated compounds in the multipollutant model due to small
sample size with all exposures and covariates available (N=344). We
checked for collinearity with variance inflation factors> 5 (Kleinbaum
et al., 2013) and condition index> 30 (Belsley, 1991) suggesting a
problem of collinearity.

For each pollutant model, the assumption that the exposure is lin-
early related to the log-odds of the binary outcome SGA was not re-
jected (p-value > 0.05) by restricted cubic splines, therefore the ex-
posure concentrations were introduced into the model as a continuous
variable. To quantify the exposure-response association, the estimates
are presented as odds per interquartile range (IQR) increase of cord
serum contaminant concentration.

All statistical analyses were performed in SAS version 9.3 (SAS
Institute Inc., Cary, NC, USA). R version 3.1.2 (R Foundation for
Statistical Computing, Vienna, Austria) was used to construct the fig-
ures.

3. Results

Table 1 summarizes the characteristics of all 8 study populations.
The median birth weight and gestational age were 3350 g (3405 g for
boys and 3300 g for girls) and 40weeks, respectively. INMA babies

were the lightest and HUMIS and LINC babies the heaviest. The per-
centage of mothers who indicated they smoked during pregnancy
varied across the cohorts (4% for LINC to 30% for INMA). In the PCB
cohort, 46.5% of the mothers were < 25 years at delivery, while in the
other cohorts this proportion was between 4.1 and 16.6%. Overall,
most women delivered their first child (38–61%). The proportion of
overweight/obese women was higher in HUMIS (33%) compared to the
other cohorts. There were 570 (10.5%) SGA-babies. The proportion of
SGA across the cohorts varied between 7.0 and 13.6%, except in the
LINC cohort (4 SGA-babies, 4.8%). Information on GWG was available
for between 0 (FLEHS II)-97.5% (HUMIS) of the participants in the
different cohorts (Table 1).

Overall correlations between biomarkers for prenatal organo-
chlorine compounds were moderate to high (r=0.63 and r=0.64 for
respectively PCB 153 and p,p'-DDE with HCB; r=0.73 for PCB 153 with
p,p'-DDE), whereas the correlations between the two perfluorinated
compounds were lower (r=0.47) (Supplemental Material, Table S5).
Correlations between other exposure biomarkers were small (r ranging
from 0.12 to 0.35), except for PFOA with p,p'-DDE (r=0.59)
(Supplemental Material, Table S5).

3.1. Non-dioxin-like organochlorine compounds

The median (range of cohort medians) cord serum concentrations
for PCB 153, p,p'-DDE and HCB in the pooled cohort populations were
88.0 ng/L (30.0 for LINC to 271.8 ng/L for PCB cohort), 258.0 ng/L
(49.7 for HUMIS to 1015.3 ng/L for PCB cohort) and 63.8 ng/L (24.4 for
HUMIS to 178.4 ng/L for PCB cohort), respectively (Table 2). In FLEHS
II and LINC, the detection frequency for HCB was only 50% and 33%
respectively (Table 2) and these cohorts were excluded from the HCB
analyses. For the INMA Menorca cohort the LOQ of 484.1 ng/L for HCB

Fig. 1. Adjusted odds ratio (OR) (95% CI) for IQR increase of cord serum PCB 153, p,p'-DDE and HCB with SGA.
Abbreviations: OR, Odds Ratio; CI, Confidence Interval; IQR: interquartile range; PCB: polychlorinated biphenyl; p,p'-DDE, dichlorodiphenyldichloroethylene; HCB,
hexachlorobenzene; SGA: Small for Gestational Age.
Global estimate: Estimate for IQR increase in exposure in model adjusted for maternal education, maternal age at delivery, maternal height, maternal pre-pregnancy
BMI, smoking during pregnancy, parity and child's sex;
Estimate girls/boys: Estimate for IQR increase in exposure for girls/boys in model with interaction term for child's sex adjusted for maternal education, maternal age
at delivery, maternal height, maternal pre-pregnancy BMI, smoking during pregnancy and parity;
p-interaction sex-PCB 153=0.025; p-interaction sex-p,p'-DDE=0.006 and p-interaction sex-HCB=0.0003.
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measured in cord serum was much higher compared to the other co-
horts with cord serum measures (LOQ ranged between 1.4 and 79 ng/L)
(Supplemental Material, Table S2), so this sub-cohort was also excluded
from the HCB analyses.

Fig. 1 show the adjusted association between chlorinated persistent
organic pollutants (PCB 153, p,p'-DDE and HCB) and SGA. PCB 153
showed a stronger significant increased odds of SGA in girls (odds ratio
(OR) of 1.09 [95% CI: 1.04, 1.14]) than in boys (1.03 [95% CI: 1.03,
1.04]) (p-interaction=0.025) (Fig. 1). For HCB, a significant increased
odds of SGA was found in girls (OR of 1.04 [95% CI: 1.01, 1.07]), while
a decreased odds of SGA was found in boys (OR of 0.90 [95% CI: 0.85,
0.95]) (p-interaction= 0.0003) (Fig. 1). Additionally, there was an
indication of effect modification by smoking for HCB as there was a
significant association between HCB and SGA among children from
smoking mothers (OR of 1.03 [95% CI: 1.01, 1.06]) compared to an
inverse association among children from non-smoking mothers (OR of
0.97 [95% CI: 0.93, 1.00]) (p-interaction=0.02) (Supplemental Ma-
terial, Table S6). There was an indication of a three-way interaction
HCB-sex-smoking (p-interaction=0.055). The association remained
significant in girls from smoking mothers (OR of 1.18 [95% CI:
1.11–1.25]), but not those from non-smoking mothers (OR of 0.99
[95% CI: 0.94–1.05]). There was an inverse association between HCB
and SGA for boys, regardless of maternal smoking status (Supplemental
Material, Table S6). There was no effect modification indicated by
smoking status for either PCB 153 or p,p'-DDE in association with SGA.
No statistically significant association was found for p,p'-DDE with SGA
(Fig. 1). Sensitivity analysis ran removing EDCs measured in breast milk
(HUMIS and subset of LINC) and maternal serum (subset of INMA)
yielded similar results (data not shown). The sensitivity analysis using
the minimum and maximum factor for the conversion of HCB breast
milk to cord serum levels resulted in identical estimated odds ratios and
95% CIs compared to the median conversion factor as used in the ori-
ginal models (Supplemental Material, Table S7).

Multipollutant models including PCB 153, p,p'-DDE and HCB
slightly changed the estimated odds ratios of the pollutants
(Supplemental Material, Table S8), but did not alter the interpretation
of the results. Only the increased odds of SGA in girls declined for HCB
when adjusting for PCB 153 and p,p'-DDE. Although these exposures
were significantly correlated, their variance inflation factors were
around 1.3 and the largest condition index was equal to 18.8, indicating
that the problem of collinearity was avoided in this large study popu-
lation (N=4377).

3.2. Perfluorinated compounds

For the perfluorinated compounds, the pooled median cord serum
concentration was 1984 ng/L (960 for PCB cohort to 2700 ng/L for
FLEHS II) for PFOS and 550 ng/L (312 for HUMIS to 1500 ng/L for
FLEHS II) for PFOA (Table 3). The adjusted pooled analysis of

perfluorinated compounds showed PFOA exposure associated with a
higher odds of having an SGA-baby (OR of 1.64 [95% CI: 0.97, 2.76])
(Fig. 2). The association between PFOA and SGA was stronger for
mothers who smoked during pregnancy with an OR of 2.18 (95% CI:
1.02, 4.64) versus 1.51 (95% CI: 0.87, 2.63) in non-smoking mothers,
although not statistically significant (p-interaction=0.33). Significant
effect modification by maternal smoking during pregnancy was ob-
served for the association between PFOS and SGA (p-interac-
tion= 0.0004): newborns of non-smoking mothers had a significant
decreased odds of SGA (OR of 0.66 [95% CI: 0.61, 0.72]) associated
with PFOS exposure, while those of smoking mothers had an increased
odds of SGA (OR of 1.63 [95% CI: 1.02, 2.59]) (Fig. 2). There was no
effect modification indicated by child's sex for either PFOS or PFOA.

There was some evidence (p-interaction < 0.05), of effect mod-
ification by cohort, but the direction of the estimates was not hetero-
geneous (data not shown). In general, additional adjustment for GWG
had no influence on the associations between EDCs and SGA, although
the estimates slightly reduced for PCB 153 (Supplemental Material,
Table S9). The estimated odds ratios changed slightly, but the inter-
pretation of the results remained when fitting the final models again
excluding the Roma participants (Supplemental Material, Table S10).

4. Discussion

We examined the association between prenatal exposure to different
EDCs and SGA in seven European birth cohorts (eight study popula-
tions). This is the first epidemiological study to pool different birth
cohorts for assessing the association between different EDCs and the
clinical outcome SGA. Exposure to PCB 153 was associated with a
significantly increased risk of SGA, with a stronger association in girls.
For HCB, we found significant increased odds of SGA for girls, while the
odds of SGA was significantly decreased in boys. The association of HCB
with SGA in girls was, however, only observed in newborns of smoking
mothers. We also observed PFOA concentrations associated with in-
creased odds of having an SGA-baby. Furthermore, the association was
even stronger in newborns of mothers who smoked during pregnancy.
Also PFOS was associated with increased odds of SGA in newborns of
mothers who smoked during pregnancy, while an inverse association
was observed in newborns of non-smoking mothers. No significant as-
sociations were found for p,p'-DDE. In addition, we found that maternal
gestational weight gain only had a small to no influence on these as-
sociations.

4.1. Adverse outcome SGA

This is the largest study to date on the associations between some
EDCs and the adverse birth outcome SGA. SGA represents a fetus that is
relatively small according to its gestational age. This is important since
intra-uterine growth restriction is a risk factor for neonatal

Table 3
Concentration of the perfluorinated compounds (ng/L) in cord serum, actual or obtained by conversion, of the OBELIX birth cohorts.

PFOS (ng/L) PFOA (ng/L)

Cohort N Mean ± SD Median P25-P75 n < LOD/LOQ (%) n Mean ± SD Median P25-P75 n < LOD/LOQ (%)

FLEHS IIa 208 2950 ± 1542 2700 1700–3800 0 (0%) 210 1651 ± 676 1500 1100–2100 0 (0%)
HUMISb 196 2899 ± 1343 2624 1968–3520 0 (0%) 196 381 ± 293 312 228–442 13 (6.6%)
LINCc 80 1624 ± 696 1600 1000–2058 0 (0%) 80 881 ± 470 805 560–1122 0 (0%)
PCB cohortb 204 1217 ± 985 960 576–1440 22 (10.8%) 207 433 ± 294 403 221–533 35 (16.9%)
Combined 688 2267 ± 1484 1984 1200–3008 22 (3.2%) 693 839 ± 723 550 299–1200 48 (6.9%)

Abbreviations: PFOS, perfluorooctane sulfonate; PFOA, perfluorooctanoic acid; SD, standard deviation; P, percentile; LOD, limit of detection; LOQ, limit of quan-
tification.

a Observed cord serum concentrations.
b Estimated cord serum concentrations based on measured concentrations in breast milk.
c Combination of observed and estimated cord serum concentrations based on measured concentrations in breast milk.
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complications, neurobehavioral disorders, insulin resistance, central
adiposity, as well as metabolic conditions and cardiovascular disorders
in adulthood (Barker et al., 1989; Hofman et al., 2004; Lundgren and
Tuvemo, 2008; Oelberg, 2006). As SGA is by definition an outcome that
occurs in about 10% of the population, it is difficult to explore ex-
posure-response analysis in separate, rather small cohorts. As the as-
sociations have to be adjusted for several important confounders, the
chance of observing (quasi-) complete separation in the data points is
high, i.e. when the outcome variable separates a combination of pre-
dictor variables completely (to a certain degree). For binary outcomes
with a rather low prevalence such as the one studied here, pooling
different databases results in more power to explore associations.
Quasi-complete separation of data points was observed in some of the
cohort separate analyses of the current study, namely PELAGIE for all
organochlorine analyses, HUMIS and the PCB cohort for the per-
fluorinated compounds, therefore the obtained estimates were not re-
liable (Allison, 2008). However, this was not a problem for the pooled
analyses.

As SGA was calculated based on country-specific birth weight for
gestational age reference curves, the classification is country-depen-
dent. The birth weights from the obtained reference percentiles are
variable across countries. This was expected as there is a north-south
gradient for birth weight in Europe, i.e. the Nordic countries having
higher birth weights and countries from Southern Europe having lower
birth weights (OECD, 2012). This gradient is both reflected in the ob-
tained country-specific reference percentiles as in our cohort data, i.e.
the HUMIS cohort (Norway) having the highest median birth weight
and in general higher reference birth weights and the INMA (Spain) and
PCB cohort (Slovakia) having the lowest median birth weight and

reference birth weights. The variation in birth weight across countries is
as such taken into account.

4.2. Non-dioxin-like organochlorine compounds

In the current pooled analysis, significantly higher odds of SGA were
observed with increasing PCB 153 concentrations, and no significant
associations were found for p,p'-DDE. The positive association of PCBs
with SGA was also observed by Lauritzen et al. and Longnecker et al.
(Lauritzen et al., 2017; Longnecker et al., 2005). Recently, a significant
inverse association between environmental exposure to PCB 153 and
birth weight was found in a pooled analysis of 9000 mother-child pairs,
enrolled in 11 European birth cohorts (Casas et al., 2015), but none
found for p,p'-DDE. All our cohorts, except the LINC cohort were in-
cluded in those analyses. Casas et al. (Casas et al., 2015) also showed a
stronger effect of PCB 153 in girls whose mothers smoked during
pregnancy. In our study a stronger association was also seen in girls, but
no effect modification by smoking was indicated. This stronger effect of
PCB 153 in girls was previously found in a study by Lamb et al. (Lamb
et al., 2006), but other studies have also reported a stronger effect in
boys (Hertz-Picciotto et al., 2005; Lauritzen et al., 2017; Sonneborn
et al., 2008). These studies were, however, too small to explore effect
modification by sex (n between 150 and 1057).

Our findings that HCB was significantly associated with increased
odds of being SGA for girls and decreased odds for boys are somewhat
consistent with results found in a recent Greek study (Vafeiadi et al.,
2014). In that study, HCB measured in maternal serum during preg-
nancy had a significant inverse association with birth weight in girls,
while there was no statistically significant association found in boys.

Fig. 2. Adjusted odds ratio (OR) (95% CI) for IQR increase of cord serum PFOS and PFOA with SGA.
Abbreviations: OR, Odds Ratio; CI, Confidence Interval; IQR: interquartile range; PFOS, perfluorooctane sulfonate; PFOA, perfluorooctanoic acid; SGA: Small for
Gestational Age.
Global estimate: Estimate for IQR increase in exposure in model adjusted for maternal education, maternal age at delivery, maternal height, maternal pre-pregnancy
BMI, smoking during pregnancy, parity and child's sex;
Estimate non-smoking/smoking: Estimate for IQR increase in exposure for non-smoking/smoking in model with interaction term for smoking during pregnancy
adjusted for maternal education, maternal age at delivery, maternal height, maternal pre-pregnancy BMI, parity and child's sex;
p-interaction smoking-PFOS=0.0004; p-interaction smoking-PFOA=0.33.
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Moreover, that study observed stronger associations between HCB and
birth weight among babies of smokers or ex-smokers compared to non-
smokers, which was also observed in our study. Similar results were
observed by Eggesbø et al. (Eggesbo et al., 2009), where the inverse
association between HCB and birth weight was present only among
smokers. We observed a three-way interaction sex-smoking-HCB. To
our knowledge, such a finding has not been previously reported. Va-
feiadi et al. (Vafeiadi et al., 2014) also conducted a multipollutant
model including the sum of 6 PCB congeners, p,p'-DDE and HCB and
showed that the association with birth weight was mainly driven by
HCB. However, no collinearity diagnostics were mentioned and the
analysis was conducted in a sample size of 522 newborns. In our pooled
multipollutant model including PCB 153, p,p'-DDE and HCB, the in-
terpretation of the results of the single pollutant models was not af-
fected, and both PCB 153 and HCB appeared to drive the association
with SGA. The association of HCB with SGA in girls was, however, less
strong when mutually adjusting for PBC 153 and p,p'-DDE.

4.3. Perfluorinated compounds

The association between increasing PFOA concentrations and the
increased odds of having an SGA-baby are consistent with the conclu-
sion of a recent systematic review of Bach et al. (Bach et al., 2015). In
14 studies with PFOA/PFOS measurements in maternal blood during
pregnancy or in umbilical cord blood, in utero PFOA exposure was
associated with decreased birth weight, even though the magnitude of
the association differed and many results were not statistically sig-
nificant. In a meta-analysis of 9 out of 18 studies on PFOA exposure in
relation to fetal growth a significant decrease in birth weight (−18.9 g
(95% CI: -29.8, −7.9)) was found for a 1 ng/mL increase in serum or
plasma PFOA (Johnson et al., 2014). In a recent Scandinavian study,
prenatal exposure to PFOA was associated with higher odds for SGA
(Lauritzen et al., 2017). For PFOS exposure the association with birth
weight was observed in some studies, while others found no significant
association (Bach et al., 2015; Lauritzen et al., 2017; Manzano-Salgado
et al., 2017). In our study, PFOS was associated with SGA in newborns
of smoking mothers, while an inverse association was observed in those
of non-smoking mothers. For both PFOS and PFOA we found indication
of effect modification by smoking, but this was not considered in any
previous studies.

In the recent report of US-EPA (US-EPA, 2016) on the health effects
of PFOA was concluded, that the association observed between PFOA
plasma/serum concentration and birth weight is possibly explained by
the influence of the glomerular filtration rate (GFR) (Verner et al.,
2015; Vesterinen et al., 2015). Women who give birth to babies with
low birth weight have lower GFR. A lower GFR in turn decreases the
removal of PFOA from the blood. Therefore, it is possible that women
who give birth to babies with a lower birth weight have higher serum
PFOA concentrations because of a lower GFR. However, as we did not
see the same effect for PFOS in our study, it seems that the observed
association between PFOA and SGA could not solely be attributed to
confounding. In a recent Spanish study (Manzano-Salgado et al., 2017)
maternal GFR measured early during pregnancy did not confound the
estimated associations between perfluorinated compounds and birth
outcomes.

4.4. Mechanisms

Identifying the mechanisms whereby EDCs influence weight
homeostasis and energy balance remains an important area of research.
It is clear from our results that not all endocrine disrupting compounds
exert similar effects. Indeed, there are a variety of direct mechanisms
such as binding to nuclear receptors or indirect mechanisms by which
these chemicals may interfere with weight homeostasis and energy
balance. Various PCB congeners bind to the estrogen receptor, acting as
agonists or antagonists and change normal fetal programming

(Newbold et al., 2009). PCB metabolites are high-affinity ligands for the
thyroid hormone transport protein transthyretin (Cheek et al., 1999).
p,p'-DDE binds to the androgen receptor (Kelce et al., 1995; Xu et al.,
2013), while PFOA promotes adipocyte differentiation as a peroxisome
proliferator-activated receptor gamma (PPARγ) ligand (White et al.,
2011; Yamamoto et al., 2015). Several studies in rats demonstrated the
thyroid-disrupting effect of the pesticides DDT (Scollon et al., 2004)
and HCB (Alvarez et al., 2005; van Raaij et al., 1993a; van Raaij et al.,
1993b), as they decreased serum levels of thyroid hormones. High
maternal free thyroxine levels during the first half of pregnancy were
related to lower birth weight and increased risk of SGA newborns,
suggesting that maternal thyroid function may affect fetal growth, even
within the normal range. Sexual dimorphism appears to be present in
the relationship between maternal thyroid metabolism and fetal in-
trauterine growth, with stronger associations in male infants (Leon
et al., 2015; Vrijkotte et al., 2017). PPARγ is the main regulator of
placental metabolism, controlling the amounts of maternal nutrients
that go across to the fetus and hence will influence fetal growth (Xu
et al., 2007). Estrogens are known to play an important role for pla-
cental angiogenesis, which is crucial for transport of nutrients to the
fetus (Albrecht and Pepe, 2010). It has been shown that obesogenic
EDCs can alter the epigenome of multipotent stromal cells, which is
preprogrammed toward an adipogenic fate (Janesick and Blumberg,
2011, 2012). Other proposed endocrine disrupting mechanisms are
changes in glucocorticoids and steroid hormones that may affect neu-
ronal cells and release of brain-produced substances that bind to nu-
clear receptors and may affect energy regulation (Harris and Seckl,
2011). The exact target tissue is unknown and probably involves mul-
tiple target sites, e.g. adipocytes, brain, liver, stomach, pancreas, and
the effects may be age, dose and sex dependent. Our results suggested
that sex and smoking during pregnancy were potential effect modifiers
on SGA, although mechanisms underlying these potential interactions
remain unclear. For HCB, even opposite effects were found in girls
(significant increased risk of SGA) versus boys (significant decreased
risk of SGA). It is difficult to hypothesize the mechanism through which
this effect modification is caused. Since HCB is a known EDC it might
also disrupt sex hormone pathways, and as such a finding specific to
girls or boys would not be unexpected. The biological mechanism un-
derlying the possible modifying effect of sex and smoking remains to be
established.

4.5. Confounders and risk factors

Maternal gestational weight gain (GWG) will dilute the EDC con-
centrations in maternal blood and is also overall positively associated
with birth weight of the child, and may therefore be a confounder of the
associations between EDCs and birth weight (Verner et al., 2013). As-
sociations between GWG and cord serum concentrations of ΣPCBs, 4,4′-
DDE and HCB have been reported (Vizcaino et al., 2014). We evaluated
whether GWG confounded the associations of the EDCs with SGA in the
subset of the pooled data having information on GWG (Table 1). Ma-
ternal GWG influenced the association between EDCs and SGA to a
limited extent in this study. The estimated odds ratios did not change
substantially after additional adjustment for GWG for p,p'-DDE and
HCB. For PCB 153, the odds ratios slightly reduced but remained sig-
nificant when correcting for GWG, indicating a degree of partial con-
founding.

In a previous paper exploring the association between PCBs and
birth weight in the PCB cohort, effect modification was observed by
Roma ethnicity where maternal PCB concentrations were associated
with lower birth weight in Roma boys (Sonneborn et al., 2008). In-
formation on ethnicity is however not known for four of the seven birth
cohorts, but the percentage of Caucasian participants within these co-
horts is likely very high, and for HUMIS and INMA respectively 94%
and 96% of the participants were Caucasian. In the PCB cohort about
21% of the population was Roma and in the HUMIS cohort there was
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also one Roma participant. As such we decided to do a sensitivity
analysis excluding the Roma population from the final models. The
interpretation of the EDC-SGA associations was not influenced in this
sensitivity analysis.

There are many established risk factors for babies who are SGA
(McCowan and Horgan, 2009). The confirmed maternal risk factors
identified in the models for SGA in this study include small maternal
height, low maternal pre-pregnancy BMI, smoking during pregnancy
and nulliparity. All the models were adjusted for these identified risk
factors and additionally for maternal education, maternal age at de-
livery and child's sex. Some potential risk factors such as cocaine use,
vitamin status, mother/father born SGA were not available in the
questionnaires or there were not enough cases present in the cohorts
(e.g. pre-eclampsia, hypertension). In the pooled model, mothers
smoking during pregnancy had about 2.5 times higher odds of having
an SGA-baby than non-smoking mothers, adjusting for the other factors
in the model. For an increase of PCB 153, HCB, PFOS and PFOA with
the IQR, we obtain respectively an odds ratio of: 1.09 (girls) and 1.03
(boys) for PCB 153 (for an increase of 125 ng/L); 1.04 for HCB in girls
(for an increase of 127 ng/L); 1.6 (smoking mothers during pregnancy)
for PFOS (for an increase of 1808 ng/L) and of 1.5 (non-smoking mo-
thers during pregnancy) and 2.2 (smoking mothers during pregnancy)
for PFOA (for an increase of 901 ng/L). The results indicate that
smoking, a well-known risk factor for SGA, is more strongly associated
with SGA, than the pollutants studied. On the other hand almost all
babies had measurable EDC concentrations and hence are exposed. In
addition, for the perfluorinated compounds the odds of SGA in those
already exposed to maternal smoking were rather substantial.

4.6. Strengths and limitations

The particular strength of this study was that by pooling the results,
information was obtained on the risks of being born small for gesta-
tional age. The pooled analysis included>5000 mother-child pairs for
the analysis of the prenatal growth effects of PCB 153, HCB and p,p'-
DDE; and nearly 700 for the perfluorinated compounds (PFOA and
PFOS). As such, a large enough sample size was attained to explore
effect modification by child's sex and smoking. For outcome parameters
that are not highly prevalent but clinically relevant, pooling of data is
very useful. However, pooling data from different cohorts could lead to
effect modification by cohort due to underlying heterogeneity of the
populations. The direction of the estimates was however not hetero-
geneous when including the interaction term with cohort in the models.
By pooling data from different cohorts over Europe we obtained con-
siderable variability in exposure levels. Nevertheless, as the birth co-
horts span a fifteen year period from 1997 to 2012, the exposure to the
selected EDCs could have changed over time, i.e. changes in behaviors
or manufacturing practices that could have reduced exposure over time,
and this might have affected the analysis. As such, a decrease over time
of the non-dioxin-like organochlorine compounds (Schoeters et al.,
2017) appears to attribute to the low detection frequency of HCB in the
most recent cohorts FLEHS II (2008–2009) and LINC (2011−2012)
together with the relatively high quantification limit in cord serum
versus milk samples which have higher lipid content. There is a po-
tential of exposure misclassification induced by different methods of
measuring the exposures across the cohorts. The organochlorine com-
pounds were measured by different laboratories using different meth-
odologies, however the LODs/LOQs were very similar, typically within
a range of a factor of 2, except for HCB within the INMA Menorca co-
hort, which was therefore excluded from the analyses. For the per-
fluorinated compounds, the sensitivity of the analyses in cord plasma
differed between the two laboratories, but as the detection frequency
for all cord plasma measures was 100% this would not have led to
misclassification. The analysis of perfluorinated compounds in breast
milk samples were performed in the same laboratory. Although bio-
marker concentrations were measured in different laboratories, these

labs performed their analysis according to internal lab quality systems
and participated in international ring tests to verify their analytical
results and to ensure the comparability of their data. As different bio-
logical matrices (cord plasma/serum, maternal serum and breast milk)
were used to assess EDC exposure, variation is introduced with respect
to the period of exposure it represents. Conversion factors were used to
estimate the corresponding cord serum levels. However, while the EDCs
studied are persistent, mobilization of these during different periods of
pregnancy could lead to variation in the levels. The conversion of
available pollutant concentrations in maternal serum or breast milk to
cord serum levels may introduce estimation error in the pollutant
concentrations. However, we also performed our analysis in a subset of
the dataset with EDCs measured in cord blood without applying any
conversion factor as a sensitivity analysis and this did not change the
conclusions. For HCB the sensitivity analysis, using the minimum and
maximum factor for the conversion of breast milk to cord serum levels
yielded identical results to those from the original model using the
median conversion factor. A further weakness of the study is that the
chemicals were included one by one in the statistical models, which
does not reflect what happens in the real world situation in which
multiple exposures and stressors may act or counteract. We cannot
exclude that highly correlated exposure biomarkers act as a proxy for
each other. However, the pooled database of 7 birth cohorts offered a
large enough sample size to study PCB 153, p,p'-DDE and HCB in a
multipollutant model. The interpretation of the association between
individual exposures and SGA was independent of the other exposures;
identical results were obtained from the single versus multipollutant
models. Although these exposures were significantly correlated, the
problem of collinearity was avoided in this large study population
(N=4377). This concurs with a recent simulation study that shows
that for properly specified models, total effect estimates remained un-
biased even when the exposures are highly correlated (Schisterman
et al., 2017). Furthermore, we cannot exclude the possibility of un-
measured confounding, both by other exposures and by other possible
factors. As only measures of PCB153, HCB, p,p'-DDE, PFOS and PFOA
were used, it is possible that the effects observed may be due to other,
correlated chemicals that were not measured, such as other PCB con-
geners or perfluorinated compounds as perfluorononanoic acid (PFNA)
or perfluorohexane sulfonic acid (PFHxS). Another limitation is differ-
ential determination of gestational age. For some of the cohorts gesta-
tional age was estimated from the date of the last menstrual period
which is less accurate than ultrasound determination (Butt and Lim,
2014). Also smoking status during pregnancy was derived from ques-
tionnaire information and could be under reported.

5. Conclusions

A pooled analysis of 7 European birth cohorts found that prenatal
environmental exposures to organochlorine and perfluorinated com-
pounds with endocrine properties, may contribute to the prevalence of
SGA. Child's sex and smoking during pregnancy were identified as po-
tential effect modifiers in these associations. The EDCs studied did not
all exhibit associations in the same direction, suggesting diverse me-
chanisms of action and biological pathways.

Acknowledgements

Funding was received from the European Community's Seventh
Framework Programme (FP7/2007-2013) under grant agreement
OBELIX no 227391. Additional information on funding for the in-
dividual cohorts can be found in the Supplemental Material, p. 2–3. The
authors would like to thank all participants for their generous colla-
boration.

E. Govarts et al. Environment International 115 (2018) 267–278

276



Competing financial interests

The authors declare they have no competing financial interests.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envint.2018.03.017.

References

Agency for Toxic Substances and Disease Registry (ATSDR), 2002. Toxicological Profile
for ddt, dde, and ddd. U.S. Department of Health and Human Services, Public Health
Service, Atlanta, GA.

Albrecht, E.D., Pepe, G.J., 2010. Estrogen regulation of placental angiogenesis and fetal
ovarian development during primate pregnancy. Int. J. Dev. Biol. 54, 397–408.

Allison, P., 2008. Convergence failures in logistic regression. In: SAS Global Forum 2008,
pp. 1–11 (paper 360).

Alvarez, L., Hernandez, S., Martinez-de-Mena, R., Kolliker-Frers, R., Obregon, M.J.,
Kleiman de Pisarev, D.L., 2005. The role of type i and type ii 5′ deiodinases on
hexachlorobenzene-induced alteration of the hormonal thyroid status. Toxicology
207, 349–362.

Audipog Sentinel Network, 2008. Neonatal morphometrics curves (Available). http://
www.audipog.net/.

Bach, C.C., Bech, B.H., Brix, N., Nohr, E.A., Bonde, J.P., Henriksen, T.B., 2015.
Perfluoroalkyl and polyfluoroalkyl substances and human fetal growth: a systematic
review. Crit. Rev. Toxicol. 45, 53–67.

Bailey, B.A., Byrom, A.R., 2007. Factors predicting birth weight in a low-risk sample: the
role of modifiable pregnancy health behaviors. Matern. Child Health J. 11, 173–179.

Barker, D.J., 1998. In utero programming of chronic disease. Clin. Sci. (Lond.) 95,
115–128.

Barker, D.J., Winter, P.D., Osmond, C., Margetts, B., Simmonds, S.J., 1989. Weight in
infancy and death from ischaemic heart disease. Lancet 2, 577–580.

Basterrechea, M., Lertxundi, A., Iniguez, C., Mendez, M., Murcia, M., Mozo, I., et al.,
2014. Prenatal exposure to hexachlorobenzene (hcb) and reproductive effects in a
multicentre birth cohort in Spain. Sci. Total Environ. 466-467, 770–776.

Belsley, D.A., 1991. Conditioning Diagnostics: Collinearity and Weak Data in Regression.
Wiley, New York.

Berkowitz, G.S., Lapinski, R.H., Wolff, M.S., 1996. The role of dde and polychlorinated
biphenyl levels in preterm birth. Arch. Environ. Contam. Toxicol. 30, 139–141.

Butt, K., Lim, K., 2014. Determination of gestational age by ultrasound. J. Obstet.
Gynaecol. Can. 36, 171–181.

Carrascosa, L.A., Ferrandez, L.A., Yeste, F.D., Garcia-Dihinx, V.J., Romo, M.A., Copil,
C.A., et al., 2008. Spanish cross-sectional growth study 2008. Part i: weight and
height values in newborns of 26–42 weeks of gestational age. An. Pediatr. (Barc.) 68,
544–551.

Casas, M., Nieuwenhuijsen, M., Martinez, D., Ballester, F., Basagana, X., Basterrechea, M.,
et al., 2015. Prenatal exposure to pcb-153, p,p'-dde and birth outcomes in 9000
mother-child pairs: exposure-response relationship and effect modifiers. Environ. Int.
74, 23–31.

Cheek, A.O., Kow, K., Chen, J., McLachlan, J.A., 1999. Potential mechanisms of thyroid
disruption in humans: interaction of organochlorine compounds with thyroid re-
ceptor, transthyretin, and thyroid-binding globulin. Environ. Health Perspect. 107,
273–278.

de Cock, M., van de Bor, M., 2014. Obesogenic effects of endocrine disruptors, what do we
know from animal and human studies? Environ. Int. 70, 15–24.

Diamanti-Kandarakis, E., Bourguignon, J.P., Giudice, L.C., Hauser, R., Prins, G.S., Soto,
A.M., et al., 2009. Endocrine-disrupting chemicals: an endocrine society scientific
statement. Endocr. Rev. 30, 293–342.

Eggesbo, M., Stigum, H., Longnecker, M.P., Polder, A., Aldrin, M., Basso, O., et al., 2009.
Levels of hexachlorobenzene (hcb) in breast milk in relation to birth weight in a
norwegian cohort. Environ. Res. 109, 559–566.

EURO-PERISTAT, 2013. European perinatal health report. In: Health and Care of
Pregnant Women and Babies in Europe in 2010.

Ferreira, C.P., De-Oliveira, A.C., Paumgartten, F.J., 2011. Serum concentrations of ddt
and dde among malaria control workers in the amazon region. J. Occup. Health 53,
115–122.

Gladen, B.C., Shkiryak-Nyzhnyk, Z.A., Chyslovska, N., Zadorozhnaja, T.D., Little, R.E.,
2003. Persistent organochlorine compounds and birth weight. Ann. Epidemiol. 13,
151–157.

Goldenberg, R.L., Cliver, S.P., Neggers, Y., Copper, R.L., DuBard, M.D., Davis, R.O., et al.,
1997. The relationship between maternal characteristics and fetal and neonatal an-
thropometric measurements in women delivering at term: a summary. Acta Obstet.
Gynecol. Scand. Suppl. 165, 8–13.

Govarts, E., Nieuwenhuijsen, M., Schoeters, G., Ballester, F., Bloemen, K., de Boer, M.,
et al., 2012. Birth weight and prenatal exposure to polychlorinated biphenyls (pcbs)
and dichlorodiphenyldichloroethylene (dde): a meta-analysis within 12 european
birth cohorts. Environ. Health Perspect. 120, 162–170.

Hagmar, L., Wallin, E., Vessby, B., Jonsson, B.A., Bergman, A., Rylander, L., 2006. Intra-
individual variations and time trends 1991–2001 in human serum levels of pcb, dde
and hexachlorobenzene. Chemosphere 64.

Harris, A., Seckl, J., 2011. Glucocorticoids, prenatal stress and the programming of

disease. Horm. Behav. 59, 279–289.
Hertz-Picciotto, I., Charles, M.J., James, R.A., Keller, J.A., Willman, E., Teplin, S., 2005.

In utero polychlorinated biphenyl exposures in relation to fetal and early childhood
growth. Epidemiology 16, 648–656.

Hofman, P.L., Regan, F., Harris, M., Robinson, E., Jackson, W., Cutfield, W.S., 2004. The
metabolic consequences of prematurity. Growth Hormon. IGF Res. 14 Suppl A,
S136–S139.

Hornung, R.W., Reed, L.D., 1990. Estimation of average concentration in the presence of
nondetectable values. Appl. Occup. Environ. Hyg. 5, 46–51.

Janesick, A., Blumberg, B., 2011. Endocrine disrupting chemicals and the developmental
programming of adipogenesis and obesity. Birth Defects Res. C Embryo Today 93,
34–50.

Janesick, A., Blumberg, B., 2012. Obesogens, stem cells and the developmental pro-
gramming of obesity. Int. J. Androl. 35, 437–448.

Johnson, P.I., Sutton, P., Atchley, D.S., Koustas, E., Lam, J., Sen, S., et al., 2014. The
navigation guide - evidence-based medicine meets environmental health: systematic
review of human evidence for pfoa effects on fetal growth. Environ. Health Perspect.
122, 1028–1039.

Kelce, W.R., Stone, C.R., Laws, S.C., Gray, L.E., Kemppainen, J.A., Wilson, E.M., 1995.
Persistent ddt metabolite p,p'-dde is a potent androgen receptor antagonist. Nature
375, 581–585.

Khanjani, N., Sim, M., 2006. Maternal contamination with dichlorodiphenyltri-
chloroethane and reproductive outcomes in an Australian population. Environ. Res.
101.

Kleinbaum, D.G., Kupper, L.L., Nizam, A., Rosenerg, E.S., 2013. Applied Regression
Analysis and Other Multivariable Methods, 5th ed. Cengage Learning, Boston.

Korrick, S.A., Altshul, L.M., Tolbert, P.E., Burse, V.W., Needham, L.L., Monson, R.R.,
2000. Measurement of pcbs, dde, and hexachlorobenzene in cord blood from infants
born in towns adjacent to a pcb-contaminated waste site. J. Expo. Anal. Environ.
Epidemiol. 10, 743–754.

Kucera, J., Kubelik, J., Melichar, J., Ztembera, Z., Velebil, P., Kucerova, I., 1998. Nove
tabulky normalni porodni hmotnosti novorozencu v ceske republice (new tables of
normal birth weights in Czech Republic). In: Neonatologicke Listy. vol. 4. pp. 3.

Lamb, M.R., Taylor, S., Liu, X., Wolff, M.S., Borrell, L., Matte, T.D., et al., 2006. Prenatal
exposure to polychlorinated biphenyls and postnatal growth: a structural analysis.
Environ. Health Perspect. 114, 779–785.

Lauritzen, H.B., Larose, T.L., Oien, T., Sandanger, T.M., Odland, J.O., van de Bor, M.,
et al., 2017. Maternal serum levels of perfluoroalkyl substances and organochlorines
and indices of fetal growth: a scandinavian case-cohort study. Pediatr. Res. 81,
33–42.

Lee, A.C., Katz, J., Blencowe, H., Cousens, S., Kozuki, N., Vogel, J.P., et al., 2013. National
and regional estimates of term and preterm babies born small for gestational age in
138 low-income and middle-income countries in 2010. Lancet Glob. Health 1,
e26–36.

Leon, G., Murcia, M., Rebagliato, M., Alvarez-Pedrerol, M., Castilla, A.M., Basterrechea,
M., et al., 2015. Maternal thyroid dysfunction during gestation, preterm delivery, and
birthweight. The infancia y medio ambiente cohort, Spain. Paediatr. Perinat.
Epidemiol. 29, 113–122.

Longnecker, M.P., Klebanoff, M.A., Brock, J.W., Guo, X., 2005. Maternal levels of poly-
chlorinated biphenyls in relation to preterm and small-for-gestational-age birth.
Epidemiology 16, 641–647.

Lundgren, E.M., Tuvemo, T., 2008. Effects of being born small for gestational age on long-
term intellectual performance. Best Pract. Res. Clin. Endocrinol. Metab. 22, 477–488.

Malisch, R., Kotz, A., 2014. Dioxins and pcbs in feed and food—review from European
perspective. Sci. Total Environ. 491-492, 2–10.

Manzano-Salgado, C.B., Casas, M., Lopez-Espinosa, M.J., Ballester, F., Iniguez, C.,
Martinez, D., et al., 2017. Prenatal exposure to perfluoroalkyl substances and birth
outcomes in a Spanish birth cohort. Environ. Int. 108, 278–284.

McCowan, L., Horgan, R.P., 2009. Risk factors for small for gestational age infants. Best
Pract. Res. Clin. Obstet. Gynaecol. 23, 779–793.

Newbold, R.R., 2011. Developmental exposure to endocrine-disrupting chemicals pro-
grams for reproductive tract alterations and obesity later in life. Am. J. Clin. Nutr. 94,
1939S–1942S.

Newbold, R.R., Padilla-Banks, E., Jefferson, W.N., 2009. Environmental estrogens and
obesity. Mol. Cell. Endocrinol. 304, 84–89.

OECD, 2012. Infant health: Low birth weight. In: Health at a glance: Europe 2012. OECD
Publishing, Paris.

Oelberg, D.G., 2006. Consultation with the specialist: prenatal growth: the sum of ma-
ternal, placental, and fetal contributions. Pediatr. Rev. 27, 224–229.

Olsen, G.W., Burris, J.M., Ehresman, D.J., Froehlich, J.W., Seacat, A.M., Butenhoff, J.L.,
et al., 2007. Half-life of serum elimination of perfluorooctanesulfonate,per-
fluorohexanesulfonate, and perfluorooctanoate in retired fluorochemical production
workers. Environ. Health Perspect. 115, 1298–1305.

Palkovicova Murinova, L., Wimmerova, S., Lancz, K., Patayova, H., Kostiakova, V.,
Richterova, D., et al., 2017. Partitioning of hexachlorobenzene between human milk
and blood lipid. Environ. Pollut. 229, 994–999.

Patayova, H., Wimmerova, S., Lancz, K., Palkovicova, L., Drobna, B., Fabisikova, A., et al.,
2013. Anthropometric, socioeconomic, and maternal health determinants of pla-
cental transfer of organochlorine compounds. Environ. Sci. Pollut. Res. Int. 20,
8557–8566.

Ritter, R., Scheringer, M., MacLeod, M., Moeckel, C., Jones, K.C., Hungerbuhler, K., 2011.
Intrinsic human elimination half-lives of polychlorinated biphenyls derived from the
temporal evolution of cross-sectional biomonitoring data from the United Kingdom.
Environ. Health Perspect. 119, 225–231.

Schisterman, E.F., Perkins, N.J., Mumford, S.L., Ahrens, K.A., Mitchell, E.M., 2017.
Collinearity and causal diagrams: a lesson on the importance of model specification.

E. Govarts et al. Environment International 115 (2018) 267–278

277

https://doi.org/10.1016/j.envint.2018.03.017
https://doi.org/10.1016/j.envint.2018.03.017
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0005
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0005
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0005
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0010
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0010
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0015
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0015
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0020
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0020
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0020
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0020
http://www.audipog.net/
http://www.audipog.net/
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0030
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0030
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0030
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0035
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0035
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0040
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0040
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0045
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0045
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0050
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0050
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0050
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0055
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0055
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0060
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0060
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0065
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0065
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0070
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0070
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0070
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0070
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0075
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0075
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0075
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0075
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0080
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0080
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0080
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0080
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0085
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0085
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0090
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0090
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0090
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0095
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0095
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0095
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0100
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0100
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0105
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0105
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0105
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0110
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0110
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0110
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0115
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0115
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0115
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0115
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0120
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0120
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0120
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0120
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0125
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0125
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0125
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0130
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0130
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0135
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0135
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0135
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0140
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0140
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0140
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0145
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0145
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0150
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0150
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0150
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0155
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0155
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0160
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0160
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0160
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0160
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0165
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0165
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0165
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0170
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0170
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0170
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0175
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0175
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0180
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0180
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0180
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0180
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0185
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0185
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0185
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0190
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0190
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0190
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0195
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0195
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0195
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0195
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0200
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0200
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0200
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0200
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0205
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0205
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0205
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0205
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0210
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0210
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0210
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0215
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0215
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0220
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0220
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0225
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0225
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0225
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0230
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0230
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0235
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0235
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0235
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0240
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0240
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0245
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0245
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0250
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0250
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0255
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0255
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0255
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0255
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0260
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0260
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0260
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0265
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0265
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0265
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0265
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0270
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0270
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0270
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0270
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0275
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0275


Epidemiology 28, 47–53.
Schoeters, G., Govarts, E., Bruckers, L., Den Hond, E., Nelen, V., De Henauw, S., et al.,

2017. Three cycles of human biomonitoring in flanders - time trends observed in the
flemish environment and health study. Int. J. Hyg. Environ. Health 220, 36–45.

Scollon, E.J., Carr, J.A., Cobb, G.P., 2004. The effect of flight, fasting and p,p'-ddt on
thyroid hormones and corticosterone in gambel's white-crowned sparrow, Zonotrichia
leucophrys gambelli. Comp. Biochem. Physiol. Toxicol. Pharmacol. 137, 179–189.

Skjaerven, R., Gjessing, H.K., Bakketeig, L.S., 2000. Birthweight by gestational age in
Norway. Acta Obstet. Gynecol. Scand. 79, 440–449.

Sonneborn, D., Park, H.Y., Petrik, J., Kocan, A., Palkovicova, L., Trnovec, T., et al., 2008.
Prenatal polychlorinated biphenyl exposures in eastern Slovakia modify effects of
social factors on birthweight. Paediatr. Perinat. Epidemiol. 22, 202–213.

Stefanidou, M., Maravelias, C., Spiliopoulou, C., 2009. Human exposure to endocrine
disruptors and breast milk. Endocr Metab Immune Disord Drug Targets 9, 269–276.

Tang-Peronard, J.L., Andersen, H.R., Jensen, T.K., Heitmann, B.L., 2011. Endocrine-dis-
rupting chemicals and obesity development in humans: a review. Obes. Rev. 12,
622–636.

To-Figueras, J., Barrot, C., Sala, M., Otero, R., Silva, M., Ozalla, M.D., et al., 2000.
Excretion of hexachlorobenzene and metabolites in feces in a highly exposed human
population. Environ. Health Perspect. 108, 595–598.

US-EPA, 2016. Health effects support document for perfluorooctanoic acid (pfoa).
https://www.epa.gov/sites/production/files/2016-05/documents/pfoa_hesd_final-
plain.pdf.

Vafeiadi, M., Vrijheid, M., Fthenou, E., Chalkiadaki, G., Rantakokko, P., Kiviranta, H.,
et al., 2014. Persistent organic pollutants exposure during pregnancy, maternal ge-
stational weight gain, and birth outcomes in the mother-child cohort in Crete, Greece
(Rhea study). Environ. Int. 64, 116–123.

van Raaij, J.A., Frijters, C.M., van den Berg, K.J., 1993a. Hexachlorobenzene-induced
hypothyroidism. Involvement of different mechanisms by parent compound and
metabolite. Biochem. Pharmacol. 46, 1385–1391.

van Raaij, J.A., Kaptein, E., Visser, T.J., van den Berg, K.J., 1993b. Increased glucur-
onidation of thyroid hormone in hexachlorobenzene-treated rats. Biochem.
Pharmacol. 45, 627–631.

Verner, M.A., McDougall, R., Glynn, A., Andersen, M.E., Clewell III, H.J., Longnecker,
M.P., 2013. Is the relationship between prenatal exposure to pcb-153 and decreased
birth weight attributable to pharmacokinetics? Environ. Health Perspect. 121,

1219–1224.
Verner, M.A., Loccisano, A.E., Morken, N.H., Yoon, M., Wu, H., McDougall, R., et al.,

2015. Associations of perfluoroalkyl substances (pfas) with lower birth weight: an
evaluation of potential confounding by glomerular filtration rate using a physiolo-
gically based pharmacokinetic model (pbpk). Environ. Health Perspect. 123,
1317–1324.

Verner, M.A., Ngueta, G., Jensen, E.T., Fromme, H., Volkel, W., Nygaard, U.C., et al.,
2016. A simple pharmacokinetic model of prenatal and postnatal exposure to per-
fluoroalkyl substances (pfass). Environ. Sci. Technol. 50, 978–986.

Vesterinen, H.M., Johnson, P.I., Atchley, D.S., Sutton, P., Lam, J., Zlatnik, M.G., et al.,
2015. Fetal growth and maternal glomerular filtration rate: a systematic review. J.
Matern. Fetal Neonatal Med. 28, 2176–2181.

Visser, G.H., Eilers, P.H., Elferink-Stinkens, P.M., Merkus, H.M., Wit, J.M., 2009. New
dutch reference curves for birthweight by gestational age. Early Hum. Dev. 85,
737–744.

Vizcaino, E., Grimalt, J.O., Glomstad, B., Fernandez-Somoano, A., Tardon, A., 2014.
Gestational weight gain and exposure of newborns to persistent organic pollutants.
Environ. Health Perspect. 122, 873–879.

Vrijkotte, T.G., Hrudey, E.J., Twickler, M.B., 2017. Early maternal thyroid function
during gestation is associated with fetal growth, particularly in male newborns. J.
Clin. Endocrinol. Metab. 102, 1059–1066.

White, S.S., Fenton, S.E., Hines, E.P., 2011. Endocrine disrupting properties of per-
fluorooctanoic acid. J. Steroid Biochem. Mol. Biol. 127, 16–26.

WHO/UNEP, 2013. State of the science of endocrine disrupting chemicals - 2012
(Geneva). http://www.who.int/ceh/publications/endocrine/en/.

Wolff, M.S., Engel, S., Berkowitz, G., Teitelbaum, S., Siskind, J., Barr, D.B., et al., 2007.
Prenatal pesticide and pcb exposures and birth outcomes. Pediatr. Res. 61, 243–250.

Xu, Y., Wang, Q., Cook, T.J., Knipp, G.T., 2007. Effect of placental fatty acid metabolism
and regulation by peroxisome proliferator activated receptor on pregnancy and fetal
outcomes. J. Pharm. Sci. 96, 2582–2606.

Xu, X.J., Su, J.G., Bizzarri, A.R., Cannistraro, S., Liu, M., Zeng, Y., et al., 2013. Detection
of persistent organic pollutants binding modes with androgen receptor ligand binding
domain by docking and molecular dynamics. BMC Struct. Biol. 13, 16.

Yamamoto, J., Yamane, T., Oishi, Y., Kobayashi-Hattori, K., 2015. Perfluorooctanoic acid
binds to peroxisome proliferator-activated receptor gamma and promotes adipocyte
differentiation in 3t3-l1 adipocytes. Biosci. Biotechnol. Biochem. 79, 636–639.

E. Govarts et al. Environment International 115 (2018) 267–278

278

http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0275
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0280
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0280
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0280
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0285
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0285
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0285
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0290
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0290
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0295
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0295
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0295
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0300
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0300
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0305
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0305
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0305
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0310
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0310
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0310
https://www.epa.gov/sites/production/files/2016-05/documents/pfoa_hesd_final-plain.pdf
https://www.epa.gov/sites/production/files/2016-05/documents/pfoa_hesd_final-plain.pdf
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0320
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0320
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0320
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0320
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0325
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0325
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0325
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0330
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0330
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0330
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0335
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0335
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0335
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0335
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0340
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0340
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0340
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0340
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0340
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0345
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0345
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0345
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0350
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0350
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0350
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0355
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0355
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0355
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0360
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0360
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0360
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0365
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0365
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0365
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0370
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0370
http://www.who.int/ceh/publications/endocrine/en
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0380
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0380
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0385
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0385
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0385
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0390
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0390
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0390
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0395
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0395
http://refhub.elsevier.com/S0160-4120(17)31933-5/rf0395

	Prenatal exposure to endocrine disrupting chemicals and risk of being born small for gestational age: Pooled analysis of seven European birth cohorts
	Introduction
	Methods
	Description of cohorts
	Exposure assessment
	Outcome variable
	Statistical analysis

	Results
	Non-dioxin-like organochlorine compounds
	Perfluorinated compounds

	Discussion
	Adverse outcome SGA
	Non-dioxin-like organochlorine compounds
	Perfluorinated compounds
	Mechanisms
	Confounders and risk factors
	Strengths and limitations

	Conclusions
	Acknowledgements
	Competing financial interests
	Supplementary data
	References




