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A B S T R A C T

Background: Endocrine disrupting chemicals (EDCs) are xenobiotics with the ability to interfere with hormone
action, even at low levels. Prior environmental epidemiology studies link numerous suspected EDCs, including
phthalates and bisphenol A (BPA), to adverse neurodevelopmental outcomes. However, results for some che-
micals were inconsistent and most assessed one chemical at a time.
Objectives: To evaluate the overall impact of prenatal exposure to an EDC mixture on neurodevelopment in
school-aged children, and identify chemicals of concern while accounting for co-exposures.
Methods: Among 718 mother-child pairs from the Swedish Environmental Longitudinal, Mother and child,
Asthma and allergy study (SELMA) study, we used Weighted Quantile Sum (WQS) regression to assess the
association between 26 EDCs measured in 1st trimester urine or blood, with Wechsler Intelligence Scale for
Children (IV) Intelligence Quotient (IQ) scores at age 7 years. Models were adjusted for child sex, gestational age,
mother’s education, mother’s IQ (RAVEN), weight, and smoking status. To evaluate generalizability, we con-
ducted repeated holdout validation, a machine learning technique.
Results: Using repeated holdout validation, IQ scores were 1.9-points (CI=−3.6, −0.2) lower among boys for
an inter-quartile-range (IQR) change in the WQS index. BPF made the largest contribution to the index with a
weight of 14%. Other chemicals of concern and their weights included PBA (9%), TCP (9%), MEP (6%), MBzP
(4%), PFOA (6%), PFOS (5%), PFHxS (4%), Triclosan (5%), and BPA (4%). While we did observe an inverse
association between EDCs and IQ among all children when training and testing the WQS index estimate on the
full dataset, these results were not robust to repeated holdout validation.
Conclusion: Among boys, early prenatal exposure to EDCs was associated with lower intellectual functioning at
age 7. We identified bisphenol F as the primary chemical of concern, suggesting that the BPA replacement
compound may not be any safer for children. Future studies are needed to confirm the potential neurotoxicity of
replacement analogues.

1. Introduction

Endocrine disrupting chemicals (EDCs) are xenobiotics with the

ability to interfere with hormone action (Zoeller et al., 2012). Some
commonly studied examples include phthalates, bisphenols, per-
fluoroalkyl substances (PFASs), and organochlorines. Exposure via the
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environment (Annamalai and Namasivayam, 2015; Rudel and Perovich,
2009), diet (Gunderson, 1995; Muncke, 2009), consumer products
(Wong and Durrani, 2017), and building materials (Shu et al., 2019),
has resulted in ubiquitous exposure to EDCs in general populations
globally (Fång et al., 2015; Kannan et al., 2004; Katsikantami et al.,
2016). This widespread exposure is troublesome since EDCs may dis-
turb hormone homeostasis even at low doses (Zoeller et al., 2012).
Further, many EDCs have been associated with numerous harmful
health effects (De Coster and Van Larebeke, 2012). Of particular con-
cern, some EDCs are known to cross the placenta (Mose et al., 2007;
Porpora et al., 2013), exposing the fetus and potentially causing irre-
versible developmental damage (Zoeller et al., 2012).

Prior literature demonstrates that prenatal exposure to numerous
suspected EDCs may adversely influence neurodevelopment. Persistent
organic pollutants, organophosphate and pyrethroid pesticides, phtha-
lates, and Bisphenol A (BPA) have all been associated with different
measures of altered infant brain development, cognitive functioning,
and neurobehavior (Berghuis et al., 2015; Bornehag et al., 2018; Braun
et al., 2017c; Eskenazi et al., 2018; Factor-Litvak et al., 2014; Rauh
et al., 2011). However, findings for some specific chemicals were in-
consistent, attributed to differences in the specific neurodevelopmental
outcome measured, population demographics, and exposure timing and
levels (Berghuis et al., 2015; Braun, 2017).

We identified two key limitations to most prior research on EDCs
and neurodevelopment. First, most studies evaluated single chemicals
in isolation (Braun, 2017), despite that fact that humans are exposed to
many EDCs simultaneously (Zoeller et al., 2012). These co-exposures
may combine in various ways to elicit unexpected endocrine changes
(Zoeller et al., 2012). Simultaneous exposure to multiple EDCs may be
harmful even when individual exposures are below observable effect
levels (Kortenkamp, 2014). While some studies have evaluated che-
mical mixtures and co-exposures in relation to neurodevelopmental
outcomes (Furlong et al., 2017; Liu et al., 2018b,a; Valeri et al., 2017),
most focused on metals. Second, inconsistencies across studies may also
be partially attributed to an overreliance on an explanatory- versus
predictive-focused analyses, the latter of which may help gain further
insight into the stability and generalizability of explanatory findings
(Shmueli, 2010; Yarkoni and Westfall, 2017).

To address these research gaps, we used Weighted Quantile Sum
(WQS) Regression to evaluate the impact of prenatal exposure to 26
EDCs in relation to overall cognitive functioning at age seven among
718 mother-child pairs. We hypothesized that higher prenatal levels of
the overall EDC mixture would be related to lower Intelligence Quotient
(IQ) scores in children. To evaluate the robustness and potential gen-
eralizability of our results, we extended WQS regression to include re-
peated holdout validation.

2. Methods

2.1. Study population

The Swedish Environmental Longitudinal Mother and Child, Asthma
and Allergy (SELMA) study is a population-based study that recruited
more than 2300 pregnant women in the first trimester from prenatal
clinics in Värmland county, Sweden, from November 2007 to March
2010. Detailed recruitment and sample collection procedures have been
described previously (Bornehag et al., 2012, 2015). Participants pro-
vided written consent and the study was approved by the Regional
Ethical Review Board (Uppsala, Sweden). We aimed to assess cognitive
functioning in 1000 children at 7 years of age. Families were invited
consecutively based on the child’s age and 943 were ultimately as-
sessed. The current analysis includes 718 children with complete data
on all exposure, outcome, and confounding variables.

2.2. Prenatal blood and urine

First-morning void urine and non-fasting blood samples were col-
lected from mothers during their first prenatal visit (median 10weeks
pregnancy). Samples were stored at −20 °C (urine) and −70 °C (serum)
at the Laboratory of Occupational and Environmental Medicine (LOEM)
at Lund University, Lund, Sweden.

The urine samples were analyzed by liquid chromatography tandem
mass spectrometry (LC-MS/MS, UFLCXR, SHIMADZU Corporation,
Kyoto, Japan and QTRAP 5500, AB Sciex, Foster City, CA, USA) de-
scribed in Gyllenhammar et al. (2017) to quantify 24 urinary analytes.
Briefly, 200 μl aliquots were mixed with 100 μl mL of ammonium
acetate (1M; pH, 6.5) and 10 μl of β-glucoronidase (Escherichia coli),
and then incubated at 37 °C for 30min. Next, 50 μl of a solution with
labeled internal standards for each compound were added. Creatinine
was measured enzymatically and used to adjust analyte concentrations
for urine dilution (adjusted analyte level= [analyte]/[creatinine]). The
limits of detection (LOD) ranged from 0.003 to 0.100 ng/mL.

In serum analyses of 8 PFAS and cotinine, a biomarker of tobacco
exposure, (Lindh et al., 2012), 100 µl aliquots were added with 25 μl of
a water:acetonitrile (50:50) solution with labelled internal standards
and 200 μl acetonitrile, to precipitate proteins. Samples were shaken for
30min, followed by centrifugation. PFAS were quantified in serum
using LC-MS/MS (UFLCXR, SHIMADZU Corporation, Kyoto, Japan and
QTRAP 5500, AB Sciex, Foster City, CA, USA). The LODs ranged from
0.01 to 0.06 ng/mL. PFAS serum analyses and all urine analyses were
conducted at the LOEM.

Plasma was analyzed for 22 persistent organic pollutants (chlori-
nated or brominated) at the National Institute for Health and Welfare,
Finland. Ethanol and carbon 13–labeled internal standards in toluene
were mixed with 200 µl samples to precipitate proteins and equilibrate
standards. Dichloromethane-hexane (1:4), followed by activated silica
were added for extraction and separation. The dichloromethane-hexane
was poured over a solid-phase extraction cartridge (SPE cartridge) with
10% AgNO3 impregnated silica and a mixture of Na2SO4 and silica.
Analytes were quantified using gas chromatography - high triple
quadrupole mass spectrometry (Agilent 7010 GC–MS/MS system
(Wilmington, DE, USA), GC column DB-5MS UI (J&W Scientific, 20m,
ID 0.18mm, 0.18 μm)). The limits of quantitation (LOQ) ranged from
0.005 to 0.040 ng/mL.

Overall, 54 analytes were measured in urine, serum, and plasma.
We summed analytes where appropriate. DEHP and DINP were calcu-
lated using the molar sums of 5 and 3 metabolites, respectively.
Dichlorodiphenyltrichloroethane (DDT) and its metabolite di-
chlorodiphenyldichloroethylene (DDE) were summed, and 10 poly-
chlorinated biphenyl (PCB) congeners were summed, into total DDT
and PCB variables, respectively. We limited the current analysis to in-
dividual compounds detectable in ≥75% of samples (Table 1). How-
ever, we accepted lower detection rates for DDE and PCB 74 since these
were in summed variables. After exclusions and summations, 26 com-
pounds were available for the statistical analyses, including 16 urine, 6
serum, and 4 plasma compounds (Table 1).

We handled values below the LOD or LOQ using two methods based
on laboratory reporting. For urine and serum compounds, we used the
machine read value since this may limit bias (Schisterman et al., 2006).
For plasma compounds, we substituted the values below the LOQ with
LOQ/ 2 since machine read values were unavailable. Mixing nondetect
methods likely has minimal impact due to relatively high detection
rates (Table 1) and since the mixture analysis quantiles exposures.

2.3. Cognitive assessment

Trained psychologists evaluated cognitive functioning in children at
age 7 using the Wechsler Intelligence Scale for Children, 4th edition
(WISC-IV) (Wechsler, 2003) full-scale IQ. Scores reflect overall cogni-
tive abilities, and is indexed to have a mean and standard deviation of

E.M. Tanner, et al. Environment International 134 (2020) 105185

2



100, and 15, respectively (Wechsler, 2003). Maternal IQ was assessed
using the shortened Ravens Standard Progressive Matrices (Elst et al.,
2013; Raven et al., 1998).

2.4. Covariates

At study entry, data on maternal age, parity, education level, fish
consumption, and smoking were collected by questionnaires. Mothers
were considered smokers if they reported current smoking or had co-
tinine levels> 15 ng/mL (indicating active smoking) at the first pre-
natal visit. In follow-up questionnaires, data on breastfeeding was
collected. Data on gestational age, birthweight, and maternal weight

were collected from the Swedish Medical birth register.

2.5. Statistical analysis

2.5.1. Univariate, bivariate, and missing data analyses
For univariate analyses, we natural-log transformed EDCs to ap-

proximate a normal distribution and calculated geometric means (GM)
and geometric standard deviations (GSD). We reported descriptive
statistics for the 26 EDCs without creatinine correction, population
characteristics, and IQ scores for all children, as well as boys and girls
separately. We used the χ2 test for homogeneity and t-tests to assess
potential differences in population characteristics, EDC concentrations,

Table 1
EDCs measured in first-trimester maternal biological samples (ng/mL) (N=718).

Matrix Chemical Type Compound (further description) Abbreviation LOD/
LOQa

% ≥LOD GM GSD WQSg

Urine Phenols 2,4,4′-trichloro-2′-hydroxydiphenyl ether Triclosan 0.100 92 1.27 9.6 x
bisphenol A BPA 0.050 100 1.53 2.4 x
4,4-bisphenol F (BPA replacement analogue) BPF 0.024 92 0.16 5.3 x
bisphenol S (BPA replacement analogue) BPS 0.009 98 0.07 3.0 x

Plasticizers (Phthalate & non-
phthalate)

monoethyl phthalate MEP 0.010 100 62.8 3.0 x
monobutyl phthalate MBP 0.100 100 67.5 2.2 x
monobenzyl phthalate MBzP 0.040 100 15.5 3.0 x
mono(2-ethylhexyl) phthalate MEHP 0.100 100 – –
mono(2-ethyl-5-hydroxyhexyl) phthalate MEHHP 0.020 100 – –
mono(2-ethyl-5-oxohexyl) phthalate MEOHP 0.030 100 – –
mono(2-ethyl-5-carboxypentyl) phthalate MECPP 0.020 100 – –
di-(2-ethylhexyl) phthalate (parent compound) DEHPb - - 63.8 2.4 x
mono(hydroxy-iso-nonyl) phthalate MHiNP 0.020 100 – –
mono(oxo-iso-nonyl) phthalate MOiNP 0.010 100 – –
mono(carboxy-iso-octyl) phthalate MCiOP 0.020 100 – –
diisononyl phthalate (parent compound) DINPc – – 26.7 3.0 x
monohydroxyisodecyl phthalate MHiDP 0.031 100 1.25 2.7 x
monocarboxyisononyl phthalate MCiNP 0.031 100 0.68 2.4 x
2-4-methyl-7-oxyooctyl-oxycarbonyl-cyclohexane carboxylic acid
(phthalate replacement)

MOiNCH 0.023 99 0.31 4.0 x

diphenylphosphate (organophosphate flame retardant) DPHPd 0.042 100 1.33 2.5 x
Other Short-Lived 3,5,6-trichloro-2-pyridinol (organophosphate pesticide) TCP 0.035 100 1.25 2.5 x

3-phenoxybenzoic acid (pyrethroid pesticide) PBA 0.017 99 0.16 2.7 x
2-hydroxyphenanthrene (polycyclic aromatic hydrocarbon) 2OHPH 0.003 100 0.20 2.3 x

Serum Perfluoro-alkyl Substances
(PFAS)

perfluorooctanoic acid PFOA 0.020 100 1.55 1.8 x
perfluorooctane sulfonate PFOS 0.060 100 5.32 1.7 x
perfluorononanoic acid PFNA 0.010 100 0.53 1.7 x
perfluorodecanoic acid PFDA 0.020 100 0.26 1.6 x
perfluoroundecanoic acid PFUnDA 0.020 99 0.22 1.9 x
perfluorohexanesulfonic acid PFHxS 0.030 100 1.31 1.8 x

Plasma Persistent Chlorinated hexachlorobenzene HCB 0.005 100 0.04 1.4 x
trans-nonachlor Nonachlor 0.005 78 0.01 1.9 x
dichlorodiphenyltrichloroethane alone DDTa 0.015 99 – –
dichlorodiphenyldichloroethylene DDE 0.040 8 – –
total dichlorodiphenyltrichloroethane DDTe – – 0.19 1.9 x
polychlorinated biphenyl 74 PCB 74 0.005 73 – –
polychlorinated biphenyl 99 PCB 99 0.005 81 – –
polychlorinated biphenyl 118 PCB 118 0.005 99 – –
polychlorinated biphenyl 138 PCB 138 0.005 100 – –
polychlorinated biphenyl 153 PCB 153 0.005 100 – –
polychlorinated biphenyl 156 PCB 156 0.005 90 – –
polychlorinated biphenyl 170 PCB 170 0.005 100 – –
polychlorinated biphenyl 180 PCB 180 0.005 100 – –
polychlorinated biphenyl 183 PCB 183 0.005 76 – –
polychlorinated biphenyl 187 PCB 187 0.005 98 – –
total polychlorinated biphenyls PCBf – – 0.37 1.6 x

Abbreviations: GM, geometric mean; GSD, geometric standard deviation; LOD, limit of detection.
Notes: Values< LOD retained the machine read value for urine and serum compounds, values< LOQ were substituted with LOQ/ 2 for plasma compounds.
a LOD reported for all urine and serum compounds, LOQ reported for plasma compounds.
b Molar sum of metabolites: mono-2-ethylhexyl, mono(2-ethyl-5-hydroxyhexyl), mono(2-carboxymethylhexyl), mono(2-ethyl-5-oxohexyl), and mono(2-ethyl-5-

carboxypentyl) phthalates.
c Molar sum of metabolites: mono(hydroxyisononyl), mono(oxoisononyl), and mono(carboxyisooctyl) phthalates.
d Abbreviation via (Bergman et al., 2012).
e Sum of DDT and its metabolite dichlorodiphenyldichloroethylene.
f Sum of PCB congeners 74, 99, 118, 138, 153, 156, 170, 180, 183, 187.
g Included in WQS analysis.
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and IQ scores between (1) boys and girls, and (2) those included in the
current study sample compared to those in the initially recruited co-
hort. Finally, we calculated Spearman correlations for all chemicals
with creatinine-correction for urinary compounds.

2.5.2. Regression analysis
To assess the association of the EDC mixture on IQ and identify the

chemicals of concern in that mixture, we used WQS regression (Carrico
et al., 2015), a method previously applied in several environmental
epidemiologic studies (Boss et al., 2018; Deyssenroth et al., 2018;
Horton et al., 2018). Briefly, a unidirectional weighted index is con-
structed from quantiled chemical exposure variables, thereby reducing
the dimensionality and potential multi-collinearity commonly observed
with highly correlated co-exposures. This WQS index is regressed on the
outcome in a multivariable linear model providing an overall mixture
effect estimate. Weights are expressed as percentages that sum to one
and indicate the relative strength of each compound within the mixture.
We binned the 26 chemicals (with creatinine correction for urinary
compounds) into deciles and constructed the index using negative
weights from 100 bootstrap samples since we hypothesized the mixture
would be related to lower IQ scores. Chemicals with mean weights ex-
ceeding 3.8% (100%/26 chemicals) were identified as chemicals of
concern, indicating a larger contribution to the outcome than expected
by chance.

Carrico et al. (2015) recommended partitioning data for WQS re-
gression into training and test sets to avoid sample-specific chemical
weights (e.g. fitting to noise), a method routinely employed in pre-
dictive modeling (Shmueli, 2010). However, in finite samples, this not
only reduces power, but may lead to unrepresentative partitions and
unstable estimates (Borovicka et al., 2012). Therefore, to evaluate the
stability and potential generalizability of our results, we applied re-
peated holdout validation, a method that combines cross-validation and
bootstrap resampling (Borovicka et al., 2012). Specifically, we ran-
domly split data into 40–60% training-test sets and repeated WQS re-
gression 100 times to simulate a distribution of validated results from
the underlying population. We reported estimates for: (1) the tradi-
tional explanatory-modeling approach used in epidemiology which uses
the full study sample for training and testing, and (2) the mean estimate
from the repeated holdout validation approach. We expressed estimates
as the difference in IQ scores per inter-quartile-range (IQR) change in
the WQS index with normal-based 95% confidence intervals (CI). Fi-
nally, we reported mean chemical weights for both approaches and
characterized the uncertainty of these weights using a novel weight
uncertainty plot.

We chose covariables based on prior literature and bivariate asso-
ciations in our own data (Bornehag et al., 2018); the final linear model
was adjusted for child sex, and the following maternal characteristics:
parity, age, weight, education, IQ (RAVEN), and smoking (Eriksen
et al., 2013). Although gestational age and birthweight may impact
child IQ, we did not adjust for these variables since they may be
mediators. To adjust for selection bias, we used inverse probability
weights (Cole and Hernán, 2008) incorporating baseline characteristics
that were significantly different between the initially recruited cohort
with incomplete data and the current analysis sample (Supplemental
Table S1); these included child sex, maternal age, education, and,
smoking, and the following prenatal EDCs: creatinine-corrected MEP
and MBzP, trans-nonachlor, and PCBs. The assumed causal relationships
are summarized using a directed acyclic graph in Supplemental Fig. 1.

We also conducted sex-stratified analyses since prior literature
suggests boys and girls have different neurodevelopmental responses to
environmental insult (Comfort and Re, 2017; Llop et al., 2013). Ana-
lyses were conducted in R v.3.5.1 (R Core Team, 2018) using the gWQS
package (Renzetti et al., 2018) and SAS v.9.4 (SAS Institute Inc. 2018).
Our code for implementing repeated holdout is available on GitHub
(Tanner and Gennings, 2019).

2.5.3. Sensitivity analyses
We assessed additional covariables, included maternal fish con-

sumption and breastfeeding. To check normality assumptions, we also
calculated percentile-based estimates and CIs for validated results
(median, 2.5th%, 97.5th%). Since differences between explanatory
versus validation results could be due to both reduced statistical power
and lack of generalizability, we also conducted the explanatory ap-
proach using 40% of the original data (N=287) to help distinguish the
source of differences between results. To evaluate whether results were
mostly influenced by a single compound, we removed the chemical
with the largest weight and reran the WQS analysis. Finally, we re-
peated WQS constraining weights to the positive direction.

3. Results

3.1. Missing data

Compared to the current study sample, initially recruited mothers
who were excluded due to incomplete data were significantly less likely
to graduate college (56% vs 68%, p-value < 0.01), more likely to
smoke (8.8 vs 6.0, p-value=0.03) and were younger (30.6 vs 31.4, p-
value < 0.01) (Supplemental Table S1). Initially recruited mothers
also had significantly higher creatinine-corrected MEP (GM=7.68 vs.
6.71 ng/mL, p-value=0.01) and MBzP concentrations (GM=1.83 vs
1.66, p-value < 0.01). However, trans-nonachlor (0.07 vs. 0.08 ng/mL,
p-value < 0.01) and total PCB (0.34 vs. 0.37 ng/mL, p-value < 0.01)
plasma concentrations were significantly lower among those with in-
complete data. No other significant differences were observed in po-
pulation characteristics or EDC concentrations.

3.2. Prenatal EDC concentrations and correlations

Descriptive statistics for the 26 EDCs are reported in Table 1. Among
the phenols, BPA had the highest GM concentrations (1.53 ng/mL), but
triclosan had the highest GSD (9.6 ng/mL). Among plasticizers, MEP,
MBP and DEHP had the highest concentrations at 62.8, 67.5, and
63.8 ng/mL, respectively. Among PFAS compounds, PFOS had the
highest concentration (5.32 ng/mL). There were no significant differ-
ences in prenatal chemical concentrations by child sex (data not
shown). Significant Spearman correlation coefficients between chemi-
cals ranged from −0.16 to 0.75, with generally low to moderate cor-
relations among creatinine-adjusted urinary compounds and moderate
to high correlations among persistent compounds (Supplemental Fig.
S2).

3.3. Population characteristics and child IQ scores

At study enrollment, mean maternal age and weight were 31 years
and 69 kg, respectively (Table 2). Forty-four percent were nulliparous

Table 2
Population characteristics and child IQ scores (N=718).

N/Mean %/SD

Maternal Characteristics Graduated College 486 68
Nulliparous 318 44
Smoked in Early Pregnancy 43 6
>Median Fish Consumption 287 43
Age (years) 31 5
Weight at Enrollment (kg) 69 14
IQ (RAVEN) 115 15

Child Characteristics Male 356 50
Breastfed ≥6months 406 64
Gestational Age (months) 40 2
Birthweight (g) 3641 575
Full Scale IQ 100 13
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and 6% either reported smoking or had urinary cotinine levels> 15 ng/
mL. Sixty-eight percent of mothers achieved a college education and
had a mean IQ (RAVEN) of 115. Fifty percent of children were male
(Table 2). Mean gestational age was 40weeks and mean birth weight
was 3641 g. Sixty-four percent of children were fully or partially
breastfed until at least 6months of age. Mean child IQ scores were 100
among all children. Boys had significantly higher birthweight (3716 vs.
3567, p-value < 0.01). Girls had significantly higher IQ scores com-
pared to boys (102 vs. 98, p-value < 0.01). There were no other sig-
nificant differences in population characteristics by child sex.

3.4. EDC mixture and overall cognitive functioning

In the explanatory approach using the full sample for training and
testing, we observed a 2.2-point decline (CI=−3.4, −1.0) in full scale
IQ for an IQR change in the WQS index (EDC mixture) among all
children (Fig. 1). We observed a 3.6-point decline (CI=−5.3, −2.0) in
IQ among boys, and a 1.8-point decline (CI=−3.5, −0.0) among girls,
for an IQR change in the WQS index. Using repeated holdout validation,
we observed attenuated results, with only a 0.8-point decline
(CI=−2.1, 0.5) in IQ for an IQR change in the WQS index among all
children. Among boys, we observed a 1.9-point decline (CI=−3.6,
−0.2) in IQ for an IQR change in the WQS index. In contrast, we ob-
served no decline (β=0.3, CI=−1.3, 2.0) among girls.

3.5. Chemicals of concern identification and uncertainty

The weight uncertainty plot (Fig. 2) displays the final weights using
the full sample explanatory approach and the distribution of weights
simulated using repeated holdout validation, among all children. For
the full sample, BPF and DPHP had the largest contribution to the
index, with mean weights of 18% and 15%, respectively (Fig. 2, open
diamonds). Other chemicals of concern included TCP (9%), MEP (8%),
MBzP (6%), PFHxS (6%), PBA (5%), and PFOA (5%).

In contrast to the full sample analysis, the highest mean weights
calculated from the validation approach tended to attenuate toward the

chemicals of concern threshold (Fig. 2, closed diamonds). With the
repeated validation approach, BPF and DPHP again had the largest
contribution to the index, with mean weights of 12% and 10%, re-
spectively. In addition, out of the 100 repeated holdouts performed,
BPF and DPHP were selected as chemicals of concern 92 and 93 times,
respectively (Fig. 2, bars). Other chemicals of concern included TCP
(8%), MEP (7%), MBzP (6%), PFHxS (5%), PFOA (5%), PFUNDA (5%)
PBA (5%), BPA (4%), BPS (4%), HCB (4%), and MOiNCH (4%). TCP
was selected as chemicals of concern in 81 of repeated holdouts. Fi-
nally, we note that some repetitions produced extreme large weights
(Fig. 2, dots), leading to means that were more extreme than the
medians for many compounds (Fig. 2, middle bar in boxplots). This
suggests that median weights generated from the training step may be
preferred in qualitatively identifying chemicals of concern since med-
ians may be less susceptible to extreme weights and provide a more
conservative list of chemicals. However, the validation step still re-
quires mean weights to sum to one in calculating the WQS index esti-
mates.

Among boys, chemicals of concern by decreasing full sample
weights included BPF (21%), PBA (12%), TCP (12%), PFOA (0.08%),
BPA (0.06%), PFOS (0.05%), MEP (0.04%), MBzP (0.04%), and
Triclosan (0.04%) (Fig. 3). Chemicals of concern identified using mean
validation weights included BPF (14%), PBA (9%), TCP (9%), MEP
(6%), PFOA (6%), PFOS (5%), Triclosan (5%), BPA (4%), PFHxS (4%),
MBzP (4%), and MOiNCH (4%). BPF, PBA, and TCP were selected as
chemicals of concern in 94, 84, and 83 of the repeated holdouts, re-
spectively.

Among girls, chemicals of concern identified using full sample
weights included DPHP (23%), MEP (10%), BPS (9%), BPF (9%), MBzP
(8%), PFHxS (6%), and MOiNCH (5%) (Fig. 4). Chemicals of concern
identified using mean validation weights included DPHP (12%), MEP
(8%), BPS (7%), MBzP (7%), MOiNCH (7%), PFHxS (6%), BPF (6%),
PFUnDA (4%), TCP (4%), and Triclosan (4%). DPHP and BPF were
selected as chemicals of concern in 93 and 77 of the repeated holdouts,
respectively.

Fig. 1. Impact of prenatal EDC mixture on IQ at age 7: traditional full sample vs. repeated holdout validation.
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Fig. 2. Chemicals of concern identification & uncertainty using traditional full sample vs. repeated holdout validation: all children.

Fig. 3. Chemicals of concern identification & uncertainty using traditional full sample vs. repeated holdout validation: boys.
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3.6. Sensitivity analyses

Adjusting for fish consumption and breast feeding produced similar
results (data not shown). Percentile-based estimates and CIs were si-
milar to the results based on the mean and 95% CI which assume
normality. Training and testing within the same sample while using
40% of the data produced results in between that of the full sample and
validation approaches, indicating that the attenuation of validation
results was only partially due to reduced statistical power (data not
shown).

To evaluate whether results were mainly driven by the compound
with the largest weight, we reran WQS excluding BPF from the analysis.
Results were similar, but attenuated towards zero. Among all children
we observed a 1.85-point decline (CI=−3.1, −0.6), and a 0.3-point
decline (CI=−1.5, 0.8) in full scale IQ for an IQR change in the WQS
index for the full sample and repeated holdout approaches, respec-
tively. Among boys, there was a 2.9-point decline (CI=−4.6, −1.2),
and a 1.1-point decline (−2.8, 0.6) in IQ for an IQR range change in the
WQS index for the full sample and repeated holdout approaches, re-
spectively. Chemicals of concern were similar. Overall, this indicates
that while BPF is an important exposure, it may not fully explain the
EDC mixture impact on IQ.

When implementing WQS with a positive constraint (e.g. assuming
a positive association between EDCs and IQ) we observed a no asso-
ciation among all children for the full sample (β= 1.1, CI=−0.3, 2.4)
or validation (β=−0.6, CI=−2.1, 0.9) approaches (Supplemental
Fig. S3). There was also no association among boys for the full sample
(β=1.9, CI=−0.3, 4.1) or validation (β=−0.9, CI=−2.8, 1.0)
approaches. In contrast, among girls we observed a 2.4-point increase
in IQ for an IQR range change in the WQS index (CI= 0.5, 4.3) when

using the full sample approach, but no association using the validation
approach (β=−0.8, CI=−1.8, 1.6).

The chemicals with weights above the equal-weighting threshold in
the positive direction tended to be the chemicals with weights near or
below the chemical of concern threshold in the negative constraint
direction. Among all children, these included PCB (21%), DINP (16%),
PFDA (15%), Nonachlor (10%), 2OHPH (8%), Triclosan (4%), DDT
(4%), and PFNA (4%) for the full sample approach, and PCB (13%),
PFDA (9%), DINP (9%), DDT (7%), Nonachlor (7%), Triclosan (6%),
2OHPH (5%), MOiNCH (5%), PFHxS (4%), and PFNA (4%) for the
validation approach (Supplemental Fig. S4). Among boys, chemicals
above the threshold included PCB (43%), Nonachlor (10%), PFDA
(9%), MOiNCH (8%), BPS (6%), Triclosan (5%) for the full sample
approach, and PCB (21%), Nonachlor (7%), PFDA (7%), BPS (6%),
Triclosan (6%), MOiNCH (6%), PFNA (5%), 2OHPH (4%), MBzP (4%),
and DPHP (4%) for the validation approach (Supplemental Fig. S5).
Finally, among girls chemicals above the threshold included DINP
(25%), PBA (11%), TCP (10%), DDT (9%), PFDA (7%), PFHxS (5%),
2OHPH (5%), Nonachlor (5%), PFOA (5%), and BPA (4%) for the full
sample approach, and DINP (13%), PBA (8%), TCP (7%), DDT (7%),
PFHxS (6%), 2OHPH (6%), PFDA (5%), BPA (5%), Triclosan (5%),
PFOA (5%), MOiNCH (4%), MCiNP (4%), HCB (4%) for the validation
approach (Supplemental Fig. S6).

4. Discussion

This study evaluated the impact of prenatal exposure to 26 EDCs in
relation to neurodevelopment at age seven in a sample of 718 mother-
child pairs from the Swedish SELMA study. We used WQS regression
with a novel addition of repeated holdout validation to estimate the

Fig. 4. Chemicals of concern identification & uncertainty using traditional full sample vs. repeated holdout validation: girls.
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overall impact of the EDC mixture and identify chemicals of concern.
Consistent with our study hypothesis, higher levels of the EDC mixture
were related to lower levels of overall cognitive functioning. However,
the strongest evidence for an association was among boys only.
Specifically, full scale IQ scores were nearly 2-points lower among boys
for an IQR change in the deciled WQS index. This mixture effect en-
compassed all 26 compounds across several chemical classes. Further
evaluation of chemical weights within the WQS index identified phe-
nols, particularly BPF, short-lived pesticides, plasticizers, and PFASs as
chemicals of concern among boys, but persistent chlorinated com-
pounds had consistently lower weights. In contrast, there was no strong
evidence of an association among all children or girls. Despite this lack
of association, it is worth noting that chemicals with weights above the
equal weighting threshold were different for boys and girls.

We conducted our analyses using two statistical approaches: (1) the
traditional explanatory-based approach using the full dataset for
training and testing, and (2) a predictive-based approach with repeated
holdout validation to assess the stability and generalizability of our
results (Shmueli, 2010). We found that training and testing on the full
dataset provided strong evidence for an inverse association between the
EDC mixture and IQ among all children and boys, but that validated
WQS index estimates were attenuated, with only confidence intervals
among boys excluding zero. Similarly, the highest weights for the
chemicals of concern attenuated when using validation, in addition to
varying widely across repeated holdouts for some chemicals. Overall,
these results suggest that the detected associations may be attenuated
(e.g. lower in magnitude), yet still excluding the null among boys, if the
study were replicated with a new sample from the same underlying
population, or another population with similar demographic and ex-
posure patterns. This attenuation was only partially due to reduced
statistical power as indicated by our sensitivity analysis. The remaining
difference may be attributed to fitting the regression coefficients to
random noise within the training sample. Although this concept has
previously been demonstrated in epidemiology (Lee, 2005), it may re-
ceive less attention than warranted. Validation techniques are standard
protocol in high-dimensional settings such as ‘omics’ analysis for dis-
covery and model selection (Tzoulaki et al., 2014), but some authors
have suggested that predictive modeling techniques may also compli-
ment inference (Shmueli, 2010; Yarkoni and Westfall, 2017). We be-
lieve our results illustrate the utility of repeated holdout validation in
interpreting results from an explanatory-based epidemiologic study.

Of the 26 EDCs examined, we found that BPF had the greatest re-
lative impact on neurodevelopment among boys. We also identified
BPA, but not BPS, as a chemical of concern. These results suggest the
newer bisphenol formulation may still be harmful to children. In vitro
and in vivo studies demonstrate that all three compounds have similar
endocrine activity and potencies (Rochester, 2013; Rochester and
Bolden, 2015). Pertinent to this study, bisphenols may disrupt estrogen-
mediated pathways important for brain function (Alonso-Magdalena
et al., 2012; Rosenfeld, 2017). The large contribution of BPF to IQ,
versus the smaller contribution by BPA and negligible contribution by
BPS, may have been detected in this study population due to greater
variability in BPF concentrations, allowing for a greater contrast be-
tween those with higher and lower exposures.

Numerous studies have evaluated the effect of bisphenols on child
neurodevelopment, demonstrating that pre- and postnatal BPA ex-
posure has sex-specific negative impacts on behavior and cognitive
functioning (Braun et al., 2017c,b; Lin et al., 2017; Minatoya et al.,
2017; Perez-Lobato et al., 2016; Stacy et al., 2017). However, we
identified no prior epidemiologic studies of child neurodevelopment
evaluating the BPA replacement compounds. Consistent with our
findings, prenatal BPA exposure measured in cord blood was associated
with lower IQ scores at age seven in a smaller cohort from Taiwan (Lin
et al., 2017). However, results in the Taiwan study were similar for girls
and boys, whereas, we only detected an association for boys. In con-
trast, two studies from the Canada and the USA reported no association

between prenatal BPA exposure and IQ scores at ages 3 and 8, re-
spectively (Braun et al., 2017b; Stacy et al., 2017). This discrepancy
may be due to differences between study population demographics,
covariate adjustment, exposure concentrations and patterns, exposure
assessment timing, sample size, use of single chemical statistical ana-
lyses, or possible reported selection bias in the Canadian study. Further,
the variable weights derived from repeated holdout validation in this
study suggest findings for bisphenols may be highly sample-specific.

Our finding that the chloropyrifos metabolite TCP adversely im-
pacted neurodevelopment is consistent with prior literature linking
organophosphate pesticides to neurodevelopmental deficits (Coker
et al., 2017; Engel et al., 2011; Furlong et al., 2017; Lovasi et al., 2011).
We found two studies that are somewhat comparable to the current
analysis in terms of exposure and outcome specificity and timing.
Consistent with our results, chlorpyrifos metabolites measured in cord
blood were also related to lower IQ at age seven among a New York
City, USA cohort, with stronger associations among boys (Rauh et al.,
2011). However, a study in California, USA found only a marginally
significant association between mid-pregnancy chloropyrifos metabo-
lites and child IQ, whereas associations for other organophosphate
pesticides were statistically significant. Collectively, these studies and
the current analysis suggest that organophosphate pesticides may be
harmful at any prenatal period.

Additional chemicals of concern among boys included the pyre-
throid pesticide metabolite PBA, phthalate metabolites MEP and MBzP,
triclosan, and three PFASs. Few studies have evaluated pyrethroid
compounds, but PBA was previously associated with poorer social-
emotional development in toddlers and lower processing speed among
girls (Eskenazi et al., 2018; van Wendel de Joode et al., 2016). Several
phthalate metabolites have been associated with neurodevelopmental
deficits (Braun et al., 2017a; Engel et al., 2010), including language
delay at age three in this cohort (Bornehag et al., 2018). Among three
studies evaluating phthalates and IQ, all found associations with var-
ious phthalates (Cho et al., 2010; Factor-Litvak et al., 2014; Huang
et al., 2015), but not MEP or MBzP. In contrast, prior studies of prenatal
triclosan exposure reported few or no adverse associations on child
behavior and neurodevelopment (Braun et al., 2017a; Etzel et al., 2018;
Jackson-Browne et al., 2018).

Among the PFASs, PFOA, PFOS, and PFHxS were chemicals of
concern for boys. There is no clear evidence for an association between
PFAS on neurodevelopment in the literature. Some studies have found
adverse associations between prenatal PFOS and PFOA exposure and
infant or toddler neurodevelopment (Chen et al., 2013; Goudarzi et al.,
2016). However, prenatal PFAS exposure was not consistently asso-
ciated multiple measures of neurodevelopment in a USA cohort (Vuong
et al., 2016, 2018; Zhang et al., 2018) or IQ at age 5 in a large Danish
cohort (Liew et al., 2018). In fact, some associations for specific PFAS
and cognitive measures were positive (Liew et al., 2018; Vuong et al.,
2019). As discussed in reference to other chemicals, differences in po-
pulation demographics, covariate adjustment, exposure level and
timing, single versus multi-pollutant analyses, or random error may
explain diverging results across studies for these chemicals.

Persistent chlorinated compounds were not selected as chemicals of
concern among boys. Considerable laboratory evidence has demon-
strated the neurotoxicity of PCBs (Kodavanti, 2005). However, studies
of PCBs and persistent pesticides and neurodevelopmental outcomes are
mixed (Berghuis et al., 2015). In this study, not detecting persistent
chlorinated compounds as chemicals of concern may be due to low
exposure levels and variability, or possibly the chemical of concern
threshold choice. Our correlation analysis also showed that while most
urine compounds had low to moderate correlations, some persistent
compounds had correlation coefficients up to 0.75. Chemicals with
higher correlations tend to have lower weights as a group (Carrico
et al., 2015), impacting the final identification of harmful substances.

WQS regression constrains weights to sum to one. Thus, the direc-
tion of the association must be specified a priori. Our primary
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hypothesis tested an inverse association between EDCs and IQ using
negative weights. However, some positive associations between PFASs
and cognitive function have been reported (Liew et al., 2018; Vuong
et al., 2019) and reviewers expressed concerns about reversed asso-
ciations. Therefore, we also evaluated positive weights in a sensitivity
analysis. While we detected a positive association among girls using the
full sample for training and testing, we observed no associations using
repeated holdout. Chemicals with the largest weights in the positive
constraint direction tended to have weights closer to zero in the ne-
gative constraint direction (e.g. PCB among boys). There were some
chemicals that exceeded the equal-weighting threshold in both the
positive and negative directions. This occurred more frequently with
repeated holdout (e.g. PFHxS, MOiNCH, Triclosan, MBzP, TCP) than
with the full sample approach (e.g. PFHxS). However, the WQS index
estimate corresponding to the weights for these chemicals did not ex-
clude the null in both directions. Further, Carrico et al. (2015) re-
commended only interpreting individual chemical weights when the
WQS index estimate is statistically significant.

We aimed to assess a broad range of EDCs from several chemical
classes in effort to approximate the early prenatal anthropogenic che-
mical exposome in this study population. Our selection of EDCs wa-
s influenced by HBM4EU priority chemicals, what is commonly de-
tected in biomonitoring studies, emerging pollutants known to be
actively replacing newly regulated compounds (e.g. BPF, DINCH),
methodology with valid analysis including the availability of reliable
internal standards, and budget. The laboratory also participates in the
HBM4EU and Erlangen round robin programs. Low detection rates re-
sulted in exclusion of several compounds, including polybrominated
diphenyl ethers and certain polycyclic aromatic hydrocarbons. This
may limit how comparable the assessed mixture was to other studies.
Our findings must also be interpreted with acknowledgement that the
full prenatal exposome is inherently unknowable. Unmeasured com-
pounds or those below the allotted 75% detection frequency may im-
pact child health.

Epidemiologic studies typically examine persistent and short-lived
chemicals separately since their measured levels in biological media
likely reflect prior or long-term, versus current exposures. Short-lived
chemical exposures would typically not be assessed in relation to
chronic outcomes with long induction and latency periods unless ex-
posure was proportionately chronic. We chose to evaluate persistent
and short-lived pollutants together since first trimester maternal ex-
posure served as a proxy for early fetal exposure. While removing ex-
posure to a short-lived pollutant may eliminate adverse responses in
adults, exposure during critical periods of fetal development may be
permanent, with subtle endocrine changes potentially influencing
health outcomes into adulthood (Barouki et al., 2012). It must be ac-
knowledged that there is a higher likelihood of exposure mis-
classification for short-lived pollutants since they are quickly metabo-
lized and we were only able to collect single urine samples. BPA and
phthalate concentrations vary widely across pregnancy, but are more
reliable over a day or week (Fisher et al., 2015; Johns et al., 2015).
Therefore, our exposure assessment for these chemicals may only re-
flect levels near week 10 of pregnancy, and our results may not be
comparable to studies with sample collection during later pregnancy.
However, prior research in Swedish populations have demonstrated
that phthalate and BPA levels were correlated with many lifestyle and
building characteristics (Larsson et al., 2014, 2017). The relative sta-
bility of these characteristics may result in pseudo-persistent exposure
to shorter-lived compounds (Daughton, 2003). We also standardized
urine collection by using only first-morning voids which may be more
reliable than spot sampling (Preau et al., 2010; Townsend et al., 2013).

We chose WQS for our statistical analysis because it estimates a
mixture effect using an empirically weighted index which reduces the
likelihood of ill-conditioning by constraining weights to sum to one,
and improves sensitivity with a bootstrap step (Carrico et al., 2015).
This can help reduce the likelihood of model instability, collinearity,

and the reversal paradox (Carrico et al., 2015). Repeated holdout can
further improve the stability of WQS estimates when splitting data in
finite samples. However, it is important to note that WQS estimates are
not directly comparable to those from single chemical analyses in that
an IQR increase in the WQS index could indicate increases in all or only
a subset of chemicals. WQS provides a valuable first step in mixtures
research, but further investigation is needed to estimate single chemical
effect estimates, examine interactions between chemicals, and identify
relevant biological pathways.

This study had additional strengths and limitations. Although we
controlled for many relevant confounders, there may be residual con-
founding from variables we were unable to collect, such as socio-
economic status of the family. The outcome assessment was strength-
ened by using a well-established psychologist-administered cognitive
test with good psychometric properties, and that is sensitive to en-
vironmental toxicant-induced changes (Bellinger et al., 1992). We also
characterized the inherent uncertainty in our analysis using repeated
holdout validation, providing an assessment of how stable and re-
producible our findings may be, and adding credibility to the strong
detected association among boys. Further, the weight uncertainty plot
demonstrated how findings for some chemicals may vary widely.

5. Conclusion

In conclusion, we found that in a population-based pregnancy co-
hort, early prenatal exposure to a mixture of suspected EDCs was re-
lated to lower levels of cognitive functioning at age seven, particularly
among boys. We identified mostly short-lived pollutants as chemicals of
concern, suggesting that interventions to abate current exposure among
pregnant women or women trying to become pregnant may mitigate
the potentially harmful neurodevelopment impacts of prenatal EDC
exposure. Bisphenol F made the largest contribution to the mixture
effect estimate, suggesting that BPA replacement analogues may not be
any safer. Future studies are needed to confirm negative impacts of
replacement analogues. Further evaluation of EDC influences on spe-
cific domains of cognitive functioning may illuminate underlying bio-
logical mechanisms, leading to more specific preventive interventions
for mothers and children.
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