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ARTICLE INFO ABSTRACT
Handling Editor: Olga Kalantzi Background: Organophosphate esters (OPEs) are a class of flame retardants in common use. OPEs can easily leach

from materials, resulting in human exposure. Increasing concentrations have been reported in human pop-
K?J’WOY ds: ulations over the past decade. Recent studies have linked prenatal OPE exposure to hyperactivity and attention
D}Phenyl‘l’hosl’hate problems in children. Such behaviors are often found among children with attention-deficit hyperactivity dis-
?gﬁf-d{;}zﬂ;roﬂ-propyl) phosphate order (ADHD), however, no study has investigated OPEs in relation to clinically assessed ADHD.
ADHDQ Objective: To evaluate prenatal exposure to OPEs as risk factors for clinically assessed ADHD using a case-cohort
MoBa study nested within the Norwegian Mother, Father, and Child Cohort Study (MoBa).

Methods: We included in the case group 295 ADHD cases obtained via linkage with the Norwegian Patient
Registry, and the sub-cohort group 555 children sampled at baseline, irrespective of their ADHD case status.
Prenatal concentrations of OPE metabolites were measured in maternal urine collected at 17 weeks of gestation,
and included diphenyl phosphate (DPHP), di-n-butyl phosphate (DNBP), bis(2-butoxyethyl) hydrogen phosphate
(BBOEP), and bis(1,3-dichloro-2-propyl) phosphate (BDCIPP). We estimated risk ratios and the corresponding
95% confidence intervals [95% CI] using logistic regression, adjusting for season of urine collection, child sex,
birth year, and maternal depression, education, and sum of urinary di(2-ethylhexyl) phthalate metabolites
(>_DEHP) concentration during pregnancy. To assess the overall impact of simultaneously decreasing exposure
to all chemical constituents of an OPE-phthalate mixture, quantile based g-computation was implemented. The
mixture constituents included OPE and phthalate metabolites commonly detected in our study. In all models, we
considered effect measure modification by child sex and polymorphisms in genes encoding paraoxonase 1
(PON1) and cytochrome P450 (P450) enzymes. Mediation analysis was conducted using thyroid function bio-
markers estimated from maternal blood collected at 17 weeks of gestation.

Results: DPHP was detected in nearly all samples (97.2%), with a higher geometric mean among the case group
(0.70 pg/L) as compared to the sub-cohort (0.52 pg/L). DNBP was commonly detected as well (93.8%), while
BBOEP (52.9%) and BDCIPP (22.9%) were detected less frequently. A higher risk of ADHD was observed in
children with greater than median exposure to DPHP during pregnancy (risk ratio: 1.38 [95% CI: 0.96, 1.99]),
which was slightly higher among girls (2.04 [1.03, 4.02]) and children of mothers with PONI Q192R genotype
QR (1.69 [0.89, 3.19]) or PON1 Q192R genotype RR (4.59 [1.38, 15.29]). The relationship between DPHP and
ADHD (total risk ratio: 1.34 [0.90, 2.02]) was partially mediated through total triiodothyronine to total
thyroxine ratio (natural direct effect: 1.29 [0.87, 1.94]; natural indirect effect: 1.04 [1.00, 1.10]; 12.48%
mediated). We also observed an elevated risk of ADHD in relation to BDCIPP detection during pregnancy (1.50
[0.98, 2.28]). We did not observe notable differences in ADHD by DNBP (0.88 [0.62, 1.26]) or BBOEP (1.03
[0.73, 1.46]) during pregnancy. Simultaneously decreasing all constituents of common-detect OPE-phthalate
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mixture, specifically DPHP, DNBP, and 6 phthalate metabolites, by a quartile resulted in an ADHD risk ratio of

0.68 [0.64, 0.72].

Conclusion: Prenatal exposure to DPHP and BDCIPP may increase the risk of ADHD. For DPHP, we observed
potential modification by child sex and maternal PON1 Q192R genotype and partial mediation through maternal
thyroid hormone imbalance at 17 weeks gestation.

1. Introduction

Concurrent with the decline in usage of polybrominated diphenyl
ethers (EPA, 2013; EU, 2003), a class of persistent flame retardants, was
an increase in the production and usage of organophosphate esters
(OPEs) as flame retardants or plasticizers. Although OPEs do not bio-
accumulate in the environment, they tend to easily leach and volatilize
from the materials to which they are added, resulting in widespread
human exposure (van der Veen and de Boer 2012). Several OPE me-
tabolites are commonly detected, such as diphenyl phosphate (DPHP),
bis(1,3-dichloro-2-propyl) phosphate (BDCIPP), di-n-butyl phosphate
(DNBP), and bis(2-butoxyethyl) hydrogen phosphate (BBOEP) (Ospina
et al. 2018; Wang et al. 2019); however, their impacts on human health
and disease are not well understood.

An increasing number of studies suggest that exposure to OPEs may
affect child neurobehavioral development. Neurotoxic (Dishaw et al.
2011; Jarema et al. 2015) and endocrine disruptive properties (Wang
et al. 2013; Zhang et al. 2016) have been identified in experimental
settings. Further, recent epidemiological studies link OPE exposure
measured from prenatal urine (Castorina et al. 2017; Doherty et al.
2019) or concurrent dust (Lipscomb et al. 2017) samples with exter-
nalizing behaviors, attention problems, and/or hyperactivity, which are
often found among children with attention-deficit hyperactivity disor-
der (ADHD) (Charach et al. 2011). To our knowledge, no study has
examined OPE exposure with clinically confirmed neurodevelopmental
outcomes, such as ADHD. The prevalence of ADHD diagnosis in children
has more than doubled over the last decade (Danielson et al. 2018),
surpassing 9% in the United States (Danielson et al. 2018) and 5%
worldwide (Polanczyk et al. 2007). Despite the high prevalence, few
non-genetic risk factors have been established as causal, other than lead
(Eubig et al. 2010; Ji et al. 2018). Although causality has not been fully
established, an increasing number of studies point to environmental
agents as potential risk factors (Engel et al. 2018; Froehlich et al. 2011).

Epidemiological investigations on the modifiers of the potential re-
lationships between OPEs and ADHD are even more sparse. The exis-
tence of sex-specific associations has been inconsistent (Castorina et al.
2017; Doherty et al. 2019) and vulnerability by OPE metabolism has not
been previously examined. OPE metabolism may involve enzymes such
as cytochrome P450 (P450) and paraoxonase 1 (PON1) (Bigley et al.
2016; Van den Eede et al. 2015; Van den Eede et al. 2013; Wei et al.
2018), whose concentrations and activity have been well-characterized
with single nucleotide polymorphisms (SNPs) in genes (Davies et al.
1996; Furlong et al. 1988; Humbert et al. 1993; Mackness et al. 1997).
PON1 functional polymorphisms have been particularly well-described,
and multiple studies report that individuals with slow-metabolizing
genes are more susceptible to neurodevelopmental impacts of organo-
phosphate pesticide exposure as compared to individuals with fast-
metabolizing genes (Davies et al. 1996; Engel et al. 2007; Furlong
et al. 1988; Humbert et al. 1993; Mackness et al. 1997). Although par-
aoxonases are also candidate enzymes involved in the metabolism of
OPEs, gene-environment interaction remains unclear for OPEs. A better
understanding of susceptible sub-populations will help in the charac-
terization of OPE-related health effects.

The potential relationships between OPEs and ADHD may involve
mechanisms such as endocrine disruption, including maternal thyroid
dysfunction. Failure to maintain normal maternal thyroid function
during pregnancy is a potential risk factor for ADHD (Drover et al. 2018;
Pakkila et al. 2014), and mid-pregnancy thyroid disruption has been

previously linked with DPHP exposure in MoBa (Choi et al., 2021).
Therefore, we additionally explored whether the potential relationship
between urinary DPHP in 17 weeks’ gestation and children’s ADHD was
partially mediated through maternal thyroid function measured from
blood biomarkers at 17 weeks’ gestation.

It is also important to consider the fact that environmental exposures
often occur in mixtures, which has rarely been accounted for in relation
to ADHD. Human exposure to some OPEs may co-occur with phthalates
(Bergh et al. 2011; Bi et al. 2018; Bornehag et al. 2005; Ionas et al. 2014;
Liang and Xu 2014; Yang et al. 2020), which have also been associated
with ADHD (Engel et al. 2018). However, due to the potential for these
chemicals to co-occur, targeting a reduction in a specific chemical may
not always be feasible. Rather, it may be useful to quantify the impact of
a hypothetical intervention whereby exposure to multiple chemicals is
jointly reduced.

We undertook an investigation of OPE exposure during pregnancy
and the risk of offspring ADHD, using a case-cohort study nested within
the Norwegian Mother, Father, and Child Cohort (MoBa). We explored
mediation through pregnancy maternal thyroid function and effect
measure modification by child sex and polymorphisms in enzymes that
are suspected to play a role in the metabolism of OPEs. Further, we
quantified the risk of ADHD with reduced exposure to OPE-phthalate
mixtures.

2. Material and methods
2.1. Study population

MoBa is an ongoing prospective population-based pregnancy cohort
study of Norwegian-speaking women, conducted by the Norwegian
Institute of Public Health (Magnus et al. 2016; Magnus et al. 2006).
Pregnant women were recruited at their routine prenatal ultrasound
visit (=17 gestational weeks) from all over Norway between 1999 and
2008. Upon enrollment, women were asked for a urine and a blood
sample after providing written consent (Rgnningen et al. 2006). At birth,
cord blood samples were also collected. The cohort now includes
114,500 children, 95,200 mothers, and 75,200 fathers.

For the current study, we nested a case-cohort study within MoBa
(Engel et al. 2018). Eligibility criteria included singleton births without
Down’s syndrome or cerebral palsy who were born between 2003 and
2008, and whose mothers donated a urine sample during pregnancy,
completed the standard MoBa questionnaire when the child was 36
months old, and resided within proximity to Oslo, Norway (Engel et al.
2018). Among the eligible population, we selected participants into the
case group and sub-cohort. In a case-cohort study, the standard esti-
mation of odds ratios can be interpreted as risk ratios if the sub-cohort is
selected at baseline irrespective of their case status (Pearce 1993).
Further, restricting the case group only to cases that are not already
sampled into the sub-cohort allows the estimation of variance using the
standard formula for odds ratios (Keogh and Cox 2014). The sub-cohort
children were selected at baseline from the entire base population that
met the eligibility criteria for the current study, irrespective of their
ADHD case status (n = 555).

2.2. Case group definition

ADHD cases were identified from all MoBa enrollees eligible for the
current study, by data linkage with the Norwegian Patient Registry
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(NPR). The NPR collects diagnostic codes from all hospitals and outpa-
tient clinics in Norway, including registrations of hyperkinetic disorders
by specialist health services (ICD-10 code: FO0 (WHO 1992). Hyperki-
netic disorder is mandatorily reported in Norway (Suren et al. 2012),
and therefore individuals first diagnosed with or continuing to seek
care/treatment can be identified. To exclude any erroneous or false
diagnosis, ADHD cases were defined as having at least two registrations
of hyperkinetic disorder. The case group was defined as ADHD cases
who were not simultaneously sampled as part of the sub-cohort. A total
of 295 identified ADHD cases were included in our case group, which
excludes 2 children who had already been selected into the sub-cohort
(n=2).

2.3. Exposure assessment

Maternal urine samples were collected at 17 weeks gestation and
shipped unrefrigerated to a central ISO-certified lab in Oslo (Biobank),
where the samples were stored at —80 °C (Paltiel et al. 2014). Urinary
concentrations of DPHP, DNBP, BBOEP, and BDCIPP were measured
using ultra-performance liquid chromatography (UPLC) coupled with
quadrupole-time-of-flight (QTOF) at the Norwegian Institute of Public
Health, by a modified method published by Cequier et al. (Cequier et al.
2014; Choi et al., 2021). The modification was done in the sample
preparation procedure and was adapted from an earlier published
method by Cequier et al. (Cequier et al. 2016). In brief, labeled internal
standards, 300 uL of water, and 40 uL of formic acid were added to 300
uL of the urine sample. The OPE metabolites were extracted using Strata-
X-AW 96-well plates (Phenomenenx, U.S.A.), which were conditioned
first with 0.5 mL of MeOH and subsequently with 0.5 mL of Hy0, both
containing 1% formic acid. Samples were loaded, eluted by gravity, and
washed with 0.5 mL of MeOH to remove neutral interferences. The OPE
metabolites were then eluted with 0.5 mL of acetone containing 5%
triethylamine. Fifty microliters of water were added and the samples
were evaporated with a gentle stream of nitrogen (10 L/min) for 1 h. Ten
microliters were injected into the UPLC system as described elsewhere
(Cequier et al. 2014). UPLC was performed on Acquity® C18 BEH col-
umn (50 mm x 2.1 mm x 1.7 pm) from Waters Corp. (Milford, MA, U.S.
A.). The OPE metabolites were identified and quantified with tandem
mass spectrometry using a Xevo® G2-S QTOF from Waters Corp. (Mil-
ford, MA, U.S.A.). All assays were conducted in randomized batches,
each of which included laboratory in-house as well as laboratory-
blinded pooled urine quality control samples. Specific gravity, as
defined by the ratio of the density of urine to water, was measured in
each urine sample using a pocket refractometer (PAL-10S), Atago.

2.4. Genotyping of maternal and fetal DNA

Maternal blood samples were collected in EDTA tubes at enrollment
(17 weeks gestation). Immediately after birth, an umbilical cord blood
sample was collected. Maternal and fetal DNA was extracted from whole
blood samples using the FlexiGene kit (Qiagen, Hilden, Germany) and
stored at —20 °C in the MoBa Biobank (Rgnningen et al. 2006). For
genotyping, we selected three SNPs with established functional poly-
morphisms on candidate enzymes that may metabolize OPEs: PON1
Q192R, PON1 L55M, and CYP1A2 —1545C/T. Genotyping was con-
ducted at the Norwegian University of Life Sciences (NMBU) using the
Sequenom MassARRAY IPLEX® platform (Gabriel et al. 2009).

We included the two most common coding region polymorphisms in
PON1 protein, which codes for amino acids 192 and 55 (Costa et al.
2003). Q192R refers to A > G mutation at codon 192, which results in an
exchange of the amino acids glutamine (Q) to arginine (R) (Gln192Arg;
1s662). This variant influences substrate-specific enzymatic activities of
PON1, for example, carriers of R192 have stronger PON1 enzymatic
activity for oxon substrates such as paraoxon (Costa et al. 2003; Mack-
ness et al. 1997). L55M refers to T > A mutation at codon 55, which
results in a leucine (L)-to-methionine (M) substitution (Leu55Met;
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rs854560). L55M is in linkage disequilibrium with rs705379 (-108C/T),
and consequently, the carriers of M55 have lower PON1 enzyme con-
centrations in plasma (Costa et al. 2005).

A coding region polymorphism in CYPIA2 was also examined, spe-
cifically —1545C/T (rs2470890). Although this is a synonymous variant
that does not result in altered protein, it is in linkage disequilibrium with
CYP1A2+*1F (rs762551; (Veatch et al. 2015)), which has been associated
with higher enzyme inducibility. In the carriers of C allele, CYP1A2 can
be induced even at low exposure to a substrate, resulting in a quicker
clearance, as has been reported for smoking (Ghotbi et al. 2007),
melatonin (Braam et al. 2013), and caffeine (Palatini et al. 2009).

2.5. Covariate assessment

Given that phthalates may share common source products as OPEs
and are considered independent risk factors for ADHD, we considered
phthalates as 1) confounders when evaluating individual OPEs as risk
factors, and 2) part of an exposure mixture to quantify the impact of
reduced joint exposures. Specifically, we considered metabolites of 6
phthalates previously measured (Engel et al. 2018; Villanger et al.
2020): monoethyl phthalate (MEP), mono-iso-butyl phthalate (MiBP),
mono-n-butyl phthalate (MnBP), monobenzyl phthalate (MBzP), the
molar sum of di(2-ethylhexyl)phthalate metabolites (3 _DEHP), and the
molar sum of di-iso-nonyl phthalate metabolites (3> DiNP).

We also utilized covariate data from MoBa questionnaires and via
linkage with the Medical Birth Registry of Norway (MBRN). We obtained
from the first MoBa questionnaire, received in pregnancy weeks 13 to
17, maternal education, any depression self-reported before or up to the
completion of the questionnaire, and smoking and alcohol intake self-
reported up to the completion of the questionnaire. We also obtained
from a food frequency questionnaire that mothers completed at their 22
weeks’ gestation, maternal dietary intakes of fish, selenium, and iodine
(Brantszter et al. 2008). Briefly, pregnant women responded to a semi-
quantitative questionnaire that was intended to characterize diet during
the first four months of pregnancy via 255 food items and additional
dietary supplements. Total fish intake was estimated by summing the
daily intake of all fish types (g/day) and dietary intakes of iodine and
selenium were calculated in grams per day. From the questionnaire that
mothers completed at 36-months postpartum, we obtained maternal
ADHD symptoms that were measured using the World Health Organi-
zation Adult ADHD Self-Report Scale (Kessler et al. 2005). Finally,
maternal age at delivery, parity, birth year, and child sex were obtained
from MBRN, which is a national health registry containing information
about all births in Norway (Irgens 2000).

Since pregnancy DPHP has been previously linked with maternal
thyroid disruption (Choi et al., 2021), a potential risk factor for ADHD
(Drover et al. 2018; Pakkila et al. 2014), we additionally explored
pregnancy maternal thyroid function as a potential mediator. Specif-
ically, we included total thyroxine (TT4), total triiodothyronine (TT3),
thyroid stimulating hormones (TSH), and TT3:TT4 ratio estimated from
blood samples that were collected at the same date as the urine samples,
approximately 17 weeks’ gestation (Choi et al., 2021).

2.6. Ethics

The establishment of MoBa and initial data collection was based on a
license from the Norwegian Data Protection Agency and approval from
The Regional Committees for Medical and Health Research Ethics. The
MoBa cohort is now based on regulations related to the Norwegian
Health Registry Act. The current study was approved by the Norwegian
Data Inspectorate and the Norwegian Committee for Medical and Health
Research Ethics (REC), and the Institutional Review Board at the Uni-
versity of North Carolina Chapel Hill.
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2.7. Analytic approach

We used descriptive statistics to characterize the distribution of ex-
posures and covariates according to case-cohort status. Exposure con-
centrations below the limit of detection (LOD) were multiply imputed
(m = 20), assuming a log-normal distribution truncated at the LOD. The
following missing covariate data were imputed assuming missing at
random, conditional on all other covariates, outcome, and exposure: sex
(n = 2 missing), fish consumption (n = 48), maternal ADHD symptoms
(n = 172), and maternal education (n = 36). Imputation was conducted
using the R package mice.

We used directed acyclic graphs to identify minimally sufficient
adjustment sets in order to appropriately account for confounders,
which included birth year, season of urine collection, maternal fish
consumption during pregnancy, maternal depression before or during
pregnancy, maternal ADHD symptoms, maternal education, and pre-
natal maternal phthalate concentrations. Specifically for phthalates, we
adjusted for > DEHP due to its association with ADHD in the current
study population identified in a previous study (Engel et al. 2018). In
addition to the minimally sufficient adjustment sets identified above, we
considered child sex, a strong risk factor for ADHD. We further evaluated
bias-variance tradeoffs and identified a final adjustment set that we
applied to all analyses: season of urine collection, child sex, birth year,
maternal depression, maternal education, and log > DEHP.

For frequently detected OPE metabolites (i.e., DPHP and DNBP), we
explored the potential for non-linear trend of associations using quar-
tiles of exposure (Supplementary Fig. 1). Considering the non-linear
dose-response observed for DPHP, we present our primary analysis
using a binary indicator with a cut-off of sub-cohort median. Since we
did not observe dose-response for DNBP, a metabolite that had mod-
erate detection of blank quality control samples, we alternatively used a
binary indicator with a cut-off of the limit of quantification (LOQ).
Infrequently detected metabolites were coded with binary indicators
using LOD. We estimated risk ratios and 95% confidence intervals (CI) of
ADHD using logistic regression in each imputed dataset and pooled the
estimates using Rubin’s rule (Rubin 2004).

We investigated effect measure modification by child sex (alpha:
0.2), since the underlying mechanism of OPEs may be sex-specific as has
been reported in experimental settings (Li et al. 2020; Liu et al. 2019).
We applied the augmented product-term approach, including product
terms between child sex and all covariates, which is roughly equivalent
to conducting a fully-stratified analysis (Buckley et al. 2017). Using the
same approach, we also investigated effect measure modification by
maternal and fetal genotypes. Genotypes were coded as —1 (most
common homozygote), 0 (heterozygote), and 1 (least common homo-
zygote), and modeled assuming additivity across strata. We also report
results treating the genotype variable as nominal categorical.

Mediation analysis was conducted to decompose the total effect of
DPHP on ADHD into a natural direct effect and a natural indirect effect
through maternal thyroid function during pregnancy, using a previously
published method (VanderWeele 2016; Vanderweele and Vansteelandt
2010). Briefly, the natural direct effect of DPHP on ADHD was defined as
the risk ratio associated with elevated DPHP while adjusting for a thy-
roid function biomarker and confounders [eq. (1); Model 1]. The natural
indirect effect of DPHP on ADHD via a thyroid function biomarker was
estimated by multiplying two estimates and then taking its exponential
[eq. (2)]. These two estimates included: 1) log(risk ratio) of ADHD
associated with elevated thyroid function biomarker while adjusting for
DPHP and confounders in the case-cohort [Model 1], and 2) the beta
coefficient from a linear regression model fitted in the sub-cohort with
DPHP and confounders as the independent variables and the thyroid
function biomarker as the dependent variable [Model 2]. The total effect
was defined as the product of the natural direct and indirect effect [eq.
(3)] and percent mediated was calculated using eq. (4). We included in
each model, all confounders identified for DPHP-ADHD, DPHP-mater-
nal pregnancy thyroid function, and maternal pregnancy thyroid
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function—-ADHD relationships: maternal self-reported depression during
and before pregnancy, education, age, dietary intakes of selenium and
iodine during pregnancy, and urinary log(DEHP) during pregnancy, and
season of bio-sample collection, parity, birth year, and child sex. Esti-
mates were pooled across multiply imputed datasets using Rubin’s rules
and confidence intervals were bootstrapped (Schomaker and Heumann
2018).

logit{P(Y = 1|e,m;, c) } = Oy +61e +02em; +0 sc [Model 1]

E[Mjle,c] = py +p1e+ 2c [Model 2]

RRVauralDirectEffect _ (@), ) @
RRNewralindivectEffect _ o0, ) *
RRTIEDet — exp (8, + 0,5,) v
Percent Mediated <%) = ﬂizjﬂ@lzﬂl x 100 @

Y: binary indicator for being in ADHD case group

e: binary indicator for DPHP exposure

M;: thyroid function indicator (TT3, TT4, TSH, TT3:TT4 ratio)

c: all confounders for DPHP-ADHD, DPHP-maternal pregnancy thy-
roid function, and maternal pregnancy thyroid function-ADHD re-
lationships (maternal self-reported depression during and before
pregnancy, education, age, dietary intakes of selenium and iodine dur-
ing pregnancy, and urinary log(DEHP) during pregnancy, and season of
bio-sample collection, parity, birth year, and child sex).

Since study participants are likely exposed to a mixture of chemicals,
whereby reducing exposure to a single metabolite is not always feasible,
we quantified the impact of a hypothetical intervention that can jointly
reduce exposures to common-detect OPE-phthalate mixtures. Specif-
ically, the marginal risk ratios of ADHD with a simultaneous 1-quartile
decrease of DPHP, DNBP, and 6 phthalate metabolites were estimated
using quantile-based g computation in R using package ggcomp (Keil
et al. 2020).

The current study is based on version 9 of the quality-assured data
files.

3. Results

A total of 555 children were sampled into the sub-cohort, inclusive of
2 children with ADHD (Table 1). The case group consisted of 295 chil-
dren with ADHD, who were not already selected into the sub-cohort. The
ADHD case group, as compared to the sub-cohort, had a higher per-
centage of boys, births in 2003-2004, maternal urine collected during
summer months, mothers with symptoms indicative of ADHD, mothers
with education less than college, mothers with depression, and mothers
who smoked during pregnancy.

DPHP and DNBP were commonly detected in our study population
(>90% above the LOD), while BBOEP and BDCIPP were detected less
frequently (Table 2). The geometric mean of urinary DPHP concentra-
tions in the case group mothers was higher than that in the sub-cohort
mothers (2 sample t-test p-value < 0.0001). Similar trends were
observed for Y DEHP, which have been previously reported in detail
(Engel et al. 2018).

We observed an elevated risk of ADHD in relation to higher DPHP
and BDCIPP exposure during pregnancy (Table 3). The risk of ADHD in
children with maternal prenatal DPHP concentrations above the sub-
cohort median was 1.38 times [95% CI: 0.96, 1.99] that of children
with maternal pregnancy DPHP concentrations below the sub-cohort
median. Similarly, detectable concentrations of BDCIPP during preg-
nancy were associated with a risk ratio of 1.50 [0.98, 2.28]. Alternative
exposure classification using quartiles did not substantially alter the
interpretation (Supplementary Fig. 1). Associations between DPHP and
ADHD appeared to be somewhat stronger among girls (2.04 [1.03,
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Table 1
Descriptive characteristics of the study population by ADHD case-cohort status.
Case Sub-
group cohort
(N = 295) (N = 555)
N (%) N (%)
Maternal age at birth Mean + sd (N missing)  29.2 + 309 +
5.03 (2) 4.22 (2)
ADHD status Identified as an ADHD 295 2 (<0.1%)
case from NPR (100%)
Not identified as an 0 (0%) 553
ADHD case from NPR (100%)
Sex Boy 211 275
(72.0%) (49.7%)
Girl 82 278
(28.0%) (50.3%)
Birth year 2003-2004 130 56
(44.1%) (10.1%)
2005 87 130
(29.5%) (23.4%)
2006 44 194
(14.9%) (35.0%)
2007-2008 34 175
(11.5%) (31.5%)
Parity Nulliparous 140 271
(47.8%) (49.0%)
Multiparous 153 282
(52.2%) (51.0%)
Maternal education > College completed 25(9.4%) 169
(30.8%)
College completed 74 238
(27.8%) (43.4%)
< College completed 158 125
(59.4%) (22.8%)
Other 9 (3.4%) 16 (2.9%)
Maternal ADHD symptoms Indicative of ADHD 11 (8.1%) 21 (3.9%)
(SRS > 4)
(Self-Report Scale, SRS) Not indicative of 125 522
ADHD (SRS < 3) (91.9%) (96.1%)
Maternal depression Reported any 44 34 (6.1%)
(any before/during (14.9%)
pregnancy) Did not report any 251 521
(85.1%) (93.9%)
Fish intake during pregnancy =~ >340 g per week 33 60
reported at 22 weeks (13.0%) (11.0%)
gestation 227-340 g per week 43 109
(recommended by USFDA, (recommended) (16.9%) (19.9%)
2020) <227 g per week 178 379
(70.1%) (69.2%)
Prenatal smoking Yes 93 79
(34.7%) (14.4%)
No 175 470
(65.3%) (85.6%)
Prenatal alcohol intake Yes 26 66
(10.9%) (12.9%)
No 212 445
(89.1%) (87.1%)
Month of urine May — August 121 183
(41.0%) (33.0%)
sample collection September — 56 121
November (19.0%) (21.8%)
December — April 118 251
(40.0%) (45.2%)

Abbreviations: ADHD, attention deficit hyperactivity disorder; NPR, Norwegian
patient registry; DPHP, diphenyl phosphate; DNBP, di-n-butyl phosphate;
BBOEP, bis(2-butoxyethyl) hydrogen phosphate; BDCIPP, bis(1,3-dichloro-2-
propyl) phosphate; GM, geometric mean; SE, geometric standard error; LOD,
limit of detection; DEHP, di(2- ethylhexyl) phthalate.

4.02]) than boys (1.15 [0.74, 1.80], p-interaction 0.17; Table 3).

We also observed suggestive modification by SNPs (Fig. 1). When
interaction terms with maternal PON1 Q192R were included in the
model, the risk ratios of ADHD associated with prenatal DPHP exposure
was higher among the carriers of PON1 Q192R QR (1.60 [1.01, 2.54])
and PON1 Q192R RR (2.41 [0.94, 6.23]), with the interaction p-value of
0.19. Child’s CYP1A2 —1545C/T polymorphism also modified the
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association, with stronger associations among the carriers of CYP1A2
—1545C/T CC (4.59 [1.38, 15.29]) and CYPIA2 —1545C/T CT (1.69
[0.89, 3.19]), with an interaction p-value of 0.02. However, the detec-
tion of BDCIPP and genotype CC was uncommon in the current study
population (Supplementary Table 1), thus strata were sparse. Alterna-
tive genotype coding resulted in a similar relationship (Supplementary
Figure 2).

Given the potential for DPHP to disrupt maternal thyroid function
during pregnancy, a risk factor for ADHD (Drover et al. 2018; Pakkila
et al. 2014), we conducted an additional mediation analysis. The total
effect of ADHD associated with above the sub-cohort median DPHP
during pregnancy (risk ratio: 1.34 [0.90, 2.02]) was decomposed into a
natural direct risk ratio of 1.29 [0.87, 1.94] and a natural indirect risk
ratio of 1.04 [1.00, 1.10] through maternal TT3:TT4 ratio (12.48%
mediated; Table 4).

Since study participants are likely exposed to a mixture of OPEs and
phthalates, which are suspected risk factors for ADHD and ADHD-like
behavior, we estimated the impact of simultaneously reducing all con-
stituents of a common-detect OPE-phthalate mixture. A simultaneous 1-
quantile reduction of DPHP, DNBP, MEP, MiBP, MnBP, MBzP, > DEHP,
and > DiNP was associated with an ADHD risk ratio of 0.68 [0.64, 0.72].

4. Discussion

In this large, nested case-cohort study of MoBa, we observed elevated
concentrations of DPHP and DNBP during pregnancy, that were often-
times comparable to the levels reported worldwide (Supplementary
Table 2 (Butt et al., 2014, 2016; Carignan et al., 2017; Castorina et al.,
2017; Cequier et al., 2015; Feng et al., 2016; Hoffman et al., 2017b;
Kosarac et al., 2016; Ospina et al., 2018; Romano et al., 2017)). We
demonstrated that children born to mothers with elevated urinary DPHP
during mid-gestation had a higher risk of ADHD. The risk ratio for ADHD
associated with greater than median DPHP concentrations during
pregnancy was greater among female offspring than among male
offspring. Part of this association was mediated through maternal thy-
roid function measured at 17 weeks gestation, specifically TT3:TT4
ratio. We also observed weak modification by maternal SNPs; specif-
ically, slightly stronger associations were observed among children born
to mothers with PON1 Q192R genotypes RR or QR than among mothers
with PON1 Q192R genotype QQ. For BDCIPP, we observed that detec-
tion, though rare, was associated with an elevated risk of ADHD in both
sexes. We also observed modification by the child’s CYPIA2 —1545C/T
genotype, where stronger associations were observed among children
with CC and CT. However, we caution over-interpretation given the
small number of children with CC and low detection of BDCIPP. We
further quantified the impact of simultaneously decreasing all constit-
uents of an OPE-phthalate mixture using a quartile-based g computa-
tion, which demonstrated that a quartile decrease in all exposure
constituents may reduce the risk of ADHD (risk ratio: 0.68 [0.64, 0.72]).
This study adds to the growing literature linking prenatal exposure to
organophosphate esters with ADHD or ADHD-like behaviors in children.

4.1. Prenatal DPHP and BDCIPP exposure as potential risk factors for
ADHD

We estimated elevated risk ratios of ADHD in children with higher
than median DPHP (1.38 [0.96, 1.99]) and detection of BDCIPP (1.50
[0.98, 2.28]). Our findings are in line with the only two prospective
investigations of pregnancy OPE exposure on abnormal child behaviors
conducted to date. The Center for the Health Assessment of Mothers and
Children of Salinas, a pregnancy cohort of a Mexican-American farm-
worker community in California, found that higher DPHP and BDCIPP
was associated with slightly more hyperactivity and attention problems
reported by teachers and/or mothers at age 7 (Castorina et al. 2017).
Similarly in the Pregnancy, Infection and Nutrition cohort, DPHP and
BDCIPP were associated with monotonically increasing hyperactivity,
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Table 2

Environment International 154 (2021) 106549

Descriptive characteristics of environmental exposures in the current study, by case-cohort status.

LOD LOQ Case group (N = 295) Sub-cohort (N = 555)
>LOD >LOQ GM + SD Percentiles >LOD >LOQ GM + SD Percentiles
25th 50th 75th 25th 50th 75th
DPHP (pg/L) 0.03 0.1 98.0% 93.2% 0.70 + 2.80 0.40 0.71 1.25 96.8% 90.5% 0.52 + 2.77 0.29 0.52 0.97
DNBP (ug/L) 0.07 0.2 93.6% 54.2% 0.26 + 2.06 0.16 0.24 0.40 93.9% 54.9% 0.28 + 2.27 0.17 0.25 0.42
BBOEP (ug/L) 0.07 0.2 55.9% 11.9% 0.08 + 2.44 <LOD 0.08 0.15 51.8% 8.6% 0.09 + 2.38 <LOD 0.08 0.15
BDCIPP (ug/L) 0.17 0.5 26.1% 10.8% 0.20 + 2.48 <LOD <LOD 0.30 21.2% 12.6% 0.23 + 2.83 <LOD <LOD 0.30

Note: All OPEs standardized for specific gravity and concentrations < LOD substituted for LOD/ \/ 2 for the calculation of GM and SD.Abbreviations: DPHP, diphenyl
phosphate; DNBP, di-n-butyl phosphate; BBOEP, bis(2-butoxyethyl) hydrogen phosphate; BDCIPP, bis(1,3-dichloro-2-propyl) phosphate; GM, geometric mean; SE,
geometric standard error; DEHP, di(2-ethylhexyl)phthalate; LOQ, limit of quantification; LOD, limit of detection; CI, confidence interval.

Table 3
Risk ratios of ADHD from a case-cohort study using binary exposure, pooled across multiply imputed datasets (m = 20).
OPE Cutoff (ug/L) %> cutoff Model 1 Model 2
Total Girls Boys Exposure-sex
- - interacti
Case Sub- Risk 95% CI Risk 95% CI Risk 95% CI o eaction
group cohort ratio ratio ratio
p-value
(N =295) (N =555)
DPHP Sub-cohort 63% 49% 1.38 (0.96, 2.04 (1.03, 1.15 (0.74, 0.17
median 1.99) 4.02) 1.80)
(0.52)
DNBP LOQ 54% 55% 0.88 (0.62, 0.77 (0.42, 0.99 (0.64, 0.52
(0.20) 1.26) 1.44) 1.53)
BBOEP LOD 55% 52% 1.03 (0.73, 1.15 (0.62, 1.01 (0.65, 0.74
(0.07) 1.46) 2.13) 1.55)
BDCIPP LOD 26% 21% 1.50 (0.98, 1.52 (0.77, 1.55 (0.90, 0.97
(0.17) 2.28) 3.02) 2.65)

Note: Modell adjusted for birth year, child sex, maternal education, maternal depression, maternal urinary log(DEHP), and the season of urine collection. Model2
additionally included sex interaction terms between all covariates. DPHP, diphenyl phosphate; DNBP, di-n-butyl phosphate; BBOEP, bis(2-butoxyethyl) hydrogen
phosphate; BDCIPP, bis(1,3-dichloro-2-propyl) phosphate; DEHP, di(2-ethylhexyl)phthalate; LOQ, limit of quantification; LOD, limit of detection; CI, confidence

interval.

attention problems, externalizing behaviors, and overall more prob-
lematic behaviors in 3-year-olds (Doherty et al. 2019). The strongest
association was observed for isopropyl-phenyl phenyl phosphate, which
was not measured in our study. Although estimates were imprecise in
both studies, in part due to small sample sizes (n = 227 and 310), the
implicated behaviors are often found in children with ADHD and
therefore are highly relevant to our study. The similarity in findings
across these three studies is notable in light of their heterogeneous
characteristics regarding exposure measurement (mid- vs late-
gestation), study population (farming community vs general popula-
tion), exposure concentrations (Supplementary Table 2), years of study
(1999-2008), child age at assessment (2.5-10 years), and outcome
assessment (maternal-/parent-reported behaviors using standardized
inventories vs clinically diagnosed ADHD).

The existence of sex-specific effects, however, remains unclear.
Castorina and colleagues (Castorina et al. 2017) did not observe statis-
tically significant sex-interactions (significance level and stratum-
specific estimates not provided). On the other hand, Doherty and col-
leagues (Doherty et al. 2019) reported slightly stronger associations
among girls, for DPHP and BDCIPP exposure, although they were
cautious in interpretation due to small sample sizes and imprecise esti-
mates (interaction term p-values not provided). Our findings support the
hypothesis that girls are more vulnerable to ADHD from DPHP exposure,
which is in line with findings in experimental settings as well: height-
ened anxiety (Gillera et al. 2020) and hyperactivity (Baldwin et al.
2017) have been reported in female rats perinatally dosed with Fire-
master 550, which contain parent OPEs of DPHP. We, however, did not
observe sexually dimorphic relationships for BDCIPP exposure.

Several mechanisms may underlie the relationship between prenatal
OPE exposure and fetal neurodevelopment, some of which could be sex-
specific or involve maternal thyroid disruption during pregnancy. One

of the parent compounds of DPHP, triphenyl phosphate (TPHP), is es-
trogenic (Kojima et al. 2016) and therefore could significantly impact
the developing brain through interfering with synaptic organizations
(Rebuli et al. 2016), particularly in the hypothalamus (Rebuli and
Patisaul 2016). TPHP is additionally a potential thyroid hormone dis-
ruptor (Liu et al. 2019). Maternal thyroid dysfunction could critically
impact fetal development (Allan et al. 2000; Andersen et al. 2014;
Karakosta et al. 2012; Pakkila et al. 2014), particularly during early
pregnancy, when the fetus is heavily reliant on the maternal supply
(Burrow et al. 1994). We also observed in mediation analysis, that the
relationship between pregnancy DPHP exposure and offspring ADHD
can be partly decomposed into a natural indirect effect that involved
maternal TT3:TT4 ratio at 17 weeks gestation. The percent mediated,
however, was small; which suggests that a larger portion is mediated
through a lagged effect on maternal thyroid function or through
mechanisms other than maternal thyroid disruption during pregnancy.
Alternatively, OPEs or their metabolites may cross the placenta (Ding
etal. 2016; Zhao et al. 2017) and directly affect fetal brain development
by influencing neuronal cell replication and differentiation (Dishaw
et al. 2011; Li et al. 2020).

4.2. Modification by maternal and fetal genotypes

The relationship between prenatal DPHP exposure and childhood
ADHD was weakly modified by maternal PON1 Q192R in our study.
Since Q192R is known to affect substrate-specific PON1 activity (Richter
et al. 2009), it is possible that DPHP and/or some of its parent com-
pounds are substrates for PON1. We did not observe evidence of modi-
fication by PON1 L55M, which is known to affect the concentration of
PON1 in peripheral blood (Davies et al. 1996; Furlong et al. 1988;
Humbert et al. 1993; Mackness et al. 1997). PON1 L55M, however, is an
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Fig. 1. Risk ratios of ADHD using binary OPE exposure, stratified by genotypes. This figure shows the risk ratios and corresponding 95% confidence intervals of
ADHD stratified by maternal (square) or fetal (circle) genotypes of three different genes (PONI Q192R, PON1 L55M, and CYPIA2 —1545C/T), using additive

gene model.

Table 4

Decomposition of the total effect of DPHP on ADHD into a natural direct effect of
DPHP and a natural indirect effect of DPHP on ADHD through maternal thyroid
function during pregnancy.

Thyroid function Total Natural Natural %

biomarker Effect Direct Effect Indirect Effect Mediated

TT3:TT4 ratio 1.34 (0.90, 1.29 (0.87, 1.04 (1.00, 12.48
2.02) 1.94) 1.10)

TT3 1.31 (0.88, 1.29 (0.86, 1.02 (0.98, 6.75
1.99) 1.96) 1.07)

TT4 1.30 (0.87, 1.31 (0.88, 0.99 (0.96, —2.57
1.96) 1.97) 1.01)

TSH 1.32(0.90, 1.33 (0.90, 1.00 (0.98, —0.46
2.01) 2.01) 1.02)

Note: All models adjusted for maternal depression before or during pregnancy,
education, age, dietary selenium and iodine intake during pregnancy, smoking
during pregnancy, and log(di(2-ethylhexyl)phthalate) during pregnancy, parity,
birth year, season of biosample collection, and child sex.

Abbreviations: total triiodothyronine, TT3; total thyroxine, TT4; Thyroid stim-
ulating hormone, TSH; diphenyl phosphate, DPHP.

imperfect proxy for PON1 concentrations in peripheral blood (Richter
et al. 2010)) and therefore measurement of PON1 enzyme itself in blood
could yield different results. The interpretation of gene-environment
interaction is further complicated by the fact that DPHP can derive
from multiple parent compounds such as resorcinol bis-diphenyl phos-
phate (Ballesteros-Gomez et al. 2015), ethylhexyl diphenyl phosphate
(Van den Eede et al. 2016), and TPHP (Su et al. 2015; Van den Eede et al.
2016). Further epidemiological and experimental investigations using
various biomarkers for DPHP parent compounds and additional mea-
sures of candidate enzymes will help elucidate the metabolism of OPEs
and identify susceptible subpopulations. We also did not observe

evidence of modification by corresponding fetal genotypes, possibly due
to 1) immature fetal xenobiotic-metabolizing system or 2) limited power
since DNA was available from fewer children.

While we observed substantial BDCIPP effect measure modification
by fetal CYP1A2 —1545C/T, we caution over-interpretation of findings
and acknowledge that further research is needed to confirm this rela-
tionship. A chance finding could arise from sparse strata, given the
infrequent detection of BDCIPP, rarity of CC genotype, and limited
power from utilizing fetal DNA. Additionally, CYP1A2 is involved in the
metabolism of numerous exogenous factors (Anzenbacher and Anzen-
bacherova 2001), which can be correlated with prenatal BDCIPP expo-
sure and thus bias the relationship. It is also possible that the
modification by fetal CYP1A2 observed in this study, is instead reflecting
modification of postnatal BDCIPP exposure. Although some studies
report the existence of enzyme in fetal liver, hepatic clearance is
immature in fetuses compared to adults and CYP1A2 is hardly detected
until after infancy (Alcorn and McNamara 2002; Mahmood et al. 2016).
Also, BDCIPP has been reported to have relatively moderate to high
intra-class correlation coefficients (ICC; 0.48-0.70; (Carignan et al.,
2017; Cequier et al. 2015; Hoffman et al. 2014; Meeker et al. 2013b;
Romano et al. 2017; Wang et al. 2019)), which suggest suggests stability
of exposure over time. Therefore, our measurement of prenatal con-
centrations could be correlated with postnatal concentrations through
continued exposure to source products that are common to mothers and
babies.

4.3. Prenatal exposure to OPE-phthalate mixture and offspring ADHD

Since we are likely exposed to multiple environmental exposures
simultaneously, increased attention has been placed on exposure mix-
tures (Gibson et al. 2019; Hamra and Buckley 2018). Multiple statistical
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approaches to environmental mixtures have been developed to address
different aspects of a complex exposure, and therefore it is critical to
specify the question and purpose of analyzing exposure mixtures in
order to identify the optimal analytic tool. We sought to answer a public
health-oriented question: what is the overall impact of increased expo-
sure to multiple correlated environmental triggers? This question is
distinct from identifying a specific metabolite or synergistic/antago-
nistic relationships across metabolites, and the answers can be intui-
tively interpreted and often directly mapped onto the effects of potential
public health interventions (Keil et al. 2020). In this study, we utilized
quantile based g-computation (Keil et al. 2020) to examine the public
health impact of simultaneous decrease in the OPE-phthalate mixture
and found a substantial decrease in the risk of ADHD in relation to a 1-
quartile decrease in exposure to all OPE-phthalate mixture constituents
(DPHP, DNBP, and 6 phthalate metabolites mixture risk ratio: 0.68
[0.64, 0.72]). Quantile based g-computation was applied given its
computational efficiency compared to BKMR and reduced bias for joint
exposure-response relative to weighted quantile sums approach;
furthermore, it is not subject to issues of exposure transformation given
the preservation of rank-orders in quantized exposure. The estimates
from this approach could help hypothesize the impact of behavioral or
regulatory interventions that are targeted to jointly reduce multiple
exposures, for example, cleaning more frequently to reduce exposure to
contaminated house dust or intervening on another common consumer
source of exposure. Further investigation of various intervention sce-
narios could be particularly useful since targeting a reduction in a spe-
cific chemical may not always be feasible

We note that the impact of simultaneously increasing OPE-phthalate
mixture could be larger in other populations, since our study population
had low DPHP exposure (median: 0.51 ng/mL) compared to the previ-
ous studies of pregnant women (0.77-2.94 ng/mlL; Supplementary
Table 2). Additionally, BDCIPP, another potential neurotoxicant, was
not included in the quantile based g-computation due to limited detec-
tion (74-79%<LOD). Overall, the high risk ratios of ADHD observed
with increasing exposure to OPE-phthalate mixtures in this population-
based study, is in line with and summarizes the neurodevelopmental
impacts of individual OPE and phthalate metabolites reported previ-
ously (Castorina et al. 2017; Doherty et al. 2019; Engel et al. 2010; Engel
et al. 2018; Gascon et al. 2015; Kobrosly et al. 2014; Lien et al. 2015;
Philippat et al. 2015; Whyatt et al. 2012), calling for a timely need to
take action to reduce exposure at a population level.

4.4. Strengths and limitations

Our investigation was uniquely positioned to evaluate prenatal OPE
exposure as a risk factor for clinical ADHD, leveraging an existing study
that was nested in a large prospective study. As such, we were able to
utilize the existing measures of phthalate exposure and well-
characterized, prospective covariate data. Nesting our case-cohort
study within a population-based pregnancy cohort and obtaining clin-
ical diagnoses through linkage with a population-based registry enabled
us to examine associations with a clinically diagnosed developmental
disability, ADHD. Further, we took advantage of the large sample size
and explored important potential modifiers, such as child sex and
polymorphisms in genes suspected to play a role in the metabolism of
OPEs. We also provide evidence for OPE metabolites infrequently
studied in epidemiological investigations, i.e., DNBP and BBOEP.
Another advantage of our study is in the consideration of phthalates to
estimate 1) the individual association of OPE metabolites as well as 2)
the impact of combined exposure to phthalates and OPEs. Lastly, this is
the first study to be conducted outside of the United States, where we
evaluated our hypothesis in a low-level-exposure environment.

Our investigation was limited to a single spot urine sample collected
at 17 weeks’ gestation, which may not be reflective of pregnancy-wide
exposures due to the short half-lives of OPEs. However, OPEs are
included in consumer products that people use on a daily basis.
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Ubiquitous exposure to OPE sources is expected to result in relatively
stable concentrations, at least in the short term. For repeat-samples
collected over several hours to weeks, moderate to high ICCs ranging
from 0.43 to 0.70 have been reported for DPHP (Carignan et al., 2017;
Cequier et al. 2015; Hoffman et al. 2014; Wang et al. 2019); although the
ICCs across studies were more variable in the long term (Carignan et al.,
2017; Hoffman et al. 2014; Ingle et al., 2019; Meeker et al. 2013a;
Preston et al. 2017; Romano et al. 2017). Further, we considered the
season of urine sample collection to adjust for seasonal variability in
prenatal exposure to OPEs (Preston et al. 2017) that can arise from
seasonal variability in human behaviors (e.g., ventilation and time-
activity patterns) and exposures from point sources (e.g., rate of
vaporization). The season of urine sample collection may also be a proxy
of birth month, which may be a predictor for ADHD symptoms, although
the underlying causes are not established (Zhang et al. 2018).

Another limitation is in the potential for inaccuracies in ADHD case
diagnoses registered in the NPR. Although the NPR captures around 90%
of ADHD cases in Norway (Suren et al. 2012), false-positive cases may
also be included (Surén et al. 2018) due to the absence of a gold standard
clinical assessment for ADHD diagnosis. The ADHD diagnostic criteria
are based on a constellation of behavioral symptoms evaluated by
clinical providers (Taylor et al. 2004), and therefore diagnosis and
treatment vary by the clinical practice and the experience of the pro-
vider (Hinshaw et al. 2011). We attempted to remove erroneous or false
registrations by limiting our cases to those that had more than one
registration of ADHD in the NPR. Moreover, the relationships between
NPR ADHD diagnosis status and parental reported ADHD symptoms at
ages 3 and 5 using the Child Behavior Checklist (CBCL) and Conners
Parent Rating Scale have been previously investigated (Oerbeck et al.
2017). Oerbeck and colleagues found that ADHD symptoms substan-
tially predicted later NPR ADHD diagnosis (hazard ratio for CBCL at age
5 =10.30, 95% CI: 7.44, 14.26). These data support the congruence of
parent-reported symptoms of ADHD in MoBa questionnaires with later
registration of ADHD within the NPR. In addition, any outcome
misclassification as a result of inaccuracies in diagnosis in childhood
would not be expected to be differential by maternal OPE exposure
during pregnancy.

Lastly, DPHP is a biomarker that lacks specificity and is reflective of
exposures to multiple parent compounds such as resorcinol bis-diphenyl
phosphate (Ballesteros-Gomez et al. 2015), ethylhexyl diphenyl phos-
phate (Van den Eede et al. 2016), and TPHP (Su et al. 2015; Van den
Eede et al. 2016). If only a subset of DPHP parent compounds exhibits
thyroid disrupting properties, the associations estimated with DPHP
may not accurately reflect that of the thyroid active compound. How-
ever, toxic properties have also been reported for DPHP (Hill et al.
2018), in which case the utilization of DPHP as an integrated marker will
be beneficial to quantify the adverse impact of DPHP-related exposures.

4.5. Public health implications

Although ADHD is one of the most common psychiatric disorders in
children (Avenevoli et al. 2013; Lensing et al. 2015), few modifiable risk
factors for ADHD have been identified. We found that prenatal exposure
to DPHP and BDCIPP may be associated with an increased risk of ADHD,
and that girls may be particularly vulnerable to DPHP exposure. OPEs,
though prevalent, are modifiable through the implementation of
population-wide regulatory policies, voluntary removal of these chem-
icals from consumer products, or behavioral interventions. Since pop-
ulation exposure to OPEs has been shown to be steadily increasing
(Hoffman et al. 2017), there is an urgent need to take action to reduce
subsequent health effects of exposure.

5. Conclusion

DPHP and BDCIPP exposure during pregnancy may increase the risk
of ADHD in offspring. Combined exposure to common-detect OPE and



G. Choi et al.

phthalates resulted in a substantial increase in ADHD risk. For DPHP, the
relationship was stronger among girls and varied by maternal PON1
Q192R polymorphisms.
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