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Abstract

Background—~Perfluorinated alkyl substances (PFAS) are suspected endocrine disruptors that
are highly persistent and neurotoxic in animals. Human epidemiological studies of exposure-
related deviations of children’s behaviors are sparse. We assessed the associations between
prenatal, 5- and 7-year PFAS exposures and behavioral problem scores in 7-year Faroese children.

Methods—Concentrations of perfluorooctanoic acid (PFOA), perfluorononanoic acid (PFNA),
and perfluorodecanoic acid (PFDA), perfluorooctane sulfonate (PFOS), and perfluorohexane
sulfonic acid (PFHxS) were measured in maternal serum and in serum from children at ages 5 and
7 years (n=539, 508, and 491, respectively). We used multivariable regressions and structural
equations models to estimate the covariate-adjusted associations between serum-PFAS
concentrations and behavioral difficulties, as assessed by the strengths and difficulties
questionnaire (SDQ) at age 7.

Results—Serum-PFOS and PFHxXS concentrations declined over time, whereas PFOA, PFNA,
and PFDA tended to increase. No associations were observed between prenatal PFAS
concentrations and SDQ scores. However, a two-fold increase in 5-year serum-PFOA, PFNA, and
PFDA concentrations was associated with increases in total SDQ scores by 1.03 (95% ClI: 0.11,
1.95), 0.72 (95% CI: 0.07, 1.38) and 0.78 points (95% ClI: 0.01, 1.55), respectively. For SDQ
subscales, significant associations were found in regard to hyperactivity, peer relationship, and
conduct problems, as well as internalizing and externalizing problems and autism screening
composite scores. Cross-sectional analyses at age 7 years showed possible sex-dimorphic
associations between PFAS concentrations and SDQ scores, where girls had consistently positive
associations with SDQ scores whereas boys exhibited a pattern of negative or null associations.
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Conclusions—Higher serum PFAS concentrations at ages 5- and 7-years, but not prenatally,
were associated with parent-reported behavioral problems at age 7.
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perfluorinated compounds; SDQ; DOHaD

BACKGROUND

Poly- and perfluoroalkyl substances (PFASs) have been produced since the 1950s for
numerous applications, such as surfactants, water and oil repellents, cosmetics, food
packaging, furnishings, and clothing (Lau 2012). They are highly persistent and
bioaccumulative (Birnbaum and Grandjean 2015). Concerns about the potential toxic
impacts of long-chain PFASs have led to the phase out of production of perfluorooctane
sulfonate (PFOS) and perfluorooctanoic acid (PFOA) by a major global manufacturer in
2002, and the inclusion of PFOS in the Stockholm Convention on Persistent Organic
Pollutants (Buck et al. 2011). Nonetheless, nearly all serum samples from the general
population contain detectable concentrations of both PFOA and PFOS (Calafat et al. 2007).
Dietary exposure is likely a major exposure route, along with contaminated drinking water
and consumer products (Wu et al. 2015). Recently, breastfeeding has also been shown to be
a significant route of exposure in children (Mogensen et al. 2015).

Neurotoxicity has been suggested as a potential adverse effect (Mariussen 2012) of PFASs.
Thus, in experimental studies, PFASs were shown to affect neuronal cell development and
cognitive functioning (Slotkin et al. 2008; Viberg et al. 2013). Furthermore, the endocrine
disruptive properties of PFAS might alter the regulation of fetal brain development by
interfering with the thyroid hormone function (Long et al. 2013; Wang et al. 2014).
However, only a limited number of epidemiological studies have focused on neurobehavioral
endpoints in relation to PFAS exposure. Cross-sectional studies have reported positive
associations between children’s exposures to some PFASs and impulsivity (Gump et al.
2011) and Attention-deficit/hyperactivity disorder (ADHD) (Hoffman et al. 2010; Stein and
Savitz 2011). So far, published results from prospective cohort studies have revealed little
evidence of PFAS neurotoxicity. Indeed, maternal serum PFAS concentrations were not
associated with behavioral problems, including attention deficit/hyperactivity disorder and
autism, in children aged 7 to 13 years from the Danish National Birth Cohort (Fei and Olsen
2011; Liew et al. 2015). In addition, studies conducted among children from the C8 Health
Project showed no associations between estimated /7 utero and measured childhood PFOA
concentrations and neuropsychological test scores (Stein et al. 2013). Higher /n utero PFOA
concentrations in the same population were associated with decreases in characteristics of
attention deficit/hyperactivity disorder, as measured by the Clinical Confidence Index of
Connors' Continuous Performance Test-11, in boys and increases in girls, thus suggesting sex
dimorphic effects (Stein et al. 2014). Finally, results from the Taiwan Birth Panel Study
showed a negative association between social competence and self-help skills at age 2 and
PFOS levels in cord blood (Chen et al. 2013), while another study reported a positive
association between prenatal exposure to PFOA and PFOS and behavioral problems
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including hyperactive behavior (Hoyer et al. 2015). However, no previous study has
investigated the possible impact of measured prenatal and postnatal PFAS concentrations in
relation to children’s behavioral development, and none of the previous studies examined the
potential joint effect of different PFASs on behavioral development.

In this study, we assessed the associations between PFAS exposures prenatally and at ages 5
and 7 years in regard to the children’s behavioral problem scores at age 7.

Study population

The birth cohort included 656 children born in the Faroe Islands between 1997 and 2000.
Only singleton births were included in the cohort and the cohort can be considered
reasonably representative of Faroese births (Grandjean et al. 2012). Obstetric variables,
including birth weight, parity and maternal age, were obtained from Obstetrical
questionnaires. Information on pre-pregnancy weight and height, socio-economic status,
maternal smoking and alcohol use during pregnancy were self-reported. The birth cohort
was followed by clinical examinations through age 7. A maternal interview provided
information concerning current health and past medical history, lifestyle, duration of
breastfeeding, behavior and other characteristics. At the end of the clinical examinations at
ages 5 and 7, a non-fasting blood sample was drawn. The study protocol was approved by
the ethical review committee serving the Faroe Islands and by the institutional review board
at the Harvard T.H. Chan School of Public Health, and written informed consent was
obtained from all mothers.

Assessment of children’s behavioral problems at 7 years

Children’s behavioral development was assessed in 567 children (86 %), using the Parent’s
version of the Strengths and Difficulties Questionnaire (SDQ) which has been translated into
Faroese (Goodman 1997). The SDQ is a screening test for childhood psychopathology
adapted for many different cultures and languages and has demonstrated excellent
psychometric properties (http://www.sdginfo.com/). It is comprised of 25 items scored on a
3-point Likert scale: 0 (“not true”), 1 (“somewhat true”), and 2 (“certainly true”). Five
behavioral subscales with a score range of 0 to 10 are calculated from the 25 SDQ items:
emotional symptoms, conduct problems, hyperactivity/inattention, peer relationship
problems and prosocial behavior. In addition, a total difficulties score ranging from 0 to 40
was calculated by summing four of the subscales (emotional, conduct, hyperactivity and
peer). Higher total, emotional, conduct, hyperactivity and peer SDQ scores indicate higher
difficulties, whereas higher prosocial scores indicate lower difficulties. Recently, the authors
of the instrument provided theoretical and empirical support for combining the SDQ’s
emotional and peer subscales into an internalizing problems subscale and the conduct and
hyperactivity subscales into an externalizing problems subscale, both with scores ranging
from 0 to 20. Finally, an autism screening score was also proposed, calculated as the peer
problems subscale score minus the prosocial subscale (range: —10 to +10) (Goodman et al.
2010).
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Exposure assessment

Prenatal PFAS exposures were assessed from analyses of serum obtained from the mothers
at the last antenatal examination at week 32 of pregnancy; postnatal exposure was assessed
from the serum obtained at ages 5 and 7. PFOA, PFOS, perfluorohexane sulfonic acid
(PFHXS), perfluorononanoic acid (PFNA), and perfluorodecanoic acid (PFDA)
concentrations were measured using online solid-phase extraction and analyzed using high-
pressure liquid chromatography with tandem mass spectrometry (Haug et al. 2009). The
accuracy and reliability of the data was ensured by including, in each analytical series,
quality control serum samples, calibration standards, and reagent and serum blanks. Within-
batch and between-batch coefficient of variations were better than 3.0% and 5.2% for all
analytes. As potential confounders, we also measured prenatal and postnatal exposures to
polychlorinated biphenyls (PCBs) and methylmercury using methods described elsewhere
(Heilmann et al. 2010). We used a simplified lipid-based sum of PCBs (2PCB)
concentrations, calculated as the sum of congeners PCBs 138, 153, and 180 multiplied by 2,
to avoid problems with congeners not assessed and concentrations below the detection limit
(Grandjean et al. 1995). Methylmercury (MeHg) exposure was assessed from the total
mercury concentrations in whole blood and hair collected at childbirth and at the age-5 and 7
examinations. Blood samples were analyzed by cold-vapor atomic absorption spectrometry
on a Direct Mercury Analyzer DMA-80 (Milestone, Italy), whereas hair was determined by
flow injection cold-vapor technique (FIMS-400 and AS-90; PerkinElmer, Wellesley, MA,
USA). In children with valid SDQ scores, measurements of serum-PFAS concentrations
were available for 539, 508, and 491 children respectively for prenatal, 5-, and 7-year
exXposures.

Covariates and potential confounders

Socio-demographic, lifestyle and variables pertaining to medical history and birth outcomes
were collected. We used directed acyclic graphs (DAGS) to infer the necessary set of
covariates to include in the models from the following potential covariates: child’s exact age
(in months), sex (boy; girl), birth weight (grams), maternal age at pregnancy, pre-pregnancy
body mass index (BMI, kg/m?2), parity (no older siblings; at least one older sibling), duration
of exclusive breastfeeding (months), maternal socio-economic status (SES) during
pregnancy (based on education, low; intermediate; and high), alcohol consumption during
pregnancy (never; ever), and smoking during pregnancy (no; 1-5 cigarettes/day; more than 5
cigarettes/day). Concurrent concentrations of serum-PCBs and hair-Hg were included in all
the models a priori. The model for prenatal PFAS exposures additionally included age, sex,
maternal age, pre-pregnancy BMI, parity, socio-economic status, and alcohol and smoking
during pregnancy. The models for postnatal exposure further included duration of
breastfeeding and birth weight.

Statistical analyses

All PFAS concentrations were log-transformed (base 2) to address skewness, and to ensure a
normal distribution of residuals. Because scores on the SDQ subscales exhibit an over-
dispersed distribution, with the variance exceeding the mean for some subscales, we used
negative binomial regressions. Negative binomial regressions intended to model the ratio of
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the mean SDQ subscale scores among exposed and non-exposed. The results are presented
as adjusted mean ratios (aMR) of the SDQ subscales with corresponding 95% confidence
intervals (CIs). In all of these models, the exposure estimate was reported for a two-fold
increase in PFAS concentrations—for example, an aMR of 1.5 for a two-fold increase in
PFOA suggests that the mean SDQ subscale score was 50% higher at a doubling of the
PFOA concentrations. For total difficulties scores, internalizing, and externalizing problems
scores, as well as the autism screening scores, we used general linear models to infer the
adjusted mean differences (aMD) with 95% CI. The aMD is interpretable similar to the
coefficient as the mean difference in the SDQ composite scores for a doubling of PFAS
concentrations. Previous studies have reported associations of PFAS exposures with child
neurodevelopment that may be modified by child sex (Goudarzi et al. 2016; Stein et al.
2014). Thus, we assessed sex as an effect modifier by introducing a cross-product term
(PFASxsex).

In further analyses, we used structural equations modeling (SEM) with adjustment for the
same set of covariates previously described to investigate simultaneously the joint
associations between pre- and postnatal exposures, and SDQ total scores, second order (i.e.
internalizing and externalizing problems), and first order subscales. In this approach, we also
included pre- and postnatal PCB and mercury exposures in all analyses (Figure 1). SEM
analyses include a measurement part in which the observed variables are linked to a limited
number of latent functions and a structural part describing the relationship between the latent
variables (Budtz-Jorgensen et al. 2002). This approach allows us to reduce multiple
comparisons testing, and to take into account the two-order factorial structure of the SDQ. In
the measurement part, we allowed prenatal, age-5 and 7 PFAS concentrations to be
indicators of 3 latent functions representing overall PFAS exposures prenatally and at ages 5
and 7. Additionally, we constructed a second-order latent function reflecting postnatal PFAS
exposure indicated by the two 5- and 7-year PFAS latent functions. We also allowed the
prenatal PFAS latent function to predict the postnatal PFAS latent function. The same
procedure was used for methylmercury exposure using both hair and blood-Hg
concentrations to reflect pre- and postnatal latent functions, as well as for PCB exposure
(Figure 1). Because the latent functions are hypothetical underlying factors and have no unit,
results are presented as the relative change in standard deviation (SD) in terms of the latent
behavioral functions associated with a two-fold increase in PFAS concentrations.

In the measurement part of the SEM, all indicators showed significant correlations to their
latent functions (Supplemental Material; Table S1), and the models exhibited an acceptable
to very good fit to the data (Comparative fit index between 0.921 and 0.999, and root mean
square error of approximation between 0.06 and 0.01). Because there were missing data for
some covariates [exclusive breastfeeding duration (n=31) and alcohol consumption during
pregnhancy (n=1)], we used the Full Information Maximum Likelihood estimation which
utilizes all available information and avoids list-wise deletion due to missing data.

In additional analyses, we explored potential nonlinear relations using generalized additive
models (GAMs) with penalized smoothing regression splines, and visually inspected plots of
the smoothed data. We assessed departure from linearity (at p<0.1) by comparing the model
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with PFAS concentrations introduced as a spline function with the model with PFAS
concentrations introduced as a linear term.

All significance tests were two-sided and the level of significance was set at a P-value<0.05,
including for effect modification by sex. DAGs were drawn using DAGitty 2.2 (Textor et al.
2011) and all statistical analyses were conducted using R version 3.1.2 (R Core Team 2014).

RESULTS

The characteristics of the study population are presented in Table 1. Mean age at the age-7
examination was 90 months, and girls were slightly fewer than boys (48% vs 52%). Most of
the children had an older sibling (73%), and 32% were exclusively breastfed for 6 months or
longer (Table 1).

The mean scores for SDQ total difficulties was 6.6, and SDQ subscales ranged from 0.9 to
2.4, except for prosocial behavior (mean, 8.2) (Table 1). Mean scores for externalizing and
internalizing problems were 3.8 and 2.8, respectively. Finally, the mean for autism screening
scores was —7.3. Total difficulties scores were higher among boys, children with no older
siblings, from younger mothers, children of mothers with low SES, and of those who
reported smoking more than 5 cigarettes/day during pregnancy. For SDQ subscales, scores
for the conduct problems, peer relationship problems, and hyperactivity/inattention were
higher among children of mothers with low SES, and of those who reported smoking more
than 5 cigarettes/day during pregnancy. Further, conduct problems scores were higher
among boys, and hyperactivity/inattention scores were also higher among boys, and among
children whose mother had lower pre-pregnancy BMI. Scores of peer relationship problems
were also higher among children with younger mothers, and among children of mothers that
did not report consuming alcohol during pregnancy. Scores of emotional symptoms were
higher among children with younger mothers, with no older siblings, and among children of
mothers with low SES. Finally, prosocial behavior scores were lower among boys, and
among children with birth weight lower than the median: 37509 (Supplemental Material;
Table S2).

PFOS showed the highest serum concentrations on all occasions, followed by PFOA and
PFHxS, while PFNA and PFDA showed the lowest concentrations (Table 2). Between-PFAS
correlation coefficients for maternal serum or child at ages 5 and 7 ranged from 0.08 to 0.80,
and were higher between PFNA and PFDA and lower between PFHXS and other PFASs.
Within-PFAS correlation coefficients were higher between concentrations from ages 5 and 7
and lower between maternal and child serum at either age (Supplemental Material, Figure
S1). Overall, prenatal PFAS and child 5- and 7-years serum concentrations differed
significantly with the child age at the age-7 examination, maternal age at delivery, maternal
SES, maternal smoking and alcohol consumption during pregnancy, and exclusive
breastfeeding. Maternal PFOA and PFHXS concentrations were higher among nulliparous
women, whereas PFNA and PFDA concentrations were higher in women with at least one
previous child birth. Further, postnatal PFAS concentrations were generally lower in children
of women with higher pre-pregnancy BMI (Supplemental Material, Table S3). PFAS
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concentrations measured in maternal and child 5- and 7-years serum did not differ
significantly according to sex or birth weight (Supplemental Material, Tables S4 and S5).

We found no association between maternal or 7-year PFAS concentrations and total SDQ
and subscales scores (Figures 2 and 3, with detailed data in supplementary material tables S6
and S7). However, 5-year PFAS concentrations were associated with increased total SDQ
scores, as well as subscale scores. For instance, a two-fold increase in serum-PFOA
concentrations was associated with increases by 54% in peer relationship problems scores
(aMR=1.54; 95% CI: 1.16, 2.06) and 19% in conduct problems scores (aMR=1.19; 95% ClI:
0.99, 1.44; p=0.06). Further, a two-fold increase in PFOA concentrations at age 5 was
associated with higher total SDQ scores (aMD=1.03; 95% CI: 0.11, 1.95), as well as higher
internalizing problems (aMD=0.59; 95% CI: 0.06, 1.13) and autism screening scores
(aMD=0.68; 95% CI: 0.25, 1.11). PFDA and PFNA concentrations at 5 years also showed
significant positive associations with total SDQ scores, externalizing problems,
hyperactivity/inattention and conduct problems. No consistent associations were observed
for PFHXS and PFOS.

Analyses including a cross-product term to assess effect modification by child sex showed
no significant interactions with maternal and 5-year PFAS concentrations. However, 7-year
PFAS concentrations showed some significant sex-specific associations with SDQ scores.
Girls had consistently positive associations with SDQ scores whereas boys exhibited a
pattern of negative or null associations. Thus, a two-fold increase in 7-year PFOS, PFNA,
and PFHXS concentrations was associated with higher total SDQ scores in girls and lower
scores in bays (all at p-interaction < 0.05). A similar pattern was observed for externalizing
problems and autism screening scores (Supplemental Material; Figure S2), as well as
hyperactivity/inattention and conduct problems (Supplemental Material; Figures S3).

Table 3 shows results from the SEM analyses with mutual adjustment for pre- and postnatal
PFAS, PCB, and Hg exposures. We observed no significant association between prenatal
PFAS exposures and SDQ scores and subscales. In contrast, postnatal exposures, as reflected
by PFAS exposures at ages 5 and 7 showed significant positive associations with the latent
functions of total difficulties scores (=0.17 SD; 95% CI: 0.07, 0.27), and externalizing
problems (B=0.34 SD; 95% CI: 0.00, 0.67). In addition, we observed a positive association
between postnatal PFAS and conduct problems and autism screening scores (p=0.35 SD;
95% CI: —-0.01, 0.71 and $=0.56 SD; 95% CI: —0.03, 1.15, respectively). No significant
association was observed for prenatal and postnatal PCB or Hg in any of the models.

We explored the shape of the exposure-response relation with GAMs for total difficulties
scores and SDQ subscale scores. Although some relationships exhibited a slightly non-linear
shape, none of these relations departed significantly from linearity.

DISCUSSION

Overall, in this prospective cohort study from the Faroe Islands, we found no evidence of
association between prenatal PFAS exposures and increased scores of behavioral problems.
However, we observed a low to moderate, though significant association between postnatal
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exposure to PFASs and children’s behavioral development, as assessed by the SDQ at 7
years of age. These associations were mainly driven by higher scores on the hyperactivity/
Inattention, conduct problems, and peer relationship problems subscales of the SDQ, which
were reflected in the constructs of externalizing problems and autism screening scores.
Additionally, cross-sectional associations between 7-year PFAS concentrations and SDQ
scores showed different patterns by sex with positive associations with SDQ scores in girls
(suggesting detrimental effects at higher exposures), but negative associations in boys.

Consistent with the present findings, previous investigations showed no association between
prenatal exposure to PFASs and child neurodevelopment (Fei and Olsen 2011; Liew et al.
2015; Ode et al. 2014; Stein et al. 2013; Stein et al. 2014). Previous studies of postnatal
PFAS exposures and child neurodevelopment are inconsistent, but most were based on
cross-sectional designs (Gump et al. 2011; Hoffman et al. 2010; Stein and Savitz 2011) with
methodological limitations, such as unmeasured confounders and the potential for reverse
causation.

In regard to postnatal PFAS exposures and child development, childhood PFOA exposure
and later neuropsychological problems were investigated in 320 children participating in the
C8 health project, with no clear associations with behavioral problems at an average age of
10 years (Stein et al. 2013). The timing of the neuropsychological examination might
explain, at least in part, some of the inconsistencies of findings from the two studies, and the
children included in the latter study had almost 10-fold higher average serum-PFOA
concentrations than the Faroese children. Further, the inter-PFAS correlations in the Faroese
population were substantial, while correlation coefficients of PFOA with other PFASs in the
U.S. study were weak.

The maternal PFAS concentrations in our cohort were higher than previously reported levels
in some other populations (Hoyer et al. 2015), but comparable to those reported from
Denmark (Liew et al. 2015). The concentrations in children appeared to decrease over time
for PFOS and somewhat for PFHxS, but tended to increase for other PFASs. While child
PFAS concentrations were much lower than those reported from the C8 project (Stein et al.
2014), they were comparable to those recorded in U.S. children (Hoffman et al. 2010).

Although not present at age 5 years, sex-specific analyses at age 7 years suggested adverse
associations in girls and favorable associations in boys, in accordance with a previous study
(Stein et al. 2014). Although sex-dependent differences in neurobehavioral development
may lead to differences in vulnerability at different ages, PFASSs are highly persistent with
mean half-lives in human tissues estimated to range between 3.8 and 8.5 years (Olsen et al.
2007; Zhang et al. 2013), thereby minimizing differences in serum concentrations at
different ages. Indeed, the correlation between the latent functions of PFAS exposures at 5
and 7 years was 0.72 (p<0.001), whereas the correlation between the latent functions of
prenatal and 5-year PFAS exposures was 0.31 (p<0.001).

The mechanisms behind the association between PFAS exposure and behavioral problems in
children are unclear, but some hypotheses have been proposed. Animal studies have shown
that exposure to low doses of PFASs induced changes in behavior and habituation through
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alteration of dopaminergic and cholinergic system (Johansson et al. 2008; Salgado et al.
2015), and alterations in levels of neural proteins that are important for the formation and
growth of the synapses (Johansson et al. 2009). PFASs were also shown to alter cell
membrane potentials, which in turn affects channel gating properties (Harada et al. 2005).
Another potential mechanism by which PFASs might have an adverse effect on
neurodevelopment is through interference with thyroid hormone signaling. The thyroid
hormone plays a role in synaptogenesis and myelination in the developing brain during the
prenatal and postnatal periods, and previous studies in human reported associations between
exposure to PFASs and thyroid gland disruption (Melzer et al. 2010; Wang et al. 2014; Wang
et al. 2013).

In the present study, the PFASs measured exhibited different associations with children’s
reported behavioral problems. Because PFAS concentrations in our study were strongly
correlated at different time points, it is difficult to disentangle mixture effects from
compound-specific effects. Indeed, the pharmacokinetic properties of PFAS compounds
have been shown to be a key determinant of toxicity, and toxic properties may vary with
carbon-chain length (Tatum-Gibbs et al. 2011). Of note, analyses of PFASs in human
autopsy tissues (Perez et al. 2013) showed elevated brain concentrations of
perfluorohexanoic acid, a PFAS that is fairly rapidly cleared from human serum (Russell et
al. 2013), and serum-PFAS concentrations may therefore not represent the neurotoxic
potential.

The findings from the present study point to a low to moderate association between serum-
PFASs and behavioral problems. Even subtle effects of PFASs exposure may shift the
distribution of continuous behavioral traits to increase the risk of clinical
neurodevelopmental disorders such as autism spectrum disorders and ADHD (Bellinger
2004; Grandjean and Landrigan 2014). We relied on a questionnaire for parent-reported
behavioral difficulties with excellent psychometric properties (Croft et al. 2015; Woerner et
al. 2004b), and with common usage clinical practice as a screening and/or assessment tool
by both school psychologists and clinicians (Borg et al. 2012; Goodman 1999; Yao et al.
2009). The SDQ has also been successfully used to assess children’s behavior across age
and culture, and is commonly used in research studies, including longitudinal birth cohorts
and national surveys (Chittleborough et al. 2011; Griffiths et al. 2011; Oulhote and
Bouchard 2013; Russell et al. 2013). Moreover, recent evidence from exploratory factor
analyses in multiple samples across Europe have supported the internal validity of the five
subscales of the SDQ (Becker et al. 2006; Woerner et al. 2004a), as well as the newly
established alternative factor structure with internalizing and externalizing problems factors,
and prosocial behavior (Dickey and Blumberg 2004; Leeuwen et al. 2006). Furthermore,
there is little reason to expect that parental report of behavioral problems would be
differential by PFAS exposure levels, which is a condition to bias our findings away from the
null.

Our study has several strengths. The prospective study design ensures temporality, and the
continuous follow-up with high participation rates enables the evaluation of associations
between PFAS exposures occurring during critical windows of both pre- and postnatal
periods. Additionally, and from a causal inference perspective, simultaneous examination of
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different time periods of exposure provides a test of the possible presence of confounding
bias, thereby greatly increasing the likelihood that an association found is truly causal when
the associations are meaningfully differential, which was the case in our study. To our
knowledge, this is the first study to investigate associations of both prenatal and postnatal
exposure to multiple PFASs and children’s behavioral function. The use of structural
equations modeling allowed the mutual adjustment for pre- and postnatal PFAS exposures,
as well as PCB and Hg concentrations, thus reducing multiple comparisons testing, while
allowing for measurement error in exposures, which is essential for unbiased effect
estimation, especially in models that include correlated independent variables (Carroll et al.
2006). Still, insufficient power was available to investigate any potential interactive effects
of PFASs, PCB, and Hg exposures. Adjustment for several potentially relevant confounders
suggested only marginal impact on the results. The selection of relevant confounders was
ascertained a priori using DAGSs based on empirical evidence from previous research, thus
avoiding over-fitting the statistical models. The potential influence of any unmeasured
confounding would appear minimal, especially when taking into regard the homogeneity of
the Faroese population in terms of socio-demographic, lifestyle, and genetic characteristics.

CONCLUSIONS

In this prospective study from the Faroe Islands, we found a consistent association between
postnatal, but not prenatal exposure to certain PFASs, especially as reflected by the serum
concentrations at age 5 years in regard to behavioral problems assessed at age 7. We used
structural equation models, which allow for multivariate responses and incorporation of joint
exposures. These findings are of potential public health importance, as the PFAS exposure in
this population is not elevated above levels commonly reported, and since detectable levels
of PFASs occur in almost all members of the general population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

- Human epidemiological studies of PFAS exposure-related deviations of
children’s behaviors are sparse,

- We assessed the associations between prenatal, 5- and 7-year PFAS
exposures and behavioral problem scores in 7-year Faroese children,

- No associations were observed between prenatal PFAS concentrations and
SDQ scores

- Higher serum PFAS concentrations at ages 5- and 7-years were associated
with behavioral difficulties at age 7.
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Figure 1. Conceptual path diagram for the SEM of the associations between pre and postnatal
PFAS concentrations and SDQ scores
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parity, socio-economic status, and alcohol and smoking during pregnancy. Models for 5- and

7-year PFAS were further adjusted for exclusive breastfeeding duration and birth weight.
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Models for prenatal PFAS were adjusted for age, sex, maternal age, pre-pregnancy BMI,

parity, socio-economic status, and alcohol and smoking during pregnancy. Models for 5- and

7-year PFAS were further adjusted for exclusive breastfeeding duration and birth weight.
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Population characteristic

Table 1

description of the characteristics of the study population at 7-year examination

Mean (SD) or n (%)

Age, months 89.8 (1.2)
Birth weight, grams 3716.6 (498.3)
Maternal age at delivery, years 29.4 (5.1)
Maternal pre-pregnancy BMI 23.9(3.9)
Sex
Boys 281 (52.1)
Girls 258 (47.9)
Parity
No older siblings 146 (27.1)
At least 1 older sibling 393 (72.9)
Maternal SES
Low 254 (47.1)
Medium 151 (28)
High 134 (24.9)
Maternal smoking during pregnancy
No 395 (73.3)
1-5 cigarettes/day 64 (11.9)
> 5 cigarettes/day 80 (14.8)
Alcohol consumption during pregnancy
Never 315 (58.5)
Ever 223 (41.5)
Missing 1
Exclusive breastfeeding duration
< 6 months 344 (67.7)
26 months 164 (32.3)
Missing 31
SDQ scores
Total difficulties 6.6 (4.9)
Emotional symptoms 1.88 (1.89)
Conduct problems 1.45(1.41)
Hyperactivity/inattention 237(2.2)
Peer relationship problems 0.9 (1.38)
Prosocial behavior 8.17 (1.45)
Internalizing problems 2.8(2.7)
Externalizing problems 3.8(3.2)
Autism screening score -7.3(2.2)
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