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Abstract

BACKGROUND—In toxicology studies, perfluorinated compounds affect fetal growth,
development, viability, and postnatal growth. There are limited epidemiologic studies on child
development.

METHODS—We recruited and evaluated 321 children who participated in the C8 Health Project,
a 2005-2006 survey in a mid-Ohio-Valley community highly exposed to perfluorooctanoate
(PFOA) through contaminated drinking water. We examined associations between measured
childhood PFOA serum concentration and mother and teacher reports of executive function
(Behavior Rating Inventory of Executive Function), ADHD-like behavior (Conner’s ADHD
DSM-1V Scales), and behavioral problems (Behavior Assessment System for Children) assessed
3-4 years later at ages 6-12 years.

RESULTS—Overall, neither reports from mothers nor teachers provided clear associations
between exposure and child behavior. Mother reports, however, did suggest favorable associations
between exposure and behavior among boys and adverse associations among girls. On the
composite scale from the Behavior Rating Inventory of Executive Function (n=318), PFOA
exposure had a favorable association among boys (highest vs. lowest quartile f = —6.39; 95% CI
-11.43, -1.35) and an adverse association among girls (highest vs. lowest quartile p = 4.42; 95%
Cl -0.03, 8.87; interaction p=0.01). Teacher reports (n=189) replicated some but not all of the sex-
interactions observed in mothers’ reports.

CONCLUSIONS—Aggregate results did not suggest adverse effects of PFOA on behavior, but
sex-specific results raise the possibility of differing patterns by sex. Results are not consistent
between mothers’ and teachers’ reports. Effect modification by sex may warrant further
investigation.
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Perfluorooctanoate (PFOA) is a perfluorinated compound (PFC) that has been widely used
in numerous consumer products since the 1950s.1-3 Human exposure typically occurs
through transfer from food packaging, bioaccumulation in the food chain, and inhalation of
household dust #. PFOA is almost always detectable in serum® and has been found in
amniotic fluid,® 7 maternal and umbilical cord blood,8 ° and breast milk.10-13

Epidemiologic evidence on PFOA exposure and child development is limited, with variation
in exposure timing and specific endpoints. In the Danish National Birth Cohort (n=1,400),
prenatal PFOA levels were unrelated to maternal reports of child development through age
7.14.15 Three cross-sectional studies observed divergent associations among measures of
attention in school-age children. In the National Health and Nutrition Examination Survey
(NHANES; n=571), higher PFOA levels were associated with increased odds of parent-
reported Attention Deficit/Hyperactivity Disorder (ADHD).18 In New York State, higher
levels of several PFCs — although not PFOA — were associated with impulsivity (n=79).17
Using C8 Health Project data (n=10,546), the parent study of the present report, Stein and
Savitz reported reduced odds of ADHD at the highest PFOA exposure level 18 We recently
examined the children in the present report in a prospective study (n=320) of PFOA
exposure and performance on neuropsychological tests.2® With increased childhood PFOA
exposure there was a modest increase in intelligence quotient (1Q), decrease in behaviors
typical of ADHD, and null associations with reading skills, math skills, and
neuropsychological functioning. The current study complements the existing literature by
providing a prospective examination of childhood PFOA concentration and mother and
teacher report of child behavior assessed 3 — 4 years later at ages 6 — 12.

In 2001, a group of residents from the West Virginia and Ohio communities surrounding a
chemical plant near Parkersburg, West Virginia filed a class action lawsuit alleging health
damage from drinking water supplies drawing from PFOA-contaminated groundwater.20
Geometric mean PFOA levels in this population were approximately 5 times the national
average; exposure to most other PFCs reflected typical background levels. We invited a
subset of children in the C8 Health Project to participate in a follow-up study assessing
neurobehavioral development.

METHODS
Study Population

The C8 Health Project enrolled 69,030 people from 2005 — 2006.2° Individuals were eligible
to participate if they could prove they had consumed PFOA-contaminated water for at least
1 year since 1950 in 1 of 6 PFOA-contaminated water districts or private wells within the
area of documented contamination.

From 2009 — 2010 we conducted a follow-up to the C8 Health Project among children aged
6 — 12 years. We identified children who had lived in the same PFOA-contaminated water
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district from the time of the mother’s pregnancy until C8 Health Project enroliment, had
serum PFC measurements, and whose parents permitted contact for additional studies. Only
one child (birthday closest to interview) per family was eligible. Of 777 identified children,
617 were successfully contacted, 524 of the contacted agreed to be screened, 440 of the
screened met eligibility criteria, and 321 of the screened children and their biological
mothers participated in the follow-up study (Figure 1). There was no difference between
enrolled and not enrolled children in measured serum PFOA concentration (p=0.69), age
(p=0.79), sex (p=0.32), or maternal smoking (p=0.99).

During the mother’s interview we requested contact information for the child’s teacher. We
mailed 312 survey packets to teachers and received 188 (60%) completed surveys. The
Mount Sinai Program for the Protection of Human Subjects and the Battelle Centers for
Public Health Research & Evaluation Institutional Review Board approved all study
procedures.

Exposure Assessment

PFOA was measured in serum collected at C8 Health Project enrollment. Laboratory
analyses (Exygen Research Inc., State College, PA, USA) used protein precipitation
extraction with reverse-phase high-performance liquid chromatography/tandem mass
spectrometry.20: 21 This measured serum PFOA concentration corresponds to a time point 3
— 4 years prior to the behavioral assessment when the children were aged 2 — 8 years.

We calculated effect estimates representing a 1 natural log unit increase in exposure because
the transformation provided a better model fit, and as quartiles of exposure with the lowest
quartile as the referent.

Outcome Assessment

Mothers and teachers completed 3 surveys to elicit information on the child’s behavior. The
Behavior Rating Inventory of Executive Function (BRIEF) assesses executive function,
which helps guide, direct, and manage cognition, emotion, and behavior.?2 The BRIEF has 8
clinical scales; we focused on 3 measures. The Global Executive Composite is a summary
score that incorporates 8 clinical scales. The Behavioral Regulation Index focuses on
inhibitory control — the ability to manage transitions and regulate emotions. The
Metacognition Index reflects the ability to plan, organize, and monitor performance. To
ensure validity, we excluded mother (n=1) and teacher (n=1) reports with negativity scores
greater than 6 or inconsistency scores greater than 8. Age-standardized T-scores have mean
= 50 and standard deviation (SD) = 10; lower scores are favorable.

The Conners’ ADHD DSM-IV Scales-Revised (CADS) reports on ADHD-like behaviors.23
The ADHD Index score is based on responses to 12 items that best discriminate children
who have been diagnosed with ADHD from those who have not. There are also 3 DSM-1V
Symptoms subscales: Combined, Inattentive, and Hyperactive-Impulsive. Age-standardized
T-scores have mean = 50 and SD = 10; lower scores are favorable.

The Behavior Assessment System for Children-2 (BASC) evaluates child personality,
behavioral problems, and emotional disturbances.2* We focus on the Behavioral Symptom
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Index and 3 composite scales: Adaptive Skills, Internalizing Problems, and Externalizing
Problems. For Adaptive Skills higher scores are favorable; for the Behavioral Symptom
Index, Internalizing, and Externalizing Problems, lower scores are favorable. Age-
standardized T-scores have mean = 50 and SD = 10. To ensure validity, we excluded mother
reports (n=6) with F-index greater than 6, Pattern Response Index greater than 12, or
Consistency Index greater than 17. We excluded teacher reports (n=6) with F-index greater
than 3, Pattern Response Index greater than 111, or Consistency Index greater than 15.

Covariate Assessment

We interviewed the mother to collect information to address confounding, including family
demographics, pregnancy and delivery complications, breastfeeding history, and presence of
co-morbid health conditions in the child. The Home Observation for Measurement of the
Environment-Short Form Mother Supplement (HOME) measured the quality and extent of
stimulation in the home.2> Maternal Full Scale 1Q was measured using the Wechsler
Abbreviated Scale of Intelligence.26

Statistical Analysis

We used linear regression to determine the crude association between PFOA exposure and
mother and teacher reports of child behavior. Based on their influence on neurobehavioral
assessment, we identified an a priori set of covariates to be included in all models for mother
reports (child’s age in years at neuropsychological assessment, child sex, continuous
cognitive and emotional HOME scores, continuous maternal Full Scale 1Q) and teacher
reports (child’s age in years at neuropsychological assessment, child sex). Separately for
mothers and teachers, we determined the potential for confounding from additional
covariates by examining the covariate-exposure and covariate-outcome associations for over
60 variables collected through the maternal interview,2’ including race/ethnicity,
educational attainment, employment, smoking, and income. Only covariates with p<0.20 for
both associations were included. Using a backwards elimination strategy we built separate
models for each combination of mother, teacher and outcome. Variables were deemed
confounders if their removal changed the p for PFOA by more than 10%.27 To attain
comparability across models, final models included only those empirically-derived
covariates found to confound at least half of the models. Including the a priori covariates
noted above and screening for other candidates, final models of mother-reported outcomes
were adjusted for child age, child sex, HOME score, maternal full scale 1Q, maternal age at
interview (continuous), and maternal employment at interview (none, part-time, full-time).
Final models of teacher-reported outcomes were adjusted only for child age and child sex.
Generalized Estimating Equations accounted for within-teacher correlations because some
teachers reported on multiple children, although 75% reported on just 1 child. Analysis used
SAS Version 9.2 (Cary, NC).

Given the concern that PFOA may be hormonally active,28 we examined the potential for
sex to modify the association by comparing the effect estimates of stratified and unstratified
models and by examining the likelihood ratio p-value for the PFOA-sex interaction term.2’
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We performed several secondary analyses. (1) To assess the potential for low-dose exposure
effects that may have been obscured in this highly exposed population, we restricted the
analysis to the children with PFOA concentrations below the median. (2) To ensure that our
findings were not an artifact of treatment for ADHD, we restricted the analysis to the
children with no reported ADHD diagnosis. (3) To incorporate the co-exposure to other
PFCs, we adjusted for measured perfluorooctane sulfonate (PFOS), perfluorohexane
sulfonate (PFHXS), and perfluorononanoate (PFNA) levels.

RESULTS

The average age of the children at behavioral assessment was 9.9 (SD 1.8; range 6 — 12)
years and 54 percent were female (Table 1). Only 10 (3.1 percent) children were non-white.
On average, the mothers were 38.4 (SD 5.9) years old at the time of follow-up and 65
percent had at least some college education.

There were few differences by child sex or teacher participation based on T or Chi-Square
tests. On average, girls as compared to boys had better HOME cognitive scores (6.99 vs.
6.53, p=0.02), worse mother CADS Inattentive scores (53.22 vs. 50.26, p=0.01), better
teacher CADS Inattentive scores (46.84 vs. 51.73, p=0.001), and more unemployed fathers
(24.3% vs. 18.6%, p=0.03). Children with participating teachers had more mothers who
worked in the manufacturing facility (5.8% vs. 0%, p=0.01) and more unemployed fathers
(27.3% vs. 13.5%, p=0.01) as compared to children without participating teachers.

The median PFOA concentration was 35.1 ng/mL (interquartile range (IQR) 15.8 — 94.1.
There was no difference in exposure by child sex (p=0.50) or teacher participation (p=1.00).
Correlations were weak between PFOA concentration and PFOS (R=0.15, p=0.008), PFHxS
(R=0.03, p=0.53), and PFNA (R=-0.03, p=0.65) concentrations.

We present adjusted results for the composite scale from each instrument, and then note
when the results for the individual scales differ from those for the composite scale. On the
mother BRIEF, in the primary analyses there was no clear association between PFOA
exposure and the Global Executive Composite (Figure 2, Supplemental Table 1). When
stratified by sex, however, comparing the 4™ to 15t quartiles PFOA had a favorable
association among boys ( = —6.39; 95% CI —11.43, —1.35) and an adverse association
among girls (B = 4.42; 95% CI -0.03, 8.87; interaction p=0.01).

On the teacher BRIEF, the s for the 2" as compared to 15t quartile of PFOA were elevated
on the Global Executive Composite (Figure 2, Supplemental Table 1). The s for the 3™ and
4t quartiles were below the null with wide confidence intervals. There was little evidence of
a sex interaction.

On the mother CADS, there was minimal evidence for an overall association between PFOA
and the ADHD Index (Figure 3, Supplemental Table 2). For the overall teacher reports,
increased exposure was generally associated with a (favorable) decrease in scores. When
stratified by sex, for the mothers, there again appeared to be a favorable association between
exposure and outcome among boys and an adverse association among girls. For the
association between PFOA and the ADHD Index, the §§ for a 1 natural log unit increase was
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-1.15 (95% CI -2.64, 0.35) for boys and 1.79 (95% CI 0.54, 3.03) for girls (interaction
p=0.003). For the teacher reports, the associations among boys appeared to be stronger than
the mother reports; the effect among girls was not monotonic.

On the mother BASC, in the primary analyses there was no substantive association between
PFOA exposure and the Behavioral Symptom Index (Figure 4, Supplemental Table 3). A
sex interaction was not universally present across the BASC scales, although the Adaptive
Skills and Externalizing scales exhibited favorable associations among boys and adverse
associations among girls. On the teacher reports there was little evidence of a similar sex
interaction.

Restricting to the population with PFOA exposure below the median tended to negate the
statistically significant sex interactions (data not shown). None of the other sensitivity
analyses materially altered the primary study findings (data not shown). Since only 60% of
children had teacher reports, as an additional analysis we restricted the mother reports to
children with participating teachers. This restriction did not change the pattern of results
(data not shown).

COMMENTS

While the overall findings were largely null, in sex-stratified analyses, the mother BRIEF,
CADS, and to lesser extent BASC suggested favorable associations between exposure and
outcome among boys and adverse associations among girls. Teacher reports replicated some
of this sex interaction, tending towards favorable effects among boys and no effect among
girls. The disparate findings between parents and teachers are unlikely to be explained by
demographics or participation because there were few differences in exposure or outcome
by child sex or teacher participation.

Different informants differentially report on child behavior, with parents typically reporting
more problems than teachers.2% 30 While parents observe their child’s behavior across a
range of situations and teachers primarily observe behavior only in the classroom, parental
report of child behavior is colored by their emotional connection to the child as well as their
own psychological health.2% 31 Teachers, however, are able to gauge a child’s behavior in
relation to the child’s peers, and comment on difficulties related to academic or social
success that parents may never see. Reports on boys tend to have more agreement across
raters than do reports on girls.29: 30

In the present study teachers generally reported more problems than mothers. When we
dichotomized the rating scales at clinical range cutoffs, on the Global Executive Composite
and ADHD Index larger proportions of children were in the clinical range based on teacher
report than mother report.

The observed inverse association among boys is intriguing and not entirely implausible. One
study suggested that PFOA may be neuroprotective.32 Protective associations between PFCs
and cognition in older adults was observed in NHANES.32 PFOA activates human in vitro
peroxisome proliferator-activated receptor (PPAR) alpha and to a lesser extent gamma,
functioning as agonists of these nuclear receptors.33 PPAR-gamma agonists appear to have
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neuroprotective and central nervous system anti-inflammatory properties.34 3% These
neuroprotective properties may hypothetically manifest in children as better executive
function and improved attention skills, although it is unclear why this affect may be evident
only in boys. The statistically significant sex interactions were diminished when restricted to
the exposure range of the general population,.

There are limited existing epidemiological data with which to compare these results given
the paucity of studies and disparate outcome measures. The most relevant comparison is
with the present report’s companion study examining PFOA exposure and child
performance on neuropsychological tests, suggesting no adverse association between
exposure and neuropsychological development, an inverse association between exposure
and attention, and no interaction with sex.19 Our earlier cross-sectional study of PFOA
concentration and parent-reported ADHD in the full C8 Health Project population observed
sporadic inverse associations between PFOA and ADHD.8 In contrast, in NHANES, PFOA
concentration was associated with increased prevalence of parent-reported ADHD even at
considerably lower median exposure.18 Aside from these two cross-sectional studies of
PFOA and ADHD, no published studies replicate either exposure timing or comparable
neurodevelopmental outcome assessments.

Multiple comparisons of exposure and outcome measures are pertinent to the interpretation
of our results. With little a priori guidance on the kinds of deficits that may result from
PFOA exposure we chose to include multiple neurodevelopmental assessments and 2 raters.
While this choice allowed us to explore different domains of neurodevelopment it also
necessitated a large number of statistical tests; random variation may have resulted in
spurious associations, but all results were included regardless of direction of association or
p-values. Additionally, what appears to be replication across instruments, such as the
common pattern of adverse effects of PFOA on executive function and ADHD-like
behaviors among girls, may be due in part to the instruments measuring related behaviors.
The BRIEF may be used during ADHD diagnosis to help differentiate between ADHD
types.22

In utero or early childhood may be a more relevant window of susceptibility than the ages at
our exposure measurement. An estimation of in utero PFOA concentration based on an
exposure reconstruction model is available for this population; 19 the correlation with the
measured childhood PFOA concentration was high (r=0.69; p<0.0001). This strong
correlation underscores how measured childhood exposure is a reflection of total lifetime
exposure, including maternal transfer during gestation and lactation. Relatedly, the disparate
ages of the children at exposure and outcome assessments limits our ability to investigate the
importance of exposure timing. The study design, however, required that children resided in
the same water district from the time of their mother’s pregnancy through exposure
measurement at C8 Health Project enrollment. When water districts are ranked by drinking
water PFOA levels, the relative ranking of the water districts was consistent over time even
as the absolute levels of PFOA contamination fluctuated. Consequently the relative ranking
of children in our study is largely a function of water district, which we held stable. While
exposure from gestation and lactation plays a larger role the younger the child is at exposure
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measurement, because the children continued to reside in the same water district as they
aged may have helped maintain their relative exposure ranking.

Socioeconomic status is a frequent confounder of studies examining neurobehavioral
development. We collected extensive covariate data on household demographics, as well as
pregnancy and child health. Although many of these variables were associated with the
outcome, few were associated with exposure. The shared PFOA exposure source from
public drinking water systems makes this study less susceptible to confounding by
socioeconomic surrogates that could be related to this exposure in other settings, such as diet
and use of stain resistant carpeting or water-repellent clothing. Confounding from
unmeasured factors, however, remains possible.

Even with these limitations, this study is the most comprehensive investigation to date of
PFOA exposure and child neurobehavioral development. We included a measure of PFOA
exposure that pre-dated the outcome assessment. To best characterize the outcomes, we
assessed the children with standardized, validated, normed, neuropsychological tests. We
solicited reports of child behavior from the biological mother and teacher and amassed
extensive covariate details from the mother. The exposure, outcome, and covariate data were
all of high quality. It is also important to note that in this study we focused on PFOA
because the population was exposed to high levels of PFOA through contaminated drinking
water. The results we report for PFOA are not applicable to other PFCs. Additional studies
may clarify our internally inconsistent findings, in particular the modification by sex
observed in the mother and some of the teacher reports.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Not enrolled (n=119)

+ unable to schedule interview
before field study closed (n=99)
+ parent/child refusal (n=20)
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Enrollment scheme, C8 Health Project Neurobehavioral Follow-up Study, Mid-Ohio Valley,

2009 - 2010.
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PFOA Quartile and Global Executive Composite (BRIEF)
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Figure 2.

*Adjusted Estimated Beta with 95% CI

Childhood Exposure - Teacher Survey (n=189)
Overall Boys Girls
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Multivariable association between quartiles of PFOA exposure and the Behavioral Rating
Inventory of Executive Function (BRIEF) Global Executive Composite among 6 to 12 year
old children, C8 Health Project Neurobehavioral Follow-up Study, Mid-Ohio Valley, 2009 —

2010. Lower scores are better.
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PFOA Quartile and ADHD Index (CADS)
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Figure 3.

Multivariable association between quartiles of PFOA exposure and Conners’ ADHD DSM-
IV Scales-Revised (CADS) ADHD Index among 6 to 12 year old children, C8 Health
Project Neurobehavioral Follow-up Study, Mid-Ohio Valley, 2009 — 2010. Lower scores are
better.
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PFOA Quartile and Behavioral Symptom Index (BASC)

Childhood Exposure - Mother Survey (n=313) Childhood Exposure - Teacher Survey (n=138)
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Figure 4.

Multivariable association between quartiles of PFOA exposure and the Behavior
Assessment System for Children-2 (BASC) Behavioral Symptom Index exposure among 6
to 12 year old children, C8 Health Project Neurobehavioral Follow-up Study, Mid-Ohio
Valley, 2009 — 2010. Lower scores are better.
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