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Abstract

Perfluorooctanoate (PFOA) is detectable in umbilical cord blood and amniotic fluid. Some

toxicological findings suggest that perfluoroalkyl substances may be teratogenic.

Using data from the C8 Health Project, a 2005 – 2006 survey in a Mid-Ohio Valley community

exposed to PFOA through contaminated drinking water, we examined the association between

estimated prenatal PFOA concentration and maternally reported birth defects (n=325) among

10,262 live singleton or multiple births from 1990 – 2006. Logistic regression models accounted

for siblings using generalized estimating equations.

There was generally no association between estimated PFOA concentration and birth defects, with

the possible exception of brain defects, where the odds ratio adjusted for year of conception was

2.6 (95% confidence interval 1.3 – 5.1) for an increase in estimated PFOA exposure from the 25th

to 75th percentile. This estimate, however, was based on 13 cases and may represent a chance

finding. Further investigation of this potential association may be warranted.
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1. Introduction

Perfluorooctanoate (PFOA) is a perfluoroalkyl substance (PFAS) that has been widely used

in the manufacture of consumer products since the 1950s [1]. PFAS are used as surfactants,

surface treatment chemicals, and processing aids for many products, including oil, stain,

grease, and water repellent coatings on carpet, textiles, leather, and paper [1–3]. Human

exposure to PFOA typically occurs through transfer from food packaging, bioaccumulation

in the food chain, and inhalation of household dust [4]. PFOA is almost always detectable in

serum [5] and has been found in amniotic fluid [6, 7], maternal and umbilical cord blood [8–

10], and breast milk [11–15]. Toxicology studies highlight the potential for PFAS to affect

fetal growth, development, viability, and postnatal growth (reviewed in [3, 16–18]). The

U.S. Environmental Protection Agency has initiated a voluntary phase-out of PFOA

emissions and product content by 2015 [19], but human exposure will persist for some time

because of the chemical’s global dispersion and 2 to 4 year serum half-life [20, 21].

PFAS are not thought to be teratogens below doses causing maternal toxicity [16].

Depending on the specific PFAS and animal model, however, there have been positive

results at the highest exposure levels for cleft palate [22, 23], cardiac abnormalities [22, 24,

25], and delayed ossification [22, 26]. Combined with cross-species differences in

elimination, observed developmental toxicity, and ubiquitous human exposure, study of

PFAS and birth defects in human is warranted.

Epidemiological information on PFOA and birth defects in humans is limited to three

published reports based on data from a single region with PFOA exposure from

contaminated drinking water leading to serum PFOA concentrations approximately 5 times

higher than the national average. Two of these reports are based on the C8 Health Project

[27], as is the current study (C8 is another name for PFOA, denoting its 8-carbon chain).

The first report examined maternal serum PFOA concentration measured in 2005 – 2006 in

relation to maternal report of birth defects in 1,590 singleton live births from 2000 – 2006

[28]. There was an increased odds of birth defects (analyzed in the aggregate) above the 90th

percentile of exposure as compared to below the 50th percentile (adjusted odds ratio (OR)

1.7, 95% confidence interval (CI) 0.8 – 3.6) [28]. The second report examined predicted

maternal prenatal serum concentration based on an environmental pharmacokinetic model in

relation to maternal report of birth defects in 10,189 singleton live births from 1990 – 2006

[29]. Birth defects in the aggregate were unrelated to PFOA, but there was a weak,

imprecise association with heart defects for exposure above as compared to below the 40th

percentile (adjusted OR 1.5, 95% CI 0.9 – 2.4). The third report observed no association

between an ecological measure of PFOA exposure and report of birth defects from birth

certificates, analyzed by group or in the aggregate, for 1,548 singleton live births [30].

We sought to explore the relation between PFOA and birth defects in more detail using the

now-complete resources of the C8 Health Project, which included coding of an open-ended

birth defects field. The addition of this detailed birth defect information and more detailed

examination of specific types of birth defects distinguishes the current study from previous

reports [28, 29].
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2. Materials and Methods

2.1 Study Population

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 [27].

Geometric mean PFOA levels in this population were approximately 5 times the national

average; exposure to most other PFAS reflected typical background levels.

The settlement of the class action lawsuit included a baseline health survey, the C8 Health

Project, that enrolled 69,030 people from 2005 – 2006 [27]. Individuals were eligible to

participate if they could prove they had consumed water for at least one year since 1950

while living, working, or going to school in one of six PFOA-contaminated water districts or

private wells within the area of documented contamination. The Project collected health data

through self-administered questionnaires and blood tests.

Women in the C8 Health Project reported 10,960 live singleton or multiple births from 1990

– 2006. We excluded women aged <14 or >45 years at delivery (n=11), women with self-

reported pre-pregnancy diabetes (n=206), women who worked at the chemical plant, which

would make the exposure estimate based on drinking water inaccurate (n=404), women

missing data on potentially important covariates (race, smoking, education, infant sex;

n=54), and births with reported genetic birth defects (n=23), leaving 10,262 (94%) live

singleton or multiple births for analysis. Women could contribute more than one birth to the

analysis.

2.2 Exposure Assessment

Serum PFOA was measured at study enrollment in 2005 – 2006. To make the exposure

temporally relevant to historical outcomes, we used an environmental pharmacokinetic

model to estimate historical serum PFOA concentration. Considerable variation in PFOA

exposure across calendar year and water district informed an exposure reconstruction model

based on documented PFOA releases, environmental fate and transport modeling, human

exposure and excretion pharmacokinetics, geocoded residential history, and maps of public

water supply networks [31]. Exposure modeling generated individual estimates of serum

PFOA levels for C8 Health Project participants. The model-based exposure predictions

correlated well with the serum measurements obtained at study enrollment (r=0.67) [32]. For

these analyses, we assigned the estimated serum PFOA for the calendar year of conception.

We restricted the epidemiologic analysis to pregnancies from 1990 through study enrollment

because this time period was when exposure substantially exceeded background levels.

2.3 Outcome Assessment

For each self-reported live birth, women were asked, “Did the baby have any major birth

defects, something that required medical treatment?” and then were asked to specify the

birth defect. The questionnaire contained 10 checkboxes for specific defects or conditions

(congenital heart defect; club foot or other foot defect; Down syndrome; eye defect; genital

or urinary tract defect; nose defect; oral clefts; Sickle Cell Disease; spina bifida; Marfan
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Syndrome) plus a checkbox labeled “other” followed by an open-ended field for study

participants to write in a description of the defect. Working as a group, we (CRS, PGT,

SMG) coded the open-ended birth defects field without knowing exposure status and then

broadly grouped both checkbox and described defects into 10 body system categories [brain

(neural tube defects, hydrocephalus, reduction deformities); craniofacial (oral clefts, ear

defects, craniosynostosis); eye; gastrointestinal; genitourinary; heart; kidney; limb; other–

specified (musculoskeletal, skin, thyroid, vessel); other–unspecified]. The “other-

unspecified” category indicated cases where the box for “other” was checked, but additional

descriptive information was not provided by the mother. While we report descriptive results

for the two “other” categories we do not analyze them as distinct outcomes given the

heterogeneity of the groupings. We did not consider reports of heart murmurs or patent

ductus arteriosus without mention of corrective surgery to be heart defects. Birth defects

were considered isolated defects (n=325) when only one body system was affected. Birth

defects were considered multiple defects (n= 63) when more than one body system was

affected.

2.4 Statistical Analysis

We analyzed each birth defect system as a separate outcome, excluding births with any

defect from the denominator. The primary analysis was among babies with isolated defects

(n=10,232). A secondary analysis included babies with either isolated or multiple defects

(n=10,262). We used two metrics of estimated prenatal PFOA concentration: a log

transformed interquartile range (IQR) increase and a three-level categorical variable with cut

points at the 40th and 70th percentiles, comparing those in the 40th – <70th percentile and

those at or above the 70th percentile to a common referent of those <40th percentile. These

cutpoints were selected because exposure estimates below the 40th percentile largely reflect

background exposures, with little ability to discriminate in the background range based on

the models. Above background, we divided pregnancies approximately evenly using the 70th

percentile as the cutpoint to be able to examine a dose gradient with maximum statistical

power. To evaluate the association between PFOA and birth defects, we used generalized

estimating equations regression models with a logit link function and an independent

correlation structure to account for the dependence among siblings. We estimated crude ORs

and ORs adjusted for year (continuous) of conception relating continuous measures of

PFOA to maternal report of birth defects. Categorical measures of PFOA were adjusted for

year of conception only for outcomes with ≥20 cases. Adjusting for additional factors was

not feasible because of the small numbers of specific types of birth defects. Analyses were

performed using SAS 9.3 (Cary, NC).

3. Results

This was a relatively young group of pregnant women (mean (standard deviation) 25.6 (5.4)

years) and births were evenly divided over the study period. The racial-ethnic homogeneity

of this region of the United States was evidenced by 97% of the population identifying as

non-Hispanic white. Over half of the women had at least some college education (58%) and

were multiparous (55%); almost half reported never smoking (47%). The mean (standard
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deviation) and median (quartile 1, quartile 3) estimated serum PFOA concentrations were

61.3 (123.1) ng/mL and 10.4 (5.0, 44.8) ng/mL, respectively.

The prevalence of reported isolated birth defects was 3.2% (n=325; Table 1). Among

specified birth defects categories, heart defects were the most commonly reported defects.

There was minimal variation in estimated prenatal PFOA concentration across birth defect

systems, with the exception of brain defects with a median of 86.2 ng/mL as compared to

10.4 ng/mL for births without defects.

With an IQR increase in estimated prenatal PFOA concentration, women were 2.6 (95% CI

1.2 – 5.4) times more likely to report that their child was born with a brain defect (Table 2).

This increase in odds of brain defects was also evident above the 70th percentile of estimated

prenatal PFOA exposure as compared to below the 40th percentile (OR 16.1, 95% CI 0.8 –

325), although this estimate was extremely imprecise.

There was little evidence of an association between PFOA and heart defects with either the

continuous (OR 1.2, 95% CI 0.8 – 1.7) or categorical (OR for ≥70th percentile vs. <40th

percentile 1.4, 95% CI 0.4 – 5.3) metrics of estimated prenatal PFOA exposure.

Craniofacial defects also showed essentially no association with estimated prenatal PFOA

exposure for an increase from the 25th to 75th percentile (OR 0.6, 95% CI 0.3 – 1.2). We

conducted a separate analysis (data not shown) of just oral clefts (n=13) pulled from this

broader craniofacial defects group because of the toxicological data suggesting an

association between PFOA exposure and cleft palate. The association with oral clefts when

PFOA was treated continuously (OR 0.5, 95% CI 0.2 – 1.4) was imprecise enough to be

considered essentially null. With the categorical treatment of PFOA, there was an elevated

odds ratio in the middle (40th – <70th percentile) as compared to lowest (<40th percentile)

exposure category, but the estimate was also imprecise (OR 2.8, 95% CI 0.2 – 37.8). There

were only 2 cases of oral clefts among births in the highest (≥70th percentile) exposure

category.

Adjustment for year of conception made little difference in the association between

estimated prenatal PFOA concentration and any reported birth defect system (Table 2).

Examining the associations between PFOA exposure and multiple defects did not alter the

pattern of results (data not shown).

4. Discussion

Using a cohort of over 10,000 live births, we applied quantitative predictive modeling

estimates to examine the association between estimated maternal prenatal PFOA

concentration and maternal report of birth defects across several body systems. The

distinctive environmental source of exposure – contamination of public water supplies by

known quantities of PFOA – made this type of modeling possible.

While increased exposure appeared to be related to brain defects based on the continuous

exposure metric, the absolute number of these types of defects in this population was small –

just 13 – and the prevalence of spina bifida (n=2 isolated; n=3 multiple) was below the
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national prevalence estimate of 3.5 per 10,000 live births [33]. Previous investigations in

this population reported suggestive associations with congenital heart defects [28, 29], but

we did not observe any compelling association between estimated prenatal PFOA

concentration and congenital heart defects in the present examination. This difference may

be due to the more rigorous indication of congenital heart defects required for the present

investigation, such as our exclusion of heart defects associated with Down syndrome under

the general exclusion of genetic birth defects, and of heart murmurs or patent ductus

arteriosus without mention of corrective surgery.

This is the largest, most comprehensive investigation to date of PFOA exposure and birth

defects. Even with the large sample size, however, the number of cases of specific types of

birth defects was modest and our power to detect associations with PFOA exposure was low.

Our reliance on maternal report of birth defects from checkboxes and open-ended fields

limited our ability to classify defects beyond very basic, broad categories. The use of broad

categories rather than specific defects led to heterogeneity within the outcome groupings.

The open-ended fields often contained vague descriptions of birth defects, and the quality of

the maternal report was likely poor compared to data obtained from medical records or birth

defects surveillance programs. We also had little ability to discriminate between major and

minor defects, and because birth defect information was only collected for live births we

were unable to include pregnancies ending in spontaneous or induced abortion or stillbirth.

Additionally, at the time of the C8 Health Project the community was aware of which water

districts had higher concentrations of PFOA, although we do not know whether this

knowledge biased maternal report of birth defects. All of these limitations in outcome

assessment would make a true association more difficult to identify and underestimate the

magnitude of the association, if an association exists.

The low prevalence of specific birth defects also impacted our ability to adjust for

confounders. However, given the origins of the exposure, confounding would arise only if

risk factors for birth defects, such as social, behavioral or medical characteristics, differed

by residential location or time period, which are the primary determinants of exposure in this

population. Levels of PFOA were not known until rather recently and were unlikely to have

negatively affected property values or be related to other indicators of socioeconomic status.

For instance, in this population educational attainment was not associated with estimated

serum PFOA concentration.

Our use of modeled, rather than measured, PFOA is both a strength and limitation. The

implementation of a rigorous environmental pharmacokinetic model allowed us to greatly

expand our sample size beyond the initial investigation using measured PFOA and to

examine defects across 10 different body systems [28]. These historical serum estimates,

however, are derived from complex prediction models with many assumptions needed for

the environmental fate and transport models [31] and pharmacokinetic adsorption,

distribution, metabolism, and excretion models [32].

In toxicological studies, dosing at which terata were observed ranged from 1 mg/kg for

cardiac abnormalities in chicken embryos [24], to 10 mg/kg for cleft palate, cardiac

abnormalities, and delayed ossification in rats [22], and 13 mg/kg for cleft palate in mice
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[23]. In female CD-1 mice, a dose of 20 mg/kg PFOA for 7 and 17 days resulted in mean (±

standard error) serum concentrations of 178 (± 19) μg/mL and 171 (± 15) μg/mL,

respectively [34]. Comparisons of exposure, internal dose, and effect across species are

complex, but the exposures that resulted in teratogenicity in these animals were markedly

higher than the exposures evaluated in the present study.

5. Conclusions

We observed an association between estimated maternal prenatal PFOA concentration and

defects of the brain among live births, but the number of reported defects was small and

within the range of what would be expected. In contrast to the weak indications for

increased risk at the highest exposure in previous studies, we observed little evidence of an

association with congenital heart defects [28, 29]. In addition, essentially no association with

oral clefts was observed despite prior toxicological support from animal studies. Findings

were largely null for the remaining defects.
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Highlights

Perfluorooctanoate (PFOA) is detectable in umbilical cord blood and amniotic fluid.

Some toxicological findings suggest that perfluoroalkyl substances may be

teratogenic.

while increased prenatal exposure to PFOA appeared to be related to brain defects,

the number of reported defects was small and within the range of what would be

expected.

There was generally no association between estimated PFOA concentration and

other reported birth defects.
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