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Abstract
Background—Recent studies have examined the associations between perfluorooctanoic acid
(PFOA) levels in cord blood and maternal plasma with lowered birth weight and gestational age in
humans; however, no study has examined these effects in a population of known high PFOA
exposure. Residents drinking PFOA-contaminated water from the Little Hocking Water
Association (LHWA) in Washington County, Ohio have serum PFOA levels approximately 80
times those in the general U.S. population.

Objectives—To compare birth weights and gestational ages of neonates born to mothers residing
in zip codes with water service provided completely, partially or not at all by the LHWA.

Methods—Multiple logistic and linear regression analyses were performed on singleton neonatal
birth weight data supplied by the Ohio Department of Health to examine the associations between
LHWA water service category (used as a surrogate for PFOA exposure) with mean birth weight,
mean gestational age, the likelihood of low birth weight (<2500 grams), and the likelihood of
preterm birth (<37 completed weeks of gestation). All models were adjusted for maternal age,
gestational age, sex, race and population-level socioeconomic status.

Results—The incidence of low birth weight, preterm birth, mean birth weight and mean
gestational age of neonates did not significantly differ among water service categories.

Conclusion—Markedly elevated PFOA exposure, as categorized by water service category, is
not associated with increased risk of lowered birth weight or gestational age. This study does not
confirm earlier findings of an association between PFOA and lowered birth weight observed at
normal population levels.
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INTRODUCTION
Perfluorooctanoic acid (PFOA) and its salts are fully fluorinated, eight carbon (C8) organic
compounds that have been utilized for decades in a variety of commercial and
manufacturing processes. Ammonium perfluorooctanoate (APFO), in particular, is used in
the production of fluoropolymers and fluoroelastomers such as tetrafluoroethylene and has
surfactant uses as plasticizers, lubricants, wetting agents and emulsifiers [1]. PFOA is highly
water soluble, not easily biodegradable and persistent in the environment [2]. Global bio-
monitoring studies have revealed that PFOA is ubiquitously found in ground and surface
water as well as wildlife [3,4]. PFOA is also extremely persistent in the human body where
it has a serum half-life of approximately 4 years [5,6]. In the general U.S. population,
median serum PFOA values have been measured at 4 to 5 ng/mL [7].

Rodent studies have shown that chronic PFOA exposure is associated with developmental
toxicity [8–10]. Studies conducted by Butenhoff across two generations of rats revealed
decreased weight gain in the offspring of dams who were orally dosed 30 mg/kg of PFOA
per day during gestation [11]. A statistically significant increase in mortality was observed
in both male and female pups in addition to reduced body weight after weaning and
throughout the remainder of the study. Both sexes experienced delays in reaching sexual
maturity. Similarly, Lau confirmed dose-dependent fetal toxicity of PFOA in mice and
observed early pregnancy loss, delayed fetal growth and development, compromised
postnatal survival, and sex-specific alterations in pubertal maturation [12]. Complete
resorption of litters was observed in dams receiving 40 mg/kg of PFOA per day during
gestation. Weight gain in dams that carried pregnancy to term was significantly lower at 20
mg/kg while post-natal survival was compromised and growth deficits were observed at
dosages greater than or equal to 5 mg/kg. Fetal weight was also significantly reduced at oral
dosages as low as 20 mg/kg.

PFOA is known to cross the murine placenta and is present in murine milk [13]. Despite
some understanding of the physiological dynamics of PFOA, the precise mechanism by
which it and other perfluorinated compounds disrupt fetal growth is largely uncertain. Some
researchers have suggested mechanisms that include altered lipid metabolism, inhibited
glycogen mobilization, disrupted thyroid hormone levels, diminished fetal nutrient uptake as
well as direct fetal toxicity [5,9,12,14–19]. White also suggested that abnormal lactational
development of mice may play an additional role in early growth retardation seen in
developmentally exposed offspring [20].

In humans the gestational effects of PFOA exposure have recently been considered [21–23].
Apelberg reported a cross sectional analysis of human neonates born to mothers in an urban
hospital in which cord blood PFOA was found to have a negative but not statistically
significant association with birth weight [24]. A significant negative association was also
observed between PFOA, head circumference and ponderal index while no association was
observed between PFOA and newborn length or gestational age. Similarly, Fei reported on a
study of randomly selected Danish mothers who gave birth between 1996 and 2001 and
found an analogous association between maternal plasma PFOA levels and reduced birth
weight [22]. Despite these outcomes, both authors posited whether confounding limited their
observations. Apelberg noted the potential confounding of reduced plasma volume, diet (via
the usage of food products with PFOA-containing packaging), under-nutrition and a study
population that was prone to more risk factors for adverse birth outcomes than the general
population (e.g. asthma, substance abuse and infection). Additionally, both investigations
were limited by the use of study populations with serum PFOA levels similar to those
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reported in the general population and neither included subjects with significantly elevated
and wide-ranging PFOA concentrations.

Studies that relate biomarkers of exposure to birth metrics displaying normal biological
variation (e.g. birth weight) may also be prone to confounding by maternal physiology [25].
In communities lacking distinctive sources of environmental contamination, such as those
studied by Apelberg and Fei, variation in individual PFOA levels may result from differing
uptake and excretion mechanisms of random background exposure. Conceivably, the same
metabolic differences that account for interindividual blood levels may also produce
concomitant variation in birth weight. To isolate the causal effects of PFOA, Savitz has
suggested that it may be more appropriate to examine populations with significantly
increased PFOA exposure (to ensure that variations in PFOA levels among individuals are
not solely attributable to maternal physiology) and to focus on outcomes such as low birth
weight that fall outside the range of normal variation and have direct consequences on
neonatal morbidity and mortality [25].

We have previously demonstrated that residents serviced by the Little Hocking Water
Association (LHWA) in Washington County, Ohio are exposed to significant amounts of
PFOA through residential drinking water contaminated by local industry. Mean serum
PFOA levels in these residents are approximately 80 times higher than the general
population [26,27]. LHWA residents were found to have the highest recorded serum levels
of PFOA in a general population with levels approaching or exceeding those of workers
engaged in the fluoropolymer production process. Due to their exposure, this population
presents a unique opportunity for continued research regarding the associations between
PFOA exposure and developmental characteristics such as birth weight and gestational age.
A thorough understanding of these associations is of particular importance given that both
low birth weight and premature birth are risk factors for the development of chronic diseases
later in life including coronary heart disease, hypertension, type-2 diabetes and epilepsy
[28–31].

In this study we examined whether mean birth weights, incidence of low birth weight
(<2500 grams), incidence of preterm birth (<37 completed weeks of gestation) and mean
gestational ages of singleton neonates born to mothers residing within zip codes fully or
partially serviced by the LHWA differed significantly from singleton neonates born to
mothers residing in zip codes within Washington County not serviced by the LHWA.

METHODS
Study Design

This cross-sectional study received approval from the University of Pennsylvania
Institutional Review Board as well as the Institutional Review Board of the Ohio
Department of Health. This study was determined to be exempt from the Health Insurance
Portability and Accountability Act (HIPAA). There was no requirement for informed
consent due to the nature of the de-identified archival data that were analyzed. This study
was also endorsed by the Decatur Community Advisory Committee, a joint partnership
between residents of the Little Hocking and surrounding communities, local healthcare
providers, members of the Ohio Environmental Protection Agency (Ohio EPA) and the
University of Pennsylvania School of Medicine. De-identified, record-level, archival data
were obtained from the Ohio Department of Health (ODH) Center for Vital Health Statistics
for all births occurring in Washington County, Ohio from January 1, 2003 until September
1, 2005. This period was selected as it was prior to the implementation of several
interventions designed to reduce PFOA exposure in the LHWA. January 1, 2003 was chosen
as the study start date since it marked both the beginning of the first full year in which
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PFOA levels were measured by the Ohio EPA in the LHWA and the establishment of the
relationship between the University of Pennsylvania and the Little Hocking community
through a grant from the Environmental Justice Program of the NIEHS. For each record,
birth weight, gestational age (based on last menstrual period), plurality, neonatal sex, race,
mother's age and zip code of the mother's residence were provided.

Public Water Service Categories
Residents of Washington County are serviced by several local public water facilities: the
LHWA, Belpre Water, Marietta Water and Warren Water. On the basis of public water
supply and PFOA sampling of water distributed by these facilities, the zip codes in
Washington County were divided into three categories. The first category obtained public
water service exclusively from the LHWA. This category (“LHWA Only”) comprised the
zip codes of 45724, 45742 and 45784. The second category (“Partial LHWA”) included zip
codes with water service in part from the LHWA, the Belpre Water System, and others. This
category comprised zip codes 45712, 45713, 45714, 45729 and 45787. The third category
comprised the zip codes in Washington County entirely outside the service area of the
LHWA or Belpre Water System (“No LHWA”). Zip codes in this category were: 43787,
45711, 45715, 45717, 45721, 4523, 45734, 45744, 45745, 45746, 45750, 45767, 45768,
45773, 45786, 45788, and 45789. The major suppliers of public drinking water to zip codes
in this category were Marietta Water and Warren Water.

Results of PFOA sampling conducted by the Ohio EPA were available for several of the
public water facilities in Washington County (Table 1). Water sampling results indicated
substantial PFOA contamination in the LHWA and, to a lesser extent, Belpre Water. The
Ohio EPA did not sample public water systems where, in its opinion, there was no prospect
of PFOA contamination. In the cases of zip codes completely and partially serviced by the
LHWA, data reflect mean levels of multiple samples taken during 2002–2005. For zip codes
not serviced by the LHWA in which PFOA contamination did not occur, sampling took
place in 2007. A small number of residents in Washington County also use private wells for
their residential water. Surveys conducted by the Ohio EPA indicate that PFOA levels in
water from private wells ranged from not detectable to a mean value (±SD) of 12.4 ppb ±
6.9. Detectable levels in private wells followed the general pattern of the distribution
observed in public water supplies with the highest levels of PFOA found in the zip codes
comprising the Little Hocking water service area.

Stratification by public water service was also motivated by our previous investigation of a
stratfied random sample of residents from the LHWA service area. Our findings
demonstrated that residential drinking water service was the major determinant of serum
PFOA levels with a smaller contribution arising from the consumption of locally-grown
fruits and vegetables. Air exposure played no discernable role. The median serum PFOA
level within this random sample was 354 ppb. Home use of a carbon-based water filter
reduced PFOA levels by about one quarter, but 70% of residents had serum levels in excess
of 200 ppb. The only significant occupational contribution was from work in production
areas at a fluoropolymer manufacturing facility, which employed mostly males [26].

Index of Socioeconomic Status
Since indicators of socioeconomic status (SES) were not included in the ODH database,
seven commonly used population-level metrics of SES were obtained from the U.S. Census
Bureau and the 2000 Decennial Census for each zip code within Washington County
[32,33]. These measures included: the percentage of persons aged 16 years and older who
are in the labor force but are unemployed, the percentage of persons living below the federal
poverty level, median household income, median value of owner-occupied housing units,
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the percentage of persons aged 25 years and older with less than a high school education, the
percentage of persons aged 25 years and older who completed at least four years of college,
and the percentage of households that average one or more persons per room. Based on
these measures, an index of SES was calculated. Metric ranges were divided equally into
five intervals and each zip code received a score of 1 to 5 based on its value within the
range. For metrics with positive associations with SES (median income, median home value
and percentage of persons completing college), a zip code received a score of 1 if its metric
value fell within the lowest interval of the range and a 5 if its metric fell within the highest.
Conversely, for metrics with negative associations with SES (percentage unemployment,
percentage of persons below the federal poverty level, percentage of households with one or
more occupant per room and percentage of persons without a high school education), a zip
code received a score of 5 if its metric value fell within the lowest interval of the range and a
1 if its metric fell within the highest. Scores for all seven metrics were summed to create an
overall index of SES for each zip code. Each unit increase in SES index represented either
an average increase of $5,485 in income, a 7.2% increase in the number of individuals with
a high school education, a 5.2% increase in the number of individuals with a four year
college degree, a 6.5% reduction in individuals living below the federal poverty level, a
$17,500 increase in home value, an 11.6% reduction in unemployment or a 5.4% reduction
in crowding. Individuals residing within the same zip code were assigned the same index.

Study Population
The ODH provided a complete dataset for 1619 live born neonates born to residents of
Washington County, Ohio between January 1, 2003 and September 1, 2005. Of the 1619
neonates in the dataset, 56 were not singleton births and omitted from further analysis. An
additional 203 neonates were born in the county during this time interval, but were also
eliminated from the analysis because they lacked complete records for birth weight,
gestational age or one of the requested covariates. Of the 203 censored records, 100, 62 and
41 were removed from the “No LHWA”, “Partial LHWA” and “LHWA Only” water service
categories, respectively. Among censored records for which birth weight and gestational age
data were available, the mean (± SD) birth weight was 3226 grams ± 629 and the mean
gestational age was 38.5 weeks ± 1.8. Neither mean was significantly different from the
means calculated for neonates included in the study (p=0.35 and p=0.68, respectively). With
the exception of zip code 45750, the average number of subjects included in this study from
each zip code was 40.

Neonates with birth weights less than 1000 grams (N=8) and gestational ages less than 27
weeks (N=7) were evaluated for the potential of reporting error. After a review of
population-based studies which characterized live born, extremely low birth weight
neonates, outliers were considered valid if birth weights were plausible for corresponding
gestational ages and plurality [34,35]. No record expressed overt evidence of error and none
were eliminated from subsequent analysis. Three infants born at <500 grams after 19, 20 and
21 weeks of gestation remained in the analysis despite their unlikely long term viability
since the effect of PFOA on gestational age was a study endpoint. Repeat analysis with their
exclusion (and the exclusion of 8 neonates with gestational ages >45 weeks) did not alter the
conclusions of this study.

Statistical Analysis
Data are presented as means ± standard deviation for continuous data (e.g. birth weight,
gestational age) and frequencies and percents for categorical data (e.g. water service
categories). To compare birth weights and gestational ages across the exposure groups a
one-way analysis of variance (ANOVA) was used. A chi-squared analysis was utilized to
assess differences in neonatal sex, race, and frequency of low birth weight across water
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service categories while a one sample t-test for a proportion was performed to estimate
whether the incidence of low birth weight and preterm birth differed significantly from the
national average. A Kruskal-Wallis test assessed differences in SES index. Logistic
regression was performed to examine univariate relationships between the covariates of
interest and estimate the odds ratio for low birth weight (<2500 grams), preterm birth (<37
completed weeks of gestation) and 95% confidence intervals across the levels of each
covariate. Multiple logistic regression models were used to compare the odds ratios of low
birth weight and preterm birth between each water service category after adjusting for
neonatal sex, race, gestational age, gestational age squared, gestational age cubed, maternal
age and SES index. Maternal age was stratified into categories that have known associations
with gestational outcome and which are commonly used in the literature [36–40]. Univariate
and multiple linear regression models were constructed to examine the changes in mean
birth weight, mean gestational age and 95% confidence intervals attributable to each
covariate. With a sample size of 1555 and alpha set at 0.05, this investigation had an 80%
power of detecting a true difference of approximately 126 grams in birth weight and 0.6
weeks in gestational age among water service categories. All statistical analyses were
performed using STATA 9.1 (StataCorp., College Station, TX).

RESULTS
The 1555 singleton neonates included in this study comprised 777 (50%) males and 778
(50%) females. The demographics according to race were as follows: White, 1519 (97.7%);
African-American 19 (1.2%); Other, 17 (1.1%). Mean age of mothers was 26.1 years ± 5.6
(range 14 – 44 years). Mean gestational age of neonates was 38.3 weeks ± 2.4 (range 19 –
47 weeks). Mean birth weight for the entire cohort, regardless of water service category, was
3264g ± 547 (range: 313 – 6262 grams). Seventy-six percent of newborns (N=1175) were
born to mothers residing in zip codes without service from the LHWA; 13% of newborns
(N=212) were born to mothers residing in zip codes partially serviced by the LHWA; and
11% of newborns (N=168) were born to mothers residing within zip codes exclusively
serviced the LHWA. Descriptive data for each water service category are provided (Table
2). While no statistically significant differences were observed for maternal and neonatal
characteristics across water service categories, small but statistically significant differences
were noted for SES (p<0.05).

The incidence estimates of low birth weight (<2500 grams) for zip codes comprising the
LHWA Only and Partial LHWA water service categories were significantly lower than the
national low birth weight incidence of 8.2% (p<0.01; Table 3) [41]. Though not shown, no
zip code in Washington County had an incidence of low birth weight that was significantly
greater than the national average. For Washington County as a whole, the total incidence of
low birth weight was 7.0% (95% CI: 5.73% – 8.28%).

There were no statistically significant differences in unadjusted birth weights among water
service categories (LHWA Only: 3276g ± 422; Partial LHWA: 3284g ± 463; No LHWA:
3260g ± 576; p=0.80) (Table 2; Figure 1). After adjustment, the odds ratio of low birth
weight for neonates born to mothers in the Partial LHWA service category was decreased
(0.37, p=0.021) while the odds of low birth weight for neonates in the LHWA Only service
category did not significantly differ from the odds of low birth weight for neonates in the No
LHWA service category (p>0.05; Table 4). The multiple logistic model did, however,
predict that increasing gestational age significantly reduced the odds of low birth weight
while a maternal age of 20–24 years increased the likelihood of low birth weight relative to
mothers aged 25–29 years (p<0.001, p<0.05, respectively). In the multiple linear regression
model, decreasing gestational age, maternal age <20 years, maternal age 20–24 years and
female sex significantly reduced the expected mean birth weight (p<0.001; Table 4). LHWA
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Only and Partial LHWA water service categories, as well as SES index, were not
statistically significant covariates in this model and did not alter the expected mean neonatal
birth weight (p>0.05).

In the analysis of gestational age, the incidence estimates of preterm birth (<37 completed
weeks of gestation) for all water service categories were not statistically significantly
different from the national preterm birth incidence of 12.7% (p>0.05; Table 5) [41]. Though
not shown, none of the individual zip codes in Washington County had statistically
significant differences (elevations) in the incidence of preterm birth as compared to the
national average (p>0.05). The incidence rate of preterm birth in Washington County as a
whole was 12.9% (95% CI: 11.2% – 14.5%).

No statistically significant differences were observed among unadjusted gestational ages
between water service categories (LHWA Only: 38.3 weeks ± 2.0; Partial LHWA: 38.1
weeks ± 2.1; No LHWA: 38.4 weeks ± 2.6, p = 0.47) (Figure 2; Table 2a). After adjustment,
none of the covariates, including LHWA water service category, significantly decreased the
likelihood of preterm birth (p>0.05; Table 6). Similarly, in the multiple linear regression
model, none of the covariates significantly decreased the expected mean neonatal gestational
age (p>0.05; Table 6).

DISCUSSION
The results of our analysis indicate that zip codes comprising the Partial LHWA and LHWA
Only water service categories were not associated with low birth weight, lowered mean birth
weight, preterm birth or reduced mean gestational age as compared to No LHWA zip codes
and national birth metrics. In contrast, we found that decreasing gestational age and maternal
age 20–24 years were associated with an increased likelihood of low birth weight, while
maternal age <24 years, female sex and decreasing gestational age were associated with
lowered mean birth weight. These findings were expected on the basis of published reports
and support the robustness of our study design to detect known associations of birth
outcome [42–45]. Since residents of the LHWA Only service category are known to have
high levels of PFOA exposure, this study does not appear to confirm earlier reports which
suggested an inverse association between PFOA exposure and birth weight [22,24].

Although the Partial LHWA service category was associated with decreased odds of low
birth weight, we considered this finding to be either the result of chance (p=0.021) or the
evidence of other factors besides PFOA exposure which were not considered in our model.
The strength of the association was moderate (adjusted odds ratio 95% CI: 0.16 – 0.86), but
the association itself was opposite of the suspected direction and not consistent with any
expected dose response relationship among the water service categories. Residual
confounding may also explain why an increased likelihood in low birth weight and lowered
mean birth weight were not observed at both extremes of maternal age.

To correlate birth weight and gestational age data with PFOA, we utilized residential public
water service category as a surrogate marker for maternal PFOA exposure and, indirectly,
for fetal exposure since PFOA crosses the placenta [13,46]. We have previously shown that
the median serum PFOA level in a stratified random sample of residents serviced by the
LHWA was 354 ppb, approximately 80 times the national median value of 4 to 5 ppb [7,26].
Given this observation, we considered population PFOA exposure to be highest among zip
codes exclusively serviced by the LHWA, intermediate in zip codes partially serviced by the
LHWA and lowest in zip codes not serviced by the LHWA. This conclusion is supported by
our previous assessment of PFOA exposure in Washington County as well as sampling data
from the Ohio EPA which indicated that the average concentration of PFOA in the LHWA
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water supply was more than twenty times greater than that of the Belpre Public Water
System and a hundred times greater than that of the Marietta and Warren public water
facilities.

Based on this gradient of exposure, we conclude that our results are not consistent with the
published reports of Apelberg and Fei regarding the association between PFOA and lowered
birth weight. Apelberg reported a 104 gram decrease in birth weight for every 2.7-fold ppb
increase in cord blood PFOA while Fei reported a 10.6 gram decrease in birth weight for
every ppb unit increase in maternal serum PFOA concentration [22,24]. Since the average
difference in PFOA levels between the LHWA Only and No LHWA water service
categories was almost two orders of magnitude greater than the levels studied by Apelberg
and Fei, we expected to find an association at least as large as those previously reported.
Since no association was observed, our results suggests that if any relationship between
PFOA and birth weight exists, the magnitude of the association is likely less than previously
estimated or greater at lower levels of PFOA. In contrast, our findings agreed with Apelberg
and Fei in suggesting that no significant association exists between PFOA exposure and
reduced gestational age.

The negative association between PFOA and birth weight found by Apelberg and Fei at low,
general population exposure levels may reflect the influence of confounding. Apelberg
noted the potential for confounding by factors such as reduced maternal plasma volume
expansion, fast-food diet and the potentially higher incidence of substance abuse and
infectious disease in an urban cohort. Unlike the mostly suburban residents studied in this
analysis, urban residents may also be at risk for other chemical exposures that negatively
impact birth weight and remain unstudied. Studies of low-level exposure may also be
confounded by maternal physiology [25].

Our failure to detect an association between PFOA and reduced human birth weight is
consistent with experimental animal studies. Growth and developmental delays observed in
mice began to occur at serum PFOA levels (10 ppm) substantially greater than the levels
observed in LHWA residents without occupational exposure [11,12]. Though highly
exposed in comparison to the general U.S population, the levels of serum PFOA among
residents serviced by the LHWA may not be sufficiently high to affect birth outcomes.
Nonetheless, caution is warranted when extrapolating the results of murine toxicological
studies to human populations particularly since the serum half-life of PFOA differs
dramatically between species.

This study has potential limitations. In particular, the lack of individual exposure levels may
introduce exposure misclassification (resulting from the consumption of drinking water
outside LHWA supply areas, the use of bottled water or a home filter and the mobility of
pregnant women) into our study. Mothers residing outside the LHWA service area may have
consumed contaminated water at work or during critical windows of fetal development
when the impact of that exposure would be most significant [47,48]. Misclassification of
these mothers into the No LHWA water service category would potentially bias our
associations towards the null. Although mobility data are not available, the results of our
prior investigations regarding PFOA exposure in the LHWA service area suggest that
misclassification resulting from filtered or bottled water use may be minimized since the
vast majority of LHWA residents consumed some public water (82% consumed public
water exclusively) and had serum PFOA levels well above background levels for the general
US population [26,27]. Our previous study also revealed that the exclusive use of bottled
water was small (3%) and that individuals who utilized a carbon water filter had only mild
decreases in their serum PFOA levels (25%).
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SES misclassification, resulting either from a methodological fault in the SES index
calculation or the application of population-level metrics to individuals, must also be
considered a potential limitation. To explore the former possibility, however, we considered
several alternative calculations of the SES index. The first utilized income as a marker of
SES; the second used income, education and poverty level; the third utilized all seven
metrics, but applied greater weight to metric scores of income, education and poverty level;
and the fourth controlled for smaller differences in metrics by censoring zip codes with
extreme values. None of the recalculated indexes were significant when introduced into the
regression models. Although these findings do not avoid the limitation of assigning
population-level characteristics to individuals, we believe that if a dramatic effect of PFOA
on birth outcome were occurring, some indication of this association would have been
apparent despite this shortcoming.

Residual confounding is another potential limitation of our study. Although both the linear
and logistic regression models adjusted for the potential confounding effect of several
covariates, the database supplied by the ODH lacked information on additional known
determinants of birth weight and gestational age including: parity, smoking status of the
mother, asthma, prevalence of diabetes, maternal body mass index, hypertension, infection
and the mother's nutritional status prior to pregnancy [49–53]. However, we have no reason
to believe that these determinants would significantly vary across water service categories in
a county with a relatively homogenous population.

We also must consider the possibility that the use of a data set with live born neonates may
skew our results. If exposed neonates were more likely to be stillborn, or if exposure
adversely affected their viability in early gestation, their exclusion from the data set could
potentially bias our associations towards the null. Nevertheless, there is no indication that
stillborn rates vary within Washington County and in murine models pregnancy loss was
only observed at the highest levels of exposures (40ppm) which were greater than the
concentrations of PFOA observed in the LHWA population [11].

Lastly, the ODH database may be subject to reporting error; however, almost all births
occurred in four local community hospitals that service residents from all zip codes in
Washington County. In a recent review of its vital statistics database, the ODH observed a
90% congruence between the reporting of birth weight on birth certificates and medical
records and a 60% congruence for the reporting of gestational age [54]. If reporting errors
do exist in the data set, their randomness across water service categories would likely not
bias the results in favor of a particular association. Moreover, the ability of the study to
correctly identify decreasing gestational age, young maternal age and female sex as known
predictors of reduced birth weight suggests that any such errors are minimal.

In summary, our findings suggest that previously reported negative associations between
birth weight and PFOA may be non-causal. We confirm the lack of an association between
PFOA exposure and gestational age. The population of the LHWA, with high levels of
PFOA exposure among community residents, may be appropriate for further research
regarding potentially adverse effects of PFOA on fetal and childhood development including
the use of case-control studies that utilize individual serum PFOA levels.
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FIGURE 1. Birth Weight Distributions Among Water Service Categories (January 2003 –
August 2005)
Boxplots in Figure 1 depict median birth weight and interquartile range (IQR) for each
LHWA water service category. Whiskers extend to the highest data point located ≤ 1.5 IQR.
Outliers greater than 1.5 times the IQR are indicated with a black dot.

Nolan et al. Page 13

Reprod Toxicol. Author manuscript; available in PMC 2011 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 2. Gestational Age Distributions Among Water Service Categories (January 2003 –
August 2005)
Boxplots in Figure 2 depict median gestational age and interquartile range (IQR) for each
LHWA water service category. Whiskers extend to the highest data point located ≤ 1.5 IQR.
Outliers greater than 1.5 times the IQR are indicated with a black dot.
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TABLE 1

Mean PFOA Levels (μg/L) in Public Water Supplies for Washington County, Ohio

Public Water Facility Mean† (±SD), Median (Range) PFOA (μg/L) Dates of Sampling

LHWA 6.78 (4.2) 5.7 (1.7 – 17.1) 2002 – 2005

Belpre 0.21 (0.027) 0.22 (0.17 – 0.24) 2002 – 2005

Marietta 0.0065 (0.0074) 0.0049 (0 – 0.017) 2007

Warren 0.007 (0.012) 0.0 (0.0 – 0.021) 2007

†
This value is the average and median of PFOA levels in each of the production wells of the indicated public water facility, as measured by the

Ohio State Department of Environmental Protection
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TABLE 3

Frequency of Normal and Low (<2500g) Birth Weight and Incidence (per 100 Live Births) of Low Birth
Weight by Water Service Category (January 2003 – August 2005)

Water Service Category Normal Birth Weight (≥2500 g) Low Birth Weight (<2500 g) Incidence of Low Birth Weight (95% CI)

LHWA Only 162 6 3.6 (1.3 – 7.6)*

Partial LHWA 204 8 3.8 (1.6 – 7.3)*

No LHWA 1080 95 8.1 (6.6 – 9.8)

TOTAL 1446 109 7.0 (5.80 – 8.4)

*
Indicates estimates that are significantly different (p<0.05) from 8.2%, the national incidence of low birth weight [41]. Although not shown, no

zip code in Washington County had an incidence of low birth weight that was significantly greater than the national average.
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TABLE 5

Frequency of Normal and Preterm (<37 Weeks) Birth and Incidence (per 100 Live Births) of Preterm Birth by
Water Service Category (January 2003 – August 2005)

Water Service Category Normal Term Birth (≥37Weeks) Preterm Birth (<37Weeks) Incidence of Preterm Birth (95% CI)

LHWA Only 150 18 10.7 (6.47 – 16.4)

Partial LHWA 190 24 11.3 (7.4 – 16.4)

No LHWA 1017 158 13.4 (11.5 – 15.5)

TOTAL 1355 200 12.9 (11.2 – 14.6)

*
None of the incidence estimates of preterm birth for each Water Service Category are significantly different (p>0.05) from 12.7%, the national

incidence of preterm birth [41]. Although not shown, no zip code in Washington County had an incidence of premature birth that was significantly
greater than the national average.
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