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Abstract

BACKGRO
UND: Perfluorinat

ed
compounds (PFCs) such as perfluorooc

tane sulfonate

(PFOS) and perfluorooctanca
te (PFOA) are surfactants used in a variety of commercial

and industrial applications
. Recent studies have documented widespread contaminati

on

of wide and buman blood a ow concentration. Findings fom anima sti ave
included development

al
toxicity; however, limited data exist on the extent of in utero

exposure in humans. Thepurposeofthis dissertation is to describe the distribution and

determinants of in utero exposure to PFCs and the relationship between cord serum

concentrationsofthese compoun
ds

andsizeand weight at birth.

METHODS
:
A cross-sectio

nal
study of singleton newborn deliveries was conducted at

the Johns Hopkins Hospital in Baltimore, MD. Cord blood samples were collected from

the umbilical cord vein following delivery. We abstracted matemal and infant

characterist
ics

from clinical records maintained by the hospital. Cord serum samples

were analyzed for 10 PFCs by online solid-phase extraction, coupled with reversed

‘phase high-performanc
e
liquid chromatography-

tandem
mass spectrometry.

RESULTS: PFOS and PFOA were detected in 99 and 100 percent of samples,

respectively, at concentrations lower than typically reported in adult serum collected from

other regions in the United States. Other PFCs were detected less consistently. There

were relatively few predictors of cord concentrations among the demographic

characteristics available from the medical record, with the exceptionof race. On average,

Asians and Blacks had higher PFOS concentratio
ns

than Whites. After adjusting for

i
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potential confounders, both PFOS and PFOA were negatively associated with birth

weight and ponderal index. A negative association was also observed with head ‘

circumference among vaginal but not Caesarian deliveries. In contrast, no consistent

i trend was observed between PFOSorPFOAandnewbom length.
«

CONCLUSION: The findings of this research confirm thai utero exposure to PFCs isi
! occurring among babies bom in Baltimore City. Despite the relatively low serum Pk

concentrations compared to adults, we detected negative associations between PFOS and

PFOA concentrations in cord serum and birth weight, head circumference, and ponderal

index. Given the limited data on in utero exposure to PFOS and PFOA and effects in ¢
humans, future studies areneededtoconfirm these findings.
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Preface

Ths disertatonis orgeizdfnmance format. Chapter | presets a nroducion
the dissertation. Chapters 2-4 make up the manuscript portion of the dissertation.

Chapter2 isa literature review of PFOS and PFOA production, exposure, and toxicity.

Chapter 3 is a manuscript describing the distribution and determinants ofcord serum PFC

concentrations. Chapter 4 examines the relationships between cord serum PFOS and

PFOA concentrations and measures of size and weight at birth. Chapter 5 summarizes

the findings and implicationsofthis research. The appendices included at the end of the

dissertation detail the extensive analyses conducted in supportofChapter 4.
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INTRODUCTION
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Perfluorinated compounds (PFCs) comprise a ‘class of man-made, fully fuorinated
organic. compounds that have been used in a variety of consumer and industrial
applications for more than 50 years. These products include protective coatings for food-
contact packaging, textile, carpet, and leather; non-stick cooking material; commercial
and industrial surfactants (c.g. fire-fighting foams, electroplating baths); and insecticides
(12). Although produced for many years, only recently have reports been published
suggesting widespread exposure in wildlife and humans (3-5). The identification of
pervasive exposureof the general USS. population to one PFC, perfluorooctane sulfonate
(PFOS), led its major manufecturer to announce in 2000 the phase-out of
perfluorooctanyl-based products (6). The U.S. Environmental Protection Agency (EPA)
has been evaluating a structurally-related compound, perfluorooctanoate (PFOA), on the
basisof potential carcinogenic and developmental risks (7).

PFOS, PFOA, and related compounds have recently drawn regulatory and scientific
attention due to their extreme persistence in the environment and biological systems,
‘widespread contamination in the blood of wildlife and humans, and potential toxicity.
Developmental toxicity is among the effects observed fiom PFOS and PFOA dosing in
animal studies, including pregnancy loss, reduced birth weight, decreased gestational
Tength, structural defects, developmental delays, and increased neonatal mortality (8-18).
Although recent evidence suggests widespread human exposure to low levels of PFCs,
there are limited data on fetal exposure to these chemicals and the potential effects of
exposure on birth outcomes. Describing the extentof fetal exposure is important because.

2
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the fetus may be particularly susceptible fo chemical exposures due to its rapid cellular

‘rowth and differentiation. ‘

There are significant public health implicationsof disruptions to normal fetal growth and .

development. Babies bom carly or with low birth weight (<2,500 grams) ae at increased

isk ofmortality in thefistyearof life (19:20). Babies bom smallo tin for gestational

age due to fetal growth restriction are at greater risk for perinatal and childhood 0

morbidity, including hypothermia, hypoglycemia, andlor asphyia (21-27), neonatal

intensive care unit admission (28), respiratory distress syndrome (29), reduced mental

development in infancy (30), cerebral palsy (31), and reduced insulin sensitivity, a ‘

marker of type I diabetes isk (32). In addition to the neonatal and childhood impacts

associated with fetal growth restriction, a growing body of research suggests that some.

metabolic diseases in adulthood may have their origins in fetal development. Over the ’
last decade, a number of studies conducted in different countries have shown that small

size at birth, modified by rapid childhood growth, is associated with coronary heart ;
disease, type TI diabetes, and. their metabolic risk factors, including hypertension,

hyperlipidemia, and reduced insulin sensitivity (33-38).

“The goal of this research was to describe the magnitude and determinants of in utero

exposure to PFCs and the association between cord serum concentrations of these

compounds and measures of size and weight at birth. This research was conducted ‘
through the implementation of a hospital-based cross-sectional study of newbom

deliveries at the Johns Hopkins Hospital in Baltimore, MD. From late 2004 through early

3
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2005, cord blood specimens rom a sample of deliveries occurring at the hospital were

collected and information from medical records was abstracted for the mothers and

infants

In Chapter 2, I begin with a review of the literature on PFOS and PFOA, including

production and use, human biomonitoring, exposure pathways, animal toxicity, and
occupational epidemiology studies. In subsequent chapters, I describe the designofthe
cross-sectional study used to address the specific aimsofthis study. Chapter 3 focuses

on the magnitude, distribution, and determinants of fetal exposure to PFCs. Chapter 4
preseats the results ofan epidemiological investigation into the association between fetal
PFOS and PFOA exposure and measuresofbirth weight and birth size.

The results of this research provide data on the extent to which in wero exposure is
ocurring among pregnancies in Baltimore, MD. Such data are useful in the translation

of developmental toxicity studies in animals to the estimation of potential human risk.
Identification of determinantsofcord concentrations may provide insights into exposure
pathways and means for reducing human exposure. Finally, the epidemiologic

investigation examines whether these data are consistent with an effect of PFOS or PFOA
on birth weight and birth size parameters at environmentally-relevant concentrations.

4
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CHAPTER 2 .

PERFLUORINATED COMPOUNDS: PRODUCTION, USE,
EXPOSURE, AND TOXICITY
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Perfluorinated compounds (PFCs) comprise a class of ‘man-made, fully fluorinated

organic compounds that have been used in a variety of consumer and industrial

applications, including protective coatings for textile, carpets, and food-contact

‘packaging; productionofnon-stick cooking material; and as industrial surfactants,

Despite evidenceofwidespread contamination at low levels in human blood, the specific

patlvays of human exposure to PFOS or PFOA are not well understood. Posible

sources of exposure may include industrial releases, consumer product use, house dust

ingestion, indoor air inhalation, or dietary pathways through environmental

contamination; however, there are no clear data to suggest the relative contribution of

A

PFOS and PFOA are extremely persistent, both in the environment and inbiological

systems. Unlike traditional persistent pollutants, these compounds accumulate in the

liver and serum, where they are bound to proteins. Both PFOS and PFOA are
peroxisome proliferators and adverse effects observed in animal studies have included

liver toxicity, disruption to lipid metabolism, alterations in endocrine fmction, nd

developmental toxicity. Limited occupational epidemiologic data are ‘available in the

form of retrospective cohort and medical surveillance studies. Key data gaps include a

characterization of the pathways of human exposure and epidemiologic studies of
xpos mtbumrpoon

10
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Introduction

Perfluorinated compounds (PFCs) are man-made, fully fluorinited organic compounds ‘
found in a wide range of consumer and industrial products and processes. They are
characterized by a carbon chain backbone in which carbon-hydrogen bonds have been .
replaced by carbon-fluorine bonds (132). The strength of the carbon-fluorine bond
imparts resistance against degradation in the environment and makes these compounds

extremely persistent. Many PFCs are oleophobic and hydrophobic, hence, providing ‘
utilityas a repellentofsol, oil, and water. Further, the surface active propertiesofthese
‘compounds coupled with their thermal and chemical stability makes them particularly

useful in harsh environments (e.g., semiconductor etching baths) (2). The chemical <

structuresoftwoof themore widely studied PFCs, perfluorooctane sulfonate (PFOS) and
perlorooctanoate (PFOA), are shown in Figure 2-1. The following sections describe
the characteristics of these compounds, including the extentofproduction and use, data ‘
on human biomonitoring, possible exposure pathways, and a summary of the potential

adverse effects identified in the toxicologic
al

andepidemiological literature. .

Perfluorooctane sulfonate (PFOS)

Production, Use, and Characteristics '
Perfluorooctane sulfonate (PROS) and related precursor compounds (perfluorinated

sulfonamides) are surfactants used in applications ranging from oil and water repellents
for fabrics, apparel, carpets, and paper coatings to specialty chemical applications such as !

insecticides and fire fighting foams (3). These compounds are manufactured fiom a
‘common starting material, perfluorooctanesulfonyl fluoride (POSF), which is produced

1
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through a process known as electrochemical fluorination. This process results in a

‘mixture of fluorochemical residual compounds, which remain in the final product and

‘may ultimately degrade to PFOS (2).

POSF-based chemicals had been produced for over 40 years by the 3M Company, the

dominant global producer of sulfonyl-based fluorochemicals (1-3). In 2000, global

production ofPOSF by 3M was estimated to be 3,665 metric tons, 1,820 of which was

either produced in the U.S. or entered the country through importation (4). As a result of

reports suggesting widespread wildlife and human exposure to PFOS, 3M announced in

2000 that it would phase out the productionofperfluorooctanyl-chemistries by 2002 (5).

PFOS is a completely fluorinated, eight-carbon chain compound with a sulfonyl group

‘moiety (Figure 2-1). PFOS is relatively non-volatile and ‘widespread exposure is thought

to be due in part to degradation of volatile perfluorinated sulfonamide precursors (6)

Once released, PFOS does not appeartobe metabolized further in animals (1). The half-

life in human serum has been estimated at 5.4 years from a study of 26 retired

fluorochemical production workers (7). Although environmental monitoring suggests

that PFOS can biomagnify in the food chain, PFCs are oleophobic and therefore do not

‘accumulate in fats asdotraditional persistent ‘organic chemicals. Instead, PFOS has been

shown to preferentially concentrate in the liver and blood serum of animals (8;9), where

it is bound to proteins (10;11). Experimental data have shown an affinity for albumin,

fatty acid binding protein, and steroid ‘binding globulins in some species (10;11). PFOS

also undergoes enterohepatic circulation in some species, which may contribute to the
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ong biological half-life (7). Due to thisbehavior, POSandother PFCsarenot reported.

onalipidbasis,ualike many other polyhalogenated compounds. !

Biomonitoring .
Recent surveys of wildlife and humans have detected widespread contamination from

PFOS. Measurable concentrations in serum have been observed in numerous species

across many populated and remote regions of the world (§;12-14). Further, evidence ¢
suggests that wildlife (15;16) and human exposure among the general population have

increasedoverthe last several decades, at least through the 1980's (17518).

«

Studiesofworkers exposed occupationally to PFOS have shown average serum levels on

the order of one part per million and above (19,20). Among the general population,

PFOS concentrations have been detected at parts per billion in the blood of most !
populations studied. Table 2-1 presents a summary ofrecent studies conducted across the

world. These data show that significant variability in exposure may exist both between .
‘counties and within 2 country (Figure 2-2). In the U.S., serum PFOS concentrations in
blood among adults (ages 20-69) was reported by Olsen et al. (2003) in a group of 645

blood donors in six different geographic regions. The median and the 90° percentile for .
all subjects were reported as 35.8 ng/mL and 70.7 ng/mL, respectively (21). Similar

serum levels were observed in a study of 238 elderly subjects (ages 65%) in Seattle,

‘Washington (22) and 598 children enrolled in a pediatric trial (23). These data suggest ‘

no significant age variation in human blood PFOS concentrations. These studies also
found litte evidenceofgender differences inserum POS levels, consistent with many of
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the other reports. Other studies conducted in the U.S. have found similar results (24,25),

with the exception of a small set (n= 30 adults) of whole blood samples from Kentucky,

in which median concentrations inblood (adjusted from whole blood to serum-equivalent

using a factor of two) were reported as 81 ng/mL among females and 72 ng/mL among

males 25).

More recently, Calafat et al. (2006) reported PFOS levels among 54 pooled serum

samples from a subset of the 2001-2002 National Health and Nutition Examination

‘Survey (NHANES). The authors reported that White males and females had higher mean

PFOS levels (40.2 and 24.0 ng/mL) than Black males (18.3 ngimL) and females (17.9

ng/mL) or Mexican-American males (13.7 ng/mL) and females (10.4 ng/mL) (26). These

data suggest that racial differences may exist in the proximity to sourcesorpathways of

exposure in the U.S, although limited conclusions can be drawn from pooled data. The

Centers for Disease Control andPrevention (CDC) will analyze individual serum samples

from NHANES fora ature National Human Exposure Report, which may shed light on

the extent to which subgroups are differentially exposed to perflorinated chemicals in

theUS. (26).

Significant variations in PFOS concentrations in human blood have been reported

worldwide. Kannan et al. (2004) conducted a survey of PFOS levels in human blood

from various countries around the world. After the USS, the highest median levels were

found in Poland, Korea, and Belgium. Median PFOS concentrationsofaround 10 ng/mL

(serum-equivalent) were observed in samples fiom Malaysia, Brazil, and Colombia,
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|
| lower than what has been reported in the US. In contrast, relatively low serum

concentrations were observed in specimens from Htaly and India (25). Relatively high ‘
levels of PFOS were observed in another study in Poland (27), in which the median
concentration in whole blood ranged from 9.7 to 34 ngimL, depending on the subgroup. .
Studies conducted in Canada (28), Japan (12:18:29), and China (30) have also reported
PROS concentrations in human blood that spprosch or surpass those reported for the U.S.
In fact, a Chinese study of 85 blood samples collected in 2004 reported a mean PFOS, ¢
concentration of 52.7 ng/mL. (serum equivalent), wit the highest concentration reported
at 310 ng/ml. (30) In contrast, among 44 human serum samples from Peru, only 20
percent of samples had detectable levels of PFOS (LOD: 0.4 ng/mL) and the 90° ¢

| percentile concentration was just 0.7 ngfL (31). When comparing these data it is
important 0 note that manyofthese studies sce small and not necessary representative

"of the whos populinofthe country om which they wer sampled, Ther may be ‘
significant variation in exposure within a country or geographic region, in addition to

| ‘seographic variation between counties in exposure to fuorochemicals. Also t should be .
noted that the analyses were completed by different labs, using a variety of anslytic
methods, which may explain someof the observed variations.

The only previous reports ofetl exposure to PFCscomefrom two small studiesof ord
blood specimens. Inoue et al. (2004) measured PFOS in serum collected in Japan in 2003
from 15 matemal-fetal pairs. The authors reported the presenceof PFOS in all 15 cord ‘
blood samples tested, at concentrations ranging fiom 16 to 53 ngiml. PFOS
concentrations in matemal and cord serum were highly corelted, with cord levels
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approximately one-third that of the mother (32). In 13 pooled cord plasma samples in

‘northern Canads,collectedfrom 1994-2001,themean PFOS level was 16.7 ng/mL (33).

Exposure Pathways

To date, there are limited data on the pathwaysofhuman exposure to PFOS. Due to the

long-range transport necessary to carry PFOS to remote regions such as the Arctic, it has

been hypothesized that volatile perfluoroalkyl sulfonamide precursors, which can degrade.

to PFOS (2), play a role in the widespread environmental contamination (6). Recent

studies have identified these compounds in outdoor air (34-36) and it has been

hypothesized that variations in atmospheric levels are due to the presence of point

sources (34).

In the indoor environment, PFOS and fluorinated sulfonamides have been detected in

house dust (37,38) and indoor air (36,39) at concentrations significantly greater than

outdoor air (36:39). Kubwabo et al. (2005) report the presence of PFOS (among other

PFCs) inthedust in a sampleofhomesinCanada. The levels of these compounds were.

positively correlated with the amount of carpet in the home and negatively correlated

with the age of the home (37). Shoeib et al. (2005) measured perfloroalkyl

‘sulfonamides in dust and indoor air in Canadian homes and concluded that levels in air

‘were not correlated with age of the home or percent of the home that was carpeted. The

authors suggested, however, that dust ingestion could be a significant pathway for

children (39). Further, a recent study reported the presenceofresidual sulfonamides in a

‘commercial carpe protector, which could be apotential sourceofhuman exposure (40).
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‘The presence of measurable levels of these contaminants in wildlife and game suggests ‘
that dietary exposure could play a role. Relatively high PFOS concentrations have been
observed in’ Arctic polar bears (13;14;41), with evidence of biomagnification across .
trophic levels in this region (14). Several studies have shown the ability of PFOS to
bioconcentrate substantially in fish tissue (12;42-45) and biomagnify in aquatic food
chains (8;42-44;46), suggesting that fish consumption could be a plausible source of (
exposure. For example, mean bioconcentration factors (BCFs) reported for PFOS have
ranged from approximately 1,000 to greater than 10,000, depending on species and
location (12;42,44;45). Biomagnification factors (BMFs) have been reported to range ¢
from approximately 10 to 20 for PFOS (42;44). Inarecent study in Poland, Falsndysz et
al. (2006) found that individuals with high fish consumption had elevated levels of PROS
in their blood relative to other groups (27). PFOS has also been detected in beef cattle, ‘
but at lowerlevelsthan fish (47). In a 3M-sponsored studyofPEC concentration in food
items, measurable concentrations of PFOS (LOD: 0.5 ng/g, wet weight) were found in .
only a small number of samples (48). PFOS has also been detected in surface waters
(12:42:44;49) and tap water (49:50) at part per trillion levels in the USS. and Japan,
suggesting that exposure could occur through drinking waterconsumption.

Adverse Effects

GeneralToxicology .
POS has been identified as a hepatic peroxisome proliferator that targets the liver and
disrupts lipid metabolism in some animal species (51-53). Toxicity studies in animals
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have shown marked reductions in serum cholesterol and/or triglycerides (54-57), which

may be mediated through down-regulation of HMG-CoA (3-hydroxy-3-methylglutaryl

coenzyme A) reductase, a key enzyme in cholesterol synthesis (56). Recent animal

studies have shown that PFOS can affect thyroid hormone levels and other aspectsofthe

neuroendocrine system (5457-60). For example, Thibodeaux et al. (2003) found

reductions in total and free thyroxine (T4) and serum triiodothyronine (T3) among

pregnant rats dosed with PFOS, without a concomitant increase in serum thyroid

stimulatinghormone (TSH) (57). Lueber et al. (2005) also noted reductions in total T4

and T3 without elevated TSH during lactation, among rats dosed with PFOS during

pregnancy (60). In evaluating other endocrine markers, Austin etal. (2003) found that

high doses (10 mgkg body weight intraperitoneally) of PFOS in rats affected estrus

eyeling, reduced serum leptin, elevated serum corticosterone, and elevated hypothalamic

norepinephrine concentrations (58). A single study evaluated PROS carcinogenicity in

rats and identified increased riskof liver, thyroid, and mammary gland tumors (4).

DevelopmentalToxicology

Several studies have examined the potential for developmental toxicityof PFOS. PFOS

has been shown to cross the placental barrier in rats, with fetal serum levels equivalent to

or greater than matemal levels (60). Several effects on reproduction and development

have been observed, including reduced matemal weight gain, reduced birth weight,

decreased gestational length, birth defects, developmental delays, and increased neonatal

mortality (5759-63). Grastyetal. (2003) reported that PFOSdosinglaeingestation was

sufficient to induce neonatal mortality in rats and suggested that lung immaturity may be
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responsible (61). However, in a more recent study, trating the animals with a rescue

agent. (dexamethasone) did not result in improved survival. The authors did note ¢

evidence of lung immaturity by histopathology at birth, among PFOS-treated animals

(4). .

Linited epidemiologic data are available in the formof a retrospective cohort study and
medical surveillance in cetan fluorochemical production plant. A retrospective cohort
mortality study was conducted at a 3M POSF manufacturing plant in Decatur, Alzbama,

among all workers with at least one yearof cumulative employment through the end of «

1997. The authors reportedelevatedrisksforbladder cancer among workers employed in
a high exposure ob, although based on only three observed cases, There were too few
events to evaluate effects an liver cancer morality, one of the a prior endpoints of !
interest (65). In addition to the small umberof events for some ofthe endpoint, no data
were available on potential confounders. .

Medical surveillance of fluorochemical production employees has been conducted at
3M plants in Decatur, Alabama and Antwerp, Belgium. Tn a series of sudies using
surveillance data from the last decade (1995, 1997, 2000), Olsen and colleagues
examined the relationship between serum PFOS levels and hematology, clinical
chemistry, and thyroid hormone assessments (19;66). In one study, PFOS exposure was !
significantly positively associated with total cholesterol (1997) and. low-density
lipoprotein (LDL) cholesterol (1997) and negatively associated with high-density
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lipoprotein (HDL) cholesterol (1995). The authors suggest that these results could be

confounded by body mass index (BMI) and age; however, the associations between

serum PFOS and total cholesterol and HDL remained after adjusting for potential

confounders (66). Although full details of the regression models were not provided,

these results are noticeable because they differ in direction from the hypolipidemic

effects observed in animal studies.

man le chemical profusion workers ndergin mil lies in
2000, those in the highest quartile of PFOS exposure had significantly ‘higher serum

triglycerides and serum triiodothyronine (T3). In multivariate analysis, significant

positive associations were observed between PFOS exposure and total cholesterol and

triglycerides. The positive association between PFOS and T3 levels remained in

‘multivariate regression analysis, although no association was observed with TSH or T4

(19). Occupational surveillance investigations of this type may be prone to selection

biases due to low participation rates (<40% in the 1995 and 1997 assessments) and the

potential for workers adversely affected by exposure to be more likely to have left the job

(i.e., healthy worker effect). However, selection bias would be less likely for sub-clinical

effects,suchas small changes in the clinical chemistry measurements reported here.

Perfluorooctanoate (PFOA)

Production, Use, and Characteristics

Perfluorooctanoic acid (PFOA) and its salts are used as chemical intermediates and

‘processing aids in the production of fluoropolymers and fluoroclastomers (67). PFOA
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can be manufactured through electrochemical fluorination or a process known as

elomerization. Its estimated that fewer than 600 metriconsofPFOA are manufactured !

or imported into the USS. per year (67). In 2002, 3M, the only USS. manufacturer of

PFOA, ceased production, at which point Dupont began producing PFOA for its .

uoropolymer business needs (68).

PFOA is a fully fluorinated, ight carbon chain acid (Figure 2-1) which has the ability to «

form various salt. The salt most commonly used in industrial applications is ammonium.

perfluorooctanoate (AFPO), which dissociates to the free acid, PFOA, in water (69).

Much like PFOS, PFOA is extremely stable in the environment and biological systems ¢

due to the strengthofthecarbon-fluorinebond (70). As a result, the half-life in humans

ison theorderofyears (~3.8 years) (7). Similar to other BECs, BFOA is oleophobic and

therefore does not accumulate in fa tissue in the body. Instead, itis found in the liver ‘
and serum of animals (70), typically associated with proteins (11571). In experimental

systems among different species, PFOA has been shown 10 bind to albumin, fatty acid .
binding protein, nd steroid bindingglobulins (1031171).

Human Biomonitoring .
PFOA is the second most widely detected PFC in human blood; although it has generally

been detected at levels lower than those of PROS. A recent analysis ofstored human sera
showed an increase in PFOA concentrations among the general populationfromthe mid- ‘
1970 to the late 1980's (17). Much like PFOS, general population serum
concentrations are ordersof magnitude lower than thoseofexposed production workers.
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‘Table 2-2 and Figure 2-3 provide a summary of recent human biomonitoring studies of

PFOA.

In the series of studies conducted by Olsen and colleagues, among children (n = 598),

adults (n = 645), and the elderly (n = 238) in various regions of the U.S., the median

serum level reported was between 4.2 and 5.1 ng/mL (21-23). Other smaller studies in

the U.S. have reported higher levels. Calafat et al. (2006) reported a median level of 11.6

‘ng/mL among 23 pooled samplesofserum collected from 1990-2002 (31). Kannan et al.

(2004) reported a wide variation in median levels between samples collected from

Michigan, Kentucky, and New York City. Among 75 adults in Michigan in 2000, the

median serum PFOA level was below the limit of quantification (LOQ) of 3 ng/mL.

Conversely, the median plasma PFOA level ‘among 70 adults in New York City in 2002

‘was 25.2 ng/mL (25). In an analysis of 2001-2002 NHANES pooled samples, Calafat et

al. (2006) report mean PFOA concentrations ranging from 2 to 7 ng/mL, depending on

race and gender. Similarto PFOS, the highest levels were observed among White males

and femalesinthe study (26).

Varying levels of PFOA concentrations in serum or whole blood have been reported

outsideofthe U.S. Some of the highest levels havebeen observed in Poland. Kannan et

al. (2004) report median PFOA levels (adjusted from whole blood to serum-equivalent

using a factor of two) close to 20 ng/mL among a sampleof 25 adults collected in 2003

(25). However, another study in Poland reports median levels closer to what ‘has been

bseinteUS. 27). Se contcte on lod samples collect om Begin
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(25), Canada (28:33), Colombia (25), Japan (18), and Sri Lanka (72) all report mean or

‘median PFOA plasma or serum concentrations in the range of3 to 6 ng/mL, similar to !

levels reported in the U.S. Interestingly,thesame study that reported someof the highest

PFOS levels in China, showed a mean PFOA serum-equivalent concentration of 1.6 .

ng/mL (30). This suggests that the patterns of fluorochemical exposure may differ by

region. Once again, it is important to note that these studies were not necessarily

intended 10 provide a representative snapshot of the level of contamination in the .

population of a country, and cross-country comparisons should be made with this

limitation in mind. Likewise some of the apparent geographic variability may be

ateibuted to variability in laboratory methods. ¢

Only two studies have reported the analysis of PFOA concentrations in umbilical cord

blood. Inoue et al. (2004) did not detect PFOA in any of the 15 cord serum samples '

(LOD: 0.5 ng/mL) and in only 3 of 15 maternal samples collected from a population in

Japan (32). By comparison, Titlemier et al. (2004) reported detectable PFOA plasma .
levels with a mean of 34 ng/mL in 13 pooled cord samples collected from northern

Canadian populations (33).

Exposure Pathways

Industrial releases during PFOA production may contribute to local or regional sources of

pollution. However, PFOA contamination has been documented in many areas of the !

world, including the Arctic. Similar to PFOS, the physicochemical characteristics of

PFOAmake itunlikelyto undergo long-range air transport and contaminate such remote
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regions, the mechanisth which dominates the global dispersionofother polyhalogenated

organics. Recent studies have implicated fluorotelomer alcoholsa possible precursors to

PFOA contamination in these regions. These compounds have been measured widely in

outdoor air (34:35), are estimated to have atmospheric lifetimes long enough for

substantial transport (~20 days) (73), and have been shown to degrade to PFOA and other

perfluorinated carboxylic acids in experimental chamber studies (74). Oceanic transport

has also been hypothesized to contribute to the accumulation of these chemicals in
remote regions, such as the Arctic (75).

Dinglasan-Panilio et al. (2006) reported the presence of residual telomer alcohols in
commercially available consumer and industriel products, suggesting these products

‘ould be a sourceof perfluorinated acids found in the environment and a potential source.

of human exposure (40). PFOA has also been detected in house dust (37:38), and like
PFOS, in at least one study, levels correlated positively with the amountofcarpet in the
home and negatively withtheage of the home (37).

Begley et al. (2005) studied the residual levels of PFOA present in several consumer

products and the abilityof PFOA to migrate into food during use. The authors detected

only very low levels of PFOA residual in PTFE-coated pans and concluded that
migration into food would not be a significant source of human exposure (76). Studies

conducted by Dupont researchers failed to detect residual PFOA in PTFE-treated

cookware (77). Some perfluorochemicals are approved for use as coatings on food-
contact paper. These coatings are particularly useful for foods with a high fat content,
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since the oleophobic properties ofthese compounds will prevent oil from leaking through

the packaging (76). As a result, concem has arisen about the potential for exposure ‘
through fast food consumption (78). Begley et al. (2005) detected PFOA in microwave.

popcom bags, though migration of PFOA nto food was low (76). The authors did report

substantial migration of fluorotelomers, which are found in the coatings applied to food-

contact paper, andarebelieved toultimatelybreak down to PFOA.

To date, limited data arc available on the extent to which diet may playa role in
exposure. PFOA has beendetectedin surface water (42;44;49) and drinking wateratpart

pe trillion levels (49;50) in the U.S. and Japan. Drinking water contamination at higher ©

Tevels has been reported in the US. as a result of direct PFOA releases (79). The

poteniial for bioconcentration and biomagificationof PFOA appears to be less than that

of PFOS (42-44). For cxample, BCFs for PFOA have been reported in the rangeofzero '
(ie., undetectable concentrations in fish tissue) to approximately 200 (compared with
1,000-10,000 for PFOS) (42;44;45;80). Similarly, environmental surveys have suggested .
lower bioaccumulation potential for PFOA (42,44). In a study of PFC levels in food
items by 3M, few samples were reported to be above the limits of detection for PFOA

(0.5 ng/g, wet weight), similartowhatwasreported for PFOS (48). ‘

Adverse Effects

General Toxicology !
‘The primary target of PFOA toxicity is the liver (81-83). Like PFOS, PFOA has been
identified as a peroxisome proliferator (84-86) and has been shown to have
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‘hypolipidemic effects in some species (56). PFOA has been shown to cause liver tumors

in rats, although it has been suggested that the proposed mechanism of peroxisome

proliferation may not be relevant to humans (70;81). Increases in pancreatic and Leydig.

cell tumors in rats have also been observed, the latterofwhich ‘may bedueto increased

estradiol levels in male rats (81;87). On the basisofthis ‘evidence, a recentdraftreport

from EPA’s Science Advisory Board concluded that PFOA should be considered a

“likely human carcinogen” (88).

Developmental Toxicology

Recent studies have shown the potential for ‘developmental toxicity, including reductions

in body weight, delayed sexual ‘maturation, and increased postnatal mortality inoffspring

(8389-92). PFOA has been shown to crosstheplacentain rats, with fetal levels at term

approximately one-half of matemal levels (93). EPA recently conducted a draft risk

assessment for PFOA developmental toxicity and concluded that the current margin of

exposure may be cause for concem (91:94). However, the lackof measured serum levels

in the offspring, uncertainty regarding whether the effects were due to prenatal,

lactational, or postnatal exposure, and sex differences among rats in the elimination of

PFOA have contributed to a large amount of uncertainty in the potential risk (91). In a

recent studyofPFOAin mice (among which sex differences in pharmacokinetics are not

observed), a hostofdevelopmental effects were observed, including increasedpregnancy

loss, reduced fetal weight, reduced postnatal survival, and delays in postnatal growth and

development (92).
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OccupationalEpidemiology

Several epidemiologic studies have been conducted among workers in PFOA production !

facies. A retrospective cohort mortality study was conducted among 3,531 PFOA

‘production workers employed for at least six months from 1947 to 1983 (95). Subjects .

were characterizedasexposed (1+monthofworkin thechemical division)or unexposed

(non-chemical division employees) based on job histories. None of the cause-specific

SMRs among chemical or non-chemical division employees was significantly elevated. ¢

However, in a proportional hazards model, length of employment in the chemical

division was significantly associated with prostate cancer mortality, which could be.

considered plausible given the evidence fom animal toxicity data suggesting

reproductive hormone changes (87). An update of this study with longer follow-up.

(trough 1997), modified eligibility requirements (including only workers employed for
atleast | year), and different exposure categories (defined as definite, probable, and no '
exposure to PFOA) reportedly showed no prostate cancer excess (91). These studies are
likely to have some degree of exposure misclassiication from the use of broad job .
categories as surrogates for exposure and are limited by small numbers of events for

someofthe endpoints.

Olsen et al. (1998) examined the association between serum PFOA levels and
reproductive and other hormones among mele PFOA manufacturing employees

undergoing medical surveillance in 1993 and/or 1995. Significant associations between !

PFOA and hormone levels were not observed, with the exception of 17-alpha-

hydroxyprogesterone in 1995. Subjects with PFOA levels above 30 ppm had serum
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estradiol levels that were approximately 10% higher than those found in other workers,

although the results may be somewhat confounded by bi (96). The authors also report

that prior research among this population found a similar increase in estradiol among the

highly exposed,aswellas asignificant non-linear relationship.

As described above, Olsen et al. (2003) conducted a medical surveillance study in 2000

of 3M fluorochemical production workers, which included serum PFOS and PFOA

‘measurements and hematological, clinical chemistry, and thyroid function tests (19).

PFOA levels tended to track those of PFOS. Thus, PFOA was significantly positively

associated with cholesterol, triglycerides, and serum T3, similar to associations observed

for PFOS. Finally, the association between PFOA exposure and liver enzyme function

and lipid levels was examined in a cross-sectional study of male 3M PFOA production

workers in Cottage Grove, Minnesota. Total serum organic fluorine (TOF), which was

used as a proxy for PFOA exposure, was not associated with cholesterol or hepatic

enzyme activity, however, there was some evidence of interactions with other factors.

One interaction observed was between PFOA and alcohol intake on HDL cholesterol, in

which PFOA was found to diminish the protective effect of alcohol on HDL cholesterol

level. Another significant interaction was observed between PFOA and bmi on hepatic

enzyme concentrations in serum. Among obese workers only, PFOA exposure was.

associated with increased serum concentration of two enzymes associated with liver

problems. Although gross changes in hepatic function were not observed, the authors

conclude that PFOA may modify “the effectsofendogenous and exogenous determinants

of hepatic metabolism.” (97)
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Summary '
Perfluorinated compounds (PFCs) represent a class of man-made, fully fluorinated

organic compounds found in a wide range of consumer and industrial products and .
processes. Although produced for many years, only recently have reports documented

widespread exposure of wildlife and humans. Variations in human blood concentrations

have been reported between countries and within the USS., but no clear variation in ¢
concentrations by age or gender has been observed. Future editions of CDC's “National

Report on Human Exposure to Environmental Chemicals” will include PFCs and may

provide insights into the extent of variation in serum levels between different £
subpopulations i the US.

Figure 2-4 summarizes the possible pathways of human exposure to these compounds in !
the context of the environmental public health paradigm. The specific pathways of
human exposure to PFOS or PFOA are not well understood. Although possible sources !
of exposure may include industrial releases, consumer product use, dustindoor air
inhalation, or dietary pathways through environmental contamination, there are no clear

data to suggest the relative contribution, if any, ofthese sources to human body burdens. ¢
‘Thus, key research is needed to elucidate the important pathways of human exposure.

“This should include studying the extent to which residual compounds are present and can
‘escape householdor consumer products; the levelsofcontamination in food and drinking ‘
water and further defining the role of precursor compounds as sources of PFOS and
PFOA in the environment
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PFOS and PFOA are extremely persistent, both in the environment and in biological
systems. Unlike traditional persistent pollutants, these compounds accumulate in the
liver and serum, where they are bound to proteins. Both PFOS and PFOA are
peroxisome proliferators and adverse effects observed in animal studies have included
liver toxicity, disruption to lipid metabolism, and changes in endocrine function. Some
‘evidence of increased cancer risk has been reported in occupational epidemiology studies
for both PFOS (bladder) and PFOA. (prostate). Limited cancer bioassay data are
available for PFOS. The EPA is curently evaluating the relevance of PFOA animal
carcinogenicity data to humans and a recent draft report from EPA's Science Advisory
Board concluded that PFOA should be considered e “likely human carcinogen” (88).
Recent animal data has also suggested that developmental toxicity is a concern for both
PFOS and PFOA. Despite the growing body of animal data, key gaps exist in the
understanding of the potential toxicity of these compounds to humans. There are limited
data on in utero exposure to these compounds, which are necessary to extrapolate
developmental toxicity data from animals to humans. The mechanisms by which PFOS
and PFOA cause adverse developmental effects in animals and the relevance to humans
is mot well understood. Finally, there are no studiesofpregnancy outcomes in humans, in
anoccupational or general population setting.

The remaining chapters describe a cross-sectional study of newboms at the Johns
Hopkins Hospital, conducted to evaluate PFC exposure in utero and relationship with
fetal growth as measured by size and weight at birth. Given the evidenceofwidespread
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contamination in humans and the evidence for placental transfer of these chemicals in
‘animals, we hypothesize that this study will document fetal exposure among our study !

populationofnewbom deliveries. We will aso test the hypothesis that in utero exposure

10 these compounds is associated with reduction in birth weight and/or bith ize. .
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Figure 2-2. Summary of median or mean PFOS concentrations (ng/mL) in blood
plasma or serum, from human biomonitoring studies.* «* Some studies measured PFOS in whole blood and reported concentrations as serum.
equivalent by multiplying by a factor of two. Sample size and midpoint year of
collection are listed in parentheses. If only subgroups were presented, theaverage
concentration between the lowest and highest groups is used. See Table 2-1 for moredetail. Missing bar indicates median level below LOD or LOQ. .
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Figure 2-3. Summary of median or mean PFOA concentrations (ng/mL) in blood
plasma or serum from human biomonitoring studies.*
* Some studies measured PFOS in whole blood and reported concentrations as serum-
equivalent by multiplying by a factor of two. Sample size and midpoint year of
collection are listed in parentheses. If only subgroups were presented, the average
‘concentration between the lowest and highest groups is used. See Table 2-2 for more
detail. Missingbar indicatesmedian evel belowLODor LOQ.
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Figure 24. Environmental public health paradigm and possible pathways ofhuman exposure to perfluorinated compounds,**Adaptedfrom USS. EPA, 2003 (95).
Note: Relevant articlesaredenoted by reference numbers after each description,
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Abstract

BACKGROUND: Pefluorinated compounds (PFCs) such as perfluorooctane sulfonate

(PFOS) and perfluorooctanoate (PFOA) are found globally in wildlife and in human

blood samples atpartper billion levels. Limited data are available on in utero exposure

inthe US.

METHODS: We conducted a hospital-based cross-sectional study in Baltimore, MD to

examine levels and determinants of PFCsinnewborns. Cord sera were analyzed for 10

PECs by on-line solid-phase extraction, coupled with reversed phase high-performance.

liquid ehromatography-tandem mass spectrometry (LODs: PFOS = 0.2 ng/mL; PFOA =

0.1-0.2 ng/mL). Demographic characteristics were abstractedfrom medical records.

RESULTS: PFOS and PFOA were detected in 99 and 100 percentof 299 umbilical cord

blood samples, respectively, and concentrations were highly correlated (Pearson's 1 =

0.64 after natural log transformation, p<0.01). The geometric mean concentrations of

PFOS and PFOA were 5.0ng/mL(range: ND-34.8 ng/mL)and 1.6 ng/mL. (range: 03-7.1

ng/mL), respectively. Other PFCs were detected less frequently and at lower

concentrations. Geometric mean concentrationsofPFOS among Asians (6.0 ng/mL) and

Blacks (5.1 ng/mL) were higher than among Whites (4.2 ng/mL), while PFOA levels

‘were more evenly distributed by race. Slightly higher PFOA concentrations were found

in babies bor to obese mothers, primiparous mothers, and in female versus male babics.

None of the other demographic characteristics, including matemal age, education, and

living in th city limits, were associated with PFOS or PFOA cord concentrations

CONCLUSION: The identificationof PFOS and PFOA as the predominant compounds.

in cord blood is consistent with previous reportsof BFC concentrations in humans.
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Introduction

| Perfluorinated compounds (PECs) comprise a class of man-made, fully fluorinated !

organic compounds that have been used in a variety of consumer and industrial

applications for more than 50 years. These applications include protective coatings for

food-contact packaging, textile, carpets, and leather; production of non-stick cooking. '

‘material; commercial and industrial surfactants (e.g, fire-fighting foams, electroplating

baths); and insecticides (1;2). Although produced for many years, only recently have }

reports documented widespread exposure in wildlife and humans (3-5). The

identification of pervasive exposure of the general US. population to one PFC,

perfluorooctane sulfonate (PFOS), led its major manufacturer to announce in 2000 the «

phase-out of perfluorooctanyl-based products. The US. Environmental Protection

Agency (EPA) has been evaluating a structurally-related compound, perflucrooctanoate.

(PFOA), on the basisofpotential developmental risks (6). !

PECs are highly stable in the environment and biological systems. Based on serum

analyses, the halflife in humans has been estimated at 5.4 years for PFOS and 3.8 years

for PFOA (7). Many PFCs are surfactants, having both oleophobic and hydrophobic

properties which provide utility as repellents of soil, oi, and water. Rather than .
accumulating in lipids like traditional persistent organic pollutants, these compounds

‘partition in humansmainlybetween the liver and serum, where they are bound to proteins

(38-12). Some of these compounds have also been shown to undergo enterohipatic t
circulation, which may contribute to their long half-life in the body (7).
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PFOS has been identified es a hepatic peroxisome proliferator that targets the liver and

disrupts lipid metabolism in some animal species (13-15). Toxicity studies in animals

have shown marked reductions in serum cholesterol and/or triglycerides (16-15), which

may be mediated through down-regulation of HMG-CoA (3-hydroxy-3-methylglutar
yl

coenzyme A) reductase, a key enzyme in cholesterol synthesis (18). Recent animal

studies have shown that PFOS can affect thyroid hormone levels and other aspectsofthe

neuroendocrine system (16;19-22). PFOS has been shown to induce developmental and

reproductive effects in rats, such as reduced matemal weight gain, reduced birth weight,

decreased gestational length, birth defects, developmental delays, and increased neonatal

mortality (1921-25). Among several occupational epidemiology studics, a notable

finding was an elevated risk for bladder cancer among workers employed in a high
exposure job, although based ononlythree observed cases (26).

The primary target of PFOA toxicity is also the liver (27-29). Like PFOS, PFOA has
been identified as a peroxisome proliferator (30-32) and has been shown to have
hypolipidemic effects in some species (18). PFOA has been shown to cause liver tumors

in rats, although it has been suggested that the proposed mechanism of peroxisome

proliferation may not be relevant to humans (9,27). Increases in pancreatic and Leydig

cell tumors in rats have also been observed, the laterofwhich may be due to increased

estradiol levels in male rats (27,33). On the basis of this evidence, a resent draft report
from EPA's Science Advisory Board concluded that PFOA should be considered a
“likely human carcinogen” (34). In a retrospective cohort mortality study conducted

among PFOA production workers, length of employment in the chemical division was
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significantly associated with prostate cancer morality, which is plausible given the

evidence from animal toxicity data suggesting reproductive hormone changes (33). An

update of this study with longer follow-up reportedly showed 10 prostate cancer excess,

although eligibility and exposure categories were changed (35). Animal toxicity studies

have suggested the potential for developmental toxicity including pregnancy loss,

reduced fetal weight, reduced postnatal survival, and delays in postaatal growth and

development in ra and mouse pups exposed to high doses (29,35-38). .

In human biomonitoring studies, PFOS and PFOA have been the predominant PFCs

detected in human blood, although the concentrations observed vary geographically. In «

the US, mean serum concentrations of PFOS have been reported in the range of 30-40

ng/mL (539-41). Serum PFOA levels are considerably lower, with geometric mean

concentrations estimated at around 5 ngfml (539-41). Although no consistent !

association With age or gender has been reported, recent evidence from pooled samples

from the 2001-2002 National Health and Nutition Examination Survey (NHANES) .

suggests that White males and females have higher serum concentrations of PFCs than

Blacks or Merican-Americans (5). PFOS and PFOA have also been detected in the

blood of individuals in the general population of many other counties, across several q

continents (3:42-50). In some developing counlris (e.g, Per), serum concentrations are

considerably lower than in developed countries, suggesting that production and use of

products containing these chemicals may contribute to the geographic variations observed ‘

(50). However, contamination has also been reported in biota from remote regions (¢5.

5
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the Arctic) (13;14;41), which would require global transport of these chemicals or their

precursors (51-55).

Despite the growing body of literature suggesting widespread human exposure, little is

known about the presence of PFCs in utero. Such data are necessary to extrapolate

developmental toxicity findings from animals to humans. The only previous reports of

the presenceof PFCs in the fetal circulation come from two small studiesofcord blood

specimens. A study of 15 matemal-fetal pairs in Japan confirmed that PFOS could cross

the placental barrier in humans, albeit incompletely (56). Another small study in

Northern Canada documented detectable levels of PFOS and PFOA in pooled cord blood

samples (48). There is a lack of data on the extent of fetal exposure to PFCs in the

United States. To fill in this gap, we measured concentrations of 10 PFCs in umbilical

cord blood as part ofa cross-sectional studyof newbomn deliveries at the Johns Hopkins

Hospital in Baltimore, MD. We also examined the determinants of cord PFC levels in

this population to identify whether demographic and/or socioeconomic factors were

Subjects

‘We conducted a cross-sectional study of newbom deliveries at the JohnsHopkins

Hospital in Baltimore, MD. The study received approval from the Johns Hopkins

Medicine Institutional Review Board and was determined to be HIPAA ‘exempt. The

study was conducted anonymously and utilized only specimens that otherwisewould
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have been discarded and medical records that were available to hospital and study

personnel. There was no requirement for informed consent due to the anonymization of !

all samples and data. Between November 26, 2004 and March 16, 2005 all singleton,

live birth deliveries occurring in the Labor and Delivery Suite at the hospital were

eligible for participation in the study. We excluded from the study population babies

from multiple births.

Over the course of the study period, 609 live births occurred at the Johns Hopkins

Hospital, of which 597 were singleton births. We obtained cord blood specimens from

341 of these, of which 42 had insufficient volume for laboratory analyses and were :
excluded from this study.

Cord blood samples were collected by hospital personnel immediately following delivery

(57). Upon delivery, a section of the cord was cleaned with an alcohol wipe and blood

was drawn from the umbilical cord vein using 2 sterile 60-mL Becton Dickinson (BD) .
syringe with an 18-gauge safety needle. A BD Vacutainer Blood Transfer Device was

then attached to the syringe and 10 mL glass BD vacutainers were filled. After

collection, cord blood specimens were stored inLaborandDelivery refrigerators. Within .
several hours, the specimens were picked up and taken across the street to a laboratory at
the Johns Hopkins Bloomberg School of Public Health for processing. Tubes were

centrifuged at 2400 rpm for 15 minutes for serum separation. Serum was aliquoted into ¢
2 mL polypropylene prescreened cryovials and stored at -80 °C. Frozen specimens were
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transferred on dry ice to the Centers for Disease Control and Prevention (CDC) for

ona

Medical Records

We abstracted matemal and infant characteristics from clinical databases maintained by

the hospital. The data were abstracted by two study investigators concurrently, and a

random 10 percent sample was verified by two others. The data collected included

demographic information, anthropometric. measures, medical history, and. pregnancy-

related characteristics. Age, race, education, marital status, and parity were based on

self-report. Insurance type was recoded from the medical record as “Medicaid” or

“Private,” with “Medicaid” defined to include all forms of public assistance insurance.

Body mass index was calculated from reported pre-pregnancy weight and height as the

rato of weight (in kilograms) to height (in meters) squared. Gestational age was based

on the “best obstetric estimate” and ‘categorized as term (>37 full weeks)orpreterm (<37

full weeks). Infant gender was abstracted from the mother’s medical record and

confirmed with the infant record. Smoking status was defined using a combinationofthe

matemal medical record and cord serum cotinine concentrations measured at birth.

Using cutoffs from Jarvis et al. (1987), samples with cotinine concentrations below 1

ng/mL were included in the categoryofnonsmokers, cotinine concentrations ‘between 1

and 14 ng/mL were categorized as passive smoking exposure, and samples with
concentrations above 14 ng/mL were categorized as active smoking exposure (58). Ifthe

clinical record indicated that the mother reported smoking at any time duringpregnancy,

she was considered an active smoker regardless of the cotinine concentration in cord

.
200



p70

blood at birth. The home address recorded in the matemal record was geocoded by a

commercial service (Geolytics, Inc). ‘We used the first five digits of the Census block !

group, referred toa the federal information processing standards (FIPS) code, to deatify

the boundaries of Baltimore City. Residence inside the city limits was defined using }

FIPS code: 24510.

Laboratory Analysis

Perfluorinated compounds.

Cord serum samples were analyzed for 10 PFCsby on-line solid-phase extraction (SPE),

coupled. with reversed phase high-performance liquid chromatography-tandem mass t

spectrometry. The method has been described in detail by Kuklenyik et al. (2005).

Excellent recovery, precision, and reliability have been reported using this method for the

detection of PFCs in human serum (59). Briefly, without protein precipitation, one.

aliquot of 100 kL of serum was injected into a commercial column switching system

allowing for concentration of the analytes on a SPE column. This column was placed

automatically in fiontofan analytical column for chromatographic separation of the

analytes. Detection and quantification were done using negative-ion TurbolonSpray

ionization, a variant of electrospray ionization, tandem mass spectrometry. Detection «

limits were in the low nanogram per milliliter range for the following PFCs:

perfluorooctane sulfonamide (PFOSA), 2-(N-cthyl-perfluorooctane sulfonamido) acetate

(EtPFOSA-AcOH), 2-(N-methyl-perfluoroo
ctane

sulfonamido) acetate (Me-PFOSA- t

ACOH), perflucrobutane sulfonate (PFBS), perfluorooctane sulfonate (PFOS),

perfluoroheptanoate (PFHpA), perfluorooctanoate (PFOA), perflucrodecanoate (PFDA),

Ed
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perfluoroundecanoate (PFUA), and perfluorododecanoate (PFDoA). Although the

analytical method allows for the quantificationofperfluorohexane sulfonate (PFHXS) and

perfluorononanoate (PFNA), these analytes could not be measured in the cord sera due to

the presence of nterferent compounds that eluted at the same retention times and shared

) precursorlproduct ion mass-to-charge ratios (wz) with PFHXS and PFNA. Similarly, the

precursorlproduct ion mz transition used for the quantification of PFOS also had an

interferent ion. Therefore, PFOS concentrations had to be calculated using another

transition, normally used to confirm the presence of BFOS. The nature of these

interferences is at present unknown. Quality control (QC) and reagent blank samples

were included in cach analytical batch along with the unknown samples. QC samples

‘were evaluated according to modified Westgard rules.’

Cotinine.

Serum cotinine was analyzed by CDC using the method described by Bemert et al.

(1997). The analytic method uses high-performance liquid chromatography coupled vith

atmospheric pressure chemical jonization tandem mass spectrometry to measure serum

cotinine concentrations with high accuracy and sensitivity (limit of detection [LOD] =
0.015 ng/mL). This method has been used to measure environmental tobacco smoke

dose in large-scale surveys,including NHANES (60).
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Statistical Analysis

We used descriptive statistics (geometric mean, median, interquartile range) to describe

cord serum PFC concentrations. Because PFC concentrations were skewed to the right,

all statistical tests were conducted on natural log-transformed concentrations. Pearson's

correlation was used to test for linear relationships between PFCs. We used linear ‘

regression to describe univariate relationships between continuous predictors and PFC

concentrations. The presence of non-linear relationships was explored using restricted

cubic spline models. .

Linear regression was also used to estimate the ratio of geometric mean concentrations «

(and 95 percent confidence intervals) among different categories of matemal

characteristics. Under the linear regression model, the expectation (or average) of the

‘natural log PFC concentration is describedasfollows: !

| E(nPFC)=f+fx,+&

The regression coefficient, i, is equal to

fy = EQnPFO),, ~ E(n PFC),,

Aferexponentiating the coefficient,theequation reduces to:

FE ”GM(InPFC,5)

The exponentiated coefficient can be interpreted as the ratio of geometric mean

concentrationswhen X,=1 versuswhen X,=0. The95percentconfidenceintervalon this )

ratio can be estimated similarly, by exponentiating the confidence intervals of the

coefficient,

E)
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Multivariate linear regression was performed to compare geometric mean concentrations,

after adjusting for other covariates. For all models, regression diagnostics were

conducted and regression results were reported with and without robust standard errors in
the presence of heteroskedssticity. Concentrations below the LOD (<LOD) were

imputed a value equal to the LOD divided by the square rootoftwo for all analyses (61).

Statistical analyses were performed using STATA version 8.0 (StataCorp, College

Station, TX).

Results

‘Table 3-1 summarizes the PFCs detected in umbilical cord serum. PFOA was detected in
all samples and PFOS was detectedinallbut two samples, with comresponding geometric

means of 1.6 ng/mL for PFOA (range: 0.3-7.1 ng/mL) and 4.9 ng/mL for PFOS (ranges

ND-34.8 ng/mL). The 95" percentile concentration was 3.4 ng/mL for PFOA and 12.4

ng/mL for PFOS. These two compounds made up most of the total concentration of the
PFCs measured in these specimens (52%, on average). Four other compounds were
detested in at least 20 percent of samples (PFOSA, Me-PFOSA-AcOH, PFDeA, PFUA).
However, concentrations of these compounds were substantially lower than those of
PFOS and PFOA. Becauso only PFOS and PFOA were detected in the majority of
samples and the ranges of detections for the other compounds were small, further
analyses were conducted only for PFOSand PFOA.
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As expected, concentrations of both PFOS and PFOA were right skewed and became.

more Gaussian after natural log-transformation (Figure 3-1). However, both log- !

ransformed distributions still deviated from normality based on the Shapiro-Wilk test

(p<0.01). Cord concentrations of PFOS and PFOA were highly correlated with one

another (Figure 3-2; Pearson's r= 0.64, p<0.01). '

Figure 3-3 shows the distribution (median and interquartile range) of PFOS and PFOA. y:

concentrations by maternal and infant characteristics. In Tables 3-2 and 3-3, the ratios of

‘geometric means comparing these subgroups are shown for PFOS and PFOA. The

geometric mean concentrationsof PFOS for Asians (6.0 ng/mL) and Blacks (5.1 ng/mL) ¢

were higher than for Whites (42 ng/ml), while PFOA levels were more evenly

distributed by race. There was some evidenceof heteroskedastiity in the comparison of

‘geometric mean PFOS concentrations by race/ethnicity, so we generated linear regression ¢

estimates with robust standard errors as well. Using robust estimates, the difference in

geometric mean concentrations between Asians and Whites was no longer statistically

sigaificant. Male babies had lower geometric mean concentrations than female babies for '

both compounds (FOS: p=0.10; PFOA: p<0.01). There was 2 trend towards slightly

higher average concentrations among obese (BMI 230 kg/m’) and underweight (<18.5 ‘

kg/m?) women, compared with normal weight (18.5 — 24.9 kg/m’) women, although only

statistically significant for PFOA concentrations among obese women (p<0.01).

Evidence of a non-linear relationship with BMI was confirmed using restricted cubic. ¢

spline models (Figures 3-4). Primiparous and term births were associated with slightly

higher average cord concentrations of PFOS and BFOA, but the differences were not

61
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statistically significant in univariate models. There were no other significant predictors
of cord concentrations among the remaining covariates, which included age, education,
insurance type, marital status, smoking status, and living inside the city limits. Similar
relationships were observed when all the variables were included in a multivariate model
(Tables 3-2 and 3-3). When examining covariatesasconlinuous measures, no significant
linear trends were observed between PFOS or PFOA and matemal age (Figure 3-5),
gestational age (Figure 3-6)orcordcotinine concentration (Figures 3-7, 3-8).

Discussion

“This study confirms earlier findings indicating that the developing fetus is exposed to
persistent PFCs in utero. We detected PFOS and PFOA in 99 and 100 percent of 299
umbilical cord blood samples, respectively, at a hospital in Baltimore City. The
geometric mean concentrations of PFOS and PFOA were 49 and 16 nim,
respectively. Other PFCs were detected less frequently and at lower concentrations. The
identification of PFOS and PFOA as the predominant compounds detected in cord blood
is consistent with previous reports of PFC concentrations in the blood of individuals in
the United States.

Cord concentrations of PFOS and PFOA were found to be strongly correlated with one
another. Thecorrelationbetween these compounds isofinterest because they arise fom
different industrial sources and their presence likely differs in consumer products.
Further, there is no evidence that PFOS or PFOA can degrade or metabolize into one
another. To date, the pathwaysofhuman exposure to PFOS and PFOA are not well

6 ‘

23



p76

understood. It has been hypothesized that volatile precursor compounds (perfluorinated

sulfonamides and fluorotelomer alcohols) may contribute to the widespread !

contamination observed in remote regions (51;53). Recently, residual amounts of these

compounds have been identified in commercial and consumer products, including carpet

protectors (62) and microwave popcorn bags (63). POS and PFOA have also been !

identified in house dust andlor indoor air (64-67). If exposure through consumer

products were occurring and the useof these products were correlated, this could explain ,

the correlation observedin human serum samples.

Altematively, environmental contamination of these compounds has been well- .

documented in regions as far away as the Arctic (68:69). PFOS (and PFOA to a lesser

extent) has been shown to bioconcentrate in fish (4470-72) and biomagnify in aquatic

food chains (470-73), sugsesting tha fish consumption could be a plausible source of !

exposure. In a recent study in Poland, Falandyszet al. (2006) found that individuals with

high fish consumption had elevated concentrations of PFOS (and PFOA to a lesser .

extent) in their blood relative to other groups (42). The correlation between PFOS and

PFOA in blood may reflect the co-occurrence and uptake of these compounds through

secondary pathways, such as dietary or drinking water consumption. Alibough the .

specific pathwaysofexposure are still uncertain, these data would indicate that PFOS and

PFOA share common pathways to the population of women of childbearing age in this

region. ¢

6
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‘The analytic method used to measure human serum concentrations of PFCs has been

described in detail (59). Excellent precision has been reported using this on-line method.

At concentrations in the rangeofwhat we observed in the current study, CVs of 10

percent were reported for both PFOS and PFOA (59). In this study, measurement error

for PFOS may be greater, because the precursor/product fon transition nomally used for

quantification could not be used due to coelution with another interferent analyte

transition fon. In general, measurement emor would be expected to. bias bivariate

associations to the nullifthe error is completely random (74). Thus, it may contribute to
the lack of differences observed in PFC concentrations between many of the subgroups

under study.

‘Cord PROS and PFOA concentrations in this study were generally within the range of
previous reports from Japan and Canada (Figure 3-9). Inoue ct al. (2004) measured.

PFOS and PFOA in serum collected in Japan in 2003 from 15 maternalfetal pairs. The
authors reported the presence of PFOS in all 15 cord blood samples tested, at
concentrations ranging from 1.6 10 5.3 ng/mL (56). In the same study, PFOA was
detected in only3 maternal samples and no fetal samples (LOQ: 0.5 ngimL). In a study

of 13 pooled cord plasma samples in northem Canada, collected from 1994-2001,

arithmetic mean concentrations of PFOS and PFOA were 16.7 and 3.4 ng/L,

respectively, higher than the average concentrations reported here (48).

Inoue et al. (2004) reported that concentrations of PFOS in cord blood were
approximately one-third those of matemal concentrations (56). If we assume this

6
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veltionship would be observed in the present study, then this population may have lower

exposure than reported for other partsofthe United States. The geomelric mean PFOS. ‘

serum concentration reported here, 5 ng/mL, would correspond to 15 ng in the

mothers. This represents less than half of the average concentrations reported in the

United States, which are in the range of 30-40 ng/mL (5539-41). However, in a recent

analysis of pooled 2001-2002 NHANES samples, mean concentrations of PFOS among

‘women of childbearing age were 24 and 18 ng/mL, for Whites and Blacks, respectively .

(5). Differences in reported concentrations may result in part, from varied use and

exposure to fluorochemically-reated consumer products, different dietary habits, and

temporal trends in human exposure. Altematively, th reltionship between mater and ‘
fetal concentrations may be different in this population than what has been reported by

Inoue et al. (2004). Further, tis study was not intended to be representative of the full

US. population and regional differences in exposure may exist. The hospital in which !

this study was conducted is located in an urban area on the East Coast of the United

States. The patients delivering at this hospital ae likely to represent a diverse mixture of .
subjects, including individuals rom the surrounding community, faculty and staff from
the adjacent medical institutions,aswelastransfers from outside ofthe Baltimore area.

In this study, very few matemal factors were observed to be predictors of cord PFC
concentrations. FOS and PFOA concentrations wee relatively constant across maternal

age. This lack ofassociation with age is consistent with reports amongotherpopulations «
Olsen and colleagues conducted three separate studiesof PFC concentrations in the blood

of children, adults, and the elderly, and found similar geometric mean PFOS and PFOA

6
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concentrations (39-41). If exposure to these compounds were a functionofthe type of

‘consumer products and materialsinthe home, one might expect to observe adifference in

serum concentrations between individuals of different socioeconomic status, However,

none of the socioeconomic measures in our study (e.g. education, insurance, marital

status, living within the ity limits) were associated with fetal concentrations. It should

be noted that a significant amount of data was missing on insurance status and self-

reported level of education may not be a precise measure of attained education for the

study participants youngerthan age 18 (n= 25). Thus, there may bebettermetrics (c.g.

income, wealth) with which to examine the presence of socioeconomic disparities in the

distribution of fetal levels of these compounds. Overall, cord concentrations were.

relatively low, specifically for PFOA, such that even statistically significant differences

estimated by the ratioof geometric means may reflect minor absolute differencesindose.

For example, we did find a difference in cord PFOA concentrations by matemal bmi

(obese versus normal weight) and infant gender (male versus female), however the

absolute difference in geometric means between the groups in cach comparison was only

03 ng/mL.

In our study population, babies of Asians and Blacks had somewhat higher PFOS

concentrations than those of Whites. ‘This is in contrast to an analysis of pooled serum

samples from 2001-2002 NHANES, in which White females of child-bearing age had
higher levels than Black females (5). There are several possible reasons for differences

in this relationship, including the use of pooled versus individual serum samples,

differences in exposure pattems between the populations under study, or variations in
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placental transfer by race. Interestingly, the three highest PFOS concentrations observed

in this study were all among Asians (two from China). Several studies conducted in ‘

Asian countries have reported concentrations of PFOS in the general population at or

above what has been observed in the United States (44-47). In fact, a Chinese study of

85 blood samples collected in 2004 reported a mean PFOS concentration of 52.7 ng/mL. '

(47), substantially higher than what has been typically reported in the United States (40).

These data are consistent with regional variability in exposure, for which race/ethnicity .

‘may represent a surrogate marker.

In summary, ourfindingsconfirm the presence of in utero exposure to PFOSand PFOA, «
and less 50, to other PFCs under study. These data suggest that exposure is occurring

among apopulationofwomenofchildbearing agein theBaltimore rca, at levels that are

similar to or slightly below such women across the United States. Concentrations of '

PFOS and PFOA were highly correlated, possibly due to common pathways for exposure.

Further, in utero serum concentrations of PFOS appear to be higher in Asian and Black

babies, when compared to White babies. Future studies should measure maternal serum

concentrations in addition to cord serum concentrations, to describe the extent of
placental transfer of these compounds. The next chapter examines the relationship |
between cord serum concentrations, birth weight, and birth size in this population.

&
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‘Table 3-1. Perfluorinated chemicals (PFCs) measured in cord blood serum and
reported in units of ng/mL.

Tint or %Above Geometric Mean Mean %ofGorapound® Detection “Lop (Range) Total PFC
PFOSA 005 Ex) 005 (ND-08) 08%ELPFOSAACOH 02 1% 014(ND-05) 20%Me-PFOSAACOH 02 40% 020(ND- 18) 30%PEBUS 01 3% 007 (ND-02) 1.0%PFOS 02 9% 495(ND-348) 62%PEHpA 01 2% 029(ND 25) 40%PFOA 0102 100% 1570371) 20%PFDeA 02 2% 017(ND-1.1) 24%PFUA 02 us 020(ND- 1.9) 25%PFDOA 02 5% 0.15(ND _1. 20%¥ PEOSA = perfluorocine sulfonamide; BPFOSA-ACOH = 2-(N-ethy prfuoroocans salfoninid)actae; Me-PFOSA-ACOH = 2-(Vmethykperfluoooctan

esonamido)
acett; FEBS = perfuorabutingulfonate; POS =perfirooctne sulfonate; PFipA = perfiorohepiasoate; PFOA = pefluoroocanoutePFDA = prfluorodecanoate PFUA = erliroundecanoat; PFDA = periorododecanote++ Assuming pon-dtets (ND)ealLOD.
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‘Table 3-2. Ratios (and 95% confidence intervals) of geometric mean PFOS
concentrations in cord blood serum by maternal and infant characteristics. ‘

[e
os

[ome|oom mmr]
‘Age group<18years 1.00(0.76-4.31) 1.02 (0.73-1.43)

18:35 years - — ‘
>35 years 100(076.32) 113 (0841.59)

Race
‘Write & — mm
Asian 2 143 (1,061.95) 143(1.02201)
Black. 210 123 (1,021.48) 1.28 (0.98:1.68)

‘Education «
<HS diploma, 8 ~ -
HS diploma 97 107(088430) | 1.05 (0.84132)
1-4 years college 6 1.01 (0.82:1.25) 1.06 (079-142)
5+years cole 2 1.07 (0.84437) 1.05 (0.70-1.58)

Tnsurance
Public assistance © — ‘

Private 116 0 1.10 0.86-1.41)
Wartal status.
Unmarried 198 — —
Mariod 101 095 081-111 090 067-1.19)

Body mass index .
Underweight (<18.5) 16 122087173) 122(0851.75)
Noma (18.5:24.9) 135 — —
Overweight (25299)|. 65 098080120) | 07(0781.19)
Obese (30+) 7 1.13(093-1:37) 1.11(0.90-437)

Parity
Primiparous. 125 — — .
Multiparous. 174 0920.79.08) 091076108)

Smoking status.
Non-smoker — -

Passive 1.07 (0.79-1.44) 1.05 (0.76-1.46)
Active. 088 (0731.08) 092 073-1.15)
Tnfant gender .
Female 133 — —
Male 166 0.88 (0761.02) 087 (0741.02)

Tide city mits?
No ” —
Yes 1.04 (0881.22) 084 0751.17)
Preterm bith ‘
No 20 — -
Yes 39 0.86 (0.69-1.08) 050070114)

Adjusted model cladesal variables Ted teube
‘Thefollowingdaaweremissing: 4observationsfor education, 85forinsurance and 11 for BMI Missingdatawertrted as an indicatorterm i tegression models.
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‘Table 3-3. Ratios (and 95% confidence intervals)of geometric mean PFOA
‘concentrations in cord blood serum by maternal and infant characteristics.

[Poa
Characteristic|vom omer]wior osama | osmomzo
i2 - -on rosomuasy | moni
ly mn o ~pen 5 | emi | semisrns | 5 | mem | semiCer | 2 | meme | reps
eis |» _ -
iSs po _ _fn | ememn | angiEe| rns| 5 | tsasorsn| saosinmarl 2 3 or| Srmiene| 2 | im| reganin 5 | imeem | moe2 worn us _ _icon 2| omemion | amoreiETog _ _a wr | aromfo ned | mes
io _ _- sere | seheni= ” _ _ko 2| oni | oem

Preterm birth |=|we _ _vo sonia. | seenrr aaBrDaiohLl
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Figure 3-1. Distributions of PFOS and PFOA concentrations in cord blood serum.
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CHAPTER 4 .

AN EPIDEMIOLOGIC INVESTIGATION OF FETAL
EXPOSURE TO PFOS AND PFOA AND RELATIONSHIPS

‘WITH WEIGHT AND SIZE AT BIRTH ,
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Abstract

BACKGROUND: Perfluorinated compounds (PFCs) such as perfluorooctane sulfonate

(PFOS) and perfluorooctanoate (PFOA) are used in a varietyofconsumer and industrial

applications. Recent studics have reported developmental toxicity among rodents dosed

with PFOS and PFOA, two widely used surfactants. We previously documented in utero

exposure to PFCs among newborn deliveriesathospital in Baltimore, MD.

METHODS: In this hospital-based cross-sectional study, we examine the relationship

between cord concentrations of PFOS or PFOA and birth weight (grams), newbom head

circumference (om), length (cm), and ponderal index (g/em’x100). Multiple births and

babies with major congenital anomalies were excluded from the study population (n =
293). Cord serum samples were analyzed for PFOS and PFOA by online solid-phase

extraction, coupled with reversed phase high-performance liquid chromatography.-tandem

‘mass spectrometry. Medical record data were obtained from maternal and infant charts.

RESULTS: After adjusting for potential confounders, both PFOS and PFOA were
‘negatively associated with birth weight (per increase from 25 to 75 percentile: f = 58

grams, 95% CI: “125, 9 for PFOS; B = -58 grams, 95% CI -119, 3 for PFOA) and
ponderal index (per increase from 25™ to 75® percentile: B = -0.062, 95% CI 0.104, -

0.021 for PFOS; B = 0.039, 95% CI: -0.077, -0.001 for PFOA). A negative association

was also observed with head circumference, but only among vaginal deliveries. These
associationswere independent ofcordserum lipid concentrations.

. CONCLUSION: Despite relatively low serum concentrations, we detected negative.

associations between PFOSandPFOA concentrationsin cordserum and birth weight and
size. Future studies should attempttoreplicate these findingsinother populations.

8
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Introduction

Perfluorinated compounds (PFCs) comprise a class of manmade, filly fluorinated

organic compounds that have been used in a variety of consumer and industrial

applications for more than 50 years (1:2). Although produced for many years, only

recently have reports surfaced suggesting widespread exposure in wildlife and humans

(35). Two of the most widely detected and studied compounds in this class are

perfluorooctane sulfonate (PFOS) and perflorooctanote (PFOA), PFOS and related .

compounds (perfluorinated. sulfonamides) are surfactants used in applications ranging

from oil and water repellents for fabrics, apparel, carpets, and paper coatings to specialty

chemical applications such as insecticides and fie fighting foams (2). Because of the ¢
evidence of human exposure to PFOS, its major U.S. manufacturer announced in 2000

the phase-out of all perfluorooctanyl-based products. PFOA and its salts are used as
chemical intermediates and processing aids in the production of fluoropolymers and !
uoroclastomers (6) and ae tll being produced in the United States.

Both PFOS and PFOA have shown the potential for developmental toxicity in animal
studics. FOS has been shown to induce developmental and reproductive effects in rats
and mic, such as reduced birth weight, decreased gestational length, structural defects, ‘
developmental delays, and increased neonatal mortality (7-12). Recent studies have
reported developmental toxicity from PFOA in rodentsa wel, including pregnancy loss,
reduced fal weight, reduced postnatal survival, and delays in postnatal growth and ¢
development in offspring (13-17). The US. Environmental Protection Agency is
currently evaluating PFOA for potential developmental risks to humans (18). PFOS and

5
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PFOA have also been identified as peroxisome proliferators (19-24) and have been

shown to have hypolipidemic effects in several animal species. Toxicity studies in

animals have shown marked reductions in serum cholesterol and/or triglycerides (7;25-

27), which may be mediated through down-regulation of HMG-CoA (3-hydroxy-3-

‘methylglutaryl coenzyme A) reductase, a key enzyme in cholesterol synthesis (27).

Conversely, a few cross-sectional occupational studies conducted among fluorochemical

production employees have reported positive relationships between serum lipids and

PFOS and/or PFOA concentrations (28;29). No epidemiologic studies have evaluated the

impacts ofPFC exposure on fetal growth and development.

‘The fetus is likely to be sensitive to the availability of cholesterol and triglycerides, due

10 ce pt, dim, oy wh cmon di
development (30). Disruptions to normal fetal growth and development have been

associated with effects across the lifespan, including adverse neonatal and childhood

outcomes (31-36) and metabolic diseases in adulthood (37;38). The most common

approaches for identifying potentially growth-restricted newborns are classifying birth

weight, length, and head circumference by gestational age. Newboms below the 10°

percentile of weight or size are typically classified as small-for-gestational age, even

though it is recognized that sucha classification will miss some growth-restricted babies

and identify others who are simply constitutionally small (39:40). Body proportionality

has been used to define asymmetric growth, which has been associated withincreased

severityofgrowth restriction (41) and adverse neonatal outcomes (42-47). Onemeasure

=
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of disproportionate growth restriction is the ponderal index (weightllength’ x 100), a

‘measureofbody mass atbirth. ‘

In a previous report, we documented cord blood concentrationsofPFOS and PFOA in a

populationofnewbom deliveries occurring in a Baltimore city hospital. In this study, we

examine the relationship between these concentrations and measures of birth weight and

bith size parameters, including head circumference, length, and ponderal indey. .

Material and Methods

Subjects ‘
We conducted a cross-sectional study of newbom deliveries at the Johns Hopkins

Hospital in Baltimore, MD. The study received approval from the Johns Hopkins

Medicine Institutional Review Board and was determined to be HIPAA exempt. The !

study was conducted anonymously and utilized only specimens that otherwise would

have been discarded and medical records that were available to study personel. There }
was 10 requirement for informed consent du to the anonymization of all samples and
data. Between November 26, 2004 and March 16, 2005 all singleton, ive bith deliveries

‘occurring in the Labor and Delivery Suit at the hospital were eligible for participation in .
the study. We excluded from the study population women who gave birth to more than
one child or women who delivered a single child but had an inal twin gestation with
fetal loss at 20 weeks or greater. Newboms with major congenital anomalies likely to ‘
impact fetal growth were excluded as wel.

91
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Over the course of the study period, 609 live births occurred at the Johns Hopkins
Hospital,of which 597 were singleton births. We abiained cord blood specimens from
341 of these, of which 42 had insufficient volume for laboratory analyses and were
excluded from this study. An additional five singleton births had major congenital
anomalies indicated on the birth record and one birth was identified as an initial twin
gestation with demise of the fetal twin at 20 weeks. These subjects were excluded,
leavingatotal of293studyparticipants (Figure 4-1)

Cord blood samples were collected from the umbilical cord vein by hospital personnel
immediately following delivery (48). Upon delivery, a sectionofthe cord was cleaned
‘with an alcohol wipe and blood was drawn using a sterile 60-mL Becton Dickinson (BD)
syringe with an 18-gange safety needle. A BD Vacutainer Blood Transfer Device was
then attached to the syringe and 10 mL glass BD vacutsiners were filed. After
collection, cord blood specimens were stored in Labor and Delivery refrigerators. Within
several hours, the specimens were picked up andtaken across the street to a laboratoryat
the Johns Hopkins Bloomberg School of Public Health for processing. Tubes were
centrifuged at 2400 rpm for 15 minutes for serum separation. Serum was aliquoted into
2mL polypropylene prescreened cryovials and stored at 80 °C. Frozen specimens were
transferred on. dry ice to the Centers for Disease Control and Prevention (CDC) for
laboratory analyses.

Medical Records

2
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We abstracted matemal and infant characteristics from clinical databases maintained by

the hospital.  Matemal information was abstracted by two study investigators

concurrently, anda random 10 percent sample was verified by two others. The data

collected included demographic information, anthropometric measures, medical history,

and pregnancy-related characteristics. Age, race, education, marital satus, and parity

were based on self-report. Body mass index was calculated from reported pre-preguancy

weight and height as the ratio of weight (in kilograms) to height (in meters) squared. ,
Gestational age was based on the “best obstetric estimate.” Infant gender was abstracted

from the mother's medical record and confirmed with the infant record. Information on

‘matemal health conditions were abstracted from the medical record. Smoking status was '
defined using a combination of the matemal medical record and cord serum cotinine.

concentrations measured at birth. Using cutoffs from Jarvis etal. (1987), samples with a
cotinine concentration of1 to 14 ng/mL were categorized as passive smoking exposure :

and samples with a concentration above 14 ng/mL were categorized as active smoking

exposure (49). Serum samples with cotinine concentrations below 1 ng/ml. were .
included in the category of nonsmokers. Ifthe clinical record indicated that the mother

reported smoking at any time during pregnancy, she was considered an active smoker
regardless of the cotinine concentration in cord blood at birth. Because it was not .
possible to measure passive smoking exposure earlier in pregnancy and misclassification

is likely to exist between passive and non-smokers, smoking status was dichotomized to
active and passive/non-smoker in statistical analyses. t

9
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Infant anthropometric measures were abstracted from the infant medical record. Birth

Weight in grams was obtained from the infant record and confirmed with the matemal

record. Head circumference and length in centimeters were abstracted fom the infant

secord. Ponderal index was calculated as the ratioofbirth weight in grams to length in

centimeters cubed, multiplied by 100 (birthweight lenge? x100). We examined the

relationships between gestational age, birth weight, length, and head circumference to

identify outlying values. Outliers were identified and weight and size measurements

were verified using the infant and matemal record.

Laboratory Analysis

Pefluorinated compounds

Cord serum samples were analyzed for PFOS and PFOA by online solid-phase

extraction (SPE), coupled with reversed phase high-performance liquid chromatography

tandem mass spectrometry.Themethod has been described in detail by Kuklenyik etal.

(2005). Excellent precision has been reported using this method for the detection of

PECs in human serum (50). Briefly, without protein precipitation, one aliquot of 100 pL.

of serum was injected into a commercial column switching system allowing for

concentrationofthe analytes on a SPE column. This column was placed automatically in

frontofan analytical column for chromatographic separationofthe analytes. Detection

and quanification were done using negative-ion TurbolonSpray ionization, a variant of

electrospray ionization, tandem mass spectrometry. Detection limits were in the low

nanogram per milliliter range for PROS and PFOA. In these cord serum samples, the

precursor/product ion m/z wansition used for the quantification of PFOS had an
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interferent ion. Therefore, PFOS concentrations had to be calculated using another

transition, normally used to confirm the presenceof PFOS. The natureofthis interference ‘
isatpresent unknown. Quality control (QC) and reagent blank samples were included in

each analytical batch along with the unknown samples. QC samples were evaluated

according to modified Westgard rules All laboratory analyses were conducted by

investigators blinded to the characteristicsof study subjects.

Cotinine.

Serum cotinine was analyzed by CDC using the method described by Bemert ct al.
(1997). The analytic method uses high-performance liquid chromatography coupled with ‘
atmospheric pressure chemical ionizafion tandem mass spectrometry to measure serum

cotinine concentrations with high accuracy and sensitivity (limit of detection [LOD] =
0.015 ng/mL). This method has been used to measure environmental tobacco smoke ‘
dose in large-scale surveys,includingNHANES (51).

Statistical Analysis

We used descriptive statistics to characterize the study population. We used Fisher's

Exact test and Wilcoxon's Raak Sum test to compare subjects with missing data on key .
covariate to those with complete data. We used descriptive statistics appropriate. for
ight-skewed data o characterize cord PFOS and PFOA concentrations. Spearman rank
conelation was used to estimate the comrelation between cord levels of the two «
compounds. Because PFOS and PFOA concentrations were skewed to the right, all

 Deserpino
f

sailmethod conte Antonis Cafe, DivisonofLaborsoySecs,National Ctefor Environmental Healt, CDC.

3

7



p.108

statistical tests were conducted on natural log-transformed concentrations. Natural og-

transformed concentrations were also used as independent variables in regression analysis

to minimize the potential influence of outliers on the regression coefficients. Samples.

below the detection limit for PFOS, PFOA, and cotinine were assumed tobeequal to the

detection limit divided by the square rootoftwo forall analyses (52).

We conducted univariate and multivariate linear regression analyses to examine the

associations between PFOS or PFOA and birth weight, newbom head circumference,

‘newborn length, and ponderal index. The inclusionofcovariates in the regression model

was based on apriori knowledgeofthekey determinantsofbirth weight and birth size.

‘The covariates included in the primary adjusted models were: smoking status, matemal

age, gestational age, race, matemal pre-pregnancy body mass index (BMI), weight gain

during pregnancy, maternal height, parity, gender, diabetes, and hypertension. Diabetes

was defined to include subjects with pre-existing or gestational diabetes,assumingboth

conditions would result in increased fetal weight for age. Similarly, hypertension was

defined to include subjects with pre-eclampsia, pregnancy-induced hypertension, and

chronic hypertension, which were expected to result in decreased weight for age. For

consistency, the same st of covariates was included intheprimary regression model for

each endpoint, with the exception of delivery mode (Vaginal versus Caesarian section),

which was included as a predictor of head circumference. The specification of these

variables in the model was based on the shapeof the empirical relationships between the

covariates and the different endpoints (Appendix A). Based on the empirical evidence, a

quadratic term for materal age was included in regressions of birth weight, head

9%
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circumference, and ponderal index, but not for length. A quadratic term for gestational

age was included in regressions of head circumference only. All other terms were ‘

included in the models as linear or categorical (indicator) variables. We explored the
possible inclusion of other variables (ez. education level, marital status, insurance
tas), but were dropped because they had no material effect on the coefficient estimates.

A small minority (<4 percent) ofthe study population was missing data on pre-pregnancy \
weigh, height, and/or weight gain during pregnancy, which are important predictors of
birth weight and size. Those subjects missing data on at least one ofthese variables were
more likely to be smokers and deliver preterm. However, theywere similar with respect «
0 other characteristics, including demographics, birth weight, anthropometric measures
a birth, and cord levels of PROS and PFOA (Table B-1). We examined two different
approaches for handling those missing data: (1) complete case analysis (ic. dropping !
observations for which one of the above measures is missing, also called “lisse”
deletion) and (2) imputing the missing data with the median value of height, weight, }
andlor weight gain. Both approaches produced similar results (Table B-3), therefore,
only the latter approach is presented here. As a sensitivity analysis, we examined the
impactofimputing BMI or weight gain with extreme values and found no material effect
on the regression coefficientsof PFOS or PFOA.

Wie also conducted a series of sensitivity anlyses to examine the impact of modeling .
assumptions on the regression estimates. We examined the impact of covariate
specification in regression models, including the use ofcotinine concentration instead of

9
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smokingstatus to controlfor the effectof smoking,andwe exploredthepresenceofnon-

lincarites among the potential confounders using restricted cubic spline models. We also

conducted regressions on untransiommed PFOS and PFOA concentrations to evaluate

Whether inferences were consistent withthe primary log-linear models.

Regression diagnostics were conducted for all models, including examination of fit,

heteroskedasticty, and influence, Statistical analyses were performed using STATA

version 8.0 (StataCorp, College Station, TX).

Results

‘Table 4-1 shows the characteristics of the study population. The mean matemal age at

delivery was approximately 26 years of age, with a range of 14 to 43. Eight percent of

births occurred to mother's less than 18 yearsofage at delivery. The majority of study

‘participants were Black (71%; n=208), followed by White (21%; n=60) and Asian (9%;

1=25). Over 60 percent of the mothers in our study had a high schooldiplomaor less,

while about 14 percent had some amount of post-graduate education. Approximately

two-thirds of the study mothers were unmarried. While only 6 percent of the mothers

were underweight prior to pregnancy (BMI <I8.5 kg/m’), close to 50 percent were

classified as overweightorobese (BMI > 25 kg/m’). The average net weight gain during

pregaancy (weight gain minus birth weigh) was 22.7 pounds, with a wide distribution

observed (SD = 17.8 Ibs). More than 40 percent of babies were first-bom.

Approximately 19 percentofmothers were categorized as smokers on the basisofcord

cotinine levels at birth and self-report. Among study subjects, the rates of low birth

Fea
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‘weight (<2500 grams) and preterm birth (<37 completed weeks) were 11 and 13 percent,

respectively. The distribution of birth weight, newbom length, head circumference, and~~

‘ponderal index is shown in Table 4-2.

PFOS was detected in greater than 99 percent of infants” cord blood samples and PFOA

was detected in 100 percent of samples. The distribution of PFOS and PFOA

concentrations in cord blood is shown in Table 42. The median cord serum

concentration of PFOS was 5 ng/mL, with a range from below the limit of detection

(<LOD) to 34.8 ng/mL. The median PFOA concentration was 1.6 ng/mL, with a range
fiom 0.3 ng/mL to 7.1 ng/mL. Concentrationsof PFOS and PFOA in cord blood were .
highly correlated (Spearmanrank correlation coefficient: 0.58; p<.01).

‘Table 4-3 shows the regression model resultsofbirth weight, length, head circumference, ‘
and ponderal index on natural log transformed PFOS and PFOA. After adjusting for
potential confounders, both PFOS and PFOA were negatively associated with birth
weight. For PFOS, an average reduction in birth weight of 58 grams (95% CI -125, 9)
was associated with a change in cord concentration from the 25® to 75™ percentile. For
PFOA, an increase from the 25 to 75 percentile was associated with an average birth ‘
‘weight decline of $8 grams (95% CI -119, 3). In both models, significant predictors of
birth weight included gestational age, smoking status, materal BMI, parity, gender,
‘matemal height, netweightgainduring pregnancy, and diabetes (Tables C-1, C-2). ¢
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For head circumference, a negative association was observed with In(PFOS) in a

SE
concentration from the 25™ to 75% percentile was associated withanaverage decrease in

‘head circumference of 0.27 centimeters (95% CI: -0.48, -0.06). For PFOA, a negative

association was observed in both univariate (p=0.03) and multivariate analyses (p=0.02).

In the multivariate model, an increase from the 25% to 75% percentile of PFOA was

siteddeinme bdmiaof023sie G54 C16,
004). The predicted relationships between PFOS or PFOA and head circumference

‘based on the unadjusted and adjusted regression models are displayed in Figure 4-2.

‘Based on the results of multivariate models, significant predictorsofhead circumference

were gestational age, smoking status, matemal BMI, parity, race, maternal height, net

‘weight gain during pregnancy, diabetes, hypertension; and delivery mode (Tables C-3, C-

4).

Delivery mode was highly significant predictor of head circumference, with babies bom

by Caesarean section (C-section) having larger head circumferences, on average,

compared with vaginal deliveries, after adjusting for potential confounders. Because

‘babies bom by C-section do not have head molding during birth, we included an

sion em been FOS a FEOA and evry mode, ich vas ssl
significant (p<0.05). Among vaginal births, a large negative association was observed

ven EOS ox PFO sd cmt. Amen Csr, reia0
significant positive association between PFOS or PFOA and head circumference. Table

0
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4-4 shows estimated regression coefficients for PFOS and PFOA under the interaction

model. ‘

Contrary to the associations with birth weight and head circumference, neither PFOS nor

PFOA was significantly associated with newbom length in univariate or multivariate '

models (Table 4-3). The following covariates were significant predictors of newbom

Iength in multivariate models: gestational age, smoking status, matemal BMI and gender. .

Matemal height, net weight gain during pregnancy, and diabetes were marginally

significant (Tables C-5, C-6).

The association between PFOS and PFOA and ponderal index is shown in Table 4-3.

Negative associations were observed for both PFOS and PFOA with ponderal index in
univariate and multivariate models. Afer adjustment, an increase in PFOS concentration !
from the 25 to 75” percentile was associated with an average decline in ponderal index

of0.062 (95% CI: -0.104, 0.021). An increase in PFOA from the 25 to 75” percentile :

was associated with 2 mean decrease in ponderal index of 0.039 (95% Cl: -0.077, - '
0.001). Figure 4-3 displays the associations between PFOS or PFOA and ponderal index,

based on results from the univariate and multivariate regression models. Based on the .
results of multivariate models, the only other significant predictors of ponderal index

were gestational age, maternal age party, and net weight gain during pregnancy (Tables

c7,C8). ¢
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We conducted a series of sensitivity analysis to assess the impact of model and variable

specification on the results. The associations observed were predominantly insensiiveto

different specifications of potential confounders (e.g. use of cotinine as a continuous

measure, non-linear smooth functionsofheight, weight, and weight gain) (Appendices D-

G). We also examined the consistency of inferences when the multivariate regressions

were un on untransformed PFOS and PFOA. Figure 4-4 shows the univariate

relationship between PFOSorPFOA and head circumference, comparing the predicted fit

from log-linear and linear models. A similar comparison is made for ponderal index in

Figure 4-5. As shown in the figures, the choice ofa log-linearor linear model had lite

impact on the estimates oblained. Similar inferences were obtained in multivariate

‘models as well when comparing log-linear with linear functions (Figures D-7, E-7, F-7,

G9)

Discussion

In a previous study, we documented the extent and determinants of fetal cord

concenteationsof PFOS and PFOA in a hospital in Baltimore. In this study, we examined

the relationship betwen these cord concentrations with birth weight and birth size. Our

results showed negative associations between PFOS and PFOA with birth weight,

ponderal inde, and head circumference, afer adjusting for potential confounders.

Gestational age was the strongest confounder in this study and edjustient tended to

strengthen the associations observed. No significant associations were observed between

cither PFOS or PFOA and newborn length. These associations were relatively consistent,

102 ¢
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after conducting a series of sensitivity analyses examining the impacts of different

covariate adjustments, model specifications, and treatmentofmissing data. ‘

Ponderal index has been used by clinicians and epidemiologists as ameasure of thinness

at birth and an indicator of disproportionate or asymmetric growth restriction. Because

fetal weightgainand soft tissue mass increases dramatically in the third trimester and the

body becomes more proportional, it has been hypothesized that early insults during .

‘gestation result in symmetric growah restriction and later insults, asymmetric growth

: restriction. However, some empirical evidence conflicts with this notion about the timing

of fel growth disruption (39;53;54). Kramer et al. (1989) showed that ‘

disproportionality increased with increasing severity of growth restriction, suggesting the

presence ofa continuumof fetal growth restriction, rather than two distinct pattems (41).

Regardless, several studies have shown associations between low ponderal index and risk !

ofadverse neonatal outcomes (42-47). It has been reported that other metrics may better

predict infant body fat mass, including birth weight alone and birth weightilength ratio }
(55-58). We conducted regression analysesofbirthweight length ratio and birth weight

adjusted for length and found similar results to models of ponderal index (Figures G-7

through G-10). These results taken together suggest that at a given length and

gestational age, infant body weight is lower among babies with higher cord levels of

PFOS and PFOA.

The toxicology literature provides evidence of developmental effects among animals

dosed with PFOS and PFOA, albeit at substantially higher levels than observed here (7-
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17). Additionally, hypolipidemic effects have been observed in animals in response to

PFOS and PFOA exposure (7;25-27). In occupational studies, associations between

exposure and cholesterol and triglyceride levels have been observed as wel, although in

the opposite direction (2829;59). As a result of their potential effects on lipid

‘metabolism, our observationsofreduced weight for length would seem plausible. The

availability of triglycerides and cholesterol are essential to the developing fetus or the

accumulationofbody fat and developmentofcell membranesand steroid hormones (30).

In this study, we had cord serum cholesterol and triglyceride measurements available on

the study subjects. However, controlling for otal lipids, total cholesterol,o triglycerides

had no impact on the associations between PFOS or PFOA and ponderal index,

suggesting that the observed associations were independent of serum lipid levels

(Appendix H).

We also observed a negative association between PFOS and PFOA concentrations with

head circuraference. Head circumference is coelated with brain weight and volume.

(60-62) and reduced head circumference has been associated with poor cognitive

development in childhood, particularly among growth restricted babies (63-68).

However, our findings were somewhat puzzling given tha the associations with POS

and PFOA appeared to be completely restricted to vaginal deliveries. It could be

expected that if an association existed, it would be more apparent among elective C-

sections, due to the avoidanceofhead molding that accompanies labor. In our study,

there was no evidenceof a negative association when restricting the analysis futher to

elective C-sections. However, it should be noted that there were only 24 elective C-
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323



p.118

sectionsamongthe full study population. Future studies should examine this association

further. ‘

‘There are some potential limitations to this cross-sectional study, described below, which

should lead to cautious interpretation of the results. In this analysis we used an on-line

SPE method for the detection of low-level PFC concentrations in human serum. The

precision of the method has described in detail by Kuklenyik et al (2005), with low y

coefficientsofvariation (CV) reported for PFOS and PFOA (50). In this study, however,

‘measurement error for PFOS may be greater, because the precursor/product ion transition

normally used for quantification could not be used due to coelution with another ‘

interferent analyte transition ion. However, measurement error would be expected to bias.

‘bivariate associations to the nullifthe error is completely random (69).

As described above, there was missing data on possible confounders among a small

minority (<4 percent)ofstudy subjects. However, when examining different approaches .

to handling missing data (i.e. complete case analysis versus median imputation), similar

results were found. Similarly, the associations observed were relatively consistent with

the inclusion of different sets of covariates in the model and the specification of those «

‘variables (including the use of non-linear smoothing functions for potentialconfounders).

The use of medical records as the principle source for data on potential confounders is

likely to result in somedegree of misclassification. However, we observed the expected ‘

relationships between key predictors and birth outcomes, suggesting that the degree of

residual confounding is likely to be small.

10s
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When comparing the log-linear and linear models, relatively consistent findings were

observed. In some cases, the use ofa linear model resulted in PFOA coefficients that did

not achieve statistical significance, although the magnitude of the associations was

‘qualitatively similar to the log-linear model. The associations between PFOS and the

endpoints under study were insensitive to the functional form of the model. The log-

linear and linear models provide a similar fit to the data, thus, it is not clear which model

he ost opie fo ating te ap of i lini been cd
concentrations and birth weight and birth size.

In this analysis, we adjusted for the major known determinantsofbirth size and weight

It remains possible that other unmeasured factors, such as diet, maybeconfounding the

relationships observed in this study. The maternal diet would be expected to be related to

‘weight and sizeofthe fetus, and ponderal index has often been considered a measure of

nutritional status (46). Further, it is possible that the consumptionofcontaminated food

or water, including the use of fast-food containers, is a pathway of exposure to PFOS

and/or PFOA. However, to confound the relationships observed, undemutrition would

have to be positively associated with PFOS or PFOA exposure.

Our study population represented a group of individuals with more risk factors for

adverse birth outcomes than the United States as a whole, Compared to national

estimates, the ‘subjects in our population were more likely to be Black, teenagers,

unmarried, and cigarette smokers (Table B-2) (70). This is perhaps not surprising given
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the location of the hospital in an urban and disadvantaged community. Although not

quantified, these subjects may also have higher rates of other risk factors for poor !

outcomes, such as substance abuse and infections. It i not clear what, ifany, impact the

presenceofconcomitant risk factors would have on the results reported here, but future:

studies should be conducted in other setings to confirm these findings. It should be

noted, however, that we observed relationships between other key determinants and birth

weight consistent with the scientific literature, such as mother's age, smoking status, .
‘mother's weight and height, diabetes, and hypertension (Appendix B), which improves

our confidence in the generalizabilityofthese results to other settings.

In summary, we observed a negative association between PFOS and PFOA

concentrations in cord blood and birth weight, ponderal index, and head circumference

Although effects on lipid metabolism have been among the more sensitive effects :

observed in animal and human data, the associations observed here were independent of
cord lipid levels. We suggest cautious interpretation of this study until findings can be
replicated in other populations ‘
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Table 4-1. Study population characteristics.

Characteristic Hean(sD) or N (+)
Wetarnal age 79066)

<18 years 2462)
18:35 yoars 246 (840)
235 years 2508)

Race
White 60208)

Asian 2505)
Black 28710)
Education
<Hs dploma 808)
Hs diploma 92)
1-4 years college 50225)
5+ years college 2145)

Marta status
Unmaried 198 669)

Mariod 771)
Body mass index 2700)

Underweight (<16.5) 16 (66)
Nommal (18.5:24.8) 132466)
Overweight (2528.9) 6 (226)
Obese (30%) 71251)

Netweight gain (bs) 27(178)
Maternal hight (nches) 644027)
priniparous
No 11 (84)
Yes 122418)
Smoking sttus
NonPassive smoker 238612)

Adve 55188)
Infant gender
Female 13147)
Malo 16253)

| Preterm bin
| No 237 weeks) 2557.0)

Yes (<7 weeks) 38130)
Low bith weight
No(22,500grams) 220604)
Yes (<2500 grams) 31.105)

Fiisingdat excioded rors cloubion of sans and pees
“Toe following datawer isin: 4 observationsforeducation, 10 for
BMI forweigh gin, 5044 formate eight.
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‘Table 4-2. Distribution ofcord concentrationsofPFOS and PFOA and study
endpoints.

Porcantios
N_ Mean Min fon 25m Son sth so wax

‘Concentration
PFOS (ngimL) 2 60 AOD 25 a4 5 79 111 MsPFOA(agin) 29 18 03 08 12 1s 21 20 74 .
EndoointsBirthweight (grams) 293 3200 1145 2495 2777 3200 352 4150 5166Headcircumicrence
(em) 2 BS 260 3 32s NS ws ws 90Length (em) 28 500 30 47 485 00 520 ss 65 ’Ponderslindex 288 254 179 215 237 285 272 289 341“LOD=02 gin
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‘Table 4-4. Change in head circumference with a unit change in In(PFOS) or
In(PFOA) concentration, among Caesarean section and vaginal deliveries.

pros PFOA
Delivery moda

Coofficlnt (85% CI) pvalue  Cosffiient (35% CO)  pvalue

Vaginal 046(073,019) POO 062(10,023)  pe00t
Cesecton 031(023,086)  p025  023(044,091)  p=050

* Regression coelcints are estimatefom amlvariatemodelwithan interaction tembetween PFOS
or PFOA and delivery mode. Cosffiientsar adjusted for gestational ae, maternal ge, body mass ides,
ace, parity, smoking, baby gender, beigh, etweightgan,diabetes, and ypertcnsion .
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Live births at Johns Hopkins.
Hospltal over study period
(n=609)

12 win births

Singleton births (1597)

‘Cord blood samples
collected (n=341)

‘Samples with sufficient
volume (n=299)

6 excluded due to major anomalies
or twin gestation with fetal death

Final study population (n=293)

| Figure 4-1. Flow chart of study population.
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This chapter serves as a conclusion to the dissertation titled “Fetal Exposure to
Perfluorinated Compounds (PFCs): Distribution and Determinants of Exposure and
Relationships with Weight and Size at Birth” Below I reiterate the specific aims of my
dissertation and summarize my findings, along with their implications for public health,
environmental policy, and future research.

* Specific Aim 1: Review the literature on perfluorinated compounds, including
production and use, human biomonitoring and exposure pathways, and toxicity
and epidemiology (Chapter 2).

+ Specific Aim 2: Conduct a study to describe the distribution and determinants of
PFC cord concentrations among a sample of newbom deliveries occurring at the
Johns HopkinsHospitalinBaltimore, MD (Chapter 3).

* Specific Aim 3: Conduct an epidemiologic investigation into the relationship
between PFC cord concentrations and birth weight, newborn head circumference,
crown-heel length, and ponderal index (Chapter 4).

‘SummaryofFindings

In Chapter 2, T summarized the litrature on perfluorinated compounds, including human
biomonitoring, exposure pathways, animal toxicity, and occupational epidemiology
studies. From ths literature review, it is apparent that human exposure to two
perfluorinated compounds, PFOS and PFOA, is widespread, as documented by
biomonitoring studies conducted in awide rangeofcountries. Its also clear that awide
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Variation in exposure is occurring, as human blood concentrations in some counties were.

considerably lower than others (Figures 2-2 and 2-3). On the basis of environmental c

monitoring, it has been established that contamination with PFOSand PFOA. is observed

even in remote regions, such as the Arctic (1,2). This provides some insight to possible

exposure pathways and suggests that direct contact with consumer products is not the

only possible source of exposure. Potential sources of exposure may include industrial

releases, consumer product use, dustindoor ai inhalation, drinking water, or dietary .
pathways through environmental contamination; however, there are no clear data to
suggest the relative contribution, if any, of these sources to human exposure.

Developmental toxicity of PFOS and PFOA has been noted among the effects observed

in animal studies. PFOS has been shown to induce developmental and reproductive

effects in rats and mice, including reduced birth weight, decreased gestational length, !
structural defects, development delays, and increased neonatal morality (3-8). PFOA
has been shown to cause pregnancy loss, reduced fetal weight, reduced postnatal survival, .
and delays in postnatal growth and development in offspring of rodents (9-13). PFOS

and PFOA have also been shown to have hypolipidemic effects in several animal species

(314-16). Characterization of in utero exposure among humans is necessary for
extrapolating developmental risk from animal data. Further, the relevance of animal
studies conducted at high doses to humans exposed at much lower levels is uncertain. .
The direct evaluation of reproductive and developmental endpoints in humans would
shed light on the issue ofhealth effects from low dose exposures.
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In Chapter 3, I examined the distribution and determinantsofPFC concentrations in cord

blood from a sample of newbom infants delivered at the Johns Hopkins Hospital in

Baltimore, MD. The resultsofthis analysis confirmed the presenceof in utero exposure

to PFOS and PFOA, and less so, to other PFCs under study. Lower concentrations were

observed in cord serum when compared with typically reported concentrations in adult

‘serumintheUnited States. This is consistent with incomplete incomplete transfer across

the placenta by simple diffusion becauseofthe relatively large sizeofthese compounds,

their affinity for binding to proteins in serum, and other physical characteristics such as

their surfactant properties. Differences in protein concentration between matemal and
fetal blood may alsoplayarole.

As expected, the predominant PFCs detected in the cord samples were PFOS and PFOA,

‘with detection ratesof 99 and 100 percent, respectively. Other PFCs were detected less

frequently and, when detected, occurred at much lower levels. Among the demographic

characteristics available from the medical record, there were relatively few predictors of

cord concentrations. Many persistent pollutants tend to accumulate with age as the
opportunity for exposure and accumulationofthe chemical increase with age. However,
consistent with previous findings, we observed no such association with these compounds

and age. In fact,a predictive model with age, race, education, insurance status, marital

staus, body mass index, party, smoking status, infant gender, preterm birth, and an
indicator for whether the mother lived inside Baltimore city limits explained only 6

percent of the variation in cord PFOS concentrations and 11 percent of the variation in

cord PFOA. concentrations. Whether examined singly or in multivariate models,
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relatively few of the demographic factors measured in this study were predictive of in

wero exposure.

One notable exception to the above was that Asian babies had the highest average cord

serum PFOS concentrations. Most of the mothers were not Asian-American, but instead

Werebom in Asian counties. The three highest PFOS concentrations were among babies
born to individuals from Asia, two from China. This isofinterest because some of the p

‘highest levelsofPFOS contamination in humans havebeen reported in China (Figure 2-

2). Although we did not find evidence for significant variability within our region (i.e.,

within Baltimore vs. outsideofBaltimore city), these data are consistent with variability

in exposure over larger geographic regions, for which race/ethnicity may represent a

surrogate marker. However, this must be interpreted with caution, given that data on

levels of PFCs in human populations are limited. More extensive monitoring is needed '
to understand these exposure pattems.

‘This study provided an opportunity to examine socioeconomic status as a predictor of

cord concentrations. The study population of mothers delivering at Johns Hopkins

Hospital represents a diverse mixture of individuals, including those from the .

surrounding community, Johns Hopkins faculty and staff, and individualstransported

from outside the area. We found no evidence of a socioeconomic or urban environment

gradient in cord concentrations of PFOS or PFOA. Because socioeconomic status is '

likely associated with th typesof consumer products and material in the home, lack of
gradient in serum concentrations by socioeconomic status may imply that consumer
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products are not major sources of exposure. Rather, exposure may be occurring from
sources that are more ubiquitous and less associated with socioeconomic level, such as
‘widely consumed foods, drinking water, and/or air. Future studies could include asurvey

component to characterize possible sources of exposure in the home environment as

predictorsof serum concentrations of PFOS and PFOA.

In Chapter 4, I presented the resultsofan epidemiologic investigationoffetal exposure to

PFOS and PFOA and associations with birth weight, newbom headcircumference,

length, and ponderal index. These birth size parameters have been used as indicators of

growth restriction in utero, through the use of classifications such as “small-for-

gestational age,” based on cutoffs at the lower tail of the distributions. In this study, I

examined the associations between cord concentrations and these endpoints across the

full rangeofthe distribution. We found negative associations between both PFOS and

PFOA with birth weight, head circumference, and ponderal index. In contrast, no

consistent trend was observed for PFOS or PFOA and newborn length. The associations

observed were fairly robust to the inclusion of additional covariates in the model,

specification of continuous covariates in the model, and functional formofthe model.

Additionally, these associations were independent of cord lipid levels at birth. These

findings were consistent with toxicology data that has found decreased weight of

‘newbom animals when mothers were dosed with PFOS and PFOA.

One finding that was not completely intuitive was the interaction between PFOS or

PFOA and delivery mode on head circumference. As expected, babies born through
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‘Caesarian sections had larger head circumferences, on average, than those born through

vaginal delivery, after accounting for other predictorsofhead circumference. Because of ‘

this phenomenon which is likely due to head molding, one might have expected that any

effect of PFOS or PFOA on head circumference would be stronger among Caesarian

sections than among vaginal deliveries. However, we observed a strong negative

association among vaginal deliveries and a small positive association among Cacsarian

sections. The reason for this interaction is unclear at present and future research should

‘examine this further.

A major strengthofthis study was the state-of-the-art analytical method conducted by the t

Centers for Discase Control and Prevention for quantifying cord serum PFC

concentrations (17). There is some uncertainty as to the extentofmeasurement error for

PFOS because the precursor/product ion transition normally used for quantification could '

not be used due to an interferent ion. However, an increase in random measurement error

should make a statistical association more difficult to detect (18). Maternal nutritional

status was not measured in this study and could be a potential confounder in the

relationship between PFOS or PFOA concentrations and birth ‘weight or birth size.

‘However, this would only be the case if poornutrition was correlated with higher levels ‘

OfPFOS and PFOA, or vice-versa. More research is needed to clucidate the pathways of

‘human exposure to determine whether these concerns are founded. .

‘Adding further to our confidence in the validity of these findings was the replication of

‘previously reported associations between other predictors and birth outcomes: Negative
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associations were observed between smoking status and birth weigh, head circumference
and length; matemal age was associated with birth weight in an inverse U-shape, where
both young and older mothers tended to have lighter babies; diabetes was associated with
heavier and larger babies and hypertension with lighter and smaller ones; primiparous
women had lighter and smaller babies compared with multiparous; matemal
anthropometry was a strong predictorofbirth weight and size; males tended to be bigger
than female babies; and larger head circumferences were observed among Cacsarian
sections versus vaginal deliveries, after adjusting for the key predictors of birth weight
and size.

There are significant public health implicationsofdisruptions to normal fetal growth and
development. Babies bom early or with Iow birth weight (<2,500 grams) are at increased
isk ofmortality in the firstyearoflife (19,20). In 2001, the infant morality rate among
low birth weight births in the U.S. was more than 25-foldgreater than among babies with
birth weights above 2,500 grams (19). In 2002, the combination of preterm birth and
unspecified LBW was the second leading cause of infant death (20). Babies born small
for gestational age due to fetal growth restriction are at greater risk for perinatal and
childhood morbidity, including hypothermia, hypoglycemia, and/or asphyxia (21-27),
neonatal intensive care unit admission (28), respiratory distress syndrome (29), reduced
mental development in infancy (30), cerebral palsy (31), and reduced insulin sensitivity, a
‘markeroftypeITdiabetes risk (32).
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In addition to the neonatal and childhood impacts associated with fetal growth restriction,

a growing bodyofresearch suggests that some metabolic diseases in adulthood may have .

their origins in fetal development. Overthe last 15 years, a number of studies conducted

in different counties have shown that small size a birth, modified by rapid childhood
growth, is associated with risk of coronary heart disease, typeIIdiabetes, and their .

metabolic risk factors, including hypertension, hyperlipidemia, and reduced insulin

sensitivity (33-38). A number of hypotheses have been suggested to explain this

phenomenon, including the ‘Barker hypothesis’, which presumes that birth weight

represents a marker of fetal nutrition and that lack of optimal nutrition coupled with

catch-up growth predisposes individuals to developing metabolic discases in adulthood. ¢
(33;39;40). Barker and colleagues have suggested that the processes of “developmental

plasticity” and “compensatory growth” are responsible for the increased discase risk later

in life (34,40). The basis for this theory is the presence of “a critical period when a ‘
system is plastic and sensitive to the environment, followed by loss of plasticity and a

fixed functional capacity” (39). It is suggested that the fetus can adapt in wero to «

undemourishment through metabolic changes in order to improve short-term survival.

These metabolic changes may put the individual at greater risk for heart disease and
diabetes later in life, specifically, when entering an environment of adequate nutrition ‘

after birth and excess compensatory growth (29;35;36). Interestingly, the increased risk

of adult disease is observed across a range of what could be considered “normal” birth

weights. For example, among 10,636 men in a community in England, hazard ratios for '
death from coronary heart disease increased monotonically with decreasing birth weight.

Babies bom at weights between 5.5-6.5 Ibs (approximately 2,500-3,000 grams) were 29
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percent more likely to dic from CHD than babies bom at > 10 Ibs (33). These findings

suggest thateven small decrements in fetal growth can affect long-term disease risk. The

major hypotheses regarding the fetal origins of adult disease have been focused on
nutrition as the key mechanism underlying this process. However, if exposure to
persistent pollutants were causally related to reduced fetal growth, this could be an
alterate mechanism.

Our study was not intended to examine the riskoffetal growth restriction associated with
increased cord blood concentrations of PFOS or PFOA. Instead, we examined the
association between exposure and birth size parameters across the full distribution of
birth weight, head circumference, length, and ponderal index. We identified an
association between increased exposure and reduced birth weight, head circumference,

‘and ponderal index across the range of these endpoints in our study population. A linear

model suggests that a shift in the distribution would occi evenly across the population.

Babies with birth size parameters in the middle of this range would not necessarily be
classified as growth restrictedifhead circumference or ponderal index were reduced by a
small amount. However, one could expect that a similar reduction in birth size among
those babies at the lower end of the distribution could result in more of these babies
classified as growth restrictedand lead to agreaterriskofadverse outcomes among those.
infants. When comparing the 5 to 95 percentile of PFOS cord concentrations, the

changes in birth weight, head circumference, and ponderal index were, on average, 134
grams, 0.61 centimeters, and 0.14 g/em*x100 respectively, after adjusting for potential

confounders. For a baby bom at 37 completed weeks, this represents a shift from the 16%
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10 10® percentileofbirth weight in the U.S. (41). At term, a change in ponderal index of

0.14 represents a shift from the 25% percentile to the 10% percentile of ponderal index /

distribution (42). Thus, changesofthis magnitude would be associated with more babies

‘being classified as small-for-gestational age. Additionally,ifthe observations made by

Barker and others hold, shifts throughout the rangeofthe birth weight distribution may

result in increased future morbidity.

It is interesting to note that a significant percentage of the mother’s in our study were

overweight or obese and, subsequently, there were a larger proportion of large-for-

gestational age babies than small-for-gestational age babies. For example, based on the .

birth weight for gestational age standards used by the hospital, almost 15 percent of

babies were classified as large-for-gestational age (LGA), while only 4 percent were

classified as SGA. Thus, one could argue that macrosomia may be as important a health !

‘problem to the well-beingofour study population as growth restriction.

Policy Implications

‘Comparisons with Animal Toxicity Data

In the present study, we observed negative associations between both PFOS and PFOA ‘

and measuresof weight and size at birth. The doses at which developmental effects were

observed in the animal toxicity literature are considerably greater than what was observed

in our study. Table 5-1 gives an overview of results from the animal developmental ‘

toxicity data, by showing the lower confidence limits of the benchmark dose associated

with a 5 percent increase in response (BMDLs). Although these estimates are, in part,
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dependent on the model used to fit the observed data, they provide a useful comparison

between human exposure levels and animal toxicity studies. Among the most sensitive

effects observed in these developmental studies were stemal defects in mice for PFOS

‘and reduced ossification in mice for POA. The mouse has been suggested as a better

model for PFOA human developmental risk because the female rat has the ability to
rapidly eliminate the chemical. These estimates are mainly reported in mg/kg/day of
external dose. For comparison with human data it is necessary to convert these units to
serum concentrations. The corresponding serum levels associated with these BMDL's

are not readily available, however,they can be bounded using data from the studies. For
PFOS and stemal defects in rats, the BMDLS of 0.122 mg/kg/day would result in fetal
serum concentrations between 0.188 and 36 ppm (39). For PFOA and reduced

ossification in mice, a BMDL of 0.6 mg/kg/day is equal to less than 20 ppm in matemal

serum (13), corresponding to <10 ppm in the fetus assuming one-half is transferred

through the placenta (43). Lucbker et al. (2005) report a BMDLsof0.39 mgkg for
PFOS and reduced birth weight, which corresponded to a fetal serum level of about 34
ppm in the rat (6). These serum concentrations are ordersofmagnitude greater than what
has been observed our study and are higher than the serum concentrations typically

reported among occupationally-exposed individuals. It is interesting to note that in
severalofthe studies, serum concentrations among the control group are higher than we.
report here. For example, Thibodeaux et al. (2003) reports mean fetal serum PFOS
concentrations among the control group of 188 ppb at birth (3,9), compared with
approximately 5 ppb in our study. ~ Additionally, animal studies are typically conducted

with smell numbers of animals and have low statistical power. Thus, as designed, these
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animal studies may not be capable of examining the adverse effects of low-dose

exposure. ‘

Current Regulatory Actions

As of 2000, global production of perfluorooctanesulfonyl fluoride-based chemicals was

estimated to be 3,665. metric tons, 1,820 of which was either produced in the U.S. or

entered the country through importation (44). In 2000, the major manufacturerofPFOS-

based materials announced they would end production by 2002 (45). US. EPA

subsequently promulgated a Significant New Use Rule tolimitthe production and use of
a group of related perfluoroalkyl sulfonated compounds (46). Becauseofthe long half: ‘

life in humans and the environment, it may take years before concentrations decline

noticeably. It is estimated that fewer than 600 metric tons of PFOA are manufactured or

imported intothe ULS.per year (47). In response to concern about the widespread PFOA

contamination and potential carcinogenicity and developmental toxicity risk, the USS.

EPA issued an enforceable consent agreement, which requires manufacturers to conduct .
testing on the fate and transport of fluoropolymers made with PFOA (48). The U.S. EPA
has also entered into voluntary agreements with the major manufacturers of PFOA to
reduce emissions and residual content in finished products and work towards eliminating ‘
them completely (49). Despite this progress, the policy options for reducing human

exposure to these compounds are tied to improving our understanding of the major

sources and pathways of exposure, along with the extent to which precursor compounds

contribute to exposure. These and additional future research needs are described below

(Table 5-2).
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FutureResearchNeeds.

Subsequent studies of fetal exposure and birth outcomes should be conducted to confirm

the findings reported here, ideally among a population with a wider range of exposure.

These studies should be conducted in settings where subjects have low rates of

pregnancy-related complications, including co-morbidities such as diabetes and pre-

eclampsia, intrapartum infection, and substance abuse. Such studies would reduce the

chance that findings could result from confounding due to these strong determinants of

adverse pregnancy outcomes. Additionally, studies of birth outcomes among women

occupationally exposed or among communities exposed at higher levels than the general

population would provide insight to the potential for developmental effects.

Hospital-based cross-sectional studies are relatively straightforward to conduct and useful

for studying the effects of persistent pollutants on birth outcomes. Because these

compounds are persistent and matemal levels will not fluctuate over a 9-month time

period, cord blood concentrations at birth can be seenas ameasure of exposure actoss the

duration of pregnancy. Future studies could improve on this design by measuring

matemal concentrations of these compounds as well. This would allow a more direct

analysisofthe extent to which these chemicals cross the placenta and an examination of

pattems of variation in placental transfer. Additionally, oversampling babies with low

birth weight and/or small size for gestational age would improve the statistical power to

detect an association between exposure and birth outcomes.
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We were able to conduct this study in a relatively short period of time because it was

cross-sectional and used pre-existing medical record data. However, there would be ‘

added advantages to conducting a longitudinal study across the duration of pregnancy.

First, serial ultrasounds could be used to examine fetal growth trajectory to distinguish

growth restricted from constitutionally small babies. Second, surveys could be !

administered to the mothers to identify dietary, lifestyle, and household determinants that

may be predictors of exposure and/or birth outcomes. A biomarker of nutritional status i

ould also be used to supplement dietary data obtained from surveys.

Animal studies are necessary to further elucidate the mechanisms which have led to «

observationsofdevelopmental toxicity in rats and mice. Possible mechanisms for these:

effects include increased membrane fluidity and permeability (50), disrupted cell

communication through gap junctions (51), displacement of endogenous ligands from ‘

proteins (such as liver fatty acid binding protein) (52), or disrupted thyroid hormone

production (3;5;6;14). In addition to the possible human health effects, key data gaps .

exist in understanding the pathways of human exposure. Future studies are needed to

elucidate these pathways further, so that steps can be taken to minimize human exposure

to these compounds. ‘

In summary, the findings of this research confirm that in utero exposure to PFOS and .

PFOA is occurring among babies bom in Baltimore City. Despite the relatively low

serum concentrations, we detected negative associations between PFOS and PFOA

concentrations in cord serum and birth weight, head circumference, and ponderal index.
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Future studies are needed to replicate these findings in other settings. Given the
widespread human exposure to these compounds documented by biomonitoring studies,

impacts on etal growth could have significant public health implications,
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‘Table 5-2. Data gaps and future research needs.

+ Human exposure pathways
© Roleofprecursor compounds
© Useofconsumer products versus environmental

contamination

Mechanismsof developmental toxicity in animals

© Cell signaling

© Membrane fluidity
© Protein bindingo Denbntes

+ Replicationof current epidemiologic study in different
settings

© Occupational or highly-exposed populations
© Survey component
© Measurementof maternal and fetal serum

concentrations

Sey



p.154

References

(1) Martin JW, Smithwick MM, Braune BM, Hoekstra PF, Muir DC, Mabury SA. .Identificationoflong-chain perfluorinated acids in biota from the Canadian
Asctic. Environ Sci Technol 2004; 38(2):373-380.

(2): Smithwick M, Mabury SA, Solomon KR, Sonne C, Martin JW, Bom EW et al.
Circumpolar studyofperfluoroalkyl contaminants in polar bears (Ursus .‘maritimus). Environ Sci Technol 2005; 39(15):5517-5523.

(3) Thibodeaux JR, Hanson RG, Rogers JM, Grey BE, Barbee BD, Richards JH et al
‘Exposure to perfluorooctane sulfonate during pregnancy in rat and mouse. I:‘maternal and prenatal evaluations. Toxicol Sci 2003; 74(2):369-81.

(4) Grasty RC, Grey BE, Lau CS, Rogers JM. Prenatal windowof susceptibility to
‘perfluorooctane sulfonate-induced neonatal mortality in the Sprague-Dawley rat.Birth Defects Res Part BDevReprod Toxicol 2003; 68(6):465-71

(5) LauC, Thibodeaux JR, Hanson RG, Rogers JM, Grey BE, Stanton ME etal. .Exposure to perfluorooctane sulfonate during pregnancy in rat and mouse. II:
postnatal evaluation. Toxicol Sci 2003; 74(2):382-92.

(6) Luebker DI, York RG, Hansen KJ, Moore JA, ButenhoffJL. Neonatal mortalityfrom in utero exposure to perfluorooctanesulfonate (PFOS) in Sprague-Dawley
rats: dose-response, and biochemical and pharamacokinetic parameters. ‘Toxicology 2005; 215(1-2):149-169.

(7) Luebker DJ, Case MT, York RG, Moore JA, Hansen KJ, ButeahoffJL. Two-‘generation reproduction and cross-foster studiesofperfluorooctanesulfonate:
(PFOS) in rats. Toxicology 2005; 215(1-2):126-148. .

(8) Fuentes 8, Colomina MT, Rodriguez J, Vicens P, Domingo JL. Interactions indevelopmental toxicology: Concurrent exposure fo perfluorooctane sulfonate(FOS)andstressin pregnant mice. Toxicol Lett 2006; 164(1):81-89.

(9) Lau C, Butenhoff JL, Rogers JM. The developmental toxicityofperfluoroalkyl ‘acidsand their derivatives. Toxicol Appl Pharmacol 2004; 198(2):231-41.

(10) ButenhoffJL, Kennedy GL, Jr, Frame SR, O'Connor JC, York RG. Thereproductive toxicologyofammonium perfluorooctanoate (APFO) in the rat.Toxicology 2004; 196(1-2):95-116.

(11) York RG. Oral (gavage) two-generation (onelitterper generation) reproductionstudy ofammonium perfluorooctanoate (APFO) in rats. 2002. Horsham, PA,Argus Research. 1926.
RefType: Report

141



p.155

(12) USEnvironmental Protection Agency. Preliminary risk assessmentofthedevelopmental toxicity associated with exposure to perfluorooctanoic acid and itssalts. USEPA Docket OPPT-2003-0012-0002. 2003. Officeof Pollution
Prevention and Toxics; Risk Assessment Division. 1910,
RefType: Report

(13) Lau C, Thibodeaux JR, Hanson RG, Naratsky MG, Rogers JM, Lindstrom AB etal. Effectsofperfluorooctanoi acid exposure during pregnancy in the mouse.Toxicol Sci 2006; 90(2):510-513.

(14) Seacat AM, Thomford PJ, Hansen KJ, Olsen GW, Case MT, ButenhoffIL.‘Subchronic toxicity studies on perfluorooctanesulfonate potassium salt incynomolgus monkeys. Toxicol Sci 2002; 68(1):249-64.
(13) Seacat AM, Thomford PJ, Hansen KJ, Clemen LA, Eldridge SR, Elcombe CR etal. Sub-chronic dietary toxicityofpotassium perfluorooctanesulfonate in rats.Toxicology 2003; 183(1-3):117-31.

(16) Haughom B, Spydevold O. The mechanism underlying the hypolipemic effect ofperfluorooctanoic acid (PFOA), perfluorooctane sulphonic acid (PFOSA) andclofibric acid. Biochim Biophys Acta 1992; 1128(1):65-72.
(17) Kuklenyik Z, Needham LL, Calafat AM. Measurementof18 perfluorinatedorganic acids and amides in human serum using on-line solid-phase extraction.Anal Chem 2005; T7(18):6085-6091.

(18) BrennerH, Loomis D. Varied formsofbias du to nondifferential error inmeasuring exposure. Epidemiology 1994; 5(5):510-517.
(19) Arias E, MacDorman MF, Strobino DM, Guyer B. Annual summary ofvitalstatistics--2002. Pediatrics 2003; 112(6 Pt 1):1215-30.
(20) Hoyert DL, Mathews TJ, Menacker F, Srobino DM, GuyerB. Annual summaryofvital statistics: 2004. Pediatrics 2006; 117(1):168-183.
(21) Doctor BA, O'Riordan MA, Kirchner HL, Shah D, Hack M. Perinatal correlatesand neonatal outcomesofsmall for gestational age infants born at term gestation.Am JObstet Gynecol 2001; 185(3):652-659.
(22) Walther FJ, Ramackers LH. The ponderal index as a measure ofthe nutritionalstatus at birth and its relation to some aspects ofneonatal morbidity. J PerinatMed 1982; 10(1):42-47.

(23) Nieto A, Matorras R, Villar J, Serra M. Neonatal morbidity associated withdisproportionate intrauterine growth retardationa term. J Obstet Gynaecol 1998;18(6):540-543.

142
3c6



p15

(24) Kramer MS, Olivier M, McLean FH, Willis DM, Usher RH. Impact of
intrauterine growth retardation and body proportionality on feta and neonatal
outcome. Pediatrics 1990; 86(5):707-713. .

(25) Lubchenco LO, Bard H. Incidenceof hypoglycemia in newborn infants classified

by birth weight and gestational age. Pediatrics 1971; 47(5):831-838.

(26) Drossou V, Diamanti E, Noutsia H, Konstantinidis T, Katsougiannopoulos V.
Accuracyofanthropometric measurements in predicting symptomatic SGA and «
LGA neonates. Acta Paediatr 1995; 84(1):1-5.

(27) Patterson RM, Pouliot MR. Neonatal morphometrics and perinatal outcome: who
is growth retarded? Am J Obstet Gynecol 1987; 157(3):691-693.

(28) Tamim H, Beydoun H, Itani M, Khogali M, Chokr I, Yunis KA. Predicting !
‘neonatal outcomes: birthweight, body mass index or ponderal index? J Perinat
Med 2004; 32(6):509-513.

(29) Robertson PA, Sniderman SH,LarosRK, Jr., Cowan R, Heilbron D,Goldenberg
RLet al. Neonatal morbidity accordingto gestational age and birth weight from «

five tertiary care centers in the United States, 1983 through 1986. Am JObstet
Gynecol 1992; 166(6 Pt 1):1629-41.

(30) Villar J, Smeriglio V, Martorell R, Brown CH, Klein RE. Heterogeneousgrowth
and mental developmentofintrauterine growth-retarded infants during the first 3 ‘
yearsoflife. Pediatrics 1984; 74(5):783-791.

(31) Jacobsson B, Hagberg G. Antenatal risk factors for cercbral palsy. Best Pract Res
Clin Obstet Gynaecol 2004; 18(3):425-36.

(32) Hofman PL, Cutfield WS, Robinson EM, Bergman RN, Menon RK, Sperling MA ‘
ct al. Insulin resistance in short children with intrauterine growth retardation. J
Clin Endocrinol Metab 1997; 82(2):402-406.

(33) Barker DJ. The developmental originsofadult disease. JAm Coll Nutr 2004; 23(6
‘Suppl):588S-5958

.
‘

(34) Barker DJ, Eriksson JG, Forsen T, Osmond C. Fetal originsofadult disease:
strengthofeffects and biological basis. Jn J Epidemiol 2002; 31(6):1235-9.

(35) Robinson SM, Barker DJ. Coronary heart disease: a disorder‘ofgrowth. Proc Nutr ‘
Soc 2002; 61(4):537-542.

(36) Barker DJ, Hales CN, Fall CH, Osmond C, Phipps K, Clark PM. Type 2 (non-
insulin-dependent) diabetes mellitus, hypertension and hyperlipidaemia

(syndrome X): relation to reduced fetal growth. Diabetologia 1993; 36(1):62-67.

143



(37) Barker DJ. Adult consequences of fetal growth restriction. Clin Obstet Gynecol
2006; 49(2):270-283.

(38) Jaddoe VW, Witteman JC. Hypotheses on the fetal originsofadult diseases:

contributionsofepidemiological studies. Eur J Epidemiol 2006; 21(2):91-102.

(39) Barker DJ. A new model for the origins ofchronic disease. Med Health Care

Philos 2001; 4(1):31-35.

(40) Barker DJ. The developmental originsofadult disease.Eur JEpidemiol 2003;
18(8):733-736.

(41) OkenE, Kleinman KP, Rich-Edwards J, Gillman MW. A nearly continuous

‘measureofbirth weight for gestational age using a United States national
reference. BMC Pediatr 2003; 3:6.

(42) Lehingue Y, Remontet L, Munoz F, MamelleN. Birth ponderal index and body
‘mass index reference curves in a large population. Am JHum Biol 1998; 10:327-

340.

(43) Hinderliter PM, Mylchreest E, Gannon SA, ButenhoffJL, Kennedy GL, Jr.A SN
Toxicology 2005; 211(1-2):139-148.

(44) OECD. Hazard AssessmentofPerfluorooctane Sulfonate (PFOS) and its Salts.

ENV/IM/RD(2002)17/FINAL. 2002. Organization for Economic Cooperation
and Development; Environment Directorate; Joint Meetingofthe Chemicals

‘Committee and the Working Party on Chemicals, Pesticides, and Biotechnology.

1921.

‘Ref Type: Report

(45) 3M Company. Letter to EPA re: phase-out plan for POSF-based products. EPA.
Docket 2002-0043-0009. 2000. St Paul, MN. 1907.

RefType: Report

(46) U.S Environmental Protection Agency. Perfluoroalkyl Sulfonates; Proposed

SignificantNew Use Rule. http://www.cpa gov/fedrgstr/EPA-
TOX/2006/March/Day-10/t3444htm . 3-10-2006.
RefType: Electronic Citation

(47) Perfluorooctanoic acid (PFOA), Fluorinated telomers; Request for comment,

Solicitation of interested parties for enforceable. consent agreement development,
and notice of public meeting. Federal Register (73). 2003.
RefType: Statute.

(48) Final enforceable consent agreement and testing consent order for four formulated.
‘compositesoffluoropolymer chemicals. Federal Register (Volume 70, Number

Ze



p.158

130), 39630-39637. 7-8-2005.
RefType: Statute

(49) U.S Environmental Protection Agency. 2010/15 PFOA Stewardship Program. !hitp:/Avww.epa.goviopptintr/pf
oa/pubs/pfoastewardship.htm

. 6-30-2006.
RefType: Electronic Citation

(50) Hu W, Jones PD, DeCoen W, King L, Fraker P, Newsted Jeta. Alterations in
cell membrane propertics caused by perfluorinated compounds. Comp Biochem ‘Physiol CToxicol Pharmacol 2003; 135(1):77-88.

(51) Hu W, Jones PD, Upham BL, Trosko JE, Lau C, Giesy JP. Inhibition of gap
junctional intercellular communication by perfluorinated compounds in rat liver
and dolphin kidney epithelial cell lines in vitro and Sprague-Dawley rats in vivo, .
Toxicol Sci 2002; 68(2):429-436.

(52) Luebker DJ, Hansen KJ, Bass NM, ButenhoffJL, Seacat AM. Interactions offluorochemicals with ra liver fatty acid-binding protein. Zoxicology 2002;176(3):175-85. .

7g



APPENDICES

1s
370



5.160

ListofTables

‘Table B-1. Characteristicsofstudy subjects missing information on pre-pregnincy .weight, height, An/OT WEIght BAN... 162

Table B-2. Comparing the study population with all births occurring at JHH over the
study period and with U.S. Vital Statistics from 2003-2004... 163

‘Table B-3. Comparing regression results using different methods for handling missing

‘Table C-1. Coefficients from multivariate regressionofbirth weight on In(PFOS)..... 166

‘Table C-2. Coefficients from multivariate regressionofbirth weight on In(PFOA).... 167 ¢
Table C3. Coefficients from multivariate regressionof head circumference on

Table C-4. Coefficients from multivariate regressionof head circumference on ‘IPFOA). ss
s.

160
Table C-S. Coefficients from multivariate regressionof length on In(PFOS)........... 170
Table C-6. Coefficients from multivariate regressionof length on IN(PFOAY)........... 171 ‘
Table C7. Coefficients from multivariate regressionofponderal index on In(PFOS). 172
Table C-8. Coefficients from multivariate regressionof ponderal index on In(PFOA). 173

147



p61

List of Figures

Figure A-1. Key determinantsofbirth weight, Baltimore THREE Study............... 153
Figure A-2. Mean birth weight (grams) by subject characteristics, Baltimore THREE

Figure A-3. Key determinants of newborn head circumerence, Baltimore THREE Study.
Figure A-4. Mean head circumference (cm) by subject characteristics, Baltimore THREE

ET
Figure A-5. Key determinantsof newborn length, Baltimore THREE Study............ 157
Figure A-6. Mean length (cm) by subject characteristics, Baltimore THREE Study.... 158
Figure A-7. Key determinants of newborn ponderal index, Baltimore THREE Study. 159
Figure A-8. Mean ponderal index by subject characteristics, Baltimore THREE Study.

EN
Figure D-1. Coefficients from linear regressionofbirth weight on InPFOS), adjusted byGHEECTENE SELS OFCOVATIAES.vss176
Figure D-2. Coefficients from linear regressionofbirth weight on In(PFOA), adjusted byHFTSCS OF COVATAES.ovens176
Figure D-3. Coefficients from linear regression ofbirth weight on In(PFOS), withdifferent specifications ofpotential CORFOUNGELS.........c.ccvvvrrromsosernron 177
Figure D-4. Coefficients from lincar regressionof birth weight on In(PFOA), withdifferent specifications ofpotential CONFOUNES.....vcrronrrosssron 177
Figure D-S. Coefficients from linear regressionof birth weight on PFOS, with adjustmentbY GHFErent Sets OFCOVAHAES.ovens178
Figure D-6. Coefficients from linear regressionofbirth weight on PFOA, withAdjustmentbydifferent sets OfCOVRTBES...vveieerornsenr onsen 178
Figure D-7. Adjusted birth weight coefficients associated with a change equal to theIQR, comparing log-linear and HAar MOGELS......ovvvcronrmemmrsnsom 179
Figure E-1. Coefficients fromlincarregression of head circumference on In(PFOS), withSUMED by IfTerent Sets OfOVARIES... 182

148
372



p12

Figure E-2. Coefficients from linear regression ofhead circumference on In(PFOA), with
‘adjustment by ifferent SetsOf COVARAES....v.

vrsisrrre
ssn, 182

Figure E-3. Coefficients from linear regressionofhead circumference on In(PFOS), with
different specificationsofpotential CONfOUNMETS.......

.....cvvsmruvimssm
mmmssssrssic

183

Figure E-4. Coefficients from linear regressionofhead circumference on In(PFOA), with
different SpCcifications OfPOLENial COMOUDAELS.o.oo 183 ,
Figure E-5. Coofficients rom linear regressionofhead circumference on POS, with
‘adjustment by different Sets OfCOVATIAES.......

...vvuvvrmerrsen
eniesssmmmsns.

184

‘Figure E-6. Coefficients from linear regression of head circumference on PFOA, with
adjustment by different SetsOfCOVATALES..........orv

rrrmsrsmsnerssissssssm
nns.

184 ‘

Figure E-7. Adjusted head circumference coefficients associated with a change equal to
the IQR, comparing log-linearand HearMOGelS.............ooeco

serrrosrerrrrr
185.

Figure F-1. Coefficients from linear regressionof length on In(PFOS), with adjustmentbY GTEEDt S15 OF COVBIIAES.vrs
,

188
Figure F-2. Coefficients from linear regression of length on In(PFOA), with adjustmentbY GHFETCD C15 Of GOVAIBESrsssesso, 188
Figure F-3. Coefficients from linear regressionof length on In(PFOS), with different |specificationsof potential CONTOUNAETS. vr

s
189

Figure F-4. Coefficients from linear regressionof length on In(PFOA), with different
specificationsof potential CONOUNAES. version

es:
189 .

Figure F-5. Coefficients from linear regressionof length on PFOS, with adjustment byGHEETEN SE OF COVAIIAES.ovr 190
Figure F-6. Coefficients from linear regressionof length on PFOA, with adjustment by .GHETETCt SE1S Of COVAIIBES. veno

m
190

Figure F-7. Adjusted length coefficients associated with a change equal to the IQR,‘COMParing I0g-1inear and HNEAr MOGEIS. crores 191
Figure G-1. Coefficients from linear regressionofponderal index on In(PFOS), with ‘
‘adjustmentbydifferent StS Of COVATIALES. ........vrvrvrsrrvrerrs

sos
cesses sess 194

Figure G-2. Coefficients fromlinearregression of ponderal index on In(PFOA), with20stby Geren Sets Of COVAIIRES.ovr 199

149

573



Figure G-3. Coefficients from linear ‘regressionof ponderal index on In(PFOS) using
imputation model, with different specificationsof potential confounders. ................. 195

Figure G-4. Cocfficients from linear regressionof ponderal index on In(PFOA) using
imputation model, with different specificationsofpotential confounders. .................. 195

Figure G-5. Coefficients from linear regression of ponderal index on PFOS, with
adjustment by different SetsOfCOVATIALES. v......vevsevserssressmssssnn 196.

Figure G-6. Coefficients from linear regressionofponderal index on PFOA, with
adjustment by different sets OfCOVAFIRLES.........vverrrorrrosn ———— |

Figure G-7. Adjusted ponderal index coefficients associated with a change equal to the
IQR, comparing log-linear andlinear models.d................, wrrsessamsssssssrssssssssssssessses 197

Figure G-8. Coefficients from linear ‘regressionofbirth weight on In(PFOS) after
adjustment for length, with subsequent adjustment bydifferentsetsof covariates....... 198

Figure G-9. Coefficients from linear ‘regressionofbirth weight on In(PFOA) afteradjustment for length, with subsequent adjustment by different setsofcovariates.d..... 198

Figure G-10. Coefficients fromlinear regressionofbirth weight/length ratio on
In(PFOS),after adjustment by different setsofcovariates. EE —————

Figure G-11. Coefficients from linear ‘regression ofbirth ‘weight/length ratio on
In(PFOA), after adjustment bydifferent sets Of COVATIALES. ....cvvvvrvrerrrosrsns 199

Figure H-1. Association between total serum lipids, total cholesterol, and.triglycerides
and PFOS and PFOA. ...ccccccovsvsmsmrsmmsrssrsssssssen ammsmsssssssssssssssssssssssssssasansssssss 201

Figure H-2. Coefficients from linear ‘regressionofbirth weight on In(PFOS), before and
RET BAJUSUNENE FOF PIAS. .vrvevereeereresmeseseneess ———

Figure H-3. Coefficients from linear ‘regressionofbirth weight on In(PFOA), before and
after adjustment for HPIdS. .......vv.ereeroereeensrrrron rrr sss 202

Figure H-4. Coefficients from linear regressionofhead circumference on In(PFOS),
‘before and after adjustment for LL .203

Figure H-S. Coefficients from linear ‘regressionof head circumference onIn(PFOA),
‘before and after adjustment for BB. censemmmpusisnssaserammmnssiseron wererne 203

Figure H-6. Coefficients from linear regressionofponderal index on In(PFOS), before20d Aer AUSTEN FOF PIAS.cvs, 204

150

374



p.164

APPENDIX A «

KEY DETERMINANTS OF BIRTH WEIGHT, HEAD
CIRCUMFERENC

E,
LENGTH AND PONDERAL INDEX

151
375



‘This appendix presents the univariate relationships between key determinants of low birth

‘weight and birth size from the epidemiologic literature with these endpoints in our study.

Key determinants of birth weight include baby gender, parity, multiple gestation,

‘matemal age, body composition (height and weight), lifestyle (e.g. smoking, drug abuse,

nutrition), and health complications (e.g. hypertension, diabetes) (1). We examined the

‘associations between the determinants available in this study and birth weight, along with

head circumference, length, and ponderal index. This analysis serves two purposes.

First, the confirmation of established relationships between these determinants and

‘endpoints serves to increase our confidence in the validity of the data abstracted for the

present study. Second,theobserved dose-response relationships between the continuous

predictors and these endpoints were used to inform the specificationofthese variables in

the regression modeling conducted and presented in the manuscript. The scatterplots

below include a non-parametric smoothing function as well as the predicted fit based on

regression with a linear or quadratic term. The need for aquadratic term was based on a

significant coefficient (p<.05) when added to a model with only the linear term. Analysis

of variance or Student's t-test was used to compare mean values of birth weight, head

circumference, length, and ponderal index between levels of categorical variables.

Reference

(1) United Nations Children's Fund and World Health Organization. Low birthweight:

‘country, regional and global estimates. Geneva: WHO, 2004.

5%



H peor Teens Hpee oT ‘

¢ CLE aes
5 Lamm CREED :

ee oe ee BeeootFg Wer
Hp Hoo ©
HeDe go bind
Plaine on Lhiiiries
pT pert ‘
BO go

¥ ® = © ® © & © w - w =

Hp 7. f Hope= .
8 mA SHELL

Rh Ipe PRR TET. Ee JE
8 : 8 : .

Figure A-1. Key determinants of birth weight, Baltimore THREEStudy.
* Solid line based on non-parametric smoothing function. Dashed line denotes predicted
linearregressionfit. P-valuesarefrom linearor quadraticterminregression model. &

153

377



p.167

iE ; fre .

§ femeant 8 i(sma
_

if mp 1} m6 ge .

if T E g —| "ima ain ow
ql Bo= -

tors Nir Were
80; . geo :

[a nf
fo el
Ll eo

Figure A-2. Distribution of birth weight (grams) by subject characteristics,
Baltimore THREE Study.
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‘Table B-1. Characteristicsofstudy subjects missing information on pre-pregnancy
‘weight, height, and/or weight gain.

N (%), Mean (SD), or Median (IQR) N
Characteristic Nommissing (n=282) Missing (nett) "0°

Mother
Maternal age

<t8 238) 19) p=801835 238 (64) 8073)
35+ 210) 2(18)Race
White 59021) 169) p35Asian 259) 000)Black 198(70) 101)Education
<HS degree 79(28) 7(64) p=59HS degree 94 (34) 2(18)1-4 15college 63(23) 2(18) .5 yrs colege 42(15) 00Marital status.

Married 186 (66) 1001) pe24Unmarried 9 (34) 10)Primiparous
No 12143) 160) p=t1Yes 161 (57) 10691)Smoking satus
Noripassive 2262) 655) p=02Active 50(18) 505)Infant

Baby gender
Female 123 a8) 813) p70Male 169 (56) 3@)Preterm
No 24788) 8013) peorYes 35(12) 3enLow birth weight
No 253,(90) 9662) p13Yes 29.10) 2(18)‘Gestational age (days) 272 (13) 261 (20) p=03Birth weight (grams) 3201 (584) 3168 (784) p=62Length (cm) 50027) 51.120) p=28Head circumference (cm) 33417) 338(1.9) p=62
Ponderal index (g/em”) 254 (0.29) 251(0.32) p=97Cord concentrations (ngimL)
PFOS 50(3480) 423260) pearPFOA 161221) 151420) =65Cotinine 0.10(<.0D-084) 29(0.07-121 <01Note: p-values based on Wicoxon Rank Sum test or Fisher’ Exact est. Missing daa on othervariables excluded from comparisons. Sample sizes difer for length (1=27 vs 9). headcircumference (n=280 vs 9), ponderal index (1=279 vs 9), education (1=278 vs 11) and cotinine@89vs. 11)
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‘Table B-2. Comparing the study population with all births occurring at Johns
Hopkins Hispital over the study period and with U.S. Vital Statistics from 2003-
2004.

Percentages
Stud Alltve ulus.Charatarisic Population Births! __ population”

Viatemal age
<20 yrsof age 19.8 126" 103

Meternel race
White 205 wa 789
Black 10 na 148
Asian 65 na 51

Marital status
Unmarried 66.9 nla 357 ‘
Married

Smoking status
Non-smoker 154° na 10.7
Smoker

Bich weight (grams) .
22500 804 849 19
<2,500 (LBW) 106 15.1 81

Gestational age (weeks)
237 (term) 87.0 820 875
<37 (preterm) 13.0 180 125

+ Assuming ol lpi Viswere pretermsdlowbith weight. ¢
**FromHoyert et al, 2006, exceptforrace data, which is from CDC Wonder for 2002 (See
ity wonder ede.gov onderhelpNatybm). Includes multiple bits.2 Below 19yearsofage.

Based onselfreport. Smoking rte athe ndofpregoancy as determinedby cotinine level was 15.8%
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Table B-3. Comparing regression results using different methods for handlingmissing data.

PFOS PFOAModel
Coofficont (95% CI) pvaluo Coefficient (85% Cl) pvaluo

Birth weight
Complete Case (n=262)
Univariate 43014459) p=041  -106(205,33)  p=013Adjusted S4(143,14)  p=OM 8T(196,23)  p=012Median imputation (n=295)
Univariate (139,64) p=047  97(234,40)  p=oi7Adjusted 69 (149, 10) £2009 -104(213,5) p=008Head
circumference
Complete Casa (n=280)
Univariate: 020(051.040)  pz019  045(087,008)  p=003Adjusted 028(052,003)  p=003  037(072,002)  p=004Median Imputation (n=255)
Univariate: 022(052,007)  p=014.  046(087,-005) p=003Adjusted 032(056,.007)  p=001 _ -041(076.007) _ p=002Tongth
‘Complete Case (1=279)
Univariate 029(0.19,076) ' p=023  003(067,06) p=094Adjusted 020(0.19,05)  p=032  001(083055  p=097Median imputation (n=286)
Univariate: 025(021,072)  p=029  -006(089,057)  p=08sAdjusted 013(026,052)  p=052 _ 010(064,044)  p=071Pondoral index

Complate Case (n=270)
Univariate DOT (0.127,0028) p<001  -0081(0.149,-0.013) p=002Adjusted 0082(0.132,0032) p<001  -0.073(0.143,-0.003) p=004Median Impuation (n=28)
Univariate 0070(0.119,0021)  p<001  -0074(0.140,-0007) p=003Adjusted 0074 (0.123,0025) _p<0.01 _-0.070(0.138.-0.001) _p=005

+ Regression coefficients represen the change i birth weigh nd birthsizeparameters with uit changin o(RFOS) or In(PFOA) concentration. Mulivariste model adjusted for gestational ag, mates ge.‘body mass index, race, parity, smoking, baby gender, eight, netweightgain, disbetes, and Byperensin.For head cicumferenc, adjusted model includesdelivery mode (C-section/Vagina). “Compecase”model excludes observations with missing bm, height, andor weight gain.
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Table C-1. Coefficients from multivariate regression of birth weight on In(PFOS).*
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Table C-2. Coefficients from multivariate regressionofbirth weight on In(PFOA).

‘wa or ry
Gestational age (days) 244 21 0 204 285
‘Smoker(Yes/No) -1635 718 0.024 -304.9 222ey ND womNae aoa mow }Nemaeineg Tay ea oy ah es
Facile Tee mh owe my me
Asian (vs White) 959 107.3 0372 -307.2 115.4

in i me oh mm ,Coapr oy. Lo me ms ms
hE PL A

constant 5716.6 897.4 0 7483.6 -3949.6 ‘ee
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Table C-3. Coefficients from multivariate regression of head circumference on
In(PFOS).

Ln(PFOS) 0276 04% 003 0524 0027Gestational age (days) 0800 0140 0 0325 0875Gestational age squared 0001 0000 0 0002-0001‘Smoker (YesiNo) 0488 027 0045 0906 0011Maternal age (years) 0114 0103 021 0088 0317Maternal age squared 0002 0002 0264 0006 0002Normal weight (vs Underweight) ~~ 0.585 0367 0.413 0.438 1307Overweight (v Underweight) 0831 0404 012 0165 1427‘Obese (vs Underweighi) 0889 0406 0020 000 1688Asian (vs White) 0230 032 0801 0443 0904Black (vs Whit) 05% 0202 008 1010 0057Party (1+vsZero) 0569 0183 0003 0.190 0949Babygender (Malevs Female) 022 0.167 0464 0096 0561Maternal height inches) 0103 002 0002 00% 0167Net weight gain (os) 0012 0005 0013 0003 0022Diabetes (Yes/No) 0781 030 0010 0132 1430Hypertension (Yes/No) 0860 0275 0002 1401 0319Devry type (C-section vs
Vaginal) 072 0206 0 or 1mconstant 1973 18795 0001 68981 2965“Resultsfrom "comple caaay
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Table C4. Coefficients from multivariate regression of head circumference on
In(PFOA).

Independant variable Coot. SW.Em. Pot ss%cl
n(PFOA) 036 0477 00% 0716 001
Gestational age (days) 0576 010 0 030 082
Gestational age squared 0001 000 0 0002 0000
Smoker (Yes/No) 0410 0227 0072-087 0036
Matemal age (years) 017 0103 0257  -0088 0320
Maternal age squared 0002 0002 0254 0005 0002
Normal weight (vs Underweight) ~~ 0580 0368 0.116 -0.144 1304
Overweight (vs Underweight) 081 0404 0114 0155 1438
Obese (vs Underweight) 0911 0406 0026 0M A711
Asian (vs White) 0169 0339 062 0500 0837 ‘Black (vs White) 0540 022 0027 1016 0083
Party (1+ vs Zero) 052 013 0006 0160 0825
Babygender (Malovs Female) 0205 0.180 0226 0.128 0538
Maternal height (inches) 0103 0033 0002 003 0167Net weight gain (bs) 0011 0005 0019 002 0021 ‘Diabetes (YosiNo) 0778 030 0019 0428 1420
Hypertension (Yes/No) 0847 0275 0002 1388 0307Delivery type (C-section vs
Vaginal) 0783 0206 0 0377 1180
constant 50.154 18900 0002 95360 21.038“Resultsfiom "complete case” analy ‘

19353



p.183

Table C-5. Coefficients from multivariate regression of length on In(PFOS).

Pros) Oi oie 0317 0181 086Gestaonalage (cays) otrz 000 0 oo oiSmoker(YesiNo) 0195 0355 002 14s 008Mate age (years) 0019 0025 04s 00 00sNormalweight (vs Underwsight) 0800 0568 0s 0310 1927Overweight(vs Underwelgh) ~~ 0887 0816 0151 0328 2401Obes (vs Underweigh) 1325 ms 0035 oo 265Asian (vs White) 22  0s7 0s am onsBleck (vs Whit) 038 0a 03 Ai oarParty (1+ vs Zero) 0216 020 0457 0355 078sBabygender(MalovsFamale) 0713 0260 0007 0201 1226Matermalheight (nches) 0089 0050 oor 000  ot7Netweightgain (bs) 0014 008 0059 0001 0020Diabetes (YesiNo) 087 057 0078 of 18%Hypertension(eso) 023 048 0584 078 009constant 10553 4081 000s aste tose“Tenishom EampseS
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‘Table C-6. Coefficients from multivariate regression of length on In(PFOA).

Gestational age (days) 0.112 0.010 0 0.092 0.132

‘Baby gender (Male vs Female) 0.685 0.264 0.01 0.165 1.205 k

Diabetes (Yes/No) 0.848 0509 0.097 0.155 1851
Hypertension (Yes/No) -0.280 0428 0.514 “1.123 0.563Er
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Table C-7. Coefficients from multivariate regression of ponderal index onIn(PFOS).

Independant variable Cosf. Std.Er. Pot 95% Cl
Ln(PFOS) 00617 00253 0001 0.1316 0.0318Gestational age (days) 00046 00013 0 00020 00071Smoker (YesiNo) 00109 00457 0812 0.1008 00780Maternal age (years) 00371 00207 0074 0.00 00778Matemal age squared 00008 © 00004 0839-00015 0.0000Normal weight (vs Underweight) ~~ 00311 00730 0671 01127 0.4748Overweight (vs Underweight) ~~ 00783 00792 0324 00777 0.2342Obese (vs Underweight) 00120 00803 0872 01452 0.71Asian(vsWhe) 00263 00881 07 01604 04079Black (vs Whe) 00288 00485 0553 0.125 0.0668Parity (1+ vs Zero) 00205 00381 0018 00156 0.1655Baby gender (Malo vs Female) 0.0066 00335 0.844 0.0724 00593Maternal height (inches) 00017 00084 0791 00108 00143Net weight gain (ios) 00020 00010 0039 0.0001 00040Diabetes (Yes/No) 00668 00652 0306 0.0615 0.1951Hypertension (Yes/No) 0080 00551 0107 0.1974 00194constant 08081 05745 0.161 03230 1.9393“Resuls from “complete ase” analy.
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‘Table C-8. Coefficients from multivariate regression of ponderal index on
In(PFOA).

Gestational age(days) 0.0046 0.0013 0 0.0020 0.0072
Smoker(Yes/No) 0.0021 00461 0.964 0.0886 0.0928

Normalweight (vs.

Hypertension(Yes/No) 0.0803 0.0556 0.15 -0.1897 0.0292Ee
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The following sensitivity analyses are provided: .

+ Covariate adjustment (sce models below)
« Covariate specification (non-linearities)
* Untransformed PFC independent variable

Models
A: Univariate
B: Adjusted for gestational age.
C: Adjusted for gestational age, maternal age, maternal age squared, body mass index,
race, parity, smoking, baby gender, height, and net weight gain.
D: Model C + diabetes and hypertension.
E: Model C + matemal education, insurance status, and marital status. .

175 399
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‘Figure D-1. Coefficients from linear regressionofbirth weight on In(PFOS),
adjusted by different sets of covariates.
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Figure D-2. Coefficients from linear regressionofbirth weight on In(PFOA),
adjusted by different setsofcovariates.
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Figure D-3. Coefficients from linear regression of birth weight on In(PFOS), with
different specifications of potential confounders.
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APPENDIX E
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‘The following sensitivity analyses are provided:

« Covariate adjustment (see models below) .
+ Covariatespecification (non-linearities)
+ Untransformed PFC independent variable

Models
A: Univariate .
B: Adjusted for gestational age, gestational age squared.
C: Adjusted for gestational age, gestational age squared, maternal age, maternal age
squared, body mass index, race, parity, smoking, baby gender, height, net weight gain,
and delivery mode.
D: Model C + diabetes and hypertension. .
E: Model C + maternal education, insurance status, and marital status.
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‘Figure E-1. Coefficients from linear regressionof head circumference on In(PFOS),
with adjustment by different setsofcovariates.

|
[ |tal |

i [or:J
$5for

|
al

Figure E-2. Coefficients from linear regressionof head circumference on In(PFOA),
‘with adjustment by different setsof covariates.
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Figure E-3. Coefficients from linear regression of head circumference on In(PFOS),
with different specificationsof potential confounders.
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Figure E-4. Coefficients from linear regressionof head circumference onIn(PFOA),
with different specificationsof potential confounders.
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Figure E-5. Coefficients from linear ‘regression of head circumference on PFOS,
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Figure E-6. Coefficients from linear regressionof head circumference on PFOA,
‘with adjustment by different setsof covariates.
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APPENDIX F

NEWBORN LENGTH REGRESSION SENSITIVITY
ANALYSES
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‘The following sensitivity analyses are provided:

+ Covariate adjustment (see models below)
« Covariatespecification (non-linearities)
« Untransformed PFC independent varizble

Models
Models
A: Univariate
B: Adjusted for gestational age.
C: Adjusted for gestational age, maternal age, body mass index, race, parity, smoking,
baby gender, height, and net weight gain.
D: Model C + diabetes and hypertension.
E: Model C + maternal education, insurance status, and marital status. '
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Figure F-1. Coefficients from linear regression oflength on In(PFOS), with
adjustment by different sets of covariates.
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Figure F-2. Coefficients from linear regression of length on In(PFOA), with
adjustment by different setsofcovariates.
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Figure F-3. Coefficients from linear regressionoflength on In(PFOS), with different
specificationsof potential confounders.
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comparing log-linear and linear models.
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APPENDIX G

NEWBORN PONDERAL INDEX REGRESSION
SENSITIVITY ANALYSES
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‘The following sensitivity analyses are provided:

+ Covariate adjustment (see models below)

+ Covariate specification (non-linearities)
+ Untransformed PFC independent variable

Models

A: Univariate i
B: Adjusted for gestational age.

C: Adjusted for gestational age, maternal age, maternal age squared, body mass index,
race, parity, smoking, baby gender, height, and net weight gain.
D: Model C + diabetes and hypertension.
E: Model C + maternal education, insurance status, and marital status. .
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Figure G-1. Coefficients from linear regression of ‘ponderal index on In(PFOS), with
adjustment by different sets of covariates.
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Figure G-2. Coefficients from linear regression of ponderal index on In(PFOA), with
adjustment by different sets of covariates.
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Figure G-3. Coefficients from linear regressionofponderal index on In(PFOS) usingimputation model, with different specifications of potential confounders. ‘
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Figure G-4. Coefficients from linear regressionofponderal index on In(PFOA)using imputation model, with different specifications of potential confounders.
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Figure G-5. Coefficients from linear regression of ponderal index on PFOS, with
adjustment by different sets of covariates.
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Figure G-6. Coefficients from linear regression of ponderal index on PFOA, with
adjustment by different sets of covariates.
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Different Birth weight for Length Analyses:
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Figure G-8. Coefficients from linear regression of birth weight on In(PFOS) after
adjustment for length, with subsequent adjustment by different sets of covariates.
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Figure G-9. Coefficients from linear regressionofbirth weight on Ia(PFOA) after
adjustment for length, with subsequent adjustment by different sets of covariates.
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Figure G-10. Coefficients from linear regression of birth weight/length ratio on
In(PFOS), after adjustment bydifferent sets of covariates.
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Figure G-11. Coefficients from linear regression of birth weight/length ratio on ‘
In(PFOA), after adjustment by different setsof covariates.
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RELATIONSHIPS BETWEEN PFOS OR PFOA AND
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Figure H-1. Association between total serum lipids, total cholesterol, and
triglycerides and PFOS and PFOA.

* Solid line based on non-parametric smoothing function. Dashed line denotes predicted

linearregressionfit.
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Figure H-2. Coefficients from linear regressionofbirth weight on In(PFOS), before
and after adjustment for lipids.
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Figure H-3. Coefficients from linear regressionof birth weight on In(PFOA), before

and after adjustment for lipids.
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Figure H4. Coefficients from linear regression of head circumference on In(FOS),
before and after adjustment for lipids.
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Figure H-5. Coefficients from linear regressionof head circumference on
1a(PFOA) before and aftr adjustment for lipids.
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Figure H-6. Coefficients from linear regression of ponderal index on In(PFOS),
before and after adjustment for lipids.
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