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Abstract

Current understanding of the thyroid disruptive properties of perfluoroalkyl substances (PFASS),
particularly in aging populations, is limited. The objectives of this study were to (i) assess
associations between thyroid function, as measured by serum thyrotropin (thyroid stimulating
hormone, TSH), free thyroxine (fT4), total thyroxine (T4), and total triiodothyronine (T3), and
serum perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) in an aging
population and (ii) determine if other persistent organic pollutants with thyroid disruptive
properties including polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers
(PBDEs) modify such associations. We conducted a cross-sectional study of 87 men and women
55 to 74 years of age, without clinically-diagnosed thyroid disease, who resided in upper Hudson
River communities in New York. Geometric means (standard deviations) of serum PFOS and
PFOA were 31.6 (1.7) ng/mL and 9.17 (1.72) ng/mL, respectively. Multivariable linear regression
analyses indicated that one interquartile range difference in PFOS corresponded to 4% and 9%
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increases in fT4 and T4 respectively. We detected statistical interactions between PFOA and age
for effects on fT4 and T4; joint increases in PFOA and age were associated with increases in fT4
and T4, of 3% and 7%, respectively. We also detected statistical interactions between PFOS and
total PCBs for the effect on T3 and between PFOA and total PBDEs for the effect on TSH. Our

results suggest that PFASSs are associated with subtle alterations in thyroid hormone levels in this
population, and that these associations are likely to vary by age, and levels of PCBs and PBDEs.
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1. Introduction

Perfluoroalkyl substances (PFASs) have been extensively used over the last five decades in
a variety of consumer products and industrial applications including textiles, fire-fighting
foams, and fluoropolymers mainly due to their surfactant properties (ATSDR, 2009;
Prevedouros et al., 2006). Due to extensive persistence and an ability to bioaccumulate,
PFASs are widespread in the environment (Giesy and Kannan, 2001; Kato et al., 2011).
Their ubiquity and potential link to human health effects led to efforts to phase out U.S.
production and use of perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA),
the two most predominant PFASs, in the early 2000's (ATSDR, 2009). PFASs, however,
were still detected in 99% of serum samples collected from the general U.S. population
during the 2007-2008 National Health and Nutrition Examination Survey, and therefore
remain a potential health concern (Kato et al., 2011).

Thyroid hormones are important for proper cardiovascular and central nervous system
function, including neuropsychological function (Bauer et al., 2008; Klein and Ojamaa,
2001; Yen and Brent, 2012). Rather than directly interfering with the hypothalamus-
pituitary-thyroid (HPT) axis, PFASs may compete for certain thyroid hormone binding
proteins (TBPs) including albumin and transthyretin (Chang et al., 2008; Han et al., 2012;
Jones et al., 2003; Weiss et al., 2009). By competing for binding sites on TBPs, PFASs may
displace thyroid hormone and in doing so increase the circulating levels of biologically
available hormone. However, both increases and decreases in serum thyroid hormones have
been demonstrated in groups occupationally exposed to high-dose PFASs (Olsen et al.,
2003; Olsen and Zobel, 2007), and in adults and children exposed to high/background levels
of PFOA and PFOS (Dallaire et al., 2009; Knox et al., 2011; Lopez-Espinosa et al., 201243,
Wen et al., 2013). Inconsistent findings across studies limit current understandings of
PFASs' thyroid disruptive properties and the associated public health impact. Additionally,
aging populations are often under-represented in the literature, with only one study
illustrating associations in an older population (Knox et al., 2011). Aging individuals may
experience increased health risks due to compromised biological capacities and higher body
burdens of the chemicals (Geller and Zenick, 2005). Therefore, characterization of the
associated risks in such populations is important but understudied areas.
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Besides PFASs, U.S. populations are also exposed to other persistent organic pollutants
(POPs) with thyroid disruptive properties, including polychlorinated biphenyls (PCBs) and
polybrominated diphenyl ethers (PBDEs) (Boas et al., 2012; Centers for Disease Control
Prevention, 2009). In our previous research, we reported that such POPs may interact to
affect thyroid and neuropsychological function (Bloom et al., 2014; Fitzgerald et al., 2012).
Similarly, there exists a likelihood for shared biological mechanisms, including interference
with serum TBPs (Boas et al., 2012), and so these POPs may modify the effects of PFASs
on thyroid function. However, the interaction between PFASs and other POPs has not been
well addressed in other studies of human populations.

The current study is intended to further increase knowledge of the associations of PFASs
with thyroid function in aging populations and the potential modifying effects of the other
POPs on such associations. We assessed associations between serum PFOS and PFOA and
thyroid function among older men and women residing in upper Hudson River communities.
We hypothesized that PFOS and PFOA would be positively associated with free thyroxine
(fT4), total thyroxine (T4), and total triiodothyronine (T3). Additionally, we examined if
serum total PCBs (X PCBs), total PBDEs (X PBDEs), and dichlorodiphenyl trichlorethane
(DDT) and its metabolite p,p-dichlorodiphenyl dichloroethene (DDE) modified such
associations.

2. Materials and Methods

2.1. Sample Selection

The study population consisted of men and women, aged 55 to 74 years, who lived in three
demographically similar communities adjacent to the Hudson River in New York State
(NYS) for 25 years or more: Fort Edward, Hudson Falls, and Glens Falls (Figure 1). The
study participants were originally recruited to investigate associations between
environmental PCB exposure and neuropsychological function, given the proximity to
General Electric plants located in Fort Edward and Hudson Falls. These plants used PCBs to
manufacture electric capacitors from 1947 until 1977, and discharged more than 450,000 kg
of PCBs into the upper Hudson River (U.S. EPA, 2011).

The procedures for participant recruitment have been described in detail elsewhere
(Fitzgerald et al., 2007; Fitzgerald et al., 2008). Briefly, the source population was identified
using an online telephone directory search engine and a digital database (InfoUSA). A total
of 2,704 men and women aged 55 to 74 years residing in one of the three target communities
were contacted by telephone to determine eligibility for the study. Those who had not lived
in their respective areas for at least 25 years, or who had been involved in a PCB-related job
for > 1 year, or who had certain medical conditions, including a history of stroke, severe
head injury, Parkinson's disease, Alzheimer's disease, or severe cognitive impairment, were
ineligible for the study. Among those eligible and invited to participate, 40% agreed.

The final cohort consisted of 253 participants from all three communities. During the years
2000-2002, structured in-person interviews were conducted to obtain information on
sociodemographics, and histories on residence, fish consumption, occupation and
medication use.
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A flowchart outlining the sample selection process is shown in Figure 2. Of 253 participants
from the parent study, 181 had sufficient serum archived (= 1.0 mL), and 144 agreed to
thyroid hormone and PBDE determinations in 2005. In 2010, 157 of 166 participants with
adequate serum archived (= 0.2 mL) consented to the additional analysis of serum PFASs. A
total of 109 participants had information on both PFASs and thyroid biomarkers.
Participants with clinical thyroid disease or who were taking any thyroid-related medications
(n=9), or sex hormone therapy (n=13) were excluded (Tahboub and Arafah, 2009). The
current analysis was therefore restricted to 87 participants. The project was approved by the
Institutional Review Boards of the University at Albany and the NYS Department of Health
(NYSDOH).

2.2. Serum Chemical Analysis

Samples of 25 mL of venous blood were drawn from fasting subjects and centrifuged to
obtain serum which was pipetted into a glass container. Blood serum PCBs, organochlorine
pesticides, including DDE and DDT, cholesterol, and triglycerides were analyzed at the
Wadsworth Center of the NYSDOH during 2000-2002 (Fitzgerald et al., 2007; Fitzgerald et
al., 2008). Remaining serum samples were archived at -20°C and later used for PBDE and
PFAS analysis in 2005 and 2010, respectively. The analytical procedures for serum PBDE
analysis can be found elsewhere (Fitzgerald et al., 2010). The 30 PCB congeners were
summed to obtain serum X PCBs, and the 9 commonly detected PBDE congeners were
summed to obtain serum X PBDEs. Concentrations of serum DDE and DDT were also
summed.

The procedure for the analysis of PFOS and PFOA is described in detail elsewhere (Kannan
et al., 2004). The methods utilized initial extraction of the chemicals from serum using an
ion-pairing method with subsequent analysis by high performance liquid chromatograph-
tandem mass spectrometer. Isotopically labeled internal standards were spiked into each
sample and quantification was done by isotope dilution method. The laboratory has
validated the method by participating in several inter-laboratory comparison studies and
proficiency testing programs. The limit of quantitation (LOQ) ranged from 0.5 to 1 ng/mL,
which was determined based on the linear range of the calibration curve prepared at a
concentration range of 0.5 ng/mL to 100 ng/mL. There was one observation below the LOQ
for PFOA, for which the machine-read value was assigned without substitution because this
approach has been shown to minimize bias (Schisterman et al., 2006).

2.3. Thyroid Function Biomarkers

Concentrations of thyrotropin (thyroid stimulating hormone, TSH), fT4, T4, and T3 in
serum were determined using an immunoelectrochemiluminometric assay (Roche Elecsys
1010 system, Roche Diagnostics, U.S.A.) in 2005 at the Clinical Laboratory, Wadsworth
Center, NYSDOH. The laboratory is CLIA-88 accredited. The assays make use of a
competition test principle using antibodies that are specific for each analyte. Endogenous
thyroid hormone in the sample competes with exogenous analog in the test, which has been
labeled with a ruthenium complex for binding sites on the biotinylated antibody. The
reaction mixture is exposed to a voltage to induce the chemiluminescent emission which is
measured by a photomultiplier. The average inter-run coefficients of variation for TSH, T4,
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T4, and T3 were 2.5% (5.1% at concentrations < 0.2 ulU/mL), 2.2%, 4.5%, and 5.9%,
respectively. The laboratory reference intervals were 0.3-4.2 plU/mL for TSH, 0.9-1.7 ng/dL
for fT4, 5.1-14.1 pg/dL for T4, and 80-200 ng/dL for T3.

2.4, Statistical Analysis

Total serum lipids were calculated from serum cholesterol and triglycerides using the
“short” formula (2.27 x cholesterol + triglycerides + 0.623) proposed by Phillips et al.
(1989), and serum 32 PCBs, > PBDEs, and DDE+DDT were expressed on a lipid basis, i.e.
ng/g of serum total lipids (Fitzgerald et al., 2008; Fitzgerald et al., 2010). Serum PFASs,
PCBs, > PBDEs, DDE+DDT, and TSH were natural log transformed (In) to achieve
normality. Student t-test, analysis of variance, Pearson correlation coefficients and non-
parametric tests, such as Wilcoxon's two sample test and Kruskal-Wallis test, were
employed to assess bivariate associations between PFASs and thyroid hormones, and with
covariates, including age, sex, years of education, serum X PCBs and > PBDEs, cigarette
smoking, and alcohol consumption.

To assess the associations of serum PFOS and PFOA with thyroid hormones adjusting for
potential confounders, multivariable linear regression analyses were performed. Directed
acyclic graphs, delineating hypothesized causal pathways between serum PFASs and thyroid
hormones, and with covariates based on the findings of previous studies, were used to
identify covariates for confounding adjustment (Greenland et al., 1999). The regression
models included age, sex, years of education, and serum > PCBs (lipid basis) as covariates
(Bloom et al., 2014; Davis et al., 2003; Kato et al., 2011; Tahboub and Arafah, 2009). We
assessed underlying assumptions of linear regression models including linearity,
homoscedasticity, normality, and independence of errors. We also evaluated influential
observations in the regression models using criteria, including Cook's distance (> 1), dfbeta
(=1.0| for exposure), or dffit (= |1.5]) (Kleinbaum et al., 1998). Effects were reported as the
change in thyroid hormone level per interquartile range (IQR) increase in In PFAS.

To check potential interactions of the PFASs with covariates including age, > PCBs, 2
PBDEs, and DDE+DDT, we performed regression analyses including two-way product
terms. In addition to > PCBs, we also assessed interaction by the sum of 12 PCB congeners
with anti-estrogenic/dioxin-like properties (i.e., IUPAC #s 77, 81, 105, 114, 118, 123, 126,
156, 157, 167, 169 and 189 (Cooke et al., 2001, Van den Berg et al., 2006, Wolff et al.,
1997)), the sum of seven PCB congeners with estrogenic properties in vivo or in vitro (i.e.,
IUPAC #s 52, 77, 95, 99, 101, 110 and 153 (Cooke et al., 2001)), the sum of thyroid active
congeners likely to compete for binding to serum TBPs (i.e., IUPAC #s 28, 52, 60, 74, 77,
95, 99, 101, 105, 114, 118, and 126 (Bloom et al., 2014; Chauhan et al., 2000)), and the sum
of non-dioxin-like/ortho- PCB congeners that may inhibit dopamine transporter (i.e., IUPAC
#s 28,52, 74,99, 101, 110, 118, 138, 153, and 180 (Wigestrand et al., 2013)). We reported
individual and joint effects for models with p-value (p) < significant product terms (Knol et
al., 2009). As lipid standardization of PCBs (Phillips et al., 1989) may produce biased
estimates, we repeated the analyses using PCBs or PBDESs on a wet-weight basis and
adjusting for total lipids as a covariate (Schisterman et al., 2005). All the statistical tests
were two-tailed, and are considered statistically significant at p < 0.05 for main effects and
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at p < 0.10 for product terms. All the analyses were performed using SAS version 9.3 (SAS
Institute, Inc. Cary, NC, U.S.A).

Table 1 presents the background characteristics for the study participants. The mean age
(standard deviation (SD)) of participants was 63.6 (6.1) years, with an IQR of 58-69 years;
58.6% (n = 51) of whom were men and 41.4% were women. Geometric mean (GM)
concentrations (SDs) of serum X PCBs, > PBDEs, and DDE+DDT were 458 (1.6) ng/g,
30.5 (3.4) ng/g, and 506 (3.1) ng/g, respectively, and their IQRs were 350-595 ng/g,
11.7-66.1 ng/g, and 303.7-965.3 ng/g, respectively.

Table 2 presents descriptive statistics for PFASs and thyroid biomarkers. GM concentrations
(SDs) of serum PFOS and PFOA were 31.6 (1.7) ng/mL and 9.2 (1.7) ng/mL respectively;
their IQRs were 21.7-45.2 ng/mL and 7.1-13.1 ng/mL respectively. GM concentrations
(SDs) of serum TSH, fT4, T4, and T3 were 2.2 (1.7) plU/mL, 1.2 (1.2) ng/dL, 8.6 (1.2)
ug/dL, and 124.7 (1.1) ng/dL, respectively.

Table 3 presents bivariate associations between PFASs and thyroid hormones, and with
covariates. Briefly, PFOS and PFOA were positively correlated (r = 0.52, p < 0.001). PFOS
was positively associated with fT4 (r = 0.23, p =0.03) and T4 (r = 0.39, p =< 0.001) and
PFOA was positively associated with T4 (r = 0.27, p =0.01) and T3 (r = 0.23, p = 0.03).
Mean fT4 was significantly higher in men than in women (p = 0.02); levels of PFASs and
other thyroid hormones were not significantly different between men and women (data not
shown). PFASs were not significantly correlated with age.

Table 4 presents the results of multivariable analyses adjusted for age, sex, years of
education, and serum X PCBs (lipid basis). Serum PFOS was positively associated with fT4
(B = 0.054, 95% Confidence Interval (Cl) = 0.002, 0.106; p = 0.044) and T4 (3 = 0.766, 95%
Cl =0.327, 1.205; p = 0.001), which correspond to 4% and 9% increases in their respective
means. A positive association was suggested between serum PFOS and TSH, although not
of statistical significance (f = 0.129, 95% CI = -0.023, 0.281; p = 0.094). A similar
association was suggested for serum PFOA and T4 (p = 0.097). When regression analyses
were performed with both PFOS and PFOA in the same model, positive association between
PFOS and T4 persisted whereas that between PFOS and fT4 was attenuated (data not
shown).

We detected statistical interactions between age and PFOA for effects on fT4 and T4 (p <
0.05 for product terms, Table 5). For example, for T4, the joint increase in age and PFOA
was associated with approximately 7% increase in T4, which is greater than the sum of the
individual effects of PFOA and age, suggesting that increasing age may potentiate the
effects of PFOA on T4. Figure 3 presents the association between PFOA and T4 stratified
by median value of age which shows increasing slope for > 63 years and no effect < 63
years. Corresponding increases in T4 due to PFOA were 12% for the older and 0.7% for the
younger groups (Supplemental Table 1). The joint effect of PFOA and age on fT4
corresponded to approximately 3% increase in the hormone level.
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We also detected a sub-additive interaction between PFOS and X PCBs (p for a product term
=0.02) on T3 (PFOS effect = 5.145, 95% CI = 0.179, 10.111; ¥ PCB effect = 2.179, 95%
Cl =-2.787, 7.144; and joint effect = 0.581, 95% CI = -4.668, 5.831), suggesting
antagonism. The individual effects of PFOS and X PCBs corresponded to 4.1% and 1.7%
increases in T3; however, the joint effect indicated a negligible change in T3 (i.e., 0.46%).
Antagonistic effects also were detected for each PCB category — however, unlike > PCBs,
these joint effects indicated marginal decreases in T3 (Supplemental Table 2). We also
detected statistical interaction between PFOA and X~ PBDEs (p for a product term = 0.07)
for the effect on TSH (PFOA effect = 0.197, 95% CI = 0.024, 0.370; X PBDE effect =
0.062, 95% CI = -0.096, 0.220; and joint effect = 0.093, 95% CI=-0.104, 0.291); here, the
joint effect of PFOA and > PBDEs was smaller than the individual effect of PFOA
suggesting antagonistic effect by > PBDEs. No interactions were detected for PFASs with
sex and serum DDE+DDT, and between PFOS and PFOA.

We repeated the analyses using serum total lipids and > PCBs (wet weight basis) as
covariates; the results were similar to those with PCBs expressed on a lipid basis (data not
shown) except that p for interactions between PFOS and X PCBs (p = 0.07) and between
PFOA and X PBDEs (p = 0.09) were slightly inflated. We repeated the analyses including
13 women using hormone replacement therapy (n =100). The only substantive difference
detected was for the association between PFOS and T3; the association was positive and
statistically significant (B = 5.154, 95% CI = 0.349, 9.960; p = 0.036).

5. Discussion

In the current study of older residents of the upper Hudson River communities, we detected
positive associations between serum PFOS and fT4 and T4. We detected statistical
interactions between serum PFOA and age for effects on fT4 and T4; however, the joint
exposures accounted for subtle increases in levels of these hormones. We also detected
statistical interactions between PFOS and - PCBs on T3, and between PFOA and = PBDEs
on TSH; the concurrent exposure to PCBs and PBDEs attenuated the effects of PFOS and
PFOA respectively.

This is one of few studies to focus on associations in an aging population. Although prior
studies have included aging individuals in their analyses, only one elaborated associations in
an aging group (Knox et al., 2011), and our results complement those findings. In men and
women aged > 50 years who were exposed to background levels of PFOS (means = 25.7
ng/mL and 29.1 ng/mL for women and men respectively) and high levels of PFOA (means =
98.6 ng/mL and 124.3 ng/mL for women and men respectively), PFOS and PFOA were
positively associated with T4 (Knox et al., 2011). However, Knox et al. did not measure fT4
and T3. In the same population as studied by Knox et al. (aged > 20 years), higher PFOA
was associated with increased risks of hyperthyroidism among men and hypothyroidism
among women (Winquist and Steenland, 2014); however, no age-dependent associations
were reported.

Additional studies that examined associations between PFASs and thyroid function reported
varying results. For example, serum PFOS and PFOA were not associated with fT4 and T4,
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and positively associated with T3 in occupational groups from two 3M Company facilities
that used PFOA salt, exposing individuals to very high levels (Olsen et al., 2003). When
these occupational data were reanalyzed including workers from a third facility (n = 506),
serum PFOA was negatively associated with fT4 (Olsen and Zobel, 2007). However, the
authors considered the associations to be clinically irrelevant. At PFAS levels lower than in
our study (GMs = 14.2 ng/mL for PFOS and 4.15 ng/mL for PFOA), significant positive
association between serum PFOA and T3 was detected among 502 American women = 20
years of age (Wen et al., 2013). In a study of 623 Inuits, aged 18 to 73 years and residing in
Nunavik, Canada, serum PFOS (GM = 18.28 ng/mL) was positively associated with fT4 and
negatively associated with T3 and TSH (Dallaire et al. 2009). Other studies that focused on
background levels of the chemicals reported no association with fT4 (Bloom et al., 2010; Ji
et al., 2012). No association was reported for TSH by most of studies (Bloom et al., 2010;
Olsen et al., 2003; Olsen and Zobel, 2007; Wen et al., 2013). Due to the fact that our
analysis exclusively focused on aging men and women, and that women were mostly
postmenopausal, our results may not be directly comparable to these prior studies.

In the current study, we detected main effects only for fT4 and T4, but we did not detect
main effects for TSH. Increases in fT4 and T4, without a concurrent change in TSH, as
detected in our study, may reflect alterations in levels of TBPs (Bloom et al., 2014).
Generally, we expect that the negative feedback of increase in thyroxine levels would inhibit
pituitary TSH secretion. However, it is possible that peripheral deiodination of excess
thyroid hormones might restore homeostasis without influencing the HPT axis, and/or subtle
increases in fT4 and T4 brought about by the current PFAS ranges might not be sufficient to
suppress TSH secretion. We also detected PFOA-associated elevations in fT4 and T4
increased with age. The literature suggests that levels of TBPs as well as their binding
capacity may change in older adults (Benvenga, 2012; Braverman et al., 1966), which could
be one of the possible explanations for the detected age-specific associations. For instance,
levels of transthyretin and albumin decrease with increasing age in elderly (Benvenga,
2012). In addition, the thyroid hormone binding capacity of thyroxine-binding globulin
(TBG) is higher in older and younger people compared to the middle-aged people, and that
of transthyretin is lower in younger and older people compared to the middle-aged people
(Braverman et al., 1966).

Mechanisms by which PFASs may influence thyroid hormones, including interference with
TBPs, are not well-understood. PFAS-influenced increases in hepatic TBP synthesis has also
been implicated for higher total thyroid hormone concentrations (Knox et al., 2011). Results
from a few human studies that examined associations between PFASs and measures of
TBPs, including TBG, T3 uptake, and albumin, were not consistent (Dallaire et al., 2009;
Knox et al., 2011; Olsen et al., 2003). In contrast to our findings, PFASs have also been
shown to inhibit thyroperoxidase activity in vitro (Song et al., 2012), which may lead to
decreased thyroid hormone secretion (Thalmann and Meier, 2012).

In addition to main effects for fT4 and T4, ours is the first study to report interactions
between PFASs and other POPs on thyroid function. We detected antagonistic interaction
between PFOS and all PCB groupings for the effect on T3. These antagonistic effects were
strongest for the thyroid active congeners and weakest for 3 PCBs. While it may be a
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chance occurrence, we suspect that this difference may be due to an obscuring of the effect
resulting from the inclusion of biologically impertinent PCB congeners in X PCBs. Prior
literature indicates that PCBs decrease serum thyroid hormones through several mechanisms
that influence hormone synthesis, and metabolism and transport proteins (Boas et al., 2012;
Liu et al., 2012), which could explain the antagonistic effect we observed. Similarly,
interaction between PFOA and X PBDEs on TSH could be ascribed to potential involvement
of serum TBPs (Boas et al., 2012; Meerts et al., 2000; Ren and Guo, 2012).

Experiments in rats suggested that observed associations between PFOS and fT4 might be
an experimental artifact. Specifically, reduced fT4 observed in animal studies following
PFOS exposure may result from a negative bias induced by analog hormone assays used in
the presence of compounds that interfere with binding to serum protein analog, including
PFOS (Chang et al., 2007; Chang et al., 2008). However, more recent work in a human
population did not report a negative fT4 bias in the presence of PFOS and PFOA at levels in
a similar to and higher than ours, respectively (Lopez-Espinosa et al., 2012b). When fT4
was determined using the gold-standard equilibrium dialysis-radioimmunoassay method,
transient increase in fT4 and decrease in TSH concentrations, and subsequent steady
decrease in T4 and T3 concentrations following exposure to PFOS was reported (Chang et
al., 2008). The subsequent reductions in T4 and T3 concentrations, which contradict our
findings, were hypothesized to be due to increased tissue uptake and turnover of thyroid
hormones. Yet, the study animals had mean serum PFOS levels more than 1000 times
greater than those measured in our study participants. Additionally, rodent and human
thyroid physiology differ in several ways, which include longer half-lives of thyroid
hormones in humans, and different concentrations and binding capacities of TBPs across
species (Jahnke et al., 2004). Thus, we speculate that a single administered high dose of
PFOS to rats increases serum fT4 in a manner sufficient to prompt negative pituitary
feedback, reducing TSH, and increasing the turnover rate for these short-lived thyroid
hormones. However, the comparatively low doses of PFOS experienced by our study
participants may manifest only as a modest increase in fT4 insufficient to prompt negative
anterior pituitary feedback.

Levels of PFOS and PFOA in the current study were 1.4 and 2.5 fold higher than those
reported for the U.S. population of the same age ranges during 2003-2004 (Kato et al.,
2011). Given that serum PFOS was positively correlated with serum > PCBs and the current
study population lived near a PCB-contaminated site, we could speculate that elevated levels
may be due to common environmental or occupational sources in addition to the typical
sources of PFASs.

The current study was performed in aging individuals without a history of overt thyroid
disease and clinical neuropsychological conditions. It is possible that the detected effects
have meaningful impact on neurocognitive well-being at the population level, particularly
among hyperthyroid individuals or those individuals at the upper ends of thyroid hormone
distributions (Bauer et al., 2012; Winquist and Steenland, 2014).

Our results should be carefully interpreted due to several limitations. Due to cross-sectional
nature of the study, we are unable to determine the temporal order of PFAS exposure and
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thyroid hormone change, which prevent us from making etiological inferences. We did not
have information on serum albumin and TBG which would have provided additional
information on detected associations. In addition, multiple statistical comparisons were
made, which increased the probability for chance findings due to inflation of the Type |
error rate. Our small sample size limited the analysis in several ways; for instance, we were
unable to assess the joint effects of age and sex on thyroid hormones, and we were unable to
examine associations with clinical thyroid disorders. Additionally, we used archived sera to
estimate thyroid biomarkers and PFASS, raising the possibility for sample degradation over
time. However, stability of thyroid hormones following 3-5 years of storage at -20°C, and
that of the PFASs following 6-8 years of storage is not likely to be of concern (Mannisto et
al., 2007; Martin et al., 2004).

The selection of the 87 participants was based on serum availability for PFAS and thyroid
hormone determinations, thyroid disease status, and use of sex hormones and thyroid
medications. Compared to excluded participants, a higher percentage reported alcohol
consumption (90% vs. 74%) whereas the proportion of women was smaller (41% vs. 54%);
this is likely to be chance given random nature of exclusion. Differential selection by
alcohol consumption status is less likely to affect validity of the findings, given that PFASs
are unlikely to be affected by alcohol consumption. The difference in sex composition was
due to exclusion of women using sex hormone replacement therapy.

6. Conclusions

In general, higher serum PFAS levels were associated with increments in fT4 and T4.
Changes in levels of thyroid hormones associated with the ranges of PFASs exposures seem
to be small but may still have substantial impact on cognitive function and neurobehavior.
The associated public health impact may be significant given the heightened risk of thyroid
diseases in elderly (Peeters, 2008), ubiquity of PFASs (Kato et al., 2011), and rapidly
growing aging populations (U.S. Administration on Aging, 2012). In addition, our results
also suggest that the associations of PFASs and thyroid hormones may vary by age and
levels of PCBs and PBDEs.

Overall results may be helpful in shedding light on the associations between other shorter
chained PFASs and thyroid hormones which are still being produced and understudied.
Further studies, both epidemiologic and toxicological, that incorporate comprehensive sets
of thyroid function end points and TBPs are warranted to support the findings of this study
and to elucidate possible mechanisms involved.
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Study Areas: Glens Falls, Hudson Falls, and Fort Edward, New York.
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Sample Selection Process.
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Abbreviations: PBDEs, Polybrominated Diphenyl Ethers; PCBs, Polychlorinated Biphenyls;

PFASs, Perfluoroalkyl Substances; THs, Thyroid Hormones.
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Figure 3.
Associations between total thyroxine (ug/dL) and PFOA (ng/mL, log-transformed) stratified

by age < median value of 63 years (n = 87).
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Table 1

Background characteristics of study participants (n = 87)

Variable n Mean (SD) Median Range
Age at interview (years)2 87 63.57 (6.06) 63 55, 74
Body mass index (kg/m?)a 87  2881(5.76) 2755  17.22,49.6
Alcohol consumption (Numbers of annual drinks in last year)@d 87 284.61 (377.36) 116 0, 2184
Among drinkers (Numbers of annual drinks in last year)a-d 78 317.45(385.34) 187 1,2184
Cigarette smoking (Total packs in last year)& 87 46.19(144.06) 0 0,730
Among smokers (Total packs in last year)2 14 287.08(250.65)  273.75 0.65, 730
Years of education? 87 13.92 (2.78) 14 6,20
Serum 33 PBDES (ng/g serum total lipids)? 87 3052(3.38) 2351  4.95012.99
Serum 3 PCBs (ng/g serum total lipids)P 87 458.12(157) 44525 139.3,1638.19
Serum DDE+DDT (nglg serum total lipids)P 87  506.45(312) 61298  3.03,3593.04
Categories n %
Sex

Men 51 58.62

Women 36 41.38
Income category®

< $15,000 4 4.88

> $15,000 to $30,000 15 18.29

> $30,000 to $45,000 23 28.05

> $45,000 to $60,000 17 20.73

> $60,000 to $75,000 13 15.85

> $75,000 10 12.20

Abbreviations: DDE, p,p-dichlorodiphenyl dichloroethene; DDT, dichlorodiphenyl trichlorethane; > PBDEs, Total Polybrominated Diphenyl
Ethers; > PCBs, Total Polychlorinated Biphenyls; Range, Minimum-Maximum; SD, Standard Deviation.

aArithmetic Mean;
b .
Geometric Mean;

CFrequency Missing=5;

dA drink is defined as 12 oz. of beer, 4 oz. of wine, or 1.5 oz. of liquor.
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Distributions for serum PFASs and thyroid biomarkers in study participants (n = 87)

AM (SD) GM (SD) Median Range
PFOS (ng/mL) 36.58 (22.8)  31.60 (1.70) 29.78  5.29,139.53
PFOA (ng/mL) 10.42 (5.68) 9.17 (1.72) 9.32 0.58, 42.69
TSH (uIU/mL) 258 (147)  2.25(1.72) 2.15 0.23,9.05
T4 (ng/dL) 1.24 (0.17) 1.23 (1.15) 1.26 0.86, 1.68
T4 (ug/dL) 8.69 (1.47) 8.57 (1.19) 8.66 6.09, 12.08
T3 (ng/dL) 125.69 (15.58) 124.71(1.14) 12460 82.70, 172.40

Abbreviations: AM, Arithmetic Mean; fT4, Free Thyroxine; GM: Geometric Mean; PFASs, Perfluoroalkyl Substances; PFOA, Perfluorooctanoic
Acid; PFOS, Perfluorooctane Sulfonate; Range, Minimum-Maximum; SD, Standard Deviation; T3, Total Triiodothyronine; T4, Total Thyroxine;

TSH, Thyroid Stimulating Hormone.
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Table 4
Final multivariable models? for thyroid function markers with serum PFASs (n = 87)

Model B 95%LCI 95% UCI P-value

TSH (uIU/mL)P

PFOS (ng/mL)P  0.129 -0.023 0.281  0.094

PFOA (ng/mL)P  0.102 -0.047 0250  0.176
fT4 (ng/dL)

PFOS (ng/mL)P  0.054 0.002 0.106  0.044

PFOA (ng/mL)P  0.016 -0.036 0.069 0536
T4 (ugldL)

PFOS (ng/mL)P  0.766 0.327 1.205  0.001

PFOA (ng/mL)P  0.380 -0.070 0.830  0.097
T3 (ng/dL)

PFOS (ng/mL)P  2.631 -2.248 7510  0.287

PFOA (ng/mL)P  3.032 -1.725 7.789  0.208

Abbreviations: fT4, Free Thyroxine; LCI, Lower Confidence Interval; PCBs, Polychlorinated Biphenyls; PFASs, Perfluoroalkyl Substances;
PFOA, Perfluorooctanoic Acid; PFOS, Perfluorooctane Sulfonate; T3, Total Triiodothyronine; T4, Total Thyroxine; TSH, Thyroid Stimulating
Hormone; UCI, Upper Confidence Interval.

aAdjusted for age, sex, years of education, and serum 3 PCBs (ng/g serum total lipids).

bLog transformed.
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Table 5
Individual and joint effects2 of PFOA (ng/mL)P and age on thyroid hormones (n = 87)

PFOA effect (95% CI)C  Age effect (95% C1)d  Joint effect (95% CI)®  P-valuef

TSH
(U/mL)P 0.032(-0.148,0.212)  0.107 (-0.107, 0.321) 0.293 (0.035, 0.551) 0.225
T4 (ng/dL)  -0.024 (-0.086,0.038)  -0.034 (-0.108,0.041)  0.031 (-0.058, 0.121) 0.043
T4 (ug/dL) 0.005 (-0.530, 0.540)  -0.210 (-0.847,0.428)  0.618 (-0.150, 1.387) 0.029
T3 (ng/dL) 1.557 (-4.233,7.346)  -3.301 (-10.198, 3.596)  1.496 (-6.819, 9.812) 0.427

Abbreviations: Cl, Confidence Interval; T4, Free Thyroxine; X PCBs, Total Polychlorinated Biphenyls; PFOA, Perfluorooctanoic Acid; T3, Total
Triiodothyronine; T4, Total Thyroxine; TSH, Thyroid Stimulating Hormone

aAdjusted for sex, years of education, and serum 3 PCBs (ng/g serum total lipids).
bLog transformed.

PFOA effect = Change in thyroid hormone level per interquartile range increase in PFOA concentrations among the individuals with age at the
first quartile.

Age effect = Change in thyroid hormone level per interquartile range increase in age among the individuals with PFOA concentrations at the first
quartile.

e . . . . oo . .
Joint effect = Change in thyroid hormone level score per interquartile increases in both PFOA concentrations and age.

fP-value for theproduct term between PFOA and age.
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