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Abstract Keywords

Perfluorooctanoate (PFOA) and perfluorooctanesulfonate (PFOS) are ubiquitous synthetic ~ ammonium perfluorooctanoate, cancer,
chemicals with no known effect on human cancer development. This article systematically and epidemiology, humans, perfluoroalkyl
critically reviews the epidemiologic evidence regarding the association between PFOA and substances, perfluorooctanesulfonate,
PFOS exposure and cancer risk in humans. Eighteen epidemiologic studies - eight of PFOA, four perfluorooctanesulfonyl fluoride,

of PFOS, and six of both PFOA and PFOS - have estimated associations of exposure to these perfluorooctanoate

chemicals with cancer incidence or mortality, with studies equally divided between occupa-

tional and nonoccupational settings. Although some statistically significant positive associations

have been reported, for example, with cancers of the prostate, kidney, testis, and thyroid, the  History

majority of relative risk estimates for both PFOA and PFOS have been between 0.5 and 2.0 (with  Received 25 January 2014
95% confidence intervals including 1.0), inconsistently detected across studies, counterbalanced  Revised 12 March 2014
by negative associations, not indicative of a monotonic exposure-response relationship, and not  Accepted 14 March 2014
coherent with toxicological evidence in animals, in which the primary target organs are the liver,  pyplished online 5 May 2014
testis (Leydig cells), and pancreas (acinar cells). Many positive associations with PFOA exposure

were detected in community settings without occupational exposure and were not supported

by results in exposed workers. Given that occupational exposure to PFOA and PFOS is one to two

orders of magnitude higher than environmental exposure, the discrepant positive findings are

likely due to chance, confounding, and/or bias. Taken together, the epidemiologic evidence does

not support the hypothesis of a causal association between PFOA or PFOS exposure and cancer

in humans.
Table of Contents Strength of assOCiation ... .. . we e oo we v e e e e e e e e 57
Consistency of assoCiation . ... v v we cee oo e v eee vee e e e e 58
ADSTIACT oo e e e e vt e e e e e e e e e e e e e e e e e ] Exposure-response gradient... ... .. . .. .. 59
Introduction ... ... ... .. o v o e oo Plausibility and coherence with toxmologlcaleVldence. e o 60
Evidence for the carcnnogenlaty of PFOA and PFOS Occupational studies of PFOS ... .. v e v e v eoe oo eee o eee e o 61
in Iaboratory ANIMalS © e e e e e e e e e 2 Overview ... .. .. B
PFOA... -2 Studies of the Decatur Alabama faC|I|ty e e e e e e e 65
PFOS.. o o -3 Community studies of PFOS... PP 4 o
Modes ofcarcmogenlc actlon in rats and Overview ... ... .. .. e e e e e e 76
potential human relevance. ... .. ... .. .3 Summary ofepldemlologlc ewdence on PFOS
Epidemiologic literature review methods.. - 4 and cancer in hUMans. ... .. .. . v o e e o oo e e o e e 77
Occupational studies of PFOA . - 4 Strength of assOCIAtIoN ... w.. v vee e coe e e e o oo e e e e e D7
Overview .. .. .. e 4 Consistency of assoCiation . ... .. .. v e v ee o e o eee e e e 77
Studies of the Cottage Grove Mlnnesota faC|||ty e e e e e e 48 Exposure-response gradient... ... ... ... 78
Studies of the If’arkersburg, WestVlrgmla.f.a.aIlty e e e 50 Plausibility and coherence W|th toxmologncalewdence.. e e e 78
Study of combined European and US facilities ... ... .. .. . o .. 51 CONCIUSIONS o ces e e e eee e e s eee eoe e e eee ooe e o eee e o o 78
Community studies of PFOA... ... .. e ve e st e vt it et e e eee e 52 Declaration ofmterest g
Overview ... .. o e 32 REfEreNCES .. o cov et e et et i ore et e et e e et e e e e 79
Studies of the Mld OhloVaIIey communlty .
Studies of other groups ... ... ... - -
Summary of ep|dem|o|og|c eV|dence on PFOA and .
€ANCEr iN hUMANS ... ... o e e e e oo e e o oo e e o e 57 Introduction

Perfluoroalkyl and polyfluoroalkyl substances (PFASs) have
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used as a processing aid in fluoropolymer manufacture and
dispersion processing, and it rapidly dissociates in aqueous
solution to the anion perfluorooctanoate (PFOA; C,F,,CO0™).
Perfluorooctanesulfonyl-fluoride-based compounds, which
can degrade or metabolize to perfluorooctanesulfonate (PFOS;
C.F,S0;7), have been used in various surfactant and surface-
protection products. For the sake of simplicity, this review
refers to both PFOA and ammonium perfluorooctanoate by the
acronym “PFOA” and to both PFOS and perfluorooctanesulfo-
nyl fluoride by the acronym “PFOS.” PFOA, PFOS, and other
PFASs are released to the environment through the industrial
manufacture and use of these chemicals, use and disposal of
consumer products that contain them, and abiotic or biotic
degradation of precursors, which themselves can be environ-
mentally released from industrial materials and consumer
products (Buck et al. 2011). PFOA and PFOS are widely and
persistently detected in wildlife (Giesy and Kannan 2001,
Houde et al. 2006) and nonoccupationally exposed humans
(Butenhoff et al. 2006, Calafat et al. 2007, Kannan et al. 2004).
Consequently, 3M Company, a major international producer of
PFOA and PFOS, voluntarily began phasing out the manufac-
ture of these chemicals in May 2000, eventually eliminating
the manufacture and use of PFOS in 2002 and PFOA in 2008
(3M Company 2013). Following the initiation of the phase-
out, significant declines in serum PFOS levels have been noted
in the US general population (Kato et al. 2011, Olsen et al.
2012). In 2006, the world’s eight major fluoropolymer and
telomer manufacturers signed on to the US Environmental
Protection Agency’s 2010/2015 PFOA Stewardship Program,
which was designed to reduce emissions and product content
of PFOA, higher homologues, and precursors by 95% no later
than 2010, and to eliminate emission and production of these
chemicals by 2015 (U.S. EPA 2006).

Fourteen epidemiologic studies have evaluated the associa-
tion between PFOA exposure and human cancer (Barry et al.
2013, Bonefeld-Jorgensen et al. 2011, Consonni et al. 2013,
Eriksen et al. 2009, Gilliland and Mandel 1993, Hardell et al.
2014, Innes et al. 2014, Leonard et al. 2008, Lundin et al.
2009, Steenland and Woskie 2012, Ubel et al. 1980,
Vassiliadou et al. 2010, Vieira et al. 2013, Yeung et al.
2013) and ten have evaluated the association between PFOS
exposure and human cancer (Alexander and Olsen 2007,
Alexander et al. 2003, Bonefeld-Jorgensen et al. 2011, Eriksen
et al. 2009, Grice et al. 2007, Hardell et al. 2014, Innes et al.
2014, Olsen et al. 2004, Vassiliadou et al. 2010, Yeung et al.
2013), with some studies examining both exposures. These
studies include investigations of workers with occupational
exposure and community members predominantly without
occupational exposure to PFOA and/or PFOS. The commu-
nity studies, in turn, include investigations of persons exposed
to PFOA as a result of industrial contamination of public water
supply and several other studies of subjects without apparent
unusual exposure to PFOA or PFOS.

Despite the publication of a relatively large number of
studies in the past decade, no previous systematic review
has summarized the epidemiologic evidence on the carci-
nogenicity of PFOA and PFOS. Although the production
of both chemicals has largely ceased in North America and
Europe, PFAS production has increased in China since 2000.
It remains unclear whether human cancer risk is associated
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with past or recent occupational or environmental exposure
to these compounds. To address this question in this review,
we critically evaluate each epidemiologic study of PFOA and/
or PFOS exposure in association with cancer risk or mortal-
ity and then weigh the totality of the evidence for and against
a causal effect of these chemicals on cancer development in
humans. Before undertaking this paper’s main objective of
reviewing the epidemiologic evidence on PFOA and PFOS in
relation to human cancer risk, we begin with a brief review
of the potentially relevant evidence for the carcinogenicity
of these chemicals in laboratory animals and its potential
relevance to human cancer risk.

Evidence for the carcinogenicity of PFOA and
PFOS in laboratory animals

PFOA

The carcinogenicity potential of PFOA has been investigated
in two long-term dietary studies. In the first, groups of 50 male
and 50 female Sprague-Dawley (Crl:CD® BR) rats were fed
diets containing 0, 30, or 300 ppm ammonium perfluorooctano-
ate for up to 2 years (Butenhoff et al. 2012a, Sibinski, 1987).
Dose-related decreases in body weight gain were observed in
both sexes, and the decreases were statistically significant in
both treated groups. However, no mortality differences were
observed between treated and control groups, and survival was
actually increased somewhat in both treated groups relative
to their respective controls. Histologic examination revealed
increases in the frequency of various non-neoplastic lesions
of the testis in males, the mammary gland in females, and
the liver in both sexes. At the study’s termination, testicular
Leydig cell adenoma in the high-dose males and mammary
fibroadenoma in both treated groups of females were statisti-
cally significantly increased compared with the incidence of
these tumors in concurrent controls. However, the frequency
of mammary fibroadenoma among the treated females was
not elevated compared with that among 947 historical con-
trol female rats from the DuPont Haskell Laboratory, and a
subsequent Pathology Working Group review of proliferative
mammary gland lesions using the original study slides con-
cluded that the incidence of mammary gland neoplasms was
unaffected by treatment (Hardisty et al. 2010, Sykes 1987).

A second chronic feeding study was conducted using male
Crl:CD® BR (CD) rats and a dietary PFOA concentration of
either 0 or 300 ppm (Biegel et al. 2001, Cook et al. 1992).
The incidences of liver adenoma, Leydig cell adenoma, and
pancreatic acinar cell adenoma/carcinoma were significantly
increased in the treated group. Because the latter finding was
not reported in the first carcinogenicity study (Butenhoff et al.
2012a, Sibinski, 1987), the histological slides from both PFOA
studies were reviewed subsequently by independent patholo-
gists, who concluded that PFOA did increase the incidence
of proliferative acinar cell lesions in both studies at the high-
est dietary concentration of 300 ppm. Interstudy differences
in these pancreatic lesions were characterized as quantitative
rather than qualitative, with more and larger focal prolifera-
tive acinar cell lesions and a greater tendency for progression
to adenoma in lesions from the second study compared with
those from the first. The basis for these quantitative differences
is not known, but is believed to be most likely attributable to
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differences in the diets used in the two different laboratories
(Frame and McConnell 2003).

Potential mechanisms of carcinogenicity were also
investigated during this study using small groups of six to
ten rats that were sacrificed at multiple interim time points
(Biegel et al. 2001, Cook et al. 1992). The liver and testes were
evaluated for cell proliferation. Peroxisome proliferation was
also assessed, and analyses of serum hormone levels (estra-
diol, testosterone, luteinizing hormone, follicle-stimulating
hormone, and prolactin) were conducted. In rats exposed to
PFOA, relative liver weights and hepatic -oxidation activity
were statistically significantly increased relative to controls at
all of the sampling times. Absolute testis weights were also
increased, but only at 24 months. No hepatic or Leydig cell
proliferation was observed at any of the sampling times. In
addition, serum testosterone, follicle-stimulating hormone,
luteinizing hormone, and prolactin levels did not differ between
PFOA-treated and control rats. However, serum estradiol con-
centrations were significantly increased in the treated rats at 1,
3, 6,9, and 12 months.

PFOS

A 2-year feeding study of potassium PFOS (K* PFOS) at con-
centrations up to 20 ppm in the diet using male and female
Sprague-Dawley [Crl:CD® (SD)IGS BR] rats detected mul-
tiple non-neoplastic changes in the liver, including hepatocel-
lular hypertrophy with proliferation of endoplasmic reticulum,
vacuolation, and increased eosinophilic granulation of the
cytoplasm in both males and females at the higher exposure
concentrations (Butenhoff et al. 2012b). In addition, statisti-
cally significant increases in hepatocellular adenoma incidence
were observed in both male and female rats from the 20-ppm
dose groups that survived to the terminal sacrifice. While
there were no treatment-related findings for thyroid tissue, the
males in a 20-ppm “recovery” group (exposed to K™ PFOS for
only the first 53 weeks of the study) exhibited a statistically
significant increase in the incidence of thyroid follicular cell
adenoma. This result was considered by the study authors to be
a spurious finding in light of the absence of any response in the
corresponding group that was exposed to 20 ppm K * PFOS
for the full 2 years. Interestingly, among females, statistically
significantly decreasing trends were detected in the incidences
of mammary fibroadenoma and combined mammary adenoma
and fibroadenoma with increasing K * PFOS exposure.

Modes of carcinogenic action in rats and potential
human relevance

The two chronic carcinogenicity studies of PFOA show
that this compound induces benign liver adenomas, Leydig
cell adenomas, and pancreatic acinar cell tumors in rats. PFOS
also induces liver adenomas in rats. However, neither PFOA
nor PFOS is genotoxic, and recent studies have indicated an
important role for activation of the peroxisome proliferator-
activated receptor alpha (PPAR®) and, possibly as well, the
constitutive androstane receptor (CAR) and the pregnane
X receptor (PXR), in the production of benign liver tumors
by both of these chemicals (Corton et al. 2014, Elcombe et al.
2010, Elcombe et al. 2012, Elcombe et al. 2014, Klaunig
et al. 2003, Klaunig et al. 2012). The combination of liver
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adenomas, Leydig cell adenomas, and pancreatic acinar cell
tumors induced by PFOA is known as the “tumor triad” that
has been associated with a number of compounds that activate
PPARo in the liver (Klaunig et al. 2003, Klaunig et al. 2012).

A scientific workshop was held in September 2010
in Research Triangle Park, North Carolina, to conduct a
comprehensive, systematic review and assessment of the
potential human relevance of evidence regarding the nongeno-
toxic modes of liver tumorigenesis that are mediated by nuclear
receptors, including PPARo, CAR, PXR, and the aryl hydro-
carbon receptor (AhR). The workshop’s panel deliberations and
conclusions have recently been published in a series of
comprehensive review papers (Andersen et al. 2014, Budinsky
et al. 2014, Corton et al. 2014, Elcombe et al. 2014).

For PPAR0 agonists, including PFOA and PFOS, the work-
shop panel identified the following sequence of key events in
the mode of action for hepatic tumor induction in rodents:
1) PPAR« activation in the liver; 2) alteration of cell growth
pathways in the liver; 3) perturbation of hepatic cell growth
and survival, leading to the formation of new preneoplastic
liver cells and the induction of new focal liver lesions; 4) selec-
tive clonal expansion of preneoplastic foci; and 5) transforma-
tion and outgrowth of preneoplastic liver cells into adenomas
(Corton et al. 2014). The induction of testicular Leydig cell
tumors and pancreatic acinar cell tumors in rats by PFOA is
currently not as well understood as liver tumor induction, but
the same first key step, namely, PPAR« activation in the liver,
is thought to be required before subsequent changes in the liver
and other organs lead ultimately to testicular and pancreatic
neoplasms (Klaunig et al. 2003, Klaunig et al. 2012).

For CAR agonists, again including PFOA and PFOS, the 2010
workshop panel identified a similar, but not identical, sequence
of key events: 1) CAR activation in the liver; 2) altered hepatic
gene expression specific to CAR activation; 3) increased hepa-
tocellular proliferation; 4) selective clonal expansion of altered
hepatic foci; and 5) transformation and outgrowth of neoplastic
cells into hepatic adenomas and carcinomas (Elcombe et al.
2014). For PXR agonists, key events in a mode of carcinogenic
action in rodents could not be definitively established due to
data limitations, but PXR activation, increased cell prolifera-
tion, and clonal expansion of altered cells leading to altered foci
were thought to be likely to be involved.

The mechanisms by which PFOA and PFOS induce liver
tumors in rats appear not to be relevant to the potential car-
cinogenicity of these compounds in humans. For example,
most of the key events involved in hepatocarcinogenesis by
PPARo and CAR activators that are clearly demonstrated in
rodents do not seem to occur in humans (Corton et al. 2014,
Elcombe et al. 2014, Klaunig et al. 2003, Klaunig et al. 2012).
Only the first of the listed key events for the PPARo. mode of
action, namely, activation of this nuclear receptor, has been
demonstrated clearly in humans, where PPAR« is the critical
target for numerous hypolipidemic drugs that are currently in
widespread use (Corton et al. 2014). Nevertheless, the 2010
workshop panel did not rule out the potential human relevance
of the other key events (Corton et al. 2014).

For the proposed CAR receptor mode of rodent liver tumor
induction, similar uncertainties regarding its potential human
relevance remain. Phenobarbital is a chemical that has been
used as a sedative, hypnotic, and antieplileptic drug in humans
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for several decades (IARC, 2001), but it is also the compound
selected as the “model” CAR activator to focus discussions
during the 2010 nuclear receptor workshop (Elcombe et al.
2014). In addition to inducing liver tumors in rodents, pheno-
barbital is a prototypical inducer of the 2B subfamily of hepatic
cytochrome P450 enzymes (CYP2B) in rodent and human
liver (Martignoni et al. 2006, Pelkonen et al. 2008). However,
phenobarbital has been shown not to increase cell prolifera-
tion in cultured human hepatocytes, and the development of
altered hepatic foci in human liver has not been reported.
Furthermore, despite the widespread use of phenobarbital as
a drug in humans, a recent review of epidemiological studies
of phenobarbital concluded that there was no evidence for a
specific role of phenobarbital in human liver cancer risk (La
Vecchia and Negri, 2014).

Finally, the marked interspecies variations in the toxicities
and pharmacokinetics of PFOA and PFOS make it especially
difficult to meaningfully extrapolate findings from laboratory
animals to humans (Butenhoff et al. 2006, Kennedy et al. 2004).
For example, while the clearance half-life of PFOA in serum
or plasma in laboratory animals ranges from approximately
2 h in female rats to about 10 days in male rats (Han et al.
2012), it is approximately 3.5 years in humans (Olsen et al.
2007), while the clearance half-life of PFOS is 1-2 months in
rodents and approximately 4.8 years in humans (Chang et al.
2012, Olsen et al. 2007). These disparate half-lives highlight
the substantial sex and species differences that exist in the
bioaccumulation and biopersistence of these chemicals in
the body. In such circumstances, internal serum concentrations
are likely to provide far superior dose metrics for assessing the
potential human relevance of PFOA and PFOS carcinogenicity
in rats than do external exposure measures, such as drinking
water concentrations or estimated intake rates.

The substantial differences in the clearance half-lives of
PFOA and PFOS across species and sex have recently been
attributed to related differences in organic ion transport pro-
teins and their differential impacts on the active renal tubular
reabsorption of these chemicals (Han et al. 2012). The devel-
opment of physiologically based pharmacokinetic models that
incorporate this and other important renal tubular secretion
and reabsorption pathways offers the promise of significantly
improved quantitative prediction of both the pharmacokinet-
ics and the potential carcinogenicity of PFOA and PFOS in
humans (Andersen et al. 2006, Han et al. 2012, Loccisano
et al. 2012a, Loccisano et al. 2012b, Loccisano et al. 2013,
Tan et al. 2008).

In summary, while laboratory studies have demonstrated
clearly that PFOA and PFOS exposures induce tumors in rats
and have also increased substantially our understanding of the
processes by which these nongenotoxic compounds accom-
plish this effect, these animal findings may or may not be rel-
evant to humans. In such circumstances, the human evidence
is critically important in establishing whether or not exposures
to these compounds pose any increased cancer risk to humans
(Adami et al. 2011).

Epidemiologic literature review methods

To identify all epidemiologic studies of PFOA and/or PFOS in
relation to human cancer, two authors independently searched
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the peer-reviewed scientific literature for relevant articles.
Searches were conducted in PubMed using keywords and
keyword roots including PFOA, APFO, PFOS, PSOF, perfluo-
rooctan®, perfluorinate®, fluorochemical®, perfluoroalkyl*,
cancer, tumor, malignan®, neoplas®, mortality, cohort, and
related terms. Titles and abstracts were initially assessed to
identify potentially relevant articles for a full-text review. Bib-
liographies of retrieved papers were also examined to identify
additional articles. All investigators agreed on the final list of
articles included in this review.

Each study is described in the following paragraphs with
respect to its design, study subjects, exposure assessment,
outcome assessment, control for confounders, other potential
sources of bias, the probability and magnitude of possible bias,
observed results, and interpretation. Characteristics of each
study of PFOA exposure are briefly summarized in Table 1,
and their results [including results presented in online appen-
dices for Barry et al. (2013), Consonni et al. (2013), Lundin
et al. (2009), Vieira et al. (2013), and Yeung et al. (2013)] are
summarized in Table 2. Characteristics of each study of PFOS
exposure are summarized in Table 3, and their results are sum-
marized in Table 4. Observed associations are evaluated with
regard to whether they were likely to be causal or due to bias,
taking into consideration the probable direction and magnitude
of bias. However, individual associations must be interpreted
in light of the results from other studies, especially to assess
whether chance may explain inconsistent findings. Therefore,
the weight of evidence regarding possible causal relation-
ships of PFOA and PFOS exposure with human cancer risk
is assessed in accordance with the Bradford Hill guidelines
of strength of association, consistency, biological gradient,
plausibility, and coherence with toxicological evidence (Hill,
1965). These guidelines are used to provide a convenient logi-
cal framework, albeit not strict criteria, for the evaluation of
causality. The guideline of temporality is also discussed where
relevant — for example, when exposure has been measured
after disease onset. The other three Bradford Hill guidelines,
namely, specificity, experiment, and analogy, are not system-
atically addressed here because they are less informative for
the assessment of the possible causality of a hypothesis.

Occupational studies of PFOA
Overview

Epidemiologic studies of cancer risk among workers occu-
pationally exposed to PFOA include a set of retrospective
cohort mortality studies at each of the two PFOA manu-
facturing facilities in Cottage Grove, Minnesota (Gilliland
and Mandel, 1993, Lundin et al. 2009, Ubel et al. 1980),
and Parkersburg, West Virginia (Leonard et al. 2008,
Steenland and Woskie, 2012), as well as a pooled retrospec-
tive cohort mortality analysis of all European and US facilities
producing polytetrafluoroethylene, for which polymerization
involves the use of PFOA (Consonni et al. 2013). Through-
out this review, the terms “retrospective” and “prospective”
are used to describe the timing of exposure assessment rela-
tive to outcome assessment, with “retrospective” referring to
the collection of exposure information after the outcome has
occurred. Details of these studies are provided in Tables 1
and 2.
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14 E.T. Chang et al.

Table 2. Results of epidemiologic studies of perfluorooctanoic acid (PFOA) and cancer

Crit Rev Toxicol, 2014; 44(S1): 1-81

Ubel et al. 1980

Gilliland and Mandel 1993

Leonard et al. 2008

Exposure No. Relative 95% Exposure No. Relative 95% Exposure Relative 95%
Organ site category deaths risk CI category deaths risk CI category deaths risk CI
All sites All workers NR Cross-sectional: “No health NR Female workers 17 SMR=0.71 0.42,1.14 Workers vs. US 234 total SMR=0.74 0.65,0.84
(180 total problems related to exposure to Male workers 103 SMR =1.05 0.86,1.27 Males 222 males SMR=0.74 0.64,0.84
deaths; fluorochemicals were encountered Male chemical 40 SMR=1.10 0.79,1.50 Females 12 females SMR =0.87 0.45,1.51
159 among those examined.” workers Workers vs. West SMR =0.69 0.60, 0.78
males, 21 Cohort: “The number of deaths Virginia
females) among females was too few to Per year of first 103 males HR=0.97 P=0.11 Males SMR =0.68 0.60, 0.78
permit statistical evaluation. employment
Results of mortality analyses Per year of HR=1.08 P=0.0001 Females SMR=0.79 0.41,1.39
for the males indicated no age at first ‘Workers vs. SMR =1.02 0.89,1.16
disagreement between the employment DuPont
observed mortality and that Per year of HR=0.97 P=0.002 Region 1
expected. This was true of all duration of Males SMR =1.00 0.88,1.14
the various causes of death and employment
also of various specific causes of Per month of HR=1.00 P=02 Females SMR =149 0.77,2.60
death due to cancer. In addition, employment
mortality analyses for the chemical in chemical
workers at the plant revealed no division
disagreements between observed [HRs for males
and expected mortality for any only]
cause of death.” (p.588)
Buccal cavity and - - - - - - - Workers vs. US 4 SMR =0.52 0.14,1.33
pharynx Workers vs. West SMR=0.61 0.17,1.56
Virginia
‘Workers vs. SMR =1.17 0.32,3.00
DuPont
Region 1
Digestive system/ - - - - Female workers 2 SMR =0.44 0.05,1.59 Workers vs. US 51 SMR =0.67 0.50, 0.88
gastrointestinal Male workers 24 SMR =0.90 0.57,1.33 Workers vs. West SMR =0.72 0.54,0.95
Male chemical 9 SMR =092 0.42,1.75 Virginia
workers ‘Workers vs. SMR =0.94 0.70, 1.24
DuPont
Region 1
Esophagus - - - - - - - - Workers vs. US 4 SMR =041 0.11, 1.05
Workers vs. West SMR =047 0.13,1.20
Virginia
Workers vs. SMR =0.83 0.23,2.13
DuPont
Region 1
Stomach - - - - - - - - Workers vs. US 3 SMR =0.30 0.06,0.88
Workers vs. West SMR =0.36 0.07, 1.05
Virginia
Workers vs. SMR =052 0.11,1.52
DuPont
Region 1

(Continued)
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Eriksen et al. 2009 Lundin et al. 2009 Vassiliadou et al. 2010 Bonefeld-Jorgensen et al. 2011
Exposure  No.  Relative 95% Exposure  No. Relative 95% Exposure No. Relative 95% Exposure No. Relative 95%
Organ site category  cases risk CI category  deaths risk CI category cases risk CI category cases risk CI
All sites - - - - Never 108 SMR=0.78 0.64,0.95 PFOA in Cases: [No RRs]  Analysis of - - - -
Probable/ 119 SMR=0.94 0.78,1.12 serum variance
never (ng/mL): P<0.05
definite - Mean, male 17 males, 2.79
Ever 19 SMR=0.87 0.52,1.35 cases
definite - Mean, 23 females  1.95
female
cases
- Median, Athens 227
male cases controls:
- Median, 27 males, 1.85
female
cases
- Range, male 29 females 1.29-6.89
cases
- Range, 0.75-3.26
female Argolida
cases controls:
- Mean, 3.88
Athens 27 males,
males
- Mean, 2.08
Athens 59 females
females
- Median, 3.14
Athens
males
- Median, 1.70
Athens
females
- Range, 1.68—
Athens 10.21
males
- Range, 0.57-6.57
Athens
females
- Mean, 2.05
Argolida
males
- Mean, 1.92
Argolida
females
- Median, 1.81
Argolida
males
- Median, 1.71
Argolida
females
- Range, 0.48-5.60
Argolida
males
- Range, 0.55-6.29
Argolida
females
Buccal cavity — — — — Never 1 SMR=0.39 0.01,2.14 — — — - — — — —
and Probable/ 1 SMR=0.40 0.01,2.25
pharynx never
definite
Ever 0 SMR=NR 0.00,7.78
definite
Digestive — — — — Never 30 SMR=0.90 0.61,1.28 — — — - — — — —
system/ Probable/ 27 SMR=0.87 0.57,1.26
gastro- never
intestinal definite
Ever 4 SMR=0.75 0.20, 1.91
definite
Esophagus - - - - Never 2 SMR =059 0.07,2.13 - - - - - - - -
Probable/ 1 SMR=0.31 0.01,1.70
never
definite
Ever 1 SMR =1.54 0.04,8.57
definite
Stomach — — — — Never 3 SMR=0.74 0.15,2.15 — — — - — — — —
Probable/ 4 SMR=1.06 0.29,2.71
never
definite
Ever 0 SMR=NR 0.00,5.82
definite

(Continued)
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Table 2. Continued.

Crit Rev Toxicol, 2014; 44(S1): 1-81

Ubel et al. 1980 Gilliland and Mandel 1993 Leonard et al. 2008
Exposure No. Relative 95% Exposure No. Relative 95% Exposure No. Relative 95%
Organ site category deaths risk CI category deaths risk CI category deaths risk CI
Colorectum - - - - - - - - - - - -
Colon - - - —  Male workers 9 SMR=0.96 0.44,1.81 Workers vs. US 17 SMR =0.67 0.39, 1.07
Male chemical 4 SMR =1.15 0.31,4.01 Workers vs. West SMR =0.68 0.40, 1.09
workers Virginia
‘Workers vs. SMR =0.78 0.46, 1.25
DuPont
Region 1
Rectum - - - - - - - - Workers vs. US 5 SMR =0.92 0.30,2.14
Workers vs. West SMR =0.84 0.27,1.95
Virginia
‘Workers vs. SMR =1.32 0.43,3.08
DuPont
Region 1
Liver (with or - - - - - - - - Workers vs. US 8 SMR =0.99 0.43, 1.96
without bile ‘Workers vs. West SMR =1.15 0.50,2.27
ducts) Virginia
Workers vs. SMR =145 0.63,2.86
DuPont
Region 1
Pancreas - - - —  Male workers 8 SMR =143 0.62,2.83 Workers vs. US 11 SMR =0.71 0.36, 1.28
Male chemical 4 SMR=1.96 0.53,5.01 Workers vs. West SMR =0.80 0.40, 1.43
workers Virginia
‘Workers vs. SMR =0.98 0.49,1.76
DuPont
Region 1
Other digestive - - - - - - - - Workers vs. US 3 SMR =130 0.27,3.79
Workers vs. West SMR =1.26 0.26,3.67
Virginia
‘Workers vs. SMR =227 0.47,6.62
DuPont
Region 1
Respiratory - - - — Female workers 4 SMR =0.95 0.26,2.43 Workers vs. US 72 SMR =0.63 0.50, 0.80
Male workers 31 SMR=1.02 0.69,1.45 Workers vs. West SMR =0.52 0.40, 0.65
Male chemical 12 SMR =1.07 0.55,1.86 Virginia
workers ‘Workers vs. SMR =0.86 0.67, 1.08
DuPont
Region 1
Larynx - - - - - - - - Workers vs. US 3 SMR =0.76 0.16,2.21
Workers vs. West SMR =0.66 0.14,1.94
Virginia
‘Workers vs. SMR =1.95 0.40, 5.69
DuPont
Region 1
Lung - - - —  Male workers 29 SMR=1.00 0.67,1.44 Workers vs. US 66 SMR =0.61 0.47,0.77
Male chemical 11 SMR=1.03 0.51,1.84 Workers vs. West SMR =0.49 0.38,0.63
workers Virginia
‘Workers vs. SMR =0.82 0.64, 1.05
DuPont
Region 1

(Continued)
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Eriksen et al. 2009 Lundin et al. 2009 Vassiliadou et al. 2010 Bonefeld-Jorgensen et al. 2011
Exposure  No.  Relative 95% Exposure  No. Relative 95% Exposure No. Relative 95% Exposure No. Relative 95%
Organ site category  cases risk CI category  deaths risk CI category cases risk CI category cases risk CI
Colorectum - - - - - - - - - - - - - - - -
Colon - - - - Never 16 SMR=1.30 0.75,2.12 - - - - - - - -
Probable/ 10 SMR =0.88 0.42,1.62
never
definite
Ever 2 SMR=1.07 0.13,3.86
definite
Rectum - - - - Never 1 SMR =040 001,222 - - - - - - - -
Probable/ 3 SMR =1.28 0.26,3.76
never
definite
Ever 0 SMR=NR 0.00,9.24
definite
Liver (with PFOA 17 RR=1.00 Referent Never 1 SMR=0.33 0.01,1.83 - - - - - - - _
or without quartile
bile ducts) 1
PFOA 17 RR=1.00 0.44,2.23 Probable/ 2 SMR=0.71 0.09,2.55
quartile never
2 definite
PFOA 17 RR=049 0.22,1.09 Ever 0 SMR=NR  0.00,7.60
quartile definite
3
PFOA 16 RR=0.60 0.26,1.37
quartile
4
Per 1 ng/ 67 RR=0.95 0.86, 1.06
mL
plasma
PFOA
Pancreas PFOA 32 RR=1.00 Referent Never 5 SMR=0.70 0.23,1.63 - - - - - - - -
quartile Probable/ 7 SMR =1.04 0.42,2.14
1 never
PFOA 32 RR=0.88 049,157 definite
quartile Ever 1 SMR=0.85 0.02,4.74
2 definite
PFOA 32 RR=1.33 0.74,2.38 Low 5 HR=1.0 Referent
quartile Moderate 8 HR=1.7 0.5,5.2
3 Moderate 8 HR=1.6 0.5,4.8
PFOA 32 RR=1.55 0.85,2.80 or high
quartile High 0 HR =NR NR
4 <lyear 7 HR=1.0 Referent
Per 1 ng/ 128 RR=1.03 098,1.10 1-4.9 4 HR=23 0.7,8.1
mL years
plasma =lyear 6 HR=18 0.6,5.6
PFOA =5years 2 HR=13 0.3,6.4
Other digestive - - - - Never 2 SMR=2.11 0.25,7.60 - - - - - - - -
Probable/
never 0 SMR=NR 0.04,4.15
definite
Ever 0 SMR=NR 0.00,24.2
definite
Respiratory - - - - Never 32 SMR=0.78 0.53,1.10 - - - - - - - -
Probable/ 38 SMR=0.99 0.70, 1.36
never
definite
Ever 9 SMR =1.27 0.58,2.40
definite
Larynx - - - - Never 1 SMR =0.86 0.02,4.79 - - - - - - - -
Probable/ 1 SMR =091 0.02,5.03
never
definite
Ever 1 SMR =472 0.12,
definite 26.23
Lung - - - - Never 30 SMR=0.76 0.51,1.09 - - - - - - - -
Probable/ 37 SMR=1.00 0.71,1.38
never
definite
Ever 8 SMR=1.17 0.51,2.31
definite

(Continued)
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Table 2. Continued.

Crit Rev Toxicol, 2014; 44(S1): 1-81

Ubel et al. 1980

Gilliland and Mandel 1993

Leonard et al. 2008

Exposure No. Relative 95% Exposure No. Relative 95% Exposure No. Relative 95%
Organ site category deaths risk CI category deaths risk CI category deaths risk CI
Other respiratory - - - - - - - - Workers vs. US 3 SMR =2.85 0.59,8.31
Workers vs. West SMR=3.10 0.64,9.06
Virginia
‘Workers vs. SMR=1.51 0.31,4.41
DuPont
Region 1
Mesothelioma - - - - - - - - - - - -
Breast - - - —  Female workers 3 SMR=0.51 0.10,1.49 Workers vs. US 2 SMR =0.55 0.07,1.97
Workers vs. West SMR =0.57 0.07,2.05
Virginia
‘Workers vs. SMR =0.70 0.09, 2.54
DuPont
Region 1
Genitourinary - - - - - - - - - - - -
Female genital - - - —  Female workers 2 SMR=0.59 0.07,2.14 - - - -
Ovary - - - - - - - - - - - -
Uterus - - - - - - - - - - - -
Cervix - - - - - - - - - - - -
Other female - - - - - - - - - - - -
genital
Male genital - - - - - - - - - - - -
Prostate - - - —  Male workers 6 SMR=0.99 0.36,2.15 Workers vs. US 12 SMR =0.52 0.27,0.91
Male chemical 4 SMR=2.03 0.55,4.59 Workers vs. West SMR =0.58 0.30, 1.00
workers Virginia
Male chemical NR SMR=1.61 0.32,4.70 Workers vs. SMR =0.65 0.34,1.14
workers DuPont
for>15y Region 1
Per year of first 6 HR=101 P=09
employment
Per year of HR =1.09 P=0.06
age at first
employment
Per year of HR=093 P=0.18
duration of
employment
Per month of HR=101 P=003
employment
in chemical
division
Per year of HR=1.13 1.01, 1.27
employment
in chemical
division
Per 10 years of HR =33 1.02, 10.6
employment
in chemical
division

(Continued)
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Eriksen et al. 2009 Lundin et al. 2009 Vassiliadou et al. 2010 Bonefeld-Jorgensen et al. 2011
Exposure  No.  Relative 95% Exposure  No. Relative 95% Exposure No. Relative 95% Exposure No. Relative 95%
Organ site category ~ cases risk CI category  deaths risk CI category cases risk CI category cases risk CI
Other - - - - Never 1 SMR =230 0.03, - - - - - - - -
respiratory 12.76
Probable/ 0 SMR=NR  0.00,9.05
never
definite
Ever 0 SMR =NR 0.00,
definite 45.63
Mesothelioma - - - - - - - - - - - - - - - -
Breast - - - - Never 4 SMR =0.64 0.17,1.63 - - - = Perng/  31casesand OR=1.07 0.88, 1.31
Probable/ 2 SMR=0.42 0.05,1.53 mL of 98 controls  (unadjusted, ~ (unadjusted,
never serum with all subjects)  all subjects)
definite PFOA PFOA OR =0.94 0.05, 1.38
Ever 0 SMR=NR  0.00, 7 cases and (unadjusted, ~ (unadjusted,
definite 12.54 69 controls  subjects subjects
with with with
PFOA and  covariate covariate
covariates data) data)
OR=1.20 0.77,1.88
(adjusted) (adjusted)
Genitourinary - - - - - - - - - - - - - - - -
Female genital — — — — Never 1 SMR =0.27 0.01, 1.50 — — — - — — — —
Probable/ 4 SMR=1.38 0.38,3.54
never
definite
Ever 0 SMR=NR 0.00,
definite 25.35
Ovary - - - - - - - - - - - - - - - -
Uterus - - - - - - - - - - - - - - - -
Cervix - - - - Never 1 SMR =196 0.05, - - - - - - - -
10.92
Probable/ 1 SMR=2.68 0.07,
never 14.89
definite
Ever 0 SMR=NR 0.00,
definite 168.7
Other female - - - - Never 0 SMR=NR 0.00, 1.81 - - - - - - - -
genital Probable/ 3 SMR=1.89 0.39,5.52
never
definite
Ever 0 SMR=NR 0.00,
definite 46.40
Male genital - - - - Never 4 SMR =0.35 0.09,0.89 - - - - - - - -
Probable/ 10 SMR=0.99 047,1.82
never
definite
Ever 3 SMR=1.93 040,5.65
definite
Prostate PFOA 179 RR=1.00 Referent Never 4 SMR =0.36 0.10,0.92 - - - - - - - -
quartile Probable/ 9 SMR=0.93 042,1.76
1 never
PFOA 178  RR=1.09 0.78,1.53 definite
quartile Ever 3 SMR =2.10 0.43,6.13
2 definite
PFOA 178 RR=0.94 0.67,1.32 Low 4 HR=1.0 Referent
quartile Moderate 10 HR=3.0 0.9,9.7
3 Moderate 12 HR =32 1.0, 10.3
PFOA 178 RR=1.18 0.84,1.65 or high
quartile High 2 HR=6.6 1.1,37.7
4 <lyear 8 HR=1.0 Referent
Per 1 ng/ 713 RR=1.03 0.99,1.07 1-49 1 HR=04 0.1,3.6
mL years
plasma =lyear 8 HR=2.0 1.3,104
PFOA =5years 7 HR=3.7 0.7,5.3

(Continued)
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Table 2. Continued.

Ubel et al. 1980 Gilliland and Mandel 1993 Leonard et al. 2008
Exposure No. Relative 95% Exposure No. Relative 95% Exposure No. Relative 95%
Organ site category deaths risk CI category deaths risk CI category deaths risk CI
Testis (with or - - —  Male workers 1 SMR=1.09 0.01,6.05 Workers vs. US 1 SMR =0.87 0.02,4.84
without other Male chemical 1 SMR =2.28 0.03,12.66 Workers vs. West SMR =0.76 0.02,4.22
male genital) workers Virginia
‘Workers vs. SMR =1.70 0.04,9.46
DuPont
Region 1
Other male genital - - - - - - - - - - -
Urinary - - - - - - - - - - -
Kidney (with or - - — - - - - Workers vs. US 12 (all SMR =1.52 0.78,2.65
without other Males male) SMR=1.56 0.80,2.72
urinary) Workers vs. West SMR =1.51 0.78,2.64
Virginia
Males SMR =1.55 0.80,2.72
‘Workers vs. SMR =1.81 0.94,3.16
DuPont
Region 1
Males SMR=1.85 095,323
Bladder (with or - - - Male workers 3 SMR =1.37 0.28,4.01 Workers vs. US 7 (all SMR =1.00 0.40, 2.06
without other Male chemical 1 SMR=1.33 0.02,7.40 Males male) SMR=1.01 041,2.09
urinary) workers ‘Workers vs. West SMR =1.03 0.41,2.12
Virginia
Males SMR=1.05 0.42,2.16
‘Workers vs. SMR =1.30 0.52,2.69
DuPont
Region 1
Males SMR =131 0.53,2.69
Malignant - - - - - - Workers vs. US 3 SMR =0.56 0.12, 1.63
melanoma Workers vs. West SMR=0.52 0.11, 1.51
Virginia
‘Workers vs. SMR =0.68 0.14,1.97
DuPont
Region 1
Soft tissue - - - - - - - - - -
Brain/central - - - - - - - - Workers vs. US 9 SMR =1.00 0.46, 1.90
nervous system Workers vs. West SMR =1.06 0.48,2.01
Virginia
‘Workers vs. SMR =1.27 0.58,2.40
DuPont
Region 1
Thyroid (with or - - - - - - Workers vs. US 3 SMR =3.12 0.64,9.12
without other Workers vs. West SMR =2.86 0.59,8.35
endocrine) Virginia
Workers vs. SMR=6.29 1.30,
DuPont 18.37
Region 1
Bone - - - - - - Workers vs. US 2 SMR =2.39 0.29, 8.64
Workers vs. West SMR=2.19 0.27,7.90
Virginia
‘Workers vs. SMR =6.48 0.78,
DuPont 23.42
Region 1

(Continued)
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Eriksen et al. 2009

Lundin et al. 2009

Vassiliadou et al. 2010

Bonefeld-Jorgensen et al. 2011

Exposure  No.  Relative 95% Exposure  No. Relative 95% Exposure No. Relative 95% Exposure No. Relative 95%
Organ site category ~ cases risk CI category  deaths risk CI category cases risk CI category cases risk CI
Testis (with - - - - Never 0 - - - - - - - - - -
or without Probable/ 0
other male never
genital) definite
Ever 0
definite
Other male - - - - Never 0 SMR=NR 0.00, 8.96 - - - - - - - -
genital Probable/ 1 SMR=2.33 0.06,
never 12.96
definite
Ever 0 SMR=NR  0.00,
definite 30.13
Urinary - - - - Never 6 SMR=0.89 0.32,1.93 - - - - - - - -
Probable/ 5 SMR =0.79 0.26, 1.85
never
definite
Ever 0 SMR=NR 0.00,3.25
definite
Kidney (with - - - - Never 2 SMR =0.50 0.06, 1.81 - - - - - - - -
or without Probable/ 2 SMR=0.53 0.06, 1.90
other never
urinary) definite
Ever 0 SMR=NR 0.00,4.92
definite
Bladder (with PFOA 84 RR=1.00 Referent Never 4 SMR =1.44 0.39,3.67 - - - - - - - -
or without quartile Probable/ 3 SMR =120 0.25,3.50
other 1 never
urinary) PFOA 82 RR=0.71 0.46,1.07 definite
quartile Ever 0 SMR=NR 0.0,9.57
2 definite
PFOA 83 RR=0.92 0.61,1.39 Low 4 HR=1.0 Referent
quartile Moderate 3 HR=0.8 0.2,3.6
3 Moderate 3 HR=0.7 0.2,3.4
PFOA 83 RR=0.81 0.53,1.24 or high
quartile High 0 HR =NR NR
4 <lyear 4 HR=1.0 Referent
Per1ng/ 332 RR=1.00 095,1.05 149 2 HR=22 0.4,8.1
mL years
plasma =lyear 3 HR=1.7 0.4,7.8
PFOA =5years 1 HR=12 0.1, 10.7
Malignant - - - - Never 2 SMR =1.05 0.13,3.79 - - - - - - - -
melanoma Probable/ 2 SMR =1.09 0.13,3.95
never
definite
Ever 0 SMR =NR  0.00, 8.37
definite
Soft tissue - - - - - - - - - - - - - - - -
Brain/central - - - - Never 2 SMR =0.44 0.05, 1.59 - - - - - - - -
nervous Probable/ 5 SMR =1.16 0.37,2.70
system never
definite
Ever 0 SMR =NR 0.00,3.81
definite
Thyroid (with - - - - Never 1 SMR =2.16 0.05,12.00 - - - - - - - -
or without Probable/ 0 SMR =NR 0.00, 8.45
other never
endocrine) definite
Ever 0 SMR =NR  0.00, 42.96
definite
Bone - - - - - - - - - - - - - - - -

(Continued)
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Table 2. Continued.

Crit Rev Toxicol, 2014; 44(S1): 1-81

Ubel et al. 1980

Gilliland and Mandel 1993

Leonard et al. 2008

Exposure No. Relative 95% Exposure No. Relative 95% Exposure No. Relative 95%
Organ site category deaths risk CI category deaths risk CI category deaths risk CI
Lymphatic and - - - —  Female workers 3 SMR =1.47 0.30,4.29 Workers vs. US 32 SMR =1.04 0.71,1.47
hematopoietic Male workers 13 SMR=1.09 0.57,1.84 Workers vs. West SMR=1.02 0.69, 1.43
Male chemical 5 SMR =1.05 0.34,2.45 Virginia
workers ‘Workers vs. SMR =1.29 0.88,1.82
DuPont
Region 1
Non-Hodgkin - - - - - - - - Workers vs. US 9 SMR=0.77 0.35,1.46
lymphoma Workers vs. West SMR =0.78 0.35,1.47
(with or Virginia
without Workers vs. SMR=1.08 0.50,2.05
Hodgkin DuPont
lymphoma) Region 1
Hodgkin - - - - - - - - Workers vs. US 2 SMR =098 0.12,3.56
lymphoma Workers vs. West SMR=1.01 0.12,3.67
Virginia
‘Workers vs. SMR =1.55 0.19,5.60
DuPont
Region 1
Multiple myeloma - - - - - - - - - - - -
Leukemia (with - - - - - - - - Workers vs. US 13 SMR =1.12 0.60, 1.91
or without Workers vs. West SMR=1.04 0.55,1.78
aleukemia) Virginia
Workers vs. SMR =1.22 0.65,2.08
DuPont
Region 1
Other - - = - - - - - Workers vs. US 8 SMR =1.47 0.63,2.89
lymphopoietic Workers vs. West SMR =1.47 0.64,2.90
Virginia
Workers vs. SMR =178 0.77,3.50
DuPont
Region 1
Other malignant - - - - - - - - Workers vs. US 24 SMR =0.94 0.60, 1.40
neoplasms ‘Workers vs. West SMR =0.74 0.47,1.10
Virginia
Workers vs. SMR=1.52 0.97,2.26
DuPont
Region 1

(Continued)
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Lundin et al. 2009

Vassiliadou et al. 2010

Bonefeld-Jorgensen et al. 2011

Exposure 95% Exposure  No. Relative 95% Exposure 95% Exposure 95%
Organ site category CI category  deaths risk CI category CI category CI
Lymphatic and - - Never 14 SMR =0.90 0.49, 1.51 - - - -
hema- Probable/ 14 SMR =0.96 0.53,1.61
topoietic never
definite
Ever 1 SMR =0.37 0.01,2.08
definite
Non-Hodgkin - - Never 1 SMR =0.84 0.02,4.65 - - - -
lymphoma Probable/ 2 SMR =180 0.22,6.51
(with or never
without definite
Hodgkin Ever 0 SMR =NR 0.00, 19.45
lymphoma) definite
Hodgkin - - Never 1 SMR =1.09 0.03, 6.04 - - - -
lymphoma Probable/ 0 SMR =NR 0.00,4.21
never
definite
Ever 0 SMR =NR  0.00, 18.69
definite
Multiple - - - - - - - - - -
myeloma
Leukemia - - Never 4 SMR =0.68 0.18,1.73 - - - -
(with or Probable/ 7 SMR =1.27 0.51,2.61
without never
aleukemia) definite
Ever 1 SMR =0.96 0.02,5.34
definite
Other lymp- - - Never 8 SMR = 1.07 0.46,2.01 - - - -
hopoietic Probable/ 5 SMR =0.71 0.23, 1.66
never
definite
Ever 0 SMR =NR 0.00,2.96
definite
Other - - Never 11 SMR =1.14 0.57,2.04 - - - -
malignant Probable/ 11 SMR =122 0.61,2.18
neoplasms never
definite
Ever 2 SMR =1.23 0.15,4.45
definite

(Continued)



24 E.T. Chang et al.

Table 2. Continued.

Crit Rev Toxicol, 2014; 44(S1): 1-81

Steenland and Woskie 2012

Barry et al. 2013

Consonni et al. 2013

Exposure Exposure Exposure 95%
Organ site category No. deaths Relative risk 95% CI category No. cases Relative risk 95% CI category No. deaths Relative risk CI
All sites 0-<904 62 SMR =0.93 0.72, 1.20 - - - - Never exposed to 28 (11 low SMR = 0.70 0.46, 1.01
ppm-yrs APFO TFE) (0.72 low (0.36,
904-< 1,520 68 SMR =0.90 0.70, 1.14 TFE) 1.30
ppm-yrs low
1,520- 83 SMR =0.95 0.75,1.76 TFE)
<2,700 Low cumulative 51 (42 low SMR =0.78 0.58, 1.02
ppm-yrs APFO (<16 TFE) (0.78 low (0.56,
=2,700 91 SMR = 0.94 0.76, 1.16 unit-yrs) TFE) 1.05
ppm-yrs low
All vs. 304 SMR =0.93 0.83, 1.04 TFE)
DuPont Medium 53 3 low SMR =0.81 0.61, 1.06
region cumulative TFE) (0.50 low (0.10,
Allvs.US 304 SMR =0.74 0.66, 0.83 APFO TFE) 1.46
With 10-yr (16-138 low
lag: unit-yrs) TFE)
0-<798 69 SMR =0.97 0.75,1.22 High cumulative 55 (0 low SMR=0.78  0.59, 1.02
ppm-yrs APFO (=139 TFE) (0.00 low (NR low
798-<1,379 69 SMR =091 0.71, 1.15 unit-yrs) TFE) TFE)
ppm-yrs P-trend =0.70
1,379— 76 SMR = 0.95 0.75, 1.19 Ever exposed to 159 SMR =0.79 0.67,0.92
<2384 APFO
ppm-yrs
=2,384 79 SMR =0.92 0.73, 1.15
ppm-yrs
Buccal cavity and - - - - Per unit of 18 HR =0.89 (no 0.65, 1.22 (no - - - -
pharynx logged lag) lag)
cumulative
serum PFOA 17 community HR =0.66 (10-yr  0.43, 1.02 (10-
(ng/mL) 1 worker lag) yr lag)
Digestive system/ - - - - - - - - Everexposedto 50 SMR =091 0.68,1.20
gastrointestinal APFO
Esophagus - — — - Per unit of 15 HR =0.96 (no 0.70,1.32 (no  Never exposed to 0 (0 low SMR = 0.00 NR (NR
logged lag) lag) APFO TFE) (0.00 low low
cumulative 12 community HR =0.97 (10-yr  0.72, 1.31 (10- TFE) TFE)
serum PFOA lag) yr lag) Low cumulative 4 (4 low SMR = 1.62 0.44,4.14
(ng/mL) 3 workers APFO (< 16 TFE) (1.92 low (0.52,
unit-yrs) TFE) 4.92 low
TFE)
Medium 4 (1 low SMR=1.54 042,393
cumulative TFE) (3.89 low (0.10,
APFO TFE) 21.66
(16-138 low
unit-yrs) TFE)
High cumulative 3 (0 low SMR = 1.16 0.24,3.39
APFO (=139 TFE) (0.00 low (NR low
unit-yrs) TFE) TFE)
P-trend=0.60 0.72,2.57
Ever exposedto 11 SMR = 1.44
APFO
Stomach - - - - Per unit of 12 HR =0.72 (no 0.45,1.14 (no Everexposedto 5 SMR =0.52 0.17,1.21
logged lag) lag) APFO
cumulative 11 community HR =0.77 (10-yr  0.49, 1.22 (10-
serum PFOA lag) yr lag)
(ng/mL) 1 worker
Colorectum - - - - Per unit of 264 HR =0.99 (no 0.92, 1.07 (no - - - -
logged lag) lag)
cumulative 223 community HR =0.99 (10-yr  0.92, 1.07 (10-
serum PFOA lag) yr lag)
(ng/mL) 41 workers

(Continued)
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Vieira et al. 2013

Yeung et al. 2013

Hardell et al. 2014

Innes et al. 2014

Exposure No.  Relative Exposure Exposure No.  Relative No.  Relative 95%
Organ site category  cases risk 95% CI category No. cases  Relative risk 95% CI category cases risk 95% CI  Exposure category cases risk CI
All sites - - - - - - - - - - - - - - - -
Buccal cavity - - - - - - - - - - - - - - - -
and
pharynx
Digestive - - - - - - - - - - - - - - - -
system/
gastro-
intestinal
Esophagus - - - - - - - - - - - - - - - -
Stomach - - - - - - - - - - - - - - - -
Colorectum Contaminated 383 OR=0.9 0.8, 1.0 - - - - - - - - Quartile 1 (0.25- 58 OR = 1.00 Referent
districts 13.4 ng/mL
Mason water 180 OR=0.9 0.8, 1.1 PFOA)
district Quartile 2 (13.5- 36 OR =048 0.31,0.75
Pomeroy 18 OR=12 07,21 27.8 ng/mL
water PFOA)
district Quartile 3 (27.9— 49 OR =0.51 0.34,0.77
Belpre water 55 OR=09 0.7,1.2 71.2 ng/mL
district PFOA)
Tuppers 66 OR=12 09,1.6 Quartile 4 (=71.3 65 OR =0.64 0.44,0.94
Plains ng/mL PFOA) P-trend =
district 0.002
Lubeck water 44 OR=0.7 05,10 Per ng/mL PFOA OR=1.00 1.00, 1.00
district Residents since
Little 20 OR=0.7 05,12 =1995, cases
Hocking diagnosed
district =2000
3.7-12.8ug/L.. 72 OR=1.0 08,13 Quartile 1 28  OR=1.00 Referent
PFOA Quartile 2 7 OR=0.25 0.11,0.55
12.9-30.7 64  OR=09 07,12 Quartile 3 21 OR=0.37 0.19,0.70
ng/L Quartile 4 15 OR=043 0.24,0.78
PFOA P-trend =
30.8-109 63  OR=13 10,17 0.001
ug/L
PFOA
110-655ug/L 13 OR=0.6 03,10
PFOA

(Continued)
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Table 2. Continued.

Crit Rev Toxicol, 2014; 44(S1): 1-81

Steenland and Woskie 2012

Barry et al. 2013

Consonni et al. 2013

Exposure Exposure Exposure 95%
Organ site category No. deaths Relative risk 95% CI category No. cases Relative risk 95% CI category No. deaths Relative risk CI
Colon — — — — - — — — Ever exposedto 7 SMR =0.48 0.19,0.99
APFO
Rectum - - - - - - - - Everexposedto 6 SMR = 1.03 0.38,2.25
APFO
Liver (with or 0-<904 4 SMR =2.39 0.65,6.13  Per unit of 9 HR =0.73 (no 0.43,1.23 (no  Never exposed to 1 (0 low SMR =0.72 0.02,4.02
without bile ppm-yrs logged lag) lag) APFO TFE) (0.00 low (NR low
ducts) 904-<1,520 0 SMR =0.00 0.00, 1.81 cumulative 8 community HR =0.74 (10-yr  0.43, 1.26 (10- TFE) TFE)
ppm-yrs serum PFOA lag) yr lag) Low cumulative 1 (1 low SMR =0.70 0.02, 3.87
1,520— 5 SMR =2.01 0.65, 4.68 (ng/mL) 1 worker APFO (<16 TFE) (0.85 low (0.02,
<2,700 unit-yrs) TFE) 4.71
ppm-yrs low
=2,700 1 SMR =0.32 0.01, 1.76 TFE)
ppm-yrs Medium 2 (0 low SMR = 1.25 0.15,4.52
All vs. 10 SMR = 1.07 0.51, 1.96 cumulative TFE) (0.00 Tow (NR low
DuPont APFO TFE) TFE)
region (16-138
Allvs. US 10 SMR =0.77 0.35, 1.47 unit-yrs)
High cumulative 4 (0 low SMR =2.14 0.58, 5.49
APFO (=139 TFE) (0.00 low (NR low
unit-yrs) TFE) TFE)
P-trend = 0.24
Ever exposedto 7 SMR = 1.43 0.57,2.94

APFO

(Continued)
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Vieira et al. 2013

Yeung et al. 2013

Hardell et al. 2014

Innes et al. 2014

Exposure No. Relative Exposure Exposure No.  Relative No.  Relative 95%
Organ site category  cases risk 95% CI category No. cases  Relative risk 95% CI category cases risk 95% CI Exposure category cases risk CI
Colon - - - - - - - - - - - - - - - -
Rectum - - - - - - - - - - - - - - - -
Liver (with Contaminated 23 OR=1.1 0.7,1.6 PFOA in HCC without [No RRs] Kruskal- - - - - - - - -

or without districts serum HCV: 24 Wallis
bile ducts) Mason water 11 OR=10 05,19 (ng/mL): serum, rank test
district - Mean = 12 liver 2.82%1.52 for group
Pomeroy 1 OR=14 02,105 SD, HCC tissue, 11 difference
water - Median, paired 248 in liver-
district HCC to-serum
Belpre water 3 OR=1.0 0.3,3.1 -Range, HCC with 1.03-6.96 ratio:
district HCC HCV: 13 P>0.05
Tuppers 3 OR=1.0 03,33 serum,
Plains - Mean * 14 liver  4.17+2.50
district SD, tissue, 12
Lubeck water 4 OR=13 05,35 HCV+ paired
district HCC
Little 1 OR=0.8 0.1,5.6 -Median, 3.43
Hocking HCV+
district HCC
3.7-12.8 ug/L 4 OR=1.1 04,3.1 -Range, 0.706-11.0
PFOA HCV+
12.9-30.7 4 OR=09 03,25 HCC
ug/L
PFOA PFOA in
30.8-109 3 OR=1.0 03,3.1 liver
ug/L (ng/g)
PFOA - Mean + 0.589 £0.471
110-655 pg/L 0 OR=NR NR SD, HCC
PFOA - Median, 0.495
HCC
- Range, 0.103-1.82
HCC
- Mean = 0.516 =0.409
SD,
HCV+
HCC
- Median, 0.454
HCV+
HCC
- Range, 0.101-1.61
HCV+
HCC
Ratio of
PFOA in
liver vs.
paired
serum
- Mean * 0.28 =0.30
SD, HCC
- Median, 0.14
HCC
- Range, 0.04-1.03
HCC
- Mean + 0.15+0.11
SD,
HCV+
HCC
- Median, 0.13
HCV+
HCC
- Range, 0.02-0.39
HCV+
HCC

(Continued)
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Table 2. Continued.

Crit Rev Toxicol, 2014; 44(S1): 1-81

Steenland and Woskie 2012

Barry et al. 2013

Consonni et al. 2013

Exposure Exposure Exposure 95%
Organ site category No. deaths Relative risk 95% CI category No. cases Relative risk 95% CI category No. deaths Relative risk CI
Pancreas 0-< 904 4 SMR =1.18 0.32,3.03  Per unit of 24 HR = 1.00 0.78, 1.29 Never exposed to 10 SMR = 1.66 0.34,4.84
ppm-yrs logged (no lag) (no lag) APFO (1.48 low (0.04,
904-< 1,520 4 SMR = 1.02 0.28,2.61 cumulative 21 community HR = 0.96 0.75,1.22 TFE) 8.26
ppm-yrs serum PFOA (10-yr lag) (10-yr lag) low
1,520~ 5 SMR = 1.09 0.35,2.54 (ng/mL) 3 workers TFE)
<2,700 Low cumulative 3 (1 low SMR = 0.00 NR (NR
ppm-yrs APFO (<16 TFE) (0.00 low low
=2,700 5 SMR =0.92 0.30,2.16 unit-yrs) TFE) TFE)
ppm-yrs Medium 0 (0 low SMR=130 035,333
All vs. 18 SMR = 1.04 0.62, 1.64 cumulative TFE) (0.00 low (NR low
DuPont APFO TFE) TFE)
region (16-138
Allvs. US 18 SMR = 0.85 0.51, 1.35 unit-yrs)
High cumulative 4 (0 low SMR = 1.84 0.67, 4.00
APFO (=139 TFE) (0.00 low (NR low
unit-yrs) TFE) TFE)
P-trend = 0.34
Everexposedto 6 (0 low SMR = 1.05 0.51,1.94
APFO TFE)
Other digestive - - - - - - - - - - - -
Respiratory - - - - - - - - Ever exposed to 52 SMR=0.75  0.56,0.98
APFO
Larynx - — - - — — - — Everexposedto 2 SMR =0.76 0.09,2.75

APFO

(Continued)
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Vieira et al. 2013

Yeung et al. 2013

Hardell et al. 2014

Innes et al. 2014

Exposure No. Relative Exposure Exposure No.  Relative No.  Relative 95%
Organ site category  cases risk 95% CI  category No. cases  Relative risk 95% CI category cases risk 95% CI  Exposure category —cases risk CI
Liver, - - - - PFOA in HCV [No RRs] Kruskal- - - - - - - - -

continued serum cirrhosis: Wallis
(ng/mL): 38 serum, rank test
- Mean * 38 liver 5.25%+691 for group
SD, HCV tissue, 32 difference
- Median, paired 3.55 in liver-
HCV Normal: 25 to-serum
- Range, serum, 0.700-45.5 ratio:
HCV 9 liver P>0.05
- Mean + tissue, 0 2.38 +1.21
SD, paired
normal
- Median, 2.34
normal
- Range, 0.437-5.90
normal
PFOA in
liver
(ng/g)
- Mean * 0.518+0.474
SD, HCV
- Median, 0.416
HCV
- Range, 0.160-2.25
HCV
- Mean * 0.620 +0.325
SD,
normal
- Median, 0.506
normal
- Range, 0.335-1.22
normal
Ratio of
PFOA in
liver vs.
paired
serum
- Mean * 0.16 =0.15
SD, HCV
- Median, 0.10
HCV
- Range, 0.01-0.74
HCV
Pancreas Contaminated 58 OR=1.0 038,13 - - - - - - - - - - - -
districts
Mason water 25 OR=09 06,14
district
Pomeroy 2 OR=10 02,4.1
water
district
Belpre water 8 OR=09 04,18
district
Tuppers 10 OR=13 07,25
Plains
district
Lubeck water 9 OR=1.1 06,2.1
district
Little 4 OR=1.1 04,30
Hocking
district
37-128ug/l 12 OR=13 07,23
PFOA
12.9-30.7 10 OR=09 05,17
ug/L
PFOA
30.8-109 9 OR=1.1 06,23
ug/L
PFOA
110-655 pg/L. 2 OR=06 0.1,2.5
PFOA
Other - - - - - - - - - - - - - - - -
digestive

Respiratory - -

Larynx - -

(Continued)
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Table 2. Continued.

Steenland and Woskie 2012

Barry et al. 2013

Consonni et al. 2013

Exposure Exposure Exposure 95%
Organ site category No. deaths Relative risk 95% CI category No. cases Relative risk 95% CI category No. deaths Relative risk CI
Lung 0-<904 12 SMR =0.58 0.30, 1.02  Per unit of 108 HR =0.88 (no 0.78, 1.00 (no  Never exposed to 10 (3 low SMR =0.75 0.36, 1.39

ppm-yrs logged 95 community lag) lag) APFO TFE) (0.61 low (0.13,
904-<1,520 16 SMR =0.63 0.36, 1.02 cumulative 13 workers HR=0.92 (10-yr  0.81, 1.04 (10- TFE) 1.77
ppm-yrs serum PFOA lag) yr lag) low
1,520~ 32 SMR = 1.09 0.35, 1.54 (ng/mL) TFE)
<2,700 Low cumulative 20 (16 low SMR =0.91 0.56, 1.41
ppm-yrs APFO (<16 TFE) (0.91 low (0.52,
=2,700 24 SMR =0.75 0.48, 1.11 unit-yrs) TFE) 1.47
ppm-yrs low
All vs. 84 SMR =0.78 0.62, 1.64 TFE)
DuPont Medium 16 (1 low SMR =0.75 0.43,1.22
region cumulative TFE) (0.55 low (0.01,
Allvs.US 84 SMR = 0.60 0.48,0.74 APFO TFE) 3.09
(16-138 low
unit-yrs) TFE)
High cumulative 13 (0 low SMR =0.54 0.29,0.93
APFO (=139 TFE) (0.00 low (NR low
unit-yrs) TFE) TFE)
P-trend = 0.34
Everexposedto 49 SMR =0.73 0.54,0.97
APFO
Other respiratory - - - - - - - — — _ _ _
Mesothelioma 0-<904 0 SMR = 0.00 0.00, 15.40 - - - - - - - -
ppm-yrs
904-<1,520 0 SMR = 0.00 0.00, 7.51
ppm-yrs
1,520- 1 SMR =1.73 0.04, 9.65
<2,700
ppm-yrs
=2,700 5 SMR =6.27 2.04, 14.63
ppm-yrs P-trend =0.02
All vs. 6 SMR =2.85 1.05, 6.20
DuPont
region
Allvs.US 6 SMR =4.83 1.77,10.52
With 10-yr
lag:
0-<798 0 SMR = 0.00 0.00, 17.8
ppm-yrs
798-<1,379 0 SMR = 0.00 0.00, 9.55
ppm-yrs
1,379- 2 SMR =3.08 0.37,1.12
<2,384
ppm-yrs
=2,384 4 SMR =4.66 1.27,11.93
ppm-yrs P-trend =0.15
Breast 0-<904 2 SMR = 1.49 0.18,5.39  Per unit of 559 HR =0.94 (no 0.89, 1.00 (no - - - -
ppm-yrs logged lag) lag)
904-< 1,520 0 SMR = 0.00 0.00, 3.56 cumulative 546 community HR =0.93 (10-yr  0.88, 0.99 (10-
ppm-yrs serum PFOA 13 workers lag) yr lag)
1,520- 1 SMR =0.87 0.02,4.83 (ng/mL)
<2,700
ppm-yrs
=2,700 0 SMR = 0.00 0.00, 3.42
ppm-yrs
All vs. 4 SMR = 0.65 0.13,1.90
DuPont
region
All vs. US SMR =0.79 0.21,2.02

(Continued)
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Exposure No. Relative Exposure Exposure No. Relative No.  Relative 95%
Organ site category  cases risk 95% CI category No.cases  Relative risk 95% CI category cases risk 95% CI  Exposure category —cases risk CI
Lung Contaminated 632 OR=12 1.1,1.3 - - - - - - - - - - - -
districts
Mason water 313 OR=1.3 1.1,1.5
district
Pomeroy 23 OR=1.1 07,18
water
district
Belpre water 90 OR=1.1 09,14
district
Tuppers 84 OR=13 10,17
Plains
district
Lubeck water 85 OR=1.1 08,14
district
Little 37 OR=10 07,15
Hocking
district
3.7-12.8 ug/L 91 OR=10 07,12
PFOA
12.9-30.7 95  OR=10 038,13
ug/L
PFOA
30.8-109 78  OR=12 0916
ug/L
PFOA
110-655ug/L 29  OR=1.0 07,16
PFOA
Other - - - - - - - - - - - - - - - -
respiratory
Mesothelioma - - - - - - - - - - - - - - - -
Breast Contaminated 436 OR=1.0 0.9,1.1 - - - - - - - - - - - -
districts
Mason water 193 OR=1.0 08,12
district
Pomeroy 18 OR=08 05,15
water
district
Belpre water 73 OR=1.1 08,15
district
Tuppers 50 OR=07 05,1.1
Plains
district
Lubeck water 69 OR=12 09,17
district
Little 33 OR=12 08,20
Hocking
district
3.7-12.8 ug/L 72 OR=09 07,12
PFOA
12.9-30.7 71 OR=1.1 08,15
ug/L
PFOA
30.8-109 45 OR=07 05,10
ug/L
PFOA
110-655ug/. 29  OR=14 09,23
PFOA
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Table 2. Continued.

Crit Rev Toxicol, 2014; 44(S1): 1-81

Steenland and Woskie 2012

Barry et al. 2013

Consonni et al. 2013

Exposure Exposure Exposure 95%
Organ site category No. deaths Relative risk 95% CI category No. cases Relative risk 95% CI category No. deaths Relative risk CI
Genitourinary - - - - - - - - Ever exposedto 17 SMR = 0.69 0.40, 1.10
APFO
Female genital - - - - - - - - - - - -
Ovary - - - - Per unit of 43 HR = 0.95 (no 0.76, 1.19 (no - - - -
logged lag) lag)
cumulative 43 community HR =0.90 (10-yr  0.69, 1.16 (10-
serum PFOA 0 workers lag) yr lag)
(ng/mL)
Uterus - - - - Per unit of 103 HR =1.05 (no 0.91, 1.20 (no - - - -
logged lag) lag)
cumulative 96 community HR =0.99 (10-yr  0.86, 1.15 (10-
serum PFOA lag) yr lag)
(ng/mL) 7 workers

(Continued)
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Vieira et al. 2013

Yeung et al. 2013

Hardell et al. 2014

Innes et al. 2014

Exposure No.  Relative Exposure Exposure No.  Relative No.  Relative 95%
Organ site category  cases risk 95% CI category No. cases  Relative risk 95% CI category cases risk 95% CI  Exposure category —cases risk CI
Genitourinary - - - - - - - - - - - - - - - -
Female genital - - - - - - - - - - - - - - - -
Ovary Contaminated 48 OR=10 08,14 - - - - - - - - - - - -

districts

Mason water 19 OR=09 05,14
district

Pomeroy 2 OR=1.1 03,44
water
district

Belpre water 11 OR=1.6 09,3.0
district

Tuppers 6 OR=1.1 05,24
Plains
district

Lubeck water 5 OR=0.7 03,17
district

Little 5 OR=18 07,44
Hocking
district

3.7-12.8 ug/L 4 OR=05 02,14
PFOA

12.9-30.7 10 OR=14 07,27
ug/L
PFOA

30.8-109 8 OR=14 07,29
ug/L
PFOA

110-655 ug/L. 5 OR=21 038,55
PFOA

3.8-88ug/.- NR  OR=0.7 03,1.6
yr PFOA

89-197ug/L- NR OR=09 04,2.1
yr PFOA

198-599 NR OR=17 0934
ug/L-yr
PFOA

600—4.,679 NR OR=22 09,57
ug/L-yr
PFOA

Uterus Contaminated 97 OR=1.0 038,13 - - - - - - - - - - - -

districts

Mason water 45 OR=1.1 08,15
district

Pomeroy 4 OR=09 03,24
water
district

Belpre water 14 OR=09 05,16
district

Tuppers 12 OR=09 05,16
Plains
district

Lubeck water 15 OR=1.1 06,19
district

Little 7 OR=1.1 05,24
Hocking
district

3.7-12.8 ug/L 17 OR=12 038,17
PFOA

12.9-30.7 14 OR=09 06,13
ug/L
PFOA

30.8-109 12 OR=17 12,25
ug/L
PFOA

110-655 ug/L 4 OR=0.7 03,15
PFOA

(Continued)
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Table 2. Continued.

Crit Rev Toxicol, 2014; 44(S1): 1-81

Steenland and Woskie 2012

Barry et al. 2013

Consonni et al. 2013

Exposure Exposure Exposure 95%
Organ site category No. deaths Relative risk 95% CI category No. cases Relative risk 95% CI category No. deaths Relative risk CI
Cervix - - - - Per unit of 22 HR =0.89 (no 0.63, 1.24 (no - - - -
logged lag) lag)
cumulative 21 community HR =0.98 (10-yr  0.69, 1.38 (10-
serum PFOA lag) yr lag)
(ng/mL) 1 worker
Other female - - - - - - — - — — — _
genital
Male genital - - - - - - - — — — _ _
Prostate 0-<904 6 SMR = 1.07 0.39,2.34  Per unit of 446 HR =0.99 (no 0.93,1.04 (no  Everexposedto 3 SMR = 0.24 0.05, 0.70
ppm-yrs logged lag) lag) APFO
904-<1,520 6 SMR =0.82 0.30, 1.78 cumulative 317 community HR =0.99 (10-yr  0.94, 1.05 (10-
ppm-yrs serum PFOA lag) yr lag)
1,520- 5 SMR = 0.65 0.21, 1.51 (ng/mL) 129 workers
<2,700
ppm-yrs
=2,700 4 SMR =0.57 0.16, 1.46
ppm-yrs
All vs. 21 SMR =0.76 0.47,1.16
DuPont
region
Allvs.US 21 SMR =0.72 0.45,1.10

(Continued)
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Exposure No.  Relative Exposure Exposure No.  Relative No.  Relative 95%
Organ site category ~ cases risk 95% CI category No. cases  Relative risk 95% CI category cases risk 95% CI  Exposure category cases risk CIL
Cervix Contaminated 35 OR=0.8 06,12 - - - - - - - - - - - -
districts
Mason water 11 OR=0.7 04,13
district
Pomeroy 2 OR=09 02,4.1
water
district
Belpre water 5 OR=06 02,16
district
Tuppers 8 OR=18 08,38
Plains
district
Lubeck water 5 OR=0.7 03,17
district
Little 4 OR=09 03,29
Hocking
district
3.7-12.8 ug/L 11 OR=1.1 06,22
PFOA
12.9-30.7 4 OR=05 02,15
ug/L
PFOA
30.8-109 8 OR=17 08,38
ug/L
PFOA
110-655 ug/L 2 OR=06 0.1,2.6
PFOA
Other female - - - - - - - - - - - - - - - -
genital
Male genital - - - - - - - - - - - - - - - -
Prostate Contaminated 434 OR=09 0.8, 1.1 - - - - PFOA 93 OR=1.0 Referent - - - -
districts =19 ng/mL
Mason water 196 OR=0.9 0.7,1.0 (control
district median)
Pomeroy 12 OR=13 06,26 PFOA 108 OR=1.1 0.7.1.7
water >1.9 ng/mL
district PFOA 37 OR=1.1 06,20
Belpre water 56 OR=0.8 0.6,1.1 >1.9 ng/mL,
district Gleason score
Tuppers 56 OR=0.8 06,1.1 2-6
Plains PFOA>19ng/ 67 OR=12 0.7,1.8
district mL, Gleason
Lubeck water 78 OR=12 09,1.6 score 2-7
district PFOA 56 OR=1.0 06,17
Little 36 OR=14 09,23 >1.9 ng/mL,
Hocking PSA=10
district ng/mL
3.7-12.8 ug/LL 71 OR=1.1 08,15 PFOA 52 OR=13 08,2.1
PFOA >1.9 ng/mL,
12.9-30.7 65 OR=0.8 0.6,1.0 PSA=11
ug/l ng/mL
PFOA PFOA 77 OR=1.0 Referent
30.8-109 47  OR=08 05,11 =1.9 ng/mL,
ug/L no family
PFOA history
110-655ug/. 31 OR=15 09,25 PFOA>19ng/ 16 OR=1.1 05,2.6
PFOA mL, no family
3.8-88ug/l.- NR  OR=1.1 038,15 history
yr PFOA PFOA=19ng/ 84 OR=1.0 06,15
89-197 ug/L- NR  OR=08 06,10 mL, family
yr PFOA history
198-599 NR OR=0.8 06,1.1 PFOA>19ng 24 OR=26 12,60
pg/L-yr mL, family
PFOA history
600—4,679 NR OR=15 09,25
ug/L-yr
PFOA
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Table 2. Continued.

Crit Rev Toxicol, 2014; 44(S1): 1-81

Steenland and Woskie 2012

Barry et al. 2013

Consonni et al. 2013

Exposure Exposure Exposure 95%
Organ site category No. deaths Relative risk category No. cases Relative risk 95% CI category No. deaths Relative risk CI
Testis (with or All vs. 1 SMR = 1.80 0.05, 10.03  Per unit of 17 HR = 1.34 overall 1.00, 1.79 Everexposedto 1 SMR = 1.35 0.03,7.49

without other DuPont SMR =0.74 logged 15 community (no lag) overall (no APFO
male genital) region cumulative 2 workers HR=1.73in lag)
Allvs. US 1 serum PFOA community 1.24,2.40 in
(ng/mL) (no lag) community
HR =0.85 in (no lag)
workers (no 0.04, 19.7 in
lag) workers (no
HR = 1.28 overall lag)
(10-yr lag) 0.95,1.73
HR=1.53in overall (10-
community yr lag)
(10-yr lag) 1.09, 2.15 in
HR=1.61in community
workers (10-yr (10-yr lag)
lag) 0.21,12.20 in
Quartile 2: workers
HR = 1.04 overall (10-yr lag)
Quartiles 2, 3, 17 (no lag) Quartile 2:
and 4 vs. 15 community HR =0.80 in 0.26,4.22
quartile 1 of 2 workers community overall (no
estimated (no lag) lag)
cumulative HR =0.87 overall 0.16,3.97 in
serum PFOA (10-yr lag) community
concentration HR =0.98 in (no lag)
community 0.15,4.88
(10-yr lag) overall (10-
Quartile 3: yr lag)
HR =191 overall 0.13,7.14 in
(no lag) community
HR=3.07 in (10-yr lag)
community Quartile 3:
(no lag) 0.47,7.75
HR = 1.08 overall overall (no
(10-yr lag) lag)
HR =1.54in 0.61, 15.36 in
community community
(10-yr lag) (no lag)
Quartile 4: 0.20, 5.90
HR =3.17 overall overall (10-
(no lag) yr lag)
HR =5.80 in 0.19,12.21 in
community community
(no lag) (10-yr lag)
HR =2.36 overall Quartile 4:
(10-yr lag) 0.75,13.45
HR =4.66 in overall (no
community lag)
(10-yr lag) 0.97, 34.58 in
P-trend across community
quartiles: 0.04 (no lag)
overall, 0.05 0.41, 13.65
in community overall (10-
with no lag yr lag)
P-trend across 0.52,41.63 in
quartiles: 0.02 community
overall, 0.02 (10-yr lag)

Other male genital - - _

Urinary - - -

in community
with 10-yr lag

(Continued)
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Organ site

Vieira et al. 2013

Yeung et al. 2013

Hardell et al. 2014

Innes et al. 2014

Exposure No.
category cases

Relative
risk

Exposure
95% CI category

No. cases

Relative risk

Exposure No.  Relative
95% CI category cases risk 95% CI

No.  Relative 95%
Exposure category cases risk CIL

Testis (with
or without
other male
genital)

Other male
genital
Urinary

Contaminated 18
districts
Mason water 5
district
Pomeroy 0
water
district
Belpre water 1
district
Tuppers 2
Plains
district
Lubeck water 2
district
Little 8
Hocking
district
3.7-12.8 ug/L 1
PFOA
12.9-30.7 3
ug/L
PFOA
30.8-109 1
ug/L
PFOA
110-655 pg/L. 6
PFOA
3.8-88 ug/L- NR
yr PFOA
89-197 pug/L- NR
yr PFOA
198-599 NR
ug/L-yr
PFOA
600-4,679 NR
ug/L-yr
PFOA

OR=1.0

OR=0.5

OR=NR

OR=0.6

OR=04

OR=09

OR=5.1

OR=0.2

OR=0.6

OR=0.3

OR=28

OR=04

OR =04

OR=0.4

OR=28

0.6, 1.8 -

02,15

NR

0.1,5.0

0.1,2.0

0.2,45

1.6, 15.6

0.0, 1.6

02,22

0.0,2.7

0.8,9.2

0.1, 1.9

0.1,1.8

0.0,2.9

0.8,9.6

(Continued)
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Table 2. Continued.
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Steenland and Woskie 2012

Barry et al. 2013

Consonni et al. 2013

Exposure Exposure Exposure 95%
Organ site category No. deaths Relative risk 95% CI category No. cases Relative risk 95% CI category No. deaths Relative risk CI
Kidney (withor ~ 0-<904 1 SMR = 1.07 0.02,3.62  Per unit of 105 HR =1.10 overall 0.98, 1.24 Never exposed to 0 (0 low SMR=0.00 NR(NR

without other ppm-yrs logged (no lag) overall (no APFO TFE) (0.00 low low
urinary) 904-<1,520 3 SMR = 1.37 0.28,3.99 cumulative 87 community HR=1.14in lag) TFE) TFE)
ppm-yrs serum PFOA 18 workers community 0.99, 1.32in Low cumulative 3 (2 low SMR = 1.57 0.32,4.59
1,520- 0 SMR = 0.00 0.00, 1.42 (ng/mL) (no lag) community APFO (<16 TFE) (1.28 low (0.16,
<2,700 HR=0.95in (no lag) unit-yrs) TFE) 4.63
ppm-yrs workers (no 0.59, 1.52in low
=2,700 8 SMR =2.66 1.15,5.24 lag) workers (no TFE)
ppm-yrs P-trend = 0.02 HR = 1.09 overall lag) Medium 3 (0 low SMR=150  0.31,4.39
All vs. 12 SMR =128 0.66,2.24 (10-yr lag) 0.97, 1.21 cumulative TFE) (0.00 low (NR low
DuPont HR=1.11in overall (10- APFO TFE) TFE)
region community yr lag) (16-138
All vs. US 12 SMR = 1.09 0.56, 1.90 (10-yr lag) 0.96, 1.29 in unit-yrs)
With 10-yr HR =0.99 in community High cumulative 4 (0 low SMR = 2.00 0.54,5.12
lag: workers (10-yr (10-yr lag) APFO (=139 TFE) (0.00 low (NR low
0-<798 2 SMR = 1.05 0.13,3.79 lag) 0.67, 1.46 in unit-yrs) TFE) TFE)
ppm-yrs workers P-trend =0.28
798-<1,379 2 SMR =0.87 0.11,3.15 (10-yrlag) Everexposedto 10 SMR=1.69  0.81,3.11
ppm-yrs APFO
1,379— 1 SMR = 0.44 0.01,2.44  Quartiles 2, 3, 105 Quartile 2: Quartile 2:
<2,384 and 4 vs. 87 community HR=123 0.70,2.17
ppm-yrs quartile 1 of 18 workers ;’:C)m“ (mo ;)avge)rall (no
=2384 7 SMR=282 113,581 estimated HR :g1‘34 " 071552 in
ppm-yrs P-trend = 0.02 cumulative community community
With 20-year serum PFOA (no lag) (no lag)
lag: concentration HR =0.84 in 0.21,3.40 in
Quartile 1 15 (including SMR = 1.08 NR workers (no workers (no
Quartile 2 contributing  SMR =0.73 NR lag) lag)
Quartile 3 causes) SMR = 0.41 NR HR =0.99 0.53, 18;51 10
Quartile 4 SMR=354  NR ;);g:)rall (10-yr o) (o-
P-trend =0.003 HR=094in 045 1.99in
community community
(10-yr lag) (10-yr lag)
HR=122in 0.28,5.30 in
workers workers
(10-yr lag) (10-yr lag)
Quartile 3: Quartile 3:
HR =1.48 0.84,2.60
overall (no overall (no
lag) lag)
HR=1.95in 1.03,3.70 in
community community
(no lag) (no lag)
HR =4.20 in 1.07, 16.44 in
workers (no workers (no
lag) lag)
HR = 1.69 overall 0.93,3.07
(10-yr lag) overall
(10-yr lag)
HR =1.08 in 0.52,2.25in
community community
(10-yr lag) (10-yr lag)
HR =327 in 0.76, 14.10 in
workers

workers (10-yr
lag)

Quartile 4:
HR = 1.58 overall
(no lag)

HR =2.04 in
community
(no lag)

HR =0.83 in
workers (no
lag)

HR = 1.43 overall
(10-yr lag)

HR =1.50 in
community
(10-yr lag)

HR =0.99 in

workers
(10-yr lag)

P-trend across
quartiles: 0.18
overall, 0.20
in community,
and 0.54 in
workers with
no lag

P-trend across
quartiles: 0.34
overall, 0.02
in community,
and 0.42 in
workers with
10-yr lag

(10-yr lag)

Quartile 4:

0.88,2.84
overall (no
lag)

1.07,3.88 in
community
(no lag)

0.20,3.55 in
workers (no
lag)

0.76, 2.69
overall (10-
yr lag)

0.72,3.13 in
community
(10-yr lag)

0.21,4.68 in
workers
(10-yr lag)

(Continued)
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Vieira et al. 2013

Yeung et al. 2013

Hardell et al. 2014

Innes et al. 2014

Exposure No. Relative Exposure Exposure No. Relative No.  Relative 95%
Organ site category  cases risk 95% CI category No.cases  Relative risk 95% CI category cases risk 95% CI  Exposure category —cases risk CI
Kidney (with ~ Contaminated 94 OR=1.1 09,14 - - - - - - - - - - - -
or without districts
other Mason water 35  OR=0.9 06,13
urinary) district
Pomeroy 0 OR=NR NR
water
district
Belpre water 17 OR=14 08,23
district
Tuppers 23 OR=20 13,3.1
Plains
district
Lubeck water 9 OR=0.7 04,13
district
Little 10 OR=17 09,33
Hocking
district
3.7-12.8 ug/L 11 OR=08 04,15
PFOA
12.9-30.7 17 OR=12 07,2.0
ug/L
PFOA
30.8-109 22 OR=20 13,32
ug/L
PFOA
110-655 pug/L 9 OR=20 10,39
PFOA (6 F; 3.5 (1.6,
3M) F; 15.6
1.0 M) F;
0.3,3.4
M)
3.8-88ug/.- NR OR=08 04,15
yr PFOA
89-197ug/L- NR OR=1.2 0.7,2.0
yr PFOA
198-599 NR OR=20 13,32
ug/L-yr
PFOA
600-4.,679 NR OR=21 L1,42
ug/L-yr
PFOA

(Continued)
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Table 2. Continued.
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Steenland and Woskie 2012

Barry et al. 2013

Consonni et al. 2013

Exposure Exposure Exposure 95%
Organ site category No. deaths Relative risk 95% CI category No. cases Relative risk 95% CI category No. deaths Relative risk CI
Bladder (withor  (0-<<904 2 SMR = 1.24 0.15,4.47  Per unit of 105 HR = 1.00 (no 0.89,1.12 (no  Everexposedto 3 SMR =0.55 0.11, 1.60
without other ppm-yrs logged lag) lag) APFO
urinary) 904-<1,520 6 SMR =2.49 0.97,5.78 cumulative 76 community HR =0.98 (10-yr  0.88, 1.10 (10-
ppm-yrs serum PFOA 29 workers lag) yr lag)
1,520- 1 SMR =0.39 0.01,2.17 (ng/mL)
<2,700
ppm-yrs
=2,700 1 SMR =0.36 0.10,2.01
ppm-yrs
All vs. 10 SMR = 1.08 0.52,1.99
DuPont
region
Allvs. US 10 SMR =0.95 0.46, 1.75
Malignant - - - Per unit of 241 HR = 1.00 (no 0.92, 1.09 (no - - - -
melanoma logged lag) lag)
cumulative 200 community HR = 1.04 (10-yr  0.96, 1.13 (10-
serum PFOA 41 workers lag) yr lag)
(ng/mL)
Soft tissue - - - - Per unit of 15 HR =0.75 (no 0.51, 1.10 (no - - - -
logged lag) lag)
cumulative 13 community HR=0.72 (10-yr  0.48, 1.09 (10-
serum PFOA 2 workers lag) yr lag)
(ng/mL)

(Continued)
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Exposure No. Relative Exposure Exposure No.  Relative No.  Relative 95%
Organ site category  cases risk 95% CI category No. cases  Relative risk 95% CI category cases risk 95% CI  Exposure category —cases risk CI
Bladder (with  Contaminated 137 OR=0.8 0.7,1.0 - - - - - - - - - - - -
or without districts
other Mason water 58 OR=0.7 06,10
urinary) district
Pomeroy 4 OR=08 03,2.1
water
district
Belpre water 24 OR=1.1 07,1.6
district
Tuppers 20 OR=09 06,15
Plains
district
Lubeck water 24 OR=1.0 06,15
district
Little 7 OR=06 03,14
Hocking
district
3.7-12.8 ug/ 23 OR=09 0.6, 1.4
PFOA
12.9-30.7 21 OR=09 06,14
ug/l
PFOA
30.8-109 21 OR=12 08,2.0
ug/l
PFOA
110-655 ng/L. 4 OR=0.6 02,15
PFOA
Malignant Contaminated 168 OR=0.9 0.8,1.1 - - - - - - - - - - - -
melanoma districts
Mason water 61 OR=0.7 05,09
district
Pomeroy 4 OR=09 03,25
water
district
Belpre water 38 OR=14 10,20
district
Tuppers 21 OR=09 0.6,14
Plains
district
Lubeck water 32 OR=12 08,17
district
Little 12 OR=10 06,19
Hocking
district
3.7-12.8 g/ 27 OR=12 08,18
PFOA
12.9-30.7 38 OR=13 09,18
ug/l
PFOA
30.8-109 21 OR=1.0 06,15
ug/l
PFOA
110-655 pug/L 9 OR=09 05,19

PFOA
Soft tissue -

(Continued)
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Table 2. Continued.

Steenland and Woskie 2012 Barry et al. 2013 Consonni et al. 2013
Exposure Exposure Exposure 95%
Organ site category No. deaths Relative risk 95% CI category No. cases Relative risk 95% CI category No. deaths Relative risk CI
Brain/central - - - - Per unit of 17 HR=1.13 (no 0.84,1.51 (no  Ever exposedto 4 SMR = 0.59 0.16, 1.51
nervous system logged lag) lag) APFO
cumulative 13 community HR =1.06 (10-yr  0.79, 1.41 (10-
serum PFOA 4 workers lag) yr lag)
(ng/mL)
Thyroid (with or - - - - Per unit of 86 HR = 1.10 overall 0.95,1.26 - - - -
without other logged 78 community (no lag) overall (no
endocrine) cumulative 8 workers HR =1.04 in lag)
serum PFOA community 0.89, 1.23 in
(ng/mL) (no lag) community
HR=1.93 in (no lag)
workers (no 1.00, 3.71 in
lag) workers (no

HR = 1.04 overall lag)
(10-yr lag) 0.89, 1.20

HR =1.00 in overall (10-
community yr lag)
(10-yr lag) 0.84,1.20 in
HR=1.12in community
workers (10-yr (10-yr lag)
lag) 0.61,2.05 in
workers
(10-yr lag)
Quartiles 2, 3, 86 Quartile 2: Quartile 2:
and 4 vs. 78 community  HR = 1.54 overall  0.77,3.12
quartile 1 of 8 workers (no lag) overall (no
estimated lag)
cumulative HR =1.54in 0.73,3.26 in
serum PFOA community community
concentration (no lag) (no lag)
HR =4.64 in 0.42,50.8 in
workers (no workers (no
lag) lag)
HR =2.06 overall 0.93,4.56
(10-yr lag) overall (10-
yr lag)
HR =2.09 in 0.91,4.82in
community community
(10-yr lag) (10-yr lag)
HR =1.65 in 0.09,31.5in
workers (10-yr workers
lag) (10-yr lag)
Quartile 3: Quartile 3:
HR = 1.48 overall 0.74,2.93
(no lag) overall (no
lag)
HR=1.71in 0.81,3.59 in
community community
(no lag) (no lag)
HR =9.70 in 0.67,141.2 in
workers (no workers (no
lag) lag)
HR =2.02 overall 0.90, 4.52
(10-yr lag) overall (10-
yr lag)
HR=1.92in 0.82,4.50 in
community community
(10-yr lag) (10-yr lag)
HR=4.52in 0.10, 198.4 in
workers (10-yr workers
lag) (10-yr lag)

(Continued)
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Vieira et al. 2013

Yeung et al. 2013

Hardell et al. 2014

Innes et al. 2014

Exposure No.
Organ site category cases

Relative
risk

95% CI

Exposure
category

No. cases

Relative risk

Exposure No.  Relative
95% CI1 category cases risk 95% CI1

No.  Relative 95%
Exposure category cases risk CI

Brain/central ~ Contaminated 60
nervous districts
system Mason water 29

district
Pomeroy 3
water
district
Belpre water 11
district
Tuppers 9
Plains
district
Lubeck water 7
district
Little 1
Hocking
district
3.7-12.8 ug/L 12
PFOA
12.9-30.7 16
ug/L
PFOA
30.8-109 4
ug/L
PFOA
110-655 pg/L 0
PFOA

Thyroid Contaminated 40
(with or districts
without Mason water 23
other district
endocrine) Pomeroy 0

water
district
Belpre water 5
district
Tuppers 2
Plains
district
Lubeck water 7
district
Little 3
Hocking
district
3.7-12.8 ug/L 5
PFOA
12.9-30.7 5
ug/L
PFOA
30.8-109 3
ug/L
PFOA
110-655 pg/L. 2
PFOA

OR=1.0

OR=1.1

OR=1.7

OR=1.2

OR=1.1

OR=0.8

OR=0.2

OR=1.5

OR=1.8

OR=0.6

OR =NR

OR=1.1

OR=14

OR=NR

OR=0.9

OR=0.3

OR=12

OR=0.8

OR=0.9

OR=0.9

OR=0.7

OR=0.8

0.8, 1.3

0.7,1.6

05,54

0.6,2.2

0.5,2.1

0.4,1.8

0.0,1.5

0.8,2.7

11,32

0.2,1.6

NR

0.7,1.5

09,22

NR

04,22

0.1, 1.4

0.6,2.6

0.3,2.7

04,23

04,23

0.2,2.1

02,35

(Continued)
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Steenland and Woskie 2012

Barry et al. 2013

Consonni et al. 2013

Exposure Exposure Exposure 95%
Organ site category Relative risk 95% CI category No. cases Relative risk 95% CI category No. deaths Relative risk CI
Thyroid Quartile 4: Quartile 4:
continued HR = 1.73 overall 0.85, 3.54
(no lag) overall (no
lag)
HR =1.40 in 0.66,2.97 in
community community
(no lag) (no lag)
HR =14.72 in 0.85,253.9in
workers (no workers (no
lag) lag)
HR = 1.51 overall 0.67, 3.39
(10-yr lag) overall (10-
yr lag)
HR=1.42in 0.60, 3.37 in
community community
(10-yr lag) (10-yr lag)
HR=5.85in 0.13,257.1 in
workers (10-yr workers
lag) (10-yr lag)
P-trend across
quartiles: 0.25
overall, 0.46
in community,
and 0.04 in
workers with
no lag
P-trend across
quartiles: 0.57
overall, 0.56
in community,
and 0.01 in
workers with
10-yr lag
Bone - - - - - - - - - - -
Lymphatic and - - - - - - - Everexposedto 19 SMR = 1.04 0.62, 1.62
hematopoietic APFO
Non-Hodgkin 0-<904 4 SMR = 1.54 0.42,3.95  Per unit of 136 HR=1.01 091, 1.12 Everexposedto 5 SMR =0.79 0.26, 1.84
lymphoma ppm-yrs logged (no lag) (no lag) APFO
(with or 904-< 1,520 3 SMR =0.99 0.20, 2.88 cumulative 121 community HR =0.98 0.88, 1.10
without ppm-yrs serum PFOA 15 workers (10-yr lag) (10-yr lag)
Hodgkin 1,520- 3 SMR =0.85 0.17,2.48 (ng/mL)
lymphoma) <2,700
ppm-yrs
=2,700 4 SMR =0.96 0.26, 2.46
ppm-yrs
All vs. 14 SMR = 1.05 0.57, 1.76
DuPont
region
Allvs. US 14 SMR =0.79 0.42,1.35
Hodgkin - - - - - - - - - - -
lymphoma

(Continued)
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Vieira et al. 2013 Yeung et al. 2013 Hardell et al. 2014 Innes et al. 2014
Exposure No.  Relative Exposure Exposure No.  Relative No.  Relative 95%
Organ site category  cases risk 95% CI category No. cases  Relative risk 95% CI category cases risk 95% CI  Exposure category cases risk CI

Bone

Lymphatic and
hemat-
opoietic

Non-Hodgkin ~ Contaminated 152 OR=1.2 1.0,1.5 - - -
lymphoma districts
(with or Mason water 68 OR=12 09,15
without district
Hodgkin ~ Pomeroy 5 OR=1.1 04,27
lymphoma) water
district
Belpre water 24 OR=13 09,20
district
Tuppers 21 OR=12 08,19
Plains
district
Lubeck water 20 OR=1.1 0.7,1.7
district
Little 14 OR=16 0928
Hocking
district
3.7-128 ug/L 20 OR=1.0 0.6,1.6
PFOA
12.9-30.7 28  OR=15 10,22
ug/L
PFOA
30.8-109 17 OR=1.1 07,17
ug/L
PFOA
110-655 pg/L. 11 OR=18 10,34
PFOA
3.8-88ug/L- NR OR=10 06,16
yr PFOA
89-197ug/L- NR  OR=15 1.0,2.2
yr PFOA
198-599 NR  OR=1.0 06,17
ug/L-yr
PFOA
600-4,679 NR OR=20 10,37
ug/L-yr
PFOA

Hodgkin
lymphoma

(Continued)
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Table 2. Continued.

Crit Rev Toxicol, 2014; 44(S1): 1-81

Steenland and Woskie 2012

Barry et al. 2013

Consonni et al. 2013

Exposure Exposure Exposure 95%
Organ site category No. deaths Relative risk 95% CI category No. cases Relative risk 95% CI category No. deaths Relative risk CI
Multiple myeloma - - - - - - - Ever exposed to 2 SMR=0.66  0.08,2.39
APFO
Leukemia (with 0-<904 1 SMR =0.28 0.01, 1.59  Per unit of 66 HR =1.01 (no 0.87,1.18 (no  Never exposed to 1 (0 low SMR =0.79 0.02,4.40
or without ppm-yrs logged lag) lag) APFO TFE) (0.00 low (NR low
aleukemia) 904-<1,520 7 SMR =2.34 0.94,4.81 cumulative 53 community HR=1.02 (10-yr  0.88, 1.18 (10- TFE) TFE)
ppm-yrs serum PFOA 13 workers lag) yr lag) Low cumulative 4 (4 low SMR = 1.64 0.45,4.20
1,520~ 2 SMR =0.57 0.07, 2.05 (ng/mL) APFO (<16 TFE) (1.99 low (0.54,
<2,700 unit-yrs) TFE) 5.10
ppm-yrs low
=2,700 4 SMR = 1.03 0.28,2.63 TFE)
ppm-yrs Medium 3 (0 low SMR=1.35 028,394
All vs. 14 SMR = 1.05 0.57, 1.76 cumulative TFE) (0.00 low (NR low
DuPont APFO TFE) TFE)
region (16-138
All vs. US 14 SMR =0.88 0.48, 0.47 unit-yrs)
[sic) High cumulative 4 (0 low SMR=1.85  0.50,4.74
APFO (=139 TFE) (0.00 low (NR low
unit-yrs) TFE) TFE)
P-trend = 0.58
Everexposed to 11 SMR = 1.61 0.80, 2.88
APFO
Other - - - - — - — - - — —

lymphopoietic
Other malignant - - - _
neoplasms

Abbreviations: APFO: ammonium perfluorooctanoate; CI: confidence interval; HCC: hepatocellular carcinoma; HR: hazard ratio; NR: not reported; NR: not reported; OR: odds ratio; PFOA (C8): perfluorooctanoic
acid; PSA: prostate-specific antigen; RR: rate ratio or relative risk; SD: standard deviation; SMR: standardized mortality ratio; TFE: tetrafluoroethylene.
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Vieira et al. 2013 Yeung et al. 2013 Hardell et al. 2014 Innes et al. 2014
Exposure No. Relative Exposure Exposure No.  Relative No.  Relative 95%
Organ site category  cases risk 95% CI category No.cases  Relative risk 95% CI category cases risk 95% CI  Exposure category —cases risk CI
Multiple Contaminated 36 OR=1.1 08,16 - - - - - - - - - - - -
myeloma districts
Mason water 20 OR=14 09,22
district
Pomeroy 1 OR=09 0.1,6.6
water
district
Belpre water 7 OR=15 07,32
district
Tuppers 3 OR=0.7 02,22
Plains
district
Lubeck water 4 OR=09 03,23
district
Little 1 OR=05 0.1,3.6
Hocking
district
3.7-12.8 ug/L 7 OR=14 07,32
PFOA
12.9-30.7 6 OR=1.1 05,26
g/l
PFOA
30.8-109 4 OR=1.0 03,27
ug/L
PFOA
110-655 ug/L 1 OR=06 0.1,47
PFOA
Leukemia Contaminated 72 OR=0.9 07,1.1 - - - - - - - - - - - -
(with or districts
without Mason water 34 OR=09 06,13
aleukemia) district
Pomeroy 1 OR=04 0.1,28
water
district
Belpre water 12 OR=1.0 06,19
district
Tuppers 9 OR=08 04,17
Plains
district
Lubeck water 11 OR=09 05,1.6
district
Little 5 OR=10 04,23
Hocking
district
37-12.8ug/l 14 OR=12 07,21
PFOA
12.9-30.7 12 OR=1.0 06,19
ug/L
PFOA
30.8-109 8 OR=09 04,18
ug/L
PFOA
110-655 ug/L. 2 OR=06 0.1,2.3
PFOA
Other lymph- - - - - - - - - - - - - - - - -
opoietic
Other - - - - - - - - - - - - - - - -
malignant

neoplasms
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Occupational studies of PFOA share several strengths and
limitations in common. Nearly all studies had virtually com-
plete enumeration of workers at each facility, nearly complete
follow-up for vital status, a high rate of cause-of-death ascer-
tainment for decedents, and a long duration of follow-up. All
studies relied mainly or entirely on some form of job history
as the best available information to estimate PFOA exposure,
thereby resulting in some unknown degree of exposure mis-
classification. Although all potentially exposed workers were
studied, the modest size of each cohort, as well as the rela-
tively young age distribution of workers, restricted the number
of observed cancer outcomes. Most studies ascertained only
cancer mortality, not cancer incidence, which is a more sensi-
tive indicator of cancer risk, especially for cancer types with
high survival. Control for confounding was largely limited to
age, sex, race, and calendar period, although few other major
potential confounders have been identified for several of the
cancer endpoints of interest. Considering these strengths and
limitations, along with the substantially higher cumulative
PFOA exposure among workers than among nonoccupa-
tionally exposed persons (Frisbee et al. 2009, Kato et al. 2011,
Olsen et al. 2003, Olsen et al. 2012) and the limited number
of PFOA production facilities worldwide, the studies of the
Cottage Grove and Parkersburg cohorts provide the most
informative epidemiologic evidence on cancer risk following
high average and cumulative exposure to PFOA.

Studies of the Cottage Grove, Minnesota, facility

The first study of health outcomes in PFOA production
workers was published by Ubel et al. (1980), who reported
qualitative results of a cross-sectional analysis and retrospec-
tive cohort mortality study of employees at the 3M facility
in Cottage Grove (Table 1). This plant consists of several
divisions, with PFOA production limited to the chemical divi-
sion, which produced PFOA from 1947 to 2000. The chemical
division also manufactured small amounts of fluorochemicals
involving PFOS, but PFOA was the predominant fluorochemi-
cal product. Starting in 1976, voluntary medical surveillance
examinations, which included measurement of total serum
fluorine levels, were offered to fluorochemical workers. The
authors reported that based on three annual health evaluations
of approximately 300 employees per year beginning in late
1976 (~90% of plant workers in each year, with ~50% par-
ticipating during all 3 years), “[n]o health problems related to
exposure to fluorochemicals were encountered among those
examined” (Ubel et al. 1980). They added that “a review of
absenteeism and illness patterns in these employees does not
suggest any work related problems.”

As described by Ubel et al. (1980), an independent research
group conducted a retrospective cohort mortality study
among 3,688 workers employed at the Cottage Grove facility
for at least 6 months between 1948 and 1978, a period dur-
ing which 180 deaths (177 with death certificates obtained)
were identified. Among the male workers, analyses revealed
“no disagreement between the observed mortality and that
expected. This was true of all the various causes of death and
also of various specific causes of death due to cancer” (Ubel
et al. 1980). In analyses restricted to chemical division work-
ers, there were also “no disagreements between observed and
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expected mortality for any cause of death.” Due to the brevity
of the study description and the absence of quantitative results,
the strengths and limitations of the study methods cannot be
thoroughly evaluated. Although this study provides limited
evidence regarding the association between PFOA and cancer
risk, its findings suggest no notable increase in cancer mortal-
ity among fluorochemical workers at the Cottage Grove plant.
In an extended retrospective cohort mortality study of
workers at the Cottage Grove plant, Gilliland and Mandel
(1993) followed 3,537 workers (2,788 men and 749 women)
employed for at least 6 months between January 1, 1947, and
December 31, 1983, excluding six workers with incomplete
employment records. Vital status was traced via the Social
Security Administration for the period 1947-1982 and the
National Death Index for the period 1979-1989, supple-
mented by additional tracing strategies, to obtain vital status
information for 100% of the cohort. Death certificates were
obtained primarily from state health departments for 99.5% of
the 398 deaths (348 among men). Using job history records,
exposure status was classified according to a binary variable
that distinguished between exposed workers, defined as those
employed for at least 1 month in the chemical division, and
unexposed workers, defined as those who had never worked in
the chemical division or worked there for less than 1 month.
Months of employment in the chemical division was also used
as an estimate of cumulative exposure to PFOA. Standard-
ized mortality ratios (SMRs) were calculated by comparing
the observed numbers of cause-specific deaths to the expected
numbers of deaths in the Minnesota white male population
and, because appropriate mortality rates were not available
for Minnesota females, and national rates were widely used
and more statistically stable, in the US white male and white
female populations, standardized by age and calendar period.
In addition, selected hazard ratios (HRs) among male employ-
ees in relation to months of employment in the chemical divi-
sion were estimated using proportional hazards regression
models controlling for age at first employment, year of first
employment, and years of total employment at the plant.
After a mean follow-up of 24.6 years for women in the
chemical division and 26.4 years for women in the nonchemi-
cal division, no significant difference was found between
observed and expected deaths from total cancer among female
employees overall (17 deaths observed; SMR =0.71 [95%
confidence interval = 0.42—1.14]), nor were any site-specific
cancer SMRs among female workers significantly different
from the null (Table 2) (Gilliland and Mandel, 1993). The same
was true in analyses stratified by time between first employ-
ment and death (10, 15, or 20 years) or duration of employment
(5, 10, or 20 years). Among male employees, mean follow-up
was 24.8 years in the chemical division and 26.0 years in the
nonchemical division. Overall, total cancer mortality was not
significantly different from that expected among Minnesota
white males (103 deaths observed; SMR = 1.05 [0.86-1.27]}),
and all site-specific cancer SMRs were likewise nonsignifi-
cantly different from 1.0. All SMRs were also statistically
nonsignificant among male chemical division employees.

'All confidence intervals reported hereafter are 95% and
two-sided, and are indicated by parentheses or brackets as
appropriate.



DOI 10.3109/10408444.2014.905767

Findings were similar when compared with expected deaths
among US white males or when stratified by latency period
or duration of employment. In proportional hazards models,
duration of employment in the chemical division was not
significantly associated with overall cancer mortality, but it
was significantly positively associated with prostate cancer
mortality (HR per 10-year increase in duration of chemical
division employment = 3.3 [1.02-10.6]).

Strengths of this study include the availability of employ-
ment records for nearly all eligible workers, the complete
follow-up for vital status and nearly complete retrieval of
death certificates, and long duration of follow-up (Gilliland
and Mandel, 1993). In addition, this study was strengthened
by the use of an unexposed internal cohort of nonchemical
division workers as a comparison group to minimize the
healthy worker effect — that is, the tendency of all-cause and
certain cause-specific (e.g., cardiovascular) mortality rates to
be lower in occupational cohorts than in the general popula-
tion, mainly because people in poor health often are not part
of the active workforce, but are included in the general popu-
lation. (In this study, standardized rate ratios directly com-
paring the two worker subgroups were statistically unstable
and, therefore, not reported.) Exposure was crudely classified
based on history of working in the chemical division, without
any information on specific departments or jobs involved in
PFOA production. In fact, only one of the four men who died
from prostate cancer had worked directly in the PFOA pro-
duction buildings (Olsen et al. 1998). Subsequent studies have
shown that duration of employment, on its own, is not a good
predictor of measured blood PFOA levels in Cottage Grove
workers (Olsen et al. 2003). Chance must be considered as
an explanation for the observed findings, especially given the
many health outcomes evaluated. Nevertheless, due in part to
the dearth of established risk factors for prostate cancer and,
therefore, the shortage of known confounders, the finding of
a positive association between duration of employment in the
chemical division and prostate cancer mortality in this cohort
is suggestive of a potential association with PFOA exposure.

Subsequently, Lundin et al. (2009) reported on the mortal-
ity experience of this cohort with a longer period of enroll-
ment eligibility (1947 through 1997) and 13 additional years
of follow-up through 2002, as well as a minimum employment
requirement of 1 year, resulting in 3,993 employees with
807 deaths (99.6% with a known cause). An expert panel of
veteran workers and plant industrial hygienists was engaged
to review job titles and department codes by year to classify
jobs by likelihood of PFOA exposure based on where per-
fluorochemicals were developed or produced. Through this
process, jobs were classified as having definite exposure (i.e.,
exposure “on a regular basis with potential for high exposure”
to PFOA), probable exposure (i.e., “possible, but likely lower
or transient” exposure to PFOA), or no or minimal exposure
(i.e., work primarily in the nonchemical division, with some
opportunity for PFOA exposure due to work-site contamina-
tion). Using this scheme, cohort members were classified as
ever having worked in a definite-exposure job (513 work-
ers), ever having worked in a probable-exposure job but no
definite-exposure jobs (1,688 workers), or having worked only
in no-or-minimal-exposure jobs (1,792 workers). A 6-month
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minimum employment requirement was also used, such that
high exposure entailed having worked in a definite-exposure
job for at least 6 months; moderate exposure entailed hav-
ing ever had a probable-exposure job but zero to less than 6
months of a definite-exposure job; and low exposure entailed
having worked only in nonexposed jobs.

Alternatively, relative exposure weights were assigned to
each exposure category, with weights based in part on serum
PFOA concentrations collected in 2000 from 131 chemical
division employees, to estimate relative cumulative PFOA
exposure (Lundin et al. 2009). In the serum study, work-
ers with definite-exposure jobs had median serum PFOA
levels of 2,600-5,200 ng/mL (converted from ppm), and
those with probable-exposure jobs had median serum PFOA
levels of 300-1,500 ng/mL; no data were available for non-
exposed jobs. Taking these serum values and the long serum
half-life of PFOA in humans into consideration, jobs with
no exposure were assigned a weight of 1, those with prob-
able exposure were assigned a weight of 30, and those with
definite exposure were assigned a weight of 100. Cumulative
exposure for each worker was then calculated as a sum of the
days of employment at each exposure level, multiplied by the
exposure weighting factor, to estimate the equivalent of time
spent employed in a job with definite exposure. In sensitiv-
ity analyses, alternative weighting schemes of 1, 10, and 50
and 1, 10, and 100 were used. SMRs standardized by age, sex,
and calendar period were calculated based on Minnesota state
mortality rates, and HRs compared with an internal referent
group were estimated with time-dependent Cox proportional
hazards regression models, which allowed for delayed entry
into high-exposure categories. Models were adjusted for sex
and year of birth, with additional evaluation of age at cohort
entry, smoking status (abstracted from occupational medical
records for 35.8% of the cohort, with missing data imputed
using a multiple-imputation model), and wage type (hourly,
salaried, or both; or dichotomized based on the predominant
wage type) as potential confounders.

After a mean follow-up of 29.3 years for workers with ever
definite exposure, 31.6 years for workers with ever probable
exposure but no definite exposure, and 31.6 years for nonex-
posed workers, the SMRs for total cancer mortality were not
different from expectation among definitely exposed (19 deaths
observed; SMR =0.87 [0.52-1.35]) and probably exposed
workers (119 deaths observed; SMR = 0.94 [0.78-1.12]), and
significantly lower than expected among nonexposed work-
ers (108 deaths observed; SMR =0.78 [0.64-0.95]) (Table
2) (Lundin et al. 2009). No specific cause of cancer death
was significantly elevated in any group of workers. Using
the 6-month minimum employment criterion to define time-
dependent low, moderate, and high exposure, prostate cancer
mortality was significantly increased among workers with high
versus low exposure (based on 2 deaths in the high-exposure
group; HR =6.6 [1.1-37.7]), as well as workers with either
moderate or high exposure (12 deaths; HR = 3.2 [1.0-10.3]).
Similar findings were observed using weighted exposure days,
with significantly increased prostate cancer mortality among
workers with the equivalent of at least 5 years of definite expo-
sure, compared with those with less than 1 year of definite
exposure (7 deaths with at least 5 years of exposure; HR = 3.7
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[1.3-10.4]). However, risk was lowest among those with the
equivalentof 1-4.9 years of definite exposure (1 death; HR = 0.4
[0.1-3.6]). Mortality from pancreatic or bladder cancer
was not significantly associated with job exposure categories
or cumulative exposure years, adjusting for sex and birth
year. Results based on the alternative weighting schemes,
using a 10-year exposure lag, controlling for additional
covariates, or stratifying by wage type were not substantively
changed.

Strengths of this study (Lundin et al. 2009) are similar
to those of the earlier cohort mortality study (Gilliland and
Mandel, 1993). This study was additionally strengthened by
the expert classification of jobs based on potential for PFOA
exposure, thereby reducing possible exposure misclassifica-
tion. The finding that risk of prostate cancer mortality was
greatest among workers with the highest levels of exposure
to PFOA lends additional weight to the finding of a posi-
tive association between occupational PFOA exposure and
prostate cancer mortality (which may or may not translate to
an association with prostate cancer incidence). However,
interpretation of these results is complicated by the fact that
nonexposed workers, who comprised the reference group for
internal comparisons, had significantly lower prostate cancer
mortality than expected based on the Minnesota male popula-
tion, suggesting the presence of confounding by unmeasured
prostate cancer risk (or preventive) factors in the internal
analyses, or chance. Uncontrolled confounding is unlikely to
be the sole explanation for HRs of 6.6 and 3.2, but the 95%
confidence intervals for these estimates included 1.1 and 1.0,
respectively, providing an indication of the instability of the
estimates, as well as a higher likelihood of being due to con-
founding or chance. At the same time, the lack of a significant
excess of mortality from any other cancer site, including the
liver, testis, and pancreas, provides no evidence to support a
causal relationship between PFOA exposure and mortality
from other malignancies.

Studies of the Parkersburg, West Virginia, facility

The DuPont polymer production facility in Parkersburg is
the other US site where cancer mortality has been studied
among workers occupationally exposed to PFOA. Leonard
et al. (2008) conducted a retrospective cohort mortality study
of 6,027 employees (4,872 men and 1,155 women) who had
ever worked at the Parkersburg facility anytime between plant
start-up on 1 January 1948 (2 years before the start of PFOA
use in 1950) and the end of follow-up on 31 December 2002
(Table 1). Ninety percent of cohort members were identi-
fied through the DuPont Epidemiology Registry, which has
conducted standard mortality surveillance of all active and
pensioned company employees in the United States since
1957, and the remaining cohort members were identified
through plant work history records. Vital status was ascer-
tained through the Social Security Administration and causes
of death were determined through the National Death Index
or the DuPont Epidemiology Registry. SMRs were calculated
based on expected age-, sex-, and calendar-period-specific
mortality rates in three reference groups: the US population,
the West Virginia population, and 72,882 DuPont workers from
other facilities in West Virginia, Ohio, Virginia, Kentucky,
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Indiana, Pennsylvania, Tennessee, and North Carolina (referred
to as “DuPont Region 1”). Plant employees were not classi-
fied according to PFOA exposure status. However, according
to a 2004 cross-sectional health survey conducted at the
Parkersburg plant, 23% of active employees (including survey
participants and nonparticipants) were currently assigned to
PFOA areas of the plant (Sakr et al. 2007). Among the 1,025
survey participants (55% of all active employees), 25% were
currently working in PFOA areas, an additional 26% had been
assigned to PFOA areas in the past, and 16% had intermittent
current PFOA exposure; thus, the majority of the cohort had
occupational exposure to PFOA as of 2004.

With an average of 26 years of follow-up (19 years of
employment) among men and 16 years of follow-up (10
years of employment) among women, total cancer mortal-
ity was significantly lower among Parkersburg workers (234
deaths observed) than among the US population (SMR = 0.74
[0.65-0.84]) and the West Virginia population (SMR = 0.69
[0.60-0.78]), and was no different from that in the DuPont
reference worker group (SMR =1.02 [0.89-1.16]) (Table 2)
(Leonard et al. 2008). No SMRs for site-specific cancers
were significantly elevated in comparison with the US or
West Virginia population. The only statistically significant
difference was observed for mortality from thyroid and other
endocrine gland malignancies, which occurred at a significant
excess in Parkersburg employees compared with the DuPont
reference cohort (3 deaths observed; SMR =6.29 [1.30-
18.37]). Of note, the SMR for prostate cancer was significantly
below unity among workers compared with the US population
and marginally significantly reduced compared with the West
Virginia population.

This study is strengthened by its long follow-up time, use
of an unexposed but otherwise comparable regional group of
workers to adjust for the healthy worker effect, and low loss to
follow-up, although the authors acknowledged potential loss to
follow-up of decedents prior to 1957, when the DuPont Epide-
miology Registry began mortality surveillance (Leonard et al.
2008). Limitations are similar to those of other cohort mortality
studies, with the additional major limitation that workers were
not classified according to their estimated PFOA exposure, but
were instead considered as a single exposed group, precluding
an analysis of exposure-response gradients. Also, the authors
did not report whether the exclusion of short-term workers
altered the findings. There is no reason to suspect that known
thyroid cancer risk factors, such as a low-iodine diet, ionizing
radiation exposure, and family history, differed substantially
between Parkersburg and other DuPont workers. Therefore,
confounding is unlikely to explain the association. However,
because the observed excess was based on only three thyroid
cancer deaths (which are not representative of incident thyroid
cancer) and the authors did not state whether the decedents
were employed in areas with high PFOA exposure, chance is a
plausible explanation. Overall, the results of this study suggest
no substantial increase in cancer mortality among polymer
workers occupationally exposed to PFOA.

Steenland and Woskie (2012) extended and augmented
this study by continuing mortality follow-up through 2008
and, more importantly, by using a job-exposure matrix in
combination with serum PFOA data from 1,308 workers in
1979-2004 (median =580 ng/mL, converted from ppm;
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range = 160-2,880 ng/mL) to estimate serum PFOA levels
over time in eight job category/job group combinations. These
groups were as follows: 1) direct PFOA exposure in the Teflon
production area (8% of jobs), 2) with a separate indicator for
the chemical operator job group; 3) direct PFOA exposure in
other copolymer production areas that used PFOA (10% of
jobs); 4) intermittent direct non-PFOA-use jobs (1% of jobs),
5) with a separate indicator for working in a tetrafluoroeth-
ylene (TFE) monomer job group; 6) maintenance jobs with
intermittent direct or plant background PFOA exposures (15%
of jobs), 7) with a separate indicator for the Teflon/copolymer
maintenance job group; and 8) non-Teflon/copolymer division
jobs with no PFOA use (66% of jobs). Regression models were
constructed to predict measured serum PFOA levels based on
job category/job group combination and other variables, such
as the cumulative number of prior years spent in potentially
PFOA-exposed jobs, annual amount of PFOA product used
at or emitted from the plant, and temporal process changes in
direct-exposure jobs; these models were then used to estimate
the cumulative serum PFOA level in each cohort member in
each year. Modeled serum PFOA levels correlated well with
measured levels by job category/job group overall and by
decade (Spearman p = 0.8), although individual-level correla-
tions were not reported (Woskie et al. 2012).

For the analysis, estimated cumulative serum levels were
expressed in terms of ppm-years (converted here to ng/
mlL-years) and were categorized into quartiles based on the
cumulative serum levels of decedents, with separate cut points
developed for analyses assuming no lag, a 10-year lag, and a
20-year lag period between exposure and death (Steenland and
Woskie, 2012). Of the 6,027 workers in the cohort analyzed by
Leonard et al. (2008), 226 (4%) had insufficient work history
data to allow estimation of serum PFOA levels over time and
10 others were omitted due to missing dates of birth, resulting
in 5,791 workers for analysis. The mean estimated cumula-
tive exposure was 7,800 ng/mL-years (median=4,300)
and the mean annual serum concentration was 350 ng/mL
(median =230 ng/mL). SMRs were calculated based on refer-
ence mortality rates from the cohort of 86,698 DuPont Region
1 (Appalachian region) workers in 1955-2009, excluding the
Parkersburg plant, and also from the US general population in
1940-2007, extrapolated to 2009.

After a mean of 30 years of follow-up, total cancer mortality
did not differ significantly between Parkersburg plant workers
in any quartile of estimated cumulative serum PFOA, com-
pared with the DuPont reference cohort (e.g., SMR for highest
quartile = 0.94 [0.76—1.16] based on 91 observed deaths), and
total cancer mortality was significantly lower than expected
in the general US population (SMR = 0.74 [0.66—0.83]). The
only two cancer sites with noteworthy positive associations
were kidney cancer, for which mortality was significantly
increased in the highest quartile of estimated cumulative
serum PFOA (8 deaths observed; SMR =2.66 [1.15-5.24)),
but not in the other three quartiles or in all workers combined
compared with the DuPont reference cohort or the US popula-
tion; and mesothelioma (based on data from 1999 onward),
for which mortality was significantly increased in the highest
quartile as well as in the overall worker cohort relative to the
DuPont reference cohort and the general population. Results
were comparable, albeit attenuated for mesothelioma, after a
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10- or 20-year lag, and were similar for kidney cancer after
the inclusion of contributing (in addition to underlying) causes
of death. All 12 kidney cancer deaths observed in the cohort
were previously reported by Leonard et al. (2008), with no
additional deaths from kidney cancer occurring between
2003 and 2008. According to the results reported by Leonard
et al. (2008) and Steenland and Woskie (2012), 2.78 kidney
cancer deaths were expected in the cohort during the extended
follow-up period based on DuPont Region 1 mortality rates
(SMR =0, P=0.10) and 3.11 were expected based on overall
US mortality rates (SMR =0, P =0.08).

The strengths and limitations of this study are similar to
those of the earlier study in this cohort (Leonard et al. 2008),
but this study was further strengthened by the use of a time-
dependent job-exposure matrix bolstered by serum PFOA
data from 1,308 workers over 25 years to estimate cumula-
tive and annual serum PFOA in all workers based on job
category/job group and other work-related factors (Steenland
and Woskie, 2012). This approach reduced potential expo-
sure misclassification compared with the earlier approach of
grouping all plant workers together, although model error
remained (Woskie et al. 2012). The authors largely dismissed
the observed excess of mesothelioma mortality in the worker
cohort as probably being due to confounding by occupational
asbestos exposure. However, they appeared to give greater
credence to the kidney cancer result, although they noted
that TFE, which has been found to be a rodent kidney car-
cinogen (National Toxicology Program, 1997), was used at the
Parkersburg plant and was highly correlated with PFOA
(Steenland and Woskie, 2012). The SMR for kidney cancer
in a study of TFE-exposed workers was estimated at 1.44
(0.69-2.65) overall and 2.58 (0.95-5.62) for workers with
medium exposure, but 0.81 (0.10-2.93) for workers with high
exposure (Consonni et al. 2013); however, most of this cohort
was also occupationally exposed to PFOA. Thus, confounding
by TFE exposure could have explained part of the observed
association with PFOA, but the magnitude of the associa-
tion between TFE and kidney cancer in humans has not been
precisely estimated. The absence of any kidney cancer mortal-
ity in the more recent follow-up period also raises the possibil-
ity of chance as an explanation and emphasizes the need to
evaluate the consistency of this finding across study settings.

Study of combined European and US facilities

Consonni et al. (2013) conducted a retrospective cohort mor-
tality study that combined 5,879 male workers (excluding
778 female workers with 16 deaths) at six of the seven TFE
production sites in Europe and the United States (excluding a
small plant in North Carolina that employed only 31 workers
in TFE processes starting in 1979). Although TFE exposure
was the main focus of this study, the authors separately ana-
lyzed associations with PFOA exposure, which was highly
correlated with TFE exposure. The minimum employment
tenure varied by facility; all employees at three plants in Italy,
England, and New Jersey were included, employees for at
least 6 months at the Parkersburg plant were included, and
employees for at least 1 year at two plants in Germany and
the Netherlands were included in the analysis. The period of
follow-up was 19602008 at the Italian site, 1952-2008 at the
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English site, 1969-2007 at the New Jersey site, 1950-2002
at the Parkersburg site, 1965-2001 at the German site, and
1967-2002 at the Dutch site. Ascertainment of vital status
was conducted through linkages to population registries or
other statistical or health databases, and death certificates and/
or cause-of-death codes were obtained for 98.8% of known
decedents from company-wide, local, state, or national health
departments or databases. Time-varying cumulative exposure
to PFOA and TFE was estimated semiquantitatively by using
a job-exposure matrix with annual PFOA and TFE values for
each relevant job title at each production site. The presence or
absence of asbestos or vinyl chloride monomer at each plant
was also recorded. Expected numbers of cause-specific deaths
were calculated based on national age- and calendar-period-
specific mortality reference rates for males (white males in the
United States), with regional or state mortality rates used in
sensitivity analyses.

After an average of 25 years of follow-up, significantly
fewer than expected deaths from cancer occurred among the
4,205 male workers ever occupationally exposed to PFOA
(SMR =0.79 [0.67-0.92]), and no site-specific cancer SMRs
were significantly elevated (Table 2) (Consonni et al. 2013).
When estimated cumulative exposure to PFOA was catego-
rized according to tertiles among observed all-cause deaths in
PFOA-exposed workers, no significant excess mortality from
total cancer, leukemia, or esophageal, liver, pancreatic, lung,
or kidney/other urinary organ cancer was detected in the high-
est tertile of cumulative exposure, nor was a significant expo-
sure-response trend observed for any of these outcomes. When
cumulative exposures to TFE and PFOA were cross-classified,
no deaths from any cause were observed (0.8 expected) among
workers with high cumulative PFOA exposure and low cumu-
lative TFE exposure, and only three deaths from cancer were
observed (6.0 expected) among those with medium cumulative
PFOA exposure and low TFE exposure. Thus, associations
with PFOA exposure independent of TFE exposure could not
be estimated robustly. In general, results were similar when
regional mortality rates were used as the reference.

Strengths of this multicenter study include its large size,
uniform approach to exposure assessment across sites, long
duration of follow-up, and high rates of vital status ascertain-
ment and determination of causes of death (Consonni et al.
2013). A limitation is the lack of a reference cohort of com-
parable workers. Cumulative PFOA and TFE exposure were
estimated semiquantitatively in terms of arbitrary “unit-years,”
thereby preventing direct comparisons with results from other
cohorts. As noted earlier, due to the correlation between PFOA
and TFE (Spearman p =0.72), observed associations could
not reliably be attributed to either exposure. The observed
nonsignificant positive association with death from kidney
and other urinary organ cancer may be attributable largely to
the fact that 2,379 (40%) of the 5,879 cohort members were
from the Parkersburg plant — by far the largest production site
in the study — where a positive association between estimated
cumulative serum PFOA and kidney cancer mortality was
previously reported (Steenland and Woskie, 2012). Consonni
et al. (2013) did not present results after the exclusion of Park-
ersburg workers, nor did they state how many of the 10 kidney/
other urinary organ cancer deaths in the pooled cohort came
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from the Parkersburg site, where Steenland and Woskie (2012)
reported that 12 kidney cancer deaths occurred in the full study
group. Consonni et al. (2013) concluded that their results
“could neither conclusively confirm nor refute the hypothesis
that TFE poses a carcinogenic risk to human beings,” and the
same interpretation holds for PFOA.

Community studies of PFOA
Overview

Studies of cancer risk among communities with nonoccupa-
tional exposure to PFOA are more variable in design than the
occupational cohort studies. These include a cancer-registry-
based case-control study (Vieira et al. 2013), a retrospective
cohort study (Barry et al. 2013), a prospective case-cohort study
(Eriksen et al. 2009), two retrospective case-control studies
(Bonefeld-Jorgensen et al. 2011, Hardell et al. 2014), and three
cross-sectional studies (Innes et al. 2014, Vassiliadou et al. 2010,
Yeung et al. 2013). Three of these studies were conducted in the
Mid-Ohio River Valley near the DuPont plant in Parkersburg,
West Virginia (Barry et al. 2013, Innes et al. 2014, Vieira et al.
2013), while the rest were conducted in Europe and Australia.
Details of these studies are provided in Tables 1 and 2.

Studies of the Mid-Ohio Valley community

The C8 Health Project, a cross-sectional survey and serum
study of 69,030 residents of the Mid-Ohio Valley in 2005-
2006, was conducted as part of the settlement from a class-
action lawsuit against DuPont, with the purpose of investigat-
ing the potential human health effects of PFOA exposure from
contaminated drinking water (Frisbee et al. 2009). Related
research conducted by members of the C8 Science Panel,
which was appointed by attorneys for the community and for
DuPont to assess health outcomes in relation to community
PFOA exposure, includes a cancer-registry-based case-control
study by Vieira et al. (2013). This study was based in 13 Ohio
and West Virginia counties encompassing six contaminated
water districts: Little Hocking (where median serum PFOA
concentrations were estimated in 1995 at 125 ug/L), Lubeck
(65.8 ug/L), Tupper Plains (23.9 pg/L), Belpre (18.7 pg/L),
Pomeroy (10.7 pg/L), and Mason (5.3 pug/L). Estimated PFOA
exposure was compared between cases, who were adults diag-
nosed with each of 18 different cancers in 1996-2005, and
controls, who were adults diagnosed with all other cancers
(excluding kidney, pancreas, testis, and liver, as well as cancer
sites with fewer than 100 cases in Ohio or that had not previ-
ously been evaluated in toxicological or epidemiologic studies
of PFOA) in the same region and time period. All subjects
were identified from the state-wide cancer registries in Ohio
and West Virginia. The study dataset included 7,869 Ohio
patients and 17,238 West Virginia patients with the follow-
ing malignancies: bladder, brain, female breast, cervix, colon/
rectum, kidney, leukemia, liver, lung, melanoma of the skin,
multiple myeloma, non-Hodgkin lymphoma, ovary, pancreas,
prostate, testis, thyroid, and uterus.

In analyses including cancer patients from both states,
PFOA exposure was estimated based on residential water
district at the time of diagnosis. In analyses restricted to Ohio,



DOI 10.3109/10408444.2014.905767

where 92% of cancer patients were geocoded to their street
address at diagnosis and the remaining 8% were geocoded at
the ZIP-code level, PFOA exposure was estimated based on
a model that estimated individual serum PFOA levels using
linked environmental, exposure, and pharmacokinetic mod-
els (Shin et al. 2011a, Shin et al. 2011b). In these analyses,
because only the residential address at diagnosis was known,
annual serum PFOA levels were estimated from 1951 to the
date of diagnosis based on the assumption that patients had
lived at that address for 10 years (or, in sensitivity analyses, for
their lifetime), with an assumed exposure lag period of zero or
10 years. Estimated annual serum PFOA levels were summed
over the assumed years of exposure to calculate a cumula-
tive exposure estimate, and both the annual and cumulative
measures were categorized based on the distribution among
exposed cases. Logistic regression models were adjusted for
age, sex, diagnosis year, smoking status (available for 90% of
subjects), and insurance provider (available for 93% of sub-
jects), as well as race in Ohio.

Site-specific cancer odds ratios (ORs) were significantly
elevated for lung cancer (OR=1.2 [1.1-1.3]) and non-
Hodgkin lymphoma (OR=1.2 [1.0-1.5]) when comparing
all six contaminated water districts to uncontaminated water
districts in the same counties (Vieira et al. 2013). In the Little
Hocking water district, where estimated median serum PFOA
levels were highest in 1995 (Shin et al. 2011b), the OR was
significantly elevated for testicular cancer (OR=5.1 [1.6—
15.6]). However, no clear exposure-response patterns emerged
across the remaining water districts, and ORs for testicular
cancer were below 1.0 or not estimated (due to zero cases;
i.e., OR =0) in the other five water districts. In the analysis of
estimated annual serum PFOA levels in Ohio cancer patients,
assuming 10-year residency and lag period, the OR for kid-
ney cancer was significantly elevated among cases with “very
high” or “high” levels, compared with unexposed (OR =2.0
[1.0-3.9] and OR =2.0 [1.3-3.2], respectively), while the OR
for non-Hodgkin lymphoma was significantly elevated among
cases with “very high” or “medium” but not “high” levels. The
association of kidney cancer with “very high” annual serum
PFOA was detected only among women (OR = 3.5 [1.4-8.3])
and not among men (OR = 1.0 [0.3-3.4]). Borderline positive
associations between “very high” serum PFOA and female
breast, ovarian, prostate, and testicular cancers were coun-
terbalanced by nonsignificant inverse associations with the
same cancers in other exposure categories, including “high,”
“medium,” and “low” versus none. Results were comparable
when using estimated cumulative serum PFOA, assuming no
exposure lag period, assuming lifetime residency, including
kidney, liver, pancreas, and testis cancers in the control group,
imputing missing data for smoking and health insurance, or
stratifying by sex (except for kidney cancer).

Although this study (Vieira et al. 2013) benefits from its
population-based setting, its large overall size, and its quan-
titative estimation of PFOA exposure based on a model that
fairly accurately predicted serum PFOA levels in 2005-2006
(Spearman p = 0.67) (Shin et al. 2011b), several shortcomings
must be noted. First, exposure to PFOA was assessed ecologi-
cally according to water district of residence at diagnosis, that
is, at the group level rather than at the individual level. Water
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usage varies among individuals, and PFOA exposure was not
uniform across water districts. Due to the ecological design, it
is impossible to determine whether the individuals who were
most highly exposed were those who developed a given cancer
type; thus, associations observed at the water-district level can-
not be assumed to hold for individual persons. The degree of
potential ecological bias cannot be estimated. Second, PFOA
exposure was estimated rather than measured, and while the
exposure model was used to estimate serum PFOA levels
since 1951, it was validated against levels measured only in
2005-2006. Third, information on residential history was not
available, and the assumption of a minimum 10-year duration
of residency was not validated among cancer patients. There-
fore, estimation of PFOA exposure based on current address at
the time of cancer diagnosis may not have captured long-term
exposure at other previous addresses. Such misclassification
could have been differential if residential relocation patterns
differed by cancer type. Finally, limitations that affected
other studies described earlier, including small numbers of
rare cancers, minimal control for confounding, and multiple
hypothesis testing, also applied to this study. In light of the
highly imprecise OR estimates and the absence of any posi-
tive exposure-response trends, the results of this study provide
only a hint of a possible association between PFOA exposure
and elevated risk of various cancers.

In another study from the C8 Science Panel, Barry et al.
(2013) conducted a retrospective cohort study based on
repeated interviews in 2008-2011 of participants in the
2005-2006 cross-sectional C8 Health Project, combined with
additional subjects in the retrospective cohort mortality study
of Parkersburg plant workers. The C8 Health Project enrolled
69,030 people (an estimated 80% of eligible subjects; 81% of
those aged 20 years and older) who lived, worked, or attended
school for at least 1 year in one of the six contaminated
water districts near the Parkersburg plant between 1950 and
3 December 2004 (Frisbee et al. 2009). Of the participants
aged 20 years and older, 74% consented to further contact by
the C8 Science Panel, and 82% of these (61% of the original
cohort; an estimated 49% of eligible subjects) participated in
one or two follow-up surveys in 2008-2011. From the cohort
mortality study of Parkersburg plant workers employed for at
least 1 day between 1948 and 2002 (Steenland and Woskie,
2012), 4,391 (73%) of 6,026 workers were interviewed. After
the exclusion of 0.07% of community members and 15% of
workers who lacked retrospective PFOA exposure estimates,
the analytic cohort consisted of 32,254 adults, including 3,713
workers (1,890 of whom were also enrolled in the cross-
sectional C8 Health Project) and 28,541 community members
with no evidence of having worked at the Parkersburg plant.

Using the same serum PFOA model as used by Vieira
et al. (2013) (Shin et al. 2011a, Shin et al. 2011b), Barry
et al. (2013) estimated each participant’s annual serum
PFOA concentration from 1952 or birth through 2011 based
on PFOA emission and dispersion data, individual residen-
tial history and water consumption, and a model for PFOA
absorption, distribution, metabolism, and excretion. For plant
workers, occupational PFOA exposure was added based on the
job-exposure matrix used by Steenland and Woskie (2012).
The estimated median annual PFOA serum level was 19.4
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(range = 2.8-9,217) ng/mL in community members and 174.4
(range = 5.2-3,683) ng/mL in workers. Lifetime cancer his-
tory was self-reported on the questionnaire, and the authors
sought to validate reported diagnoses through medical chart
review (if consent was granted) or through linkage to the Ohio
and West Virginia state cancer registries. The analysis was
restricted to validated primary cancers, which comprised 69%
of community-reported diagnoses and 75% of worker-reported
diagnoses. Estimated cumulative serum PFOA, calculated as
the sum of all annual estimates up to a given age, was modeled
on the logarithmic scale with respect to cancer diagnosis using
Cox proportional hazards regression models with age as the
time scale, adjusting for time-varying smoking, time-varying
alcohol consumption, sex, education, and 5-year birth period,
and assuming a 10-year lag.

With an average of 32 years of follow-up after age 20 for
community residents and 38 years for workers, assuming a
10-year lag, marginally nonsignificant positive associations
were detected between a one-unit increase in estimated log
cumulative serum PFOA and the risk of testicular cancer
(HR = 1.28 [0.95-1.73]) and kidney cancer (HR = 1.09 [0.97—
1.21]), while borderline or significant inverse associations
were detected with breast and oral cancers (Table 2) (Barry
et al. 2013). The positive associations were slightly stronger
but similar with no lag assumption and were reportedly similar
with a 20-year lag. When estimated cumulative serum PFOA
was categorized by quartile among the thyroid, kidney, and
testicular cancer cases, significant positive exposure-response
trends were detected for testicular cancer with a 10-year lag
(P=0.02 for a linear trend test across quartiles using expo-
sure category midpoints; P =0.10 for a linear trend test using
continuous log estimated cumulative serum PFOA) or with
no lag (P=0.04 and 0.05, respectively). For kidney cancer
and thyroid cancer, no significant exposure-response trend
was detected with either lag. Results were comparable when
estimated person-time prior to living or working on one of the
six contaminated water districts was excluded. After stratifica-
tion between the community and worker cohorts, associations
with continuous log cumulative serum PFOA were similar in
both cohorts for testicular and thyroid cancers with a 10-year
lag, but positive associations with no lag were detected only
in the community cohort. For kidney cancer, a borderline
significant positive association with unlagged continuous
cumulative serum PFOA was observed only in the community
cohort. When exposure was categorized into quartiles, positive
exposure-response trends were observed for thyroid cancer
only in the worker cohort and for testicular and kidney cancers
only in the community cohort.

Advantages of this study include the estimation of annual
and cumulative serum PFOA based on a detailed model that
incorporated serum PFOA measurements from 45,276 par-
ticipants in the C8 Health Project along with additional rel-
evant data; and the validation of self-reported cancer history
(Barry et al. 2013). However, several important limitations
deserve comment. Because only positive cancer histories were
validated, the extent of underascertainment of cancer cases
is unknown. If participants living in water districts known to
have higher PFOA levels were more likely to report a positive
history, then differential outcome misclassification could have
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positively biased the results (toward higher HRs). Similarly,
selection bias could have distorted the findings if participa-
tion in the C8 Health Project or follow-up questionnaires was
directly or indirectly related to both PFOA exposure status
and cancer history. Such selection bias is plausible, given that
factors that predict serum PFOA levels, such as demographic,
socioeconomic, and behavioral factors (Calafat et al. 2007,
Jain 2013, Jain 2014, Kato et al. 2011), can influence both
cancer risk and the decision to participate in a health research
study. For example, higher educational level has been shown
to be associated with higher serum PFOA levels (Calafat et al.
2007), a greater likelihood of study participation (Lissner et al.
2003), and elevated risk of testicular (Richardson et al. 2012)
and thyroid cancers (Li et al. 2013), thereby potentially result-
ing in positive bias. The study was also limited by probable
exposure misclassification (of an unknown degree, given that
the serum PFOA model was validated only against 2005-2006
serum PFOA measurements), small numbers of site-specific
cancers, and multiple hypothesis testing. Consequently, chance
and various sources of bias are plausible explanations for the
observed associations.

Innes et al. (2014) conducted a cross-sectional study of 208
prevalent colorectal cancer cases and 47,151 adults without
cancer who participated in the C8 Health Project baseline
survey and blood sampling in 2005-2006. Participants who
had ever been diagnosed with colon and/or rectal cancer were
identified from the self-reported health survey, with valida-
tion of positive reports based on medical records, and controls
were other adult participants who had not been diagnosed with
cancer and had complete data (excluding 0.6% of participants
with missing data on PFOA and PFOS and 3.2% with miss-
ing data on other covariates of interest). PFOA, PFOS, and
eight other PFASs were measured in serum collected at the
time of the health survey. Associations between serum PFAS
levels (as quartiles or continuous variables) and colorectal
cancer diagnosis were estimated with adjustment for age only;
age, race, sex, socioeconomic status, marital status, smoking,
alcohol consumption, vegetarian diet, and exercise; or all of
these covariates plus serum lipid profiles, C-reactive protein,
estradiol, uric acid, and gastrointestinal symptoms. Additional
adjustment for other PFASs, anemia, osteoarthritis, rheuma-
toid arthritis, or fibromyalgia did not affect the results.

Higher serum levels of PFOA were significantly associated
with a lower prevalence of colorectal cancer in age-adjusted
and multivariate-adjusted models (Table 2) (Innes et al. 2014).
For example, in the model adjusted for all covariates listed in
the preceding paragraph, the OR of colorectal cancer associ-
ated with the highest quartile (=71.3 ng/mL) versus lowest
quartile (0.25-13.4 ng/mL) of serum PFOA was 0.64 (0.44—
0.94), with a statistically significant inverse trend (P = 0.002),
although continuous PFOA was not significantly associated
(OR per ng/mL = 1.00 [1.00-1.00], P = 0.46). The significant
inverse association of serum PFOA with colorectal cancer
diagnosis was detected among men but not among women,
in nonobese but not in obese adults, and for cases diagnosed
in 2000 or later but not for those diagnosed earlier; however,
the association did not vary significantly by age or colorectal
cancer treatment method. Restricting the analysis to partici-
pants who had lived at the same residence since 1990-1995
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or before and to cases diagnosed within the previous 6 years
strengthened the inverse association (adjusted OR for high-
est versus lowest quartile=0.4 [0.2-0.5]), as did restrict-
ing the analysis to adults with serum PFOA =20 ng/mL
(age-adjusted OR =0.4 [0.2-0.7], P-trend =0.009). Results
were unchanged after restriction to primary colon cancer
cases, to those not undergoing current treatment, or to those
who had not received chemotherapy, or after the inclusion of
all 281 self-reported colorectal cancer cases.

This study benefits from its direct measurement of serum
PFOA with a broad exposure range, the availability of
data to adjust for numerous potential confounders, and the
validation of self-reported cancer diagnoses using medical
records (Innes et al. 2014). Colorectal cancer may have
been underascertained, with possible differences in can-
cer reporting based on the place of residence and PFOA
exposure status, although it seems unlikely that residents of
water districts with higher PFOA levels would be less likely
to report a positive colorectal cancer history than those in
low-PFOA districts. Likewise, selection bias based on study
participation or survey completion is possible, but again it
is improbable that residents of high-PFOA water districts
with a history of colorectal cancer would be less motivated
to participate. A key limitation is that serum PFOA levels
measured in 2005-2006 may be etiologically irrelevant
to contemporaneously or previously diagnosed colorectal
cancer, and it is possible (although not studied) that disease
could produce lower levels. Overall, bias is not a probable
explanation for the observed inverse exposure-response
trends, but the postdiagnostic measurement of serum PFOA
prevents a causal interpretation.

Studies of other groups

A prospective case-cohort study was conducted in
Denmark by Eriksen et al. (2009). From a population-based
cohort of 57,053 Danish-born men and women aged 5065
years without a history of cancer as of enrollment in 1 December
1993, through 31 May 1997, the authors identified all incident
cases of cancer of the prostate (N =713), bladder (N =332),
pancreas (N=128), and liver (N =67) by linkage with the
Danish Cancer Registry and Danish Pathology Data Bank with
follow-up through 1 July 2006. A subcohort of 680 men and
92 women was randomly selected as a reference group. Plasma
PFOA levels were measured in specimens collected at cohort
entry, with a mean coefficient of variation of 5.9% (and 1.8%
for PFOS, which was also measured in plasma). Analyses were
conducted according to the unweighted case-cohort approach
by Cox proportional hazards regression, stratified by sex, with
age as the time scale, and with plasma PFOA categorized into
quartiles based on the distribution among patients with each
cancer type. Models for prostate cancer were adjusted for
education, body mass index, dietary fat intake, and fruit and
vegetable intake. Models for bladder cancer were adjusted for
smoking status, smoking intensity, smoking duration, educa-
tion, and occupation associated with risk for bladder cancer.
Models for pancreatic cancer were adjusted for smoking sta-
tus, smoking intensity, smoking duration, dietary fat intake,
and fruit and vegetable intake. Models for liver cancer were
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adjusted for smoking status, education, alcohol intake, and
occupation associated with risk for liver cancer.

No significant association was detected between plasma
PFOA and risk of any of the four cancer outcomes, whether
plasma PFOA was analyzed in quartiles or as a continuous
variable (Table 2) (Eriksen et al. 2009). For example, com-
pared with the lowest quartile of plasma PFOA, the relative
risk (RR, estimated as incidence rate ratio) of prostate cancer
for the highest quartile of plasma PFOA was 1.18 (0.84-1.65),
that for bladder cancer was 0.81 (0.53—1.24), that for pancre-
atic cancer was 1.55 (0.85-2.80), and that for liver cancer was
0.60 (0.26-1.37). The median plasma concentration of PFOA
among the groups ranged from about 5 to 7 ng/mL. Results
were similar after stratification by sex.

Noteworthy strengths of this study are the prospective
design, with plasma PFOA measured prior to onset, and
the direct assessment of plasma PFOA concentration in all
subjects, without misclassification resulting from expo-
sure estimation (Eriksen et al. 2009). Additional strengths
include the control for several confounders, the selection of
an appropriate comparison group, the presumably complete
ascertainment of cases by linkage to high-quality Danish
disease registries, and the larger numbers of incident cases
than most other studies of PFOA [with the exception of
Vieira et al. (2013)]. Plasma PFOA was measured only once
per individual at a variable point in time (median = 7 years,
range = 0—12 years) prior to cancer diagnosis. It is unclear
whether a single measurement is adequate to estimate rela-
tive differences in long-term PFOA exposure, although the
long biological half-life of PFOA in humans (Olsen et al.
2007) suggests that this is possible. Median plasma PFOA
concentrations in these subjects were relatively low — con-
siderably lower than the measured median PFOA serum lev-
els of 24.2 (range = 0.25-4,752) ng/mL among community
members and 112.7 (range =0.25-22,412) ng/mL among
plant workers in the study by Barry et al. (2013), for example
— such that associations with higher levels of PFOA exposure
could not be estimated. Thus, although this study convinc-
ingly shows no association between nonoccupational plasma
PFOA levels and risk of prostate, bladder, pancreatic, or
liver cancer, it was not designed to address the question of a
potential association with high-level PFOA exposure.

Bonefeld-Jorgensen et al. (2011) conducted a case-control
study of breast cancer in Greenland Inuit women among
whom serum levels of several persistent organic pollutants,
metals, and PFASs, including PFOA, were compared. Thir-
ty-one incident breast cancer cases, representing approxi-
mately 80% of eligible cases in Greenland, were diagnosed
and enrolled in 2000-2003 from a single hospital in Nuuk
where all breast cancer cases in Greenland are registered.
One hundred and fifteen controls, frequency-matched to the
cases on age and region of residence, were selected from
two cross-sectional serological studies. One of these studies
enrolled 153 randomly selected Greenland women living in
Nuuk, with a 95% participation rate (Cote et al. 2006), and the
other enrolled 50 Inuit women randomly selected from each
of the five districts in Greenland in 1999-2005, with a
participation rate of 90% in Nuuk and nearly 100% in the
other districts (Deutch et al. 2007). Serum PFASs, includ-
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ing PFOA and PFOS, were measured in specimens collected
from cases at diagnosis and from controls at study enroll-
ment. Associations with breast cancer risk were estimated
using logistic regression adjusting for age, body mass index,
number of full-term pregnancies, breastfeeding history,
menopausal status, and serum cotinine level.

The median serum PFOA level among the 31 cases was 2.5
(range = 0.2-7.2) ng/mL and that among the 98 controls with
available data was 1.6 (range=0.2-7.6) ng/mL (Bonefeld-
Jorgensen et al. 2011). In addition, the median serum level of the
sum of perfluorocarboxylated acids (including PFOA as well as
perfluoroheptanoic acid, perfluorononanoic acid, perfluorode-
canoic acid, perfluoroundecanoic acid, perfluorododecanoic
acid, and perfluorotridecanoic acid) was 8.0 (range=0.3—
21.4) ng/mL among cases and that among controls was 5.2
(range = 1.0-28.1) ng/mL. Estimated ORs showed no signifi-
cant association between a 1-ng/mL increase in serum PFOA
and risk of breast cancer, whether in unadjusted models includ-
ing all 31 cases and 98 controls with PFOA data, unadjusted
models including the 7 cases and 61 controls with data on PFOA
and all adjustment covariates, or fully adjusted models includ-
ing the 7 cases and 61 controls with complete data (Table 2).
Likewise, no significant association was detected with a 1-ng/
mL increase in total serum perfluorocarboxylated acids.

A strength of this study is its high case ascertainment and
control participation rates, such that the subjects were probably
representative of the general Greenland Inuit population, even
though the study was not strictly population-based because
the case and control ascertainment periods and geographic
regions were somewhat different (Bonefeld-Jorgensen et al.
2011). Another strength is the direct measurement, rather than
estimation, of PFOA exposure in all participants. Due to the
retrospective design, serum PFOA concentration was measured
after breast cancer diagnosis in cases, although whether the
disease affects serum levels has not been studied. Neverthe-
less, levels measured only once at the time of disease diagnosis
may not be etiologically relevant. Also, the authors examined
associations only with continuous serum PFOA exposure,
without consideration of nonlinear exposure-response asso-
ciations. Due to the small number of cases with full covariate
data, it is unlikely that the models could adjust sufficiently for
confounding by measured risk factors such as age, body mass
index, and reproductive history, which were crudely classi-
fied. Diet, alcohol consumption, and other unmeasured breast
cancer risk factors may also have acted as confounders. Such
confounding could have resulted in positive bias, since serum
levels of PFASs have been positively associated with alcohol
consumption, and inversely associated with parity and breast-
feeding (Jain, 2013, Jain, 2014). Nevertheless, the results of
this study suggest no association between nonoccupational
serum levels of PFOA or total perfluorocarboxylated acids and
breast cancer risk in Greenland Inuit women.

Another case-control study was conducted in Sweden by
Hardell et al. (2014), who measured whole-blood levels of
six perfluorinated carboxylates and two perfluorinated sul-
fonates, including PFOA and PFOS, in 201 incident cases of
prostate cancer and 186 population controls. Prostate cancer
patients were admitted consecutively to University Hospital in
Orebro for radiotherapy or chemotherapy in 20072011, with a
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participation rate of 79%. Controls were individually matched
to eligible cases on age and county of residence and selected
from the Swedish population registry, with a participation
rate of 54% after excluding those with prior cancer. PFASs
were measured in whole blood collected during the same time
period for cases and controls. ORs for risk of prostate can-
cer, including subgroups defined by Gleason score, prostate-
specific antigen (PSA) level, and first-degree family history of
prostate cancer, were estimated using unconditional logistic
regression adjusting for age, body mass index, and year of
blood draw.

The median level of PFOA in whole blood was 2.0
(range = 0.320-15)ng/mLamongcasesand 1.9 (range = 0.345—
8.4) ng/mL among controls (Hardell et al. 2014). The median
among controls was used as the cutoff point for analyses of
higher versus lower PFOA levels, with the 75th percentile
used for alternative analyses. No significant association was
detected between elevated blood PFOA and risk of prostate
cancer overall, nor were any significant associations detected
after subdividing cases by Gleason score (2—6 versus 7—10) or
PSA level (=10 versus=11 ng/mL) (Table 2). When cases
and controls were classified according to both their first-degree
family history of prostate cancer and their blood PFOA level,
significantly higher prostate cancer risk was detected among
those with both a positive family history and elevated blood
PFOA, relative to those with neither (OR = 2.6 [1.2-6.0]).

In an unconventional design, the controls in this study were
selected from a population-based registry, whereas the cases
were hospital-based (Hardell et al. 2014). Thus, it is unclear
if the controls were representative of the source population
for the cases and whether the cases were representative of
all incident prostate cancers in the study base. Moreover, the
low participation rate among controls increases the likeli-
hood of selection bias based on demographic, socioeconomic,
and behavioral factors, such as level of education, which can
influence serum PFOA concentration and the decision to par-
ticipate, as well as prostate cancer risk, thereby resulting in
overestimated ORs. The benefit of directly measuring PFOA
exposure is offset by the fact that blood PFOA levels were
measured only once after prostate cancer diagnosis in cases,
making their etiologic relevance unclear. Because blood PFOA
concentration was dichotomized, exposure-response trends
could not be analyzed. The fact that a first-degree family his-
tory of prostate cancer — an established risk factor — was not
significantly associated with prostate cancer risk among those
with lower blood PFOA suggests error in the classification of
this variable. The positive association in those with a family
history could also be due to chance, given that many subgroup
analyses were conducted. The primary results of this study
indicate no association between nonoccupational exposure to
PFOA and risk of prostate cancer.

Two cross-sectional studies provide limited information on
the relationship between PFOA exposure and human cancer
risk. In 2009, Vassiliadou et al. (2010) measured serum levels
of PFOA and PFOS in 40 cancer patients (with unspecified can-
cer sites) hospitalized at a specialized cancer treatment center
in Athens, Greece; 56 healthy employees at an Athens research
center who were undergoing an annual health check-up; and
86 ambulatory patients and healthy individuals undergoing
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a medical check-up at a hospital in Argolida, located in a
semiurban and rural area of Greece. The median serum PFOA
concentration was 2.27 (range =1.29-6.89) ng/mL in 17
male cancer patients and 1.85 (range =0.75-3.26) ng/mL in
23 female cancer patients, 3.14 (range = 1.68—10.21) ng/mL in
27 Athens male controls and 1.70 (range = 0.57-6.57) ng/mL
in 29 Athens female controls, and 1.81 (range = 0.48-5.60)
ng/mL in 27 Argolida male controls and 1.71 (range = 0.55—
6.29) ng/mL in 59 Argolida female controls (Table 2). The
authors reported a statistically significant difference
(P <0.05 based on one-way analysis of variance) in unad-
justed mean serum PFOA values, with the highest levels
detected among Athens controls (2.95 ng/mL), followed by
cancer patients (2.31 ng/mL) and Argolida controls (1.97
ng/mL). Serum PFOA levels were measured at a single
time point after diagnosis in cases, cancer sites were not
specified, the controls were selected from different source
populations than the cases, no information was provided
on participation rates, no confounders were controlled
for, and the study size was limited. Therefore, this study
does not offer convincing data on the association between
serum PFOA levels and cancer risk, although the results are
consistent with no such association.

Similarly, Yeung et al. (2013) cross-sectionally measured
levels of 12 PFASs, including PFOA and PFOS, in the serum
and liver tissue of several patient groups in Melbourne,
Australia. These groups comprised patients with hepatocel-
lular carcinoma (HCC) but presumably without evidence of
hepatitis C virus (HCV) infection (24 serum specimens, 12
liver specimens); patients with both HCC and HCV infection
(13 serum specimens, 14 liver specimens); patients with liver
cirrthosis and HCV infection (38 serum specimens, 38 liver
specimens); patients with amyloidosis or acute liver failure (4
serum specimens, 2 liver specimens); healthy donors without
any known liver disease (25 serum specimens); and patients
with colorectal cancer metastasis to the liver, with tissue taken
well clear of the tumor margin (9 liver specimens). PFOA lev-
els in serum and liver tissue were poorly correlated in HCV-
negative HCC cases (Spearman p = —0.227), HCV-positive
HCC cases (p=0.189), and HCV cases (p =0.298). Yeung
et al. (2013) reported the distribution of serum and liver tis-
sue PFOA concentrations in each patient group, but did not
perform a statistical comparison across groups. However, the
median serum PFOA level was comparable between HCV-
negative HCC cases (2.48 ng/mL) and healthy donors (2.34
ng/mL), and it was lower among HCV-negative HCC cases
than among patients with HCV-positive liver cirrhosis (3.55
ng/mL), whose levels were similar to those in patients with
HCV-positive HCC (3.43 ng/mL) (Table 2). In liver tissue,
median PFOA levels were lower in HCV-negative HCC cases
(0.495 ng/g) than in normal liver tissue from colorectal metas-
tasis patients (0.506 ng/mL) and comparable between HCV-
positive patients with HCC (0.454 ng/g) and with cirrhosis
(0.416 ng/g). In paired serum and liver specimens, the ratio
of PFOA concentration in liver to that in serum did not differ
significantly across groups (P >0.05). The shortcomings of
this study, including the single post-diagnosis measurement
of PFOA in serum and liver tissue, the potentially different
source populations for the various patient groups, the lack of
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information to evaluate possible selection bias due to non-
participation, the absence of control for confounding, and the
modest study size, combine to limit the utility of the results for
addressing the association between PFOA exposure and liver
cancer risk, although the findings are compatible with no such
association.

Summary of epidemiologic evidence on PFOA
and cancer in humans

In this section, we evaluate the weight of evidence for or
against the hypothesis of a causal effect of PFOA on human
cancer based on the collective epidemiologic evidence to date.
Here, the community-based case-control studies (Bonefeld-
Jorgensen et al. 2011, Hardell et al. 2014) and cross-sectional
studies (Vassiliadou et al. 2010, Yeung et al. 2013), which
yielded generally statistically null results, are not considered
because their methodological limitations render them largely
uninformative for addressing the hypothesis of interest. The
cross-sectional study of colorectal cancer in the C8 Health
Project (Innes et al. 2014) is included because of its relevance
to communities exposed to higher environmental levels of
PFOA.

Strength of association

A strong RR for the association between a suspected risk
factor and a disease adds credibility to a causal interpretation
of the association (Hill, 1965), since a strong association is less
likely than a weak one to be explained by bias, confounding,
or chance. As shown in Table 2, the majority of RR estimates
were between 0.5 and 2.0, with 95% confidence intervals
including 1.0. The rare exceptions were typically based on
fewer than five exposed cases or deaths, making the estimates
unstable.

A few stronger associations were detected based on at least
five exposed subjects, but none was consistent across stud-
ies. Given the high potential for uncontrolled confounding
in all of these studies, and selection bias in several studies,
the observed associations cannot reasonably be attributed to
PFOA exposure. In fact, the elevated SMRs for mesothelioma
in the Parkersburg plant were attributed by the authors to
occupational asbestos exposure (Steenland and Woskie, 2012),
thereby illustrating the potential for observed associations to
be explained by known uncontrolled strong confounders.

Exposure misclassification in these studies may not be
nondifferential between cancer cases and noncases and
independent of other errors. Exposure misclassification is
especially likely to be differential in cross-sectional and case-
control studies, where exposure status is classified after or
simultaneously with disease status, but differential misclas-
sification may also occur in cohort studies, resulting in an
unpredictable direction of bias on RR estimates. For example,
in a cohort study using a job-exposure matrix to classify expo-
sure, differential error might occur if job title were associated
with both the degree of exposure misclassification and the
probability of developing or being ascertained with cancer via
socioeconomic status (i.e., apart from its role as a surrogate
for exposure level). Moreover, even in the presence of nondif-
ferential exposure misclassification, reported associations are
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not necessarily underestimated. Additional conditions must be
satisfied for the bias to be toward the null, and even when all
such conditions are met, a given estimate may by chance be
biased away from the null (Jurek et al. 2005, Jurek et al. 2008).
Thus, it cannot be assumed that more accurate classification
of PFOA exposure would necessarily have led to stronger
associations in these studies.

Consistency of association

The repeated observation of an association across multiple
study settings can lend support to a causal hypothesis (Hill,
1965). Across the retrospective cohort studies of occupa-
tional PFOA exposure and cancer mortality, overall cancer
mortality was consistently close to or below unity in com-
parison with general populations or other worker cohorts.
There was a consistent lack of a significant positive asso-
ciation for most specific cancer sites. Although some posi-
tive RRs were reported for some sites, the estimates were
imprecise (and mostly statistically nonsignificant) mainly
due to small study sizes.

An issue relevant to many of the results reviewed here is
that of multiple comparisons. Many of the positive findings
were reported in studies that tested associations with numerous
outcomes, without any adjustment for multiple testing. Thus,
several erroneous rejections of the null hypothesis (i.e., false-
positive results) would be expected from these studies. Several
unreplicated positive associations were reported by Vieira
et al. (2013), who reported more than 400 tests of associa-
tion. For example, Vieira et al. (2013) found a small (20-30%)
excess risk of lung cancer in all PFOA-contaminated water
districts combined, the Mason water district, and the Tuppers
water district, compared with uncontaminated water districts.
However, lung cancer SMRs were nearly all around or below
1.0 in cohort studies of PFOA-exposed workers or community
members (Barry et al. 2013, Consonni et al. 2013, Gilliland
and Mandel, 1993, Leonard et al. 2008, Lundin et al. 2009,
Steenland and Woskie, 2012). Vieira et al. (2013) reported a
doubling of ovarian cancer risk in the highest category of esti-
mated annual or cumulative serum PFOA level in communities
around the Parkersburg facility, and a 70% increase in uterine
cancer risk in the second-highest category of estimated annual
serum PFOA. However, Barry et al. (2013) found no excess of
ovarian or uterine cancer risk after using the same exposure
model to estimate cumulative serum PFOA level in residents
of the same region. Vieira et al. (2013) found a 40% increase
in melanoma of the skin among residents of the contaminated
Belpre water district, but both Leonard et al. (2008) and Barry
et al. (2013) reported no association of melanoma with PFOA
exposure. Modest (50-100%) excesses of brain/central ner-
vous system cancer and non-Hodgkin lymphoma in specific
categories of estimated annual or cumulative serum PFOA
(Vieira et al. 2013) also were not supported by the results of
other studies (Barry et al. 2013, Consonni et al. 2013, Leonard
et al. 2008, Lundin et al. 2009, Steenland and Woskie, 2012).

Gilliland and Mandel (1993) reported a positive association
between duration of employment in the chemical division of
the Cottage Grove facility and prostate cancer mortality. In the
same cohort with longer follow-up, Lundin et al. (2009) also
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found a significant and substantial excess of prostate cancer
mortality among the most highly exposed workers at the plant.
Additionally, Vieira et al. (2013) found a statistically nonsig-
nificant 50% excess of prostate cancer in the highest category
of estimated annual or cumulative serum PFOA in residents
around the Parkersburg facility. However, these positive find-
ings were counterbalanced by firmly null (Barry et al. 2013,
Eriksen et al. 2009, Steenland and Woskie, 2012) or even
inverse (Consonni et al. 2013, Leonard et al. 2008) results for
prostate cancer in other studies of occupationally or nonoc-
cupationally exposed subjects.

Some evidence of a positive association between estimated
serum PFOA level and testicular cancer risk was found among
residents in Ohio and West Virginia communities with a PFOA-
contaminated public water supply. Barry et al. (2013) reported
a 30% increase in testicular cancer risk (50-70% among
community members) per unit increase of logged cumulative
serum PFOA and substantial, albeit statistically unreliable and
nonsignificant, increases in testicular cancer risk in the high-
est quartile of estimated cumulative serum PFOA. Using the
same exposure model, Vieira et al. (2013) observed a five-fold
excess of testicular cancer risk in the most highly contaminated
water district and a nearly three-fold excess of testicular cancer
risk in the highest category of estimated annual or cumulative
serum PFOA exposure. Gilliland and Mandel (1993) found an
elevated, statistically nonsignificant SMR for testicular cancer
among chemical division workers at Cottage Grove, but this
estimate was based on only one testicular cancer death. Other-
wise, no apparent associations with testicular cancer mortality
were reported in other studies (Consonni et al. 2013, Leonard
et al. 2008, Lundin et al. 2009, Steenland and Woskie, 2012).
Thus, the associations reported in the Parkersburg community
were not detected consistently in other study groups, includ-
ing Parkersburg workers. However, cohort mortality studies
are not well suited for assessing the risk of testicular cancer
due to the high survival from this disease.

A positive association between PFOA exposure and kidney
cancer mortality was detected in both studies of workers at the
Parkersburg facility, with a 30-80% excess among Parkersburg
workers compared with other regional DuPont workers, and
a nearly threefold excess in the highest quartile of estimated
cumulative serum PFOA level (Leonard et al. 2008, Steenland
and Woskie, 2012). This excess was based completely on the
12 kidney cancer deaths reported by Leonard et al. (2008)
during the first follow-up period (1948-2002), as none were
observed during the extended follow-up period (2003-2008),
representing a nonsignificant deficit. In a pooled analysis that
included the Parkersburg cohort, Consonni et al. (2013) found
a nonsignificant twofold excess of kidney cancer mortality in
the highest category of cumulative APFO exposure, but this
statistically unstable estimate was based on only four deaths
(none with low TFE exposure). In the cancer-registry-based
study of Ohio residents near Parkersburg, kidney cancer risk
was also doubled in the two highest categories of estimated
annual serum PFOA exposure (Vieira et al. 2013). However,
results for community members in the cohort study of regional
residents near Parkersburg were variable, with a doubling of
kidney cancer risk among those in the third and fourth quartiles
of estimated cumulative serum PFOA with no lag period, but
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no such excess after a 10-year lag (Barry et al. 2013). In the
same study, Parkersburg plant workers had a three- to four-
fold excess of kidney cancer in the third quartile of estimated
cumulative serum PFOA, but not in the highest quartile.
By contrast, Lundin et al. (2009) detected a nonsignificant
deficit of kidney cancer mortality (SMR = 0.53) among Cot-
tage Grove workers with ever probable/never definite PFOA
exposure and no kidney cancer deaths among those with ever
definite exposure.

Steenland and Woskie (2012) observed a more than two-
fold excess of bladder cancer mortality among workers in
the second-lowest category of estimated cumulative PFOA
exposure at the Parkersburg plant. This finding was not sup-
ported by the results of other studies, all of which reported
convincingly null RR estimates (Barry et al. 2013, Consonni
et al. 2013, Eriksen et al. 2009, Gilliland and Mandel, 1993,
Leonard et al. 2008, Lundin et al. 2009, Vieira et al. 2013).

Leonard et al. (2008) reported a six-fold excess of thyroid
and other endocrine gland cancer based on three deaths among
workers at the Parkersburg facility, compared with other
regional DuPont workers. Surprisingly, results for thyroid can-
cer were not reported in the update of this cohort (Steenland
and Woskie, 2012). Using the same exposure model, Barry
et al. (2013) found a borderline significant twofold excess of
thyroid cancer among workers at the Parkersburg plant with
no lag, but not after a 10-year lag or in community members.
Analyses by quartile of estimated cumulative serum PFOA
level yielded high HR estimates for thyroid cancer in workers,
but these were statistically unreliable and nonsignificant. An
increasing trend was detected with occupational but not com-
munity PFOA exposure. In the same geographic region, Vieira
et al. (2013) found no association between residential water
district or estimated annual serum PFOA level and thyroid
cancer risk. Lundin et al. (2009) reported a single thyroid can-
cer death in a worker with no occupational PFOA exposure.

The 40% reduction in colorectal cancer diagnosis associated
with the highest quartile of serum PFOA in community mem-
bers around the Parkersburg plant (Innes et al. 2014) was mir-
rored in a significantly lower rate of colon cancer mortality in
the pooled analysis of TFE workers (Consonni et al. 2013) and
nonsignificant inverse associations among Parkersburg plant
workers (Leonard et al. 2008) and residents of the most highly
PFOA-contaminated water districts around the plant (Vieira
et al. 2013). Other reported associations with colon, rectal, or
colorectal cancer, however, were close to the null (Barry et al.
2013, Gilliland and Mandel, 1993, Lundin et al. 2009).

Overall, there was no consistent finding across all or even
most studies. Perhaps the only positive association that showed
some consistency across multiple studies is that with kidney
cancer. However, it should be recognized that all of the studies
that observed a positive association between estimated PFOA
exposure and kidney cancer risk or mortality were based at
the Parkersburg plant or in the community surrounding the
Parkersburg plant [or, in the case of Consonni et al. (2013),
in a study cohort that comprised largely Parkersburg work-
ers] (Barry et al. 2013, Consonni et al. 2013, Leonard et al.
2008, Steenland and Woskie, 2012, Vieira et al. 2013). The
three occupational study groups overlapped substantially
(Consonni et al. 2013, Leonard et al. 2008, Steenland and
Woskie, 2012), as did the two community study groups (Barry
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et al. 2013, Vieira et al. 2013), in which the same exposure
estimation model was applied. Thus, the results of these stud-
ies do not constitute independent replications. The only study
that reported on kidney cancer outside of the Parkersburg
region (Lundin et al. 2009) found that kidney cancer mortality
was nonsignificantly lower than expected among workers who
were probably directly exposed to PFOA, with no kidney can-
cer deaths among definitely exposed workers. These findings
call into question the consistency and generalizability of the
observed kidney cancer association.

Exposure-response gradient

The observation of a monotonic exposure-response relation-
ship, where disease frequency increases unidirectionally,
albeit not necessarily linearly, in concert with increasing
exposure level, can strengthen the evidence in favor of
a causal association (Hill, 1965). Among the studies that
examined cancer risk across increasing levels of PFOA
exposure, few monotonic exposure-response gradients were
detected. In the cohort of Cottage Grove facility workers,
Gilliland and Mandel (1993) found a positive relationship
between increasing duration of employment in the chemi-
cal division and prostate cancer mortality. In the updated
analysis of this cohort, this finding was echoed in a posi-
tive trend toward increasing prostate cancer mortality with
higher estimated occupational exposure to PFOA when cat-
egorized by job classification (Lundin et al. 2009), although
the apparent gradient may have been an artifact of the lower-
than-expected prostate cancer mortality in the nonexposed
group. Moreover, the association between estimated cumu-
lative PFOA exposure and prostate cancer mortality was not
monotonic, as risk was lower in the middle than in the lowest
category. Other studies that examined the exposure-response
relationship between PFOA exposure and prostate cancer
risk or mortality did not detect an apparent pattern (Barry
et al. 2013, Eriksen et al. 2009, Steenland and Woskie, 2012,
Vieira et al. 2013). In fact, the Parkersburg worker cohort had
a monotonically decreasing trend in prostate cancer mortal-
ity with increasing exposure (Steenland and Woskie, 2012).

Among workers at the Parkersburg facility, Steenland
and Woskie (2012) reported positive exposure-response
relationships between estimated annual and/or cumulative
serum PFOA level and mortality from mesothelioma and
kidney cancer, but not other malignancies. When Barry
et al. (2013) categorized estimated cumulative serum
PFOA concentration into quartiles, they observed a posi-
tive trend in the HR for kidney cancer among community
members, but not among workers, for whom the lowest HR
was detected in the highest exposure quartile. Vieira et al.
(2013) found that the OR for kidney cancer increased with
higher estimated serum PFOA levels in Ohio residents, but
not with higher water-district-level average serum PFOA
concentration in the residents of both Ohio and West Vir-
ginia. Consonni et al. (2013) did not detect a robust mono-
tonic trend between estimated cumulative PFOA exposure
and kidney cancer mortality in pooled TFE workers, and
Lundin et al. (2009) observed no exposure-response trend
between job-level PFOA exposure and kidney cancer
mortality in the Cottage Grove cohort.
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For liver cancer, the suggestion of a positive trend with
estimated cumulative PFOA exposure among pooled TFE
workers (Consonni et al. 2013) was contradicted by the lack of
an apparent exposure-response trend in Cottage Grove work-
ers (Lundin et al. 2009), Parkersburg workers (Steenland and
Woskie, 2012), the Parkersburg regional community (Barry
et al. 2013, Vieira et al. 2013), and Danish community mem-
bers (Eriksen et al. 2009).

Barry et al. (2013) detected positive exposure-response
gradients between estimated cumulative serum PFOA level
and risk of testicular cancer in community members with and
without a 10-year lag, but not in Parkersburg workers. Vieira
et al. (2013) reported increased testicular cancer risk only in
the most highly contaminated water district and the highest
category of annual or cumulative serum PFOA level, with
nonsignificant deficits of testicular cancer in all other catego-
ries and no apparent monotonic trend. The apparent increasing
trend in ovarian cancer risk with higher estimated serum PFOA
exposure among Ohio residents near Parkersburg (Vieira et al.
2013) was counterbalanced by the lack of any trend in the
cohort study based in the same region (Barry et al. 2013). A
positive trend toward higher thyroid cancer risk with increas-
ing estimated cumulative serum PFOA was detected among
occupationally exposed workers at the Parkersburg plant, but
not among community members (Barry et al. 2013, Vieira
etal. 2013) — although such a pattern could be consistent with a
monotonic trend only above a certain threshold level of serum
PFOA. Also in the community around the Parkersburg plant,
Innes et al. (2014) detected a statistically significant inverse
trend between serum PFOA and colorectal cancer prevalence,
but others did not observe such a trend (Barry et al. 2013, Lun-
din et al. 2009, Vieira et al. 2013).

When considering exposure-response gradients, it is impor-
tant to recognize that the magnitude of probable exposure
to PFOA differs substantially among occupational and com-
munity groups. As shown in Figure 1, median serum PFOA
levels among directly exposed fluorochemical workers at
the Parkersburg plant in 1979-2004 (Woskie et al. 2012), the
Cottage Grove plant in 1993-1997 (Olsen et al. 2000), the
Decatur, Alabama, plant in 1998 (where levels were reported
as the geometric mean, which is generally close to the median
in studies that reported both) (Olsen et al. 2003), and the
Cottage Grove, Decatur, and Antwerp, Belgium, plants in
2000 (Olsen and Zobel, 2007) ranged from approximately
1,000 to 2,880 ng/mL (1-2.88 ppm). By contrast, median
serum PFOA levels were approximately 15-30% as high
among intermittently directly exposed workers and 5-10%
as high among indirectly (background) exposed workers in
Parkersburg (Woskie et al. 2012), and geometric mean levels
were 5% as high among background-exposed film division
workers in Decatur (Olsen et al. 2003). Median serum PFOA
concentrations among residents of the six PFOA-contaminated
public water districts in Ohio and West Virginia near the Park-
ersburg plant in 2005-2006 were generally between 20 and 40
ng/mL, depending on age group and sex (Frisbee et al. 2009), a
level comparable to the background exposure level at the Deca-
tur plant. Median serum PFOA levels were an order of mag-
nitude lower among participants in the US population-based
National Health and Nutrition Examination Survey (NHANES)
in 1999-2008 (Kato et al. 2011) and among American Red
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Cross adult volunteer blood donors in 2000-2010 (Olsen et al.
2012), with declining levels over time.

Thus, average exposure to PFOA differed by up to two
orders of magnitude between directly exposed workers and
nonoccupationally exposed community members, and by
another order of magnitude between directly exposed work-
ers and indirectly exposed workers or residents near the
Parkersburg plant (Figure 1). However, many of the posi-
tive associations with cancer outcomes were observed with
environmental rather than occupational exposures to PFOA
(Barry et al. 2013, Vieira et al. 2013). This pattern might
be explained by greater statistical power in the community-
based studies, or by chance, confounding, and/or bias. In
light of the fact that most SMR and RR point estimates in
occupational studies were close to unity, insufficient statisti-
cal power cannot be the only reason for the generally null
findings. Instead, chance, confounding, and bias (with an
unknown degree and direction of impact) are more plausible
explanations for the apparently stronger associations in less-
exposed study groups.

Plausibility and coherence with toxicological evidence

Although animal toxicology data on PFOA are not readily
translated to humans, a causal interpretation of an observed
association may be better justified if it is coherent with labo-
ratory evidence (Hill, 1965). Such evidence can also support
the biological plausibility of a causal hypothesis (Hill, 1965).
A priori, based on the results of experimental animal stud-
ies, the organs of greatest concern with respect to a poten-
tial carcinogenic effect of PFOA are the liver, testis (Leydig
cells), and pancreas (acinar cells). However, no convincing
associations with malignancies affecting any of these organs
have been observed in epidemiologic studies of humans. Only
testicular cancer has been associated with PFOA exposure in
any of these studies (Barry et al. 2013, Vieira et al. 2013),
with ambiguous exposure-response trends. On the other hand,
given the relatively poor site concordance between animals
and humans for many known human carcinogens, the lack of
associations between PFOA exposure and liver, testicular, and
pancreatic cancers among humans does not constitute evidence
against human carcinogenicity of PFOA; rather, it provides no
evidence to support such an effect.

Of note, nearly all testicular cancers in humans are of germ-
cell origin, with Leydig cell tumors constituting only an esti-
mated 1-3% of testicular malignancies (Sarma et al. 2006).
Therefore, it is questionable whether a positive association
between PFOA exposure and testicular cancer risk in humans,
even if well established, could accurately be described as being
coherent with the finding of excess Leydig cell adenomas in
rats fed with PFOA. Likewise, pancreatic acinar cell carci-
nomas account for only approximately 1% of pancreatic exo-
crine tumors in humans (Klimstra et al. 1992), and mammary
fibroadenomas [which were not significantly increased in rats
fed with PFOA (Hardisty et al. 2010)] are not precursors of
breast cancer or indicators of increased breast cancer risk in
humans (Fitzgibbons et al. 1998).

TFE — which was used to manufacture fluoropolymers in
the Parkersburg plant (Steenland and Woskie, 2012) and five
European plants (Consonni et al. 2013), but not the Cottage
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Figure 1. Median (or geometric mean) serum levels of perfluorooctanoic acid (PFOA) measured in directly, intermittently, and indirectly (background)
exposed workers (Parkersburg, West Virginia; Cottage Grove, Minnesota; Decatur, Alabama; and Antwerp, Belgium) and in community members in
Parkersburg and elsewhere in the United States. PTFE: polytetrafluoroethylene.

Grove plant — is a kidney, liver, hematopoietic, and possibly
testicular carcinogen in rodents. Specifically, 2-year whole-
body inhalation exposure resulted in significant increases in
renal tubule adenoma, renal tubule adenoma and carcinoma
combined, hepatocellular adenoma, HCC, liver heman-
giosarcoma, and mononuclear cell leukemia, as well as slight
increases in testicular interstitial cell adenoma, in F344/N rats
(National Toxicology Program, 1997). In B6C3F, mice, the
same exposure resulted in significant increases in liver heman-
gioma, liver hemangiosarcoma, hepatocellular adenoma,
HCC, and histiocytic sarcoma of the liver, lung, spleen, lymph
nodes, bone marrow, and kidney (National Toxicology Pro-
gram, 1997). Thus, although epidemiologic data on TFE are
inconclusive, animal toxicology data are coherent with the
hypothesis that TFE, which was highly correlated with PFOA
at the Parkersburg facility and at the six combined US and
European facilities in the pooled analysis (Consonni et al. 2013,
Steenland and Woskie, 2012), was responsible for the appar-
ent positive association between PFOA exposure and kidney
cancer mortality in these study groups. As stated by Consonni
et al. (2013), toxicological evidence in animals suggests that
TFE could also have contributed to the modest, statistically
nonsignificant excesses of liver cancer, testicular cancer, and
leukemia mortality observed in the pooled TFE cohorts, as
well as in some comparisons in the Parkersburg cohort (Leon-
ard et al. 2008, Steenland and Woskie, 2012). Given that the

Cottage Grove facility manufactured PFOA but did not use it
for polymer production, TFE probably was not used in Cot-
tage Grove, and its absence could plausibly explain the lack of
excess kidney cancer mortality in that worker cohort (Lundin
et al. 2009).

Occupational studies of PFOS
Overview

To date, all epidemiologic studies of cancer risk in association
with occupational exposure to PFOS have been conducted at
a 3M facility in Decatur, Alabama, that manufactured PFOS-
based fluorochemicals in its chemical division between 1961
and 2002 (Alexander and Olsen, 2007, Alexander et al. 2003,
Grice et al. 2007, Olsen et al. 2004). Details of the four stud-
ies conducted at this facility are provided in Tables 3 and 4.
Worldwide, PFOS-based fluorochemicals were produced
mostly at the Decatur facility and one other facility in Belgium
(Prevedouros et al. 2006), where cancer risk or mortality has
not been studied. Of note, PFOA is a residual by-product of
PFOS production (Sigurdson et al. 2003); therefore, chemical
workers were potentially occupationally exposed to PFOA, as
well as to other fluorochemicals and nonfluorochemicals. A
1998 biomonitoring study of randomly selected employees at
the Decatur plant (with 80% participation) found that geomet-
ric mean serum levels of PFOS, PFOA (of which levels were
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slightly lower than PFOS levels), perfluorohexanesulfonate,
N-ethyl perfluorooctanesulfonamidoacetate, N-methyl per-
fluorooctanesulfonamidoacetate, perfluorooctanesulfonamide,
and perfluorooctanesulfonamidoacetate were approximately
one order of magnitude higher in 126 chemical division
workers than in 60 film division workers (Olsen et al. 2003).
Because the Decatur plant primarily manufactured PFOS-
based chemicals, this plant has been studied only with respect
to occupational PFOS exposure.

Like the studies of the Cottage Grove and Parkersburg
facilities, studies of the Decatur facility are strengthened by
complete cohort enumeration and availability of job records,
but limited by potential exposure misclassification, modest
numbers of subjects, and possible confounding. Despite these
limitations, the studies of occupational PFOS exposure again
provide the best available epidemiologic evidence on the asso-
ciation between high average and cumulative PFOS exposure
and cancer risk in humans.

Studies of the Decatur, Alabama, facility

In a retrospective cohort mortality study, Alexander et al.
(2003) identified 2,083 workers employed in the chemical
division and/or film division (located approximately 300 yards
from the chemical division) at the Decatur plant for at least
365 days between 1961 and the end of 1997. Follow-up for
vital status continued through 1998 by linkage to the National
Death Index, Social Security Administration data, and/or Social
Security Death Index. Cause of death was obtained and coded
from death certificates for 96% of the decedents. The 1998
serum study mentioned earlier found that the geometric mean
serum PFOS level was 941 ng/mL for chemical plant workers
and 136 ng/mL for film plant workers, most of whom had no
direct occupational exposure to fluorochemicals (Olsen et al.
2003). [By comparison, contemporaneous geometric mean
serum PFOS levels in the general population were approxi-
mately 30-35 ng/mL (Kato et al. 2011, Olsen et al. 2012).]
Among chemical plant workers, the highest geometric mean
serum PFOS levels were measured in cell operators (2,000
ng/mL), followed by waste operators (1,500 ng/mL), chemi-
cal operators (1,500 ng/mL), maintenance workers (1,300
ng/mL), supervisors/managers (900 ng/mL), mill operators
(600 ng/mL), engineers/lab workers (400 ng/mL), and admin-
istrative assistants (400 ng/mL). Based on these results, and
the knowledge that production processes were constant over
time, a company industrial hygienist and epidemiologist cre-
ated a simple job-exposure matrix with three exposure catego-
ries: no workplace exposure to PFOS-based fluorochemicals
(including film division jobs; 39% of the study cohort), low
potential exposure (including engineers, quality control techni-
cians, administrative assistants, managers, and environmental,
health, and safety workers; 14% of the study cohort), and high
potential exposure (including cell operators, chemical opera-
tors, maintenance workers, mill operators, waste operators,
and crew supervisors; 47% of the study cohort).

After a median follow-up of 25.9 years, 145 deaths had
occurred, including 65 among workers ever employed in
a high-exposure job, 27 among workers ever employed in
a low-exposure job but never a high-exposure job, and 53
among workers employed only in a no- or minimal-exposure
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job (Alexander et al. 2003). The median duration of employ-
ment was 16.7 years in the high-exposure group, 10.4 years
in the low-exposure group, and 9.9 years in the no-exposure
group. The total cancer mortality rate in the overall cohort
was significantly lower than expected based on Alabama
rates (SMR =0.72 [0.51-0.98]) (Table 4). No statistically
significant SMRs were detected for site-specific cancers, but
a borderline significant excess of bladder and other urinary
organ cancer mortality was detected in the overall cohort. This
excess was statistically significant when the analysis was lim-
ited to high-exposure workers, among whom all three deaths
from bladder cancer occurred (SMR = 12.77 [2.63-37.35]).
When the analysis was restricted to workers employed for at
least 1 year in a high-exposure job, including all three work-
ers who died from bladder cancer, the SMR was even higher
(SMR =16.12 [3.32-47.14]). The three subjects who died
from bladder cancer had worked mostly in maintenance or in
the plant incinerator or wastewater treatment plant. Results
were similar when SMRs were calculated using the 23-county
regional population as the reference group. No significant
excess of overall or site-specific cancer mortality was detected
in the low-exposure and no-exposure groups.

Strengths and limitations of this study (Alexander et al.
2003) are similar to those of the occupational cohort stud-
ies of PFOA described earlier. Although chance may explain
the three deaths from bladder cancer, the very high SMRs
and the fact that all three deaths occurred among long-term
high-exposure workers provide cause for further inquiry. The
authors reported that a review of known or potential bladder
carcinogens yielded a list of five compounds currently or
formerly used at the Decatur facility. Four of these (4,4-
methylene-dianiline, orthotoluidine, benzidine salts, and butyl
benzyl phthalate) had not been used since the 1960s and 1970s,
during which time they were not widely used, but had limited
information on exposure monitoring and use. The other com-
pound, melamine, was currently in use in a nonfluorochemi-
cal product line, with low anticipated exposures based on a
qualitative exposure assessment that found short exposure task
durations. Given that four of these compounds were phased
out by the 1970s, an analysis of date of first employment of the
workers who died from bladder cancer might have clarified the
potential for confounding. In the absence of such information,
these alternative causes cannot be ruled out as plausible expla-
nations for the observed excess of bladder and other urinary
tract mortality in this cohort.

To further investigate the association between PFOS exposure
and bladder cancer in workers at the Decatur facility, Alexander
and Olsen (2007) sought to identify additional bladder cancer
cases in the same cohort of workers employed for at least 365
days by the end of 1997. In 2002, following informational meet-
ings with current employees and retirees, a self-administered
questionnaire was mailed to all living members of the cohort to
report a past diagnosis of bladder cancer and smoking history;
nonrespondents were also contacted by telephone. Overall, the
response rate to the questionnaire was 74% (1,400 of 1,895)
with 24% refusing to participate and 2% lacking a valid contact
address or phone number; response rates were 75.8% in the
no-exposure group, 81.4% in the group with low exposure only
or high exposure for less than 1 year, and 67.2% in the group
with high exposure for at least 1 year. Participants who reported



66 E.T. Chang etal.

Table 4. Results of epidemiologic studies of perfluorooctanesulfonate (PFOS) and cancer.

Crit Rev Toxicol, 2014; 44(S1): 1-81

Alexander et al. 2003

Olsen et al. 2004

Exposure No. Relative 95% Exposure No. Relative 95%
Organ site category deaths risk CI category deaths risk CI
All sites Total cohort 39 SMR =0.72 0.51,0.98 - - - -
Non-exposed only 15 SMR =0.73 0.41, 1.21
Ever low, never high 6 SMR =0.52 0.19, 1.14
Ever high 18 SMR =0.84 0.50, 1.32
=1 year high 14 SMR =0.84 0.46, 1.41
Digestive organs Total cohort 5 SMR =0.51 0.17,1.19 - - - -
and peritoneum Non-exposed only 1 SMR =0.27 0.01, 1.49
Ever low, never high 2 SMR = 0.99 0.12,3.57
Ever high 2 SMR =0.51 0.06, 1.85
=1 year high 2 SMR = 0.66 0.08, 2.37
Esophagus Total cohort 2 SMR = 1.76 0.21,6.35 - - - -
Non-exposed only 1 SMR =2.25 0.06, 12.51
Ever low, never high 0 NR NR
Ever high 1 SMR =2.16 0.05, 12.02
= | year high 1 SMR =2.73 0.07, 15.16
Colorectum - - - - - - - -
Colon Total cohort 1 SMR =0.30 0.01, 1.66 Chemical vs. film 4vs. 1 RR=54 0.5, > 100
Non-exposed only 0 NR NR Chemical observed vs. expected 4vs. 1.8 Obs. vs. exp. =2.2 NR
Ever low, never high 1 SMR = 1.43 0.04,7.94 Long-term, high-exposure chemical 3vs.0 RR=12 0.8, >100
Ever high 0 NR NR vs. long-term film
=1 year high 0 NR NR
Rectum - - - Chemical vs. film 4vs.3 RR=1.8 0.3,12.4
Chemical observed vs. expected 4vs. 1.3 Obs. vs. exp. = 3.1 NR
Long-term, high-exposure chemical 3vs.0 RR=11 0.8, > 100
vs. long-term film
Liver (with or Total cohort 2 SMR = 1.61 0.20, 5.82 Chemical vs. film 0Ovs. 1 RR =NR NR
without bile Non-exposed only 0 NR NR Chemical observed vs. expected 0vs. 0.5 Obs. vs. exp. =0 NR
ducts) Ever low, never high 1 SMR =3.94 0.10, 21.88 Long-term, high-exposure chemical Ovs. 1 RR=NR NR
Ever high 1 SMR =2.00 0.05, 11.10 vs. long-term film
=1 year high 1 SMR =2.57 0.06, 14.26
Pancreas - - - - - - - -
Respiratory system Total cohort 15 SMR=0.71 0.40, 1.18 Chemical vs. film 2vs. 1 RR=2.7 0.1, > 100
Non-exposed only 4 SMR =0.51 0.14, 1.30 Chemical observed vs. expected 2vs. 2.1 Obs. vs. exp. =0.95 NR
Ever low, never high 4 SMR = 0.87 0.24,2.22 Long-term, high-exposure chemical 1vs. 0 RR=NR NR
Ever high 7 SMR =0.85 0.34,1.75 vs. long-term film
=1 year high 6 SMR =0.93 0.34,2.03
Bronchus, trachea, Total cohort 15 SMR =0.74 0.41,1.22 — — — —
and lung Non-exposed only 4 SMR =0.52 0.14, 1.34
Ever low, never high 4 SMR = 0.90 0.24,2.29
Ever high 7 SMR =0.88 0.35, 1.81
=1 year high 6 SMR =0.96 0.35,2.09
Breast Total cohort 2 SMR = 1.57 0.19, 5.66 - - - -
Non-exposed only 2 SMR=5.11 0.62, 18.45
Ever low, never high 0 NR NR
Ever high 0 NR NR
=1 year high 0 NR NR
Prostate - - - - Chemical vs. film Svs. 1 RR=7.7 0.9, >100
Chemical observed vs. expected S5vs.3.1 Obs. vs. exp. = 1.6 NR
Long-term, high-exposure chemical 4vs. 1 RR=82 0.8, >100
vs. long-term film
Urinary organs Total cohort 3 SMR = 1.59 0.33,4.65 - - - -
Non-exposed only 0 NR NR
Ever low, never high 0 NR NR
Ever high 3 SMR =4.02 0.83, 11.75
= | year high 3 SMR =5.11 1.05, 14.93
Bladder (with or Total cohort 3 SMR =4.81 0.99, 14.06 Chemical vs. film 0Ovs. 1 RR =NR NR
without other Non-exposed only 0 NR NR Chemical observed vs. expected 0vs. 1.0 Obs. vs. exp. =0 NR
urinary) Ever low, never high 0 NR NR Long-term, high-exposure chemical 0vs. 0 RR=NR NR
Ever high 3 SMR = 12.77 2.63,37.35 vs. long-term film
= | year high 3 SMR =16.12 3.32,47.14

(Continued)
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Alexander et al. 2007

Grice et al. 2007

Eriksen et al. 2009

Exposure No. Relative 95% Exposure No. Relative 95% Exposure No. Relative 95%
Organ site category cases risk CI category cases risk CI category cases risk CI
All sites - - - - - - - - - - - -
Digestive organs - - - - - - - - - - - -
and peritoneum
Esophagus - - - - - - - - - - - -
Colorectum - - - - - - - - - - - -
Colon - - - - Never exposed 8 OR=1.00 Referent - - - -
Ever low or 15 OR=121 0.51,2.87
high
=1yearlowor 14 OR=137 0.57,3.30
high
> 1 year high 7 OR=1.69 0.68,4.17
Rectum - - - - - - - - - - - -
Liver (with or - - - - - - - - PFOS quartile 1 17 RR = 1.00 Referent
without bile PFOS quartile 2 17 RR =0.62 0.29, 1.33
ducts) PFOS quartile 3 17 RR=0.72 0.33, 1.56
PFOS quartile 4 16 RR =0.59 0.27,1.27
Per 10 ng/mL plasma 67 RR=0.97 0.79, 1.19
PFOS
Pancreas - - - - - - - - PFOS quartile 1 32 RR =1.00 Referent
PFOS quartile 2 32 RR=1.02 0.57,1.84
PFOS quartile 3 32 RR=1.24 0.67,2.31
PFOS quartile 4 32 RR =091 0.51, 1.65
Per 10 ng/mL plasma 128 RR=0.99 0.86, 1.14
PFOS
Respiratory - - - - - - - - - - - -
system
Bronchus, trachea, - - - - - - - - - - - -
and lung
Breast - - - - - - - - - - - -
Prostate - - - - Never exposed 10 OR=1.00 Referent PFOS quartile 1 179 RR=1.00 Referent
Ever low or 19 OR=134 0.62,291 PFOS quartile 2 178 RR=1.35 0.97, 1.87
high PFOS quartile 3 180 RR =131 0.94, 1.82
=1yearlowor 16 OR=136 0.61,3.02 PFOS quartile 4 176 RR=1.38 0.99, 1.93
high Per 10 ng/mL plasma 713 RR=1.05 0.97, 1.14
>1yearhigh 9 OR=108 044,2.69 PFOS
Urinary organs - - - - - - - - - - - -
Bladder (with or Never exposed 2 SIR=0.61 0.07,2.19 - - - - PFOS quartile 1 83 RR=1.00 Referent
without other Ever low 7 SIR=2.26 0.91, 4.67 PFOS quartile 2 84 RR=0.76 0.50, 1.16
urinary) Ever low or high 9 SIR=1.70 0.77,3.22 PFOS quartile 3 83 RR=0.93 0.61, 1.41
Ever high 6 SIR=1.74 0.64,3.79 PFOS quartile 4 82 RR=0.70 0.46, 1.07
=1 year high or low 6 SIR=1.31 048,285 Per 10 ng/mL plasma 332 RR =0.93 0.83, 1.03
=1 year high 3 SIR=1.12  0.23,3.27 PFOS
0—<1 year high 2 SIR=1.07 0.12,3.85
RR =1.00 Referent
1—<5 years high 4 SIR=0.95 0.25,243
RR=0.83 0.15, 4.65
5—<10 years high 3 SIR=2.72  0.55,73.95
RR=1.92 0.30, 12.06
=10 years high 2 SIR=143 0.16,5.15
RR=1.52 0.21, 10.99

(Continued)
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Table 4. Continued.
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Alexander et al. 2003

Olsen et al. 2004

Exposure No. Relative 95% Exposure No. Relative 95%
Organ site category deaths risk CI category deaths risk CI
Malignant Total cohort 3 SMR = 1.67 0.34,4.88 Chemical vs. film S5vs.0 RR=12 1.0, >100
melanoma Non-exposed only 1 SMR = 1.38 0.03,7.67 Chemical observed vs. expected 5vs.2.2 Obs. vs. exp. =2.3 NR
Ever low, never high 0 NR NR Long-term, high-exposure chemical 3vs.0 RR=10 0.7, > 100
Ever high 2 SMR =2.62 0.32,9.46 vs. long-term film
=1 year high 1 SMR = 1.67 0.04,9.25
Thyroid - - - - Chemical vs. film 1vs. 0 RR=NR NR
Chemical observed vs. expected 1vs. 1.0 Obs. vs. exp. =1 NR
Long-term, high-exposure chemical 0vs. 0 RR=NR NR
vs. long-term film
Lymphatic and Total cohort 4 SMR =0.70 0.19, 1.80 - - - -
hematopoietic Non-exposed only 3 SMR = 1.37 0.28,4.00
Ever low, never high 0 NR NR
Ever high 1 SMR =0.43 0.01, 2.40
=1 year high 1 SMR =0.56 0.01,3.08

(Continued)
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Alexander et al. 2007

Grice et al. 2007

Eriksen et al. 2009

Exposure No. Relative 95% Exposure No. Relative 95% Exposure No. Relative 95%
Organ site category cases risk CI category cases risk CI category cases risk CI
Bladder, Total cohort 1.93*% SIR=1.41 0.79,2.33 - - - - - - - -
continued 0—<1 year high 0.52* SIR=127 0.26,3.69
1 =<5 years high 0.80% SIR=1.11  0.39,2.49
5 —< 10 years high 0.30% SIR=2.57 0.63,6.89
=5 years high 0.61% SIR=2.00 0.75,429
=10 years high 031% SIR=1.53 0.26,4.78
[Sensitivity analysis accounting
for underascertainment]
Malignant - - - - Never exposed 4 OR=1.00 Referent - - - -
melanoma Ever low or 7 OR=1.08 0.31,3.72
high
=1 yearlowor 5 OR=090 0.24,3.43
high
> 1 year high 4 OR=1.01 0.25,4.11
Thyroid - - - - - - - - - - - -
Lymphatic and - - - - - - - - - - - -
hematopoietic

(Continued)
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Table 4. Continued.
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Vassiliadou et al. 2010

Bonefeld-Jorgensen et al. 2011

Exposure No. Relative 95% Exposure No. Relative 95%
Organ site category cases risk CI category cases risk CI
All sites PFOS in serum (ng/mL): Cases: [No RRs] Analysis of variance - - - -
- Mean, male cases 17 males, 12.97 P>0.05
- Mean, female cases 23 females 8.18
- Median, male cases Athens controls: 11.33
- Median, female cases 27 males, 8.00
29 females
- Range, male cases 4.98-26.38
- Range, female cases Argolida controls: 2.12-25.70
27 males,
- Mean, Athens males 59 females 14.93
- Mean, Athens females 7.49
- Median, Athens males 13.69
- Median, Athens females 7.03
- Range, Athens males 6.97-30.36
- Range, Athens females 2.27-16.63
- Mean, Argolida males 13.63
- Mean, Argolida females 9.28
- Median, Argolida males 10.47
- Median, Argolida females 8.47
- Range, Argolida males 3.46-40.36
- Range, Argolida females 2.63-26.36

Digestive organs -
and peritoneum

Esophagus -

Colorectum -

Colon -
Rectum -
Liver (with or -
without bile
ducts)

(Continued)
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Yeung et al. 2013

Hardell et al. 2014

Innes et al. 2014

Exposure No. Relative 95% Exposure No.  Relative 95% Exposure No. Relative 95%
Organ site category cases risk CI category cases risk CI category cases risk CI
All sites - - - - - - - - - - - -
Digestive organs - - - - - - - - - - - -
and peritoneum
Esophagus - - - - - - - - - - - -
Colorectum - - - - - - - - Quartile 1 79 OR = 1.00 Referent
(0.25-13.5 ng/mL
PFOS)
Quartile 2 39 OR =0.38 0.25,0.59
(13.6-20.1 ng/mL
PFOS)
Quartile 3 42 OR=0.27 0.17,0.42
(20.2-29.1 ng/mL
PFOS)
Quartile 4 (=292 48 OR=0.24 0.16,0.37
ng/mL PFOS) P-trend < 0.00001
Per ng/mL PFOS OR=0.96 0.95,0.97
Residents
since = 1995, cases
diagnosed =2000
Quartile 1 42 OR=1.00 Referent
Quartile 2 12 OR=0.19 0.09, 0.38
Quartile 3 7 OR=0.13 0.06, 0.27
Quartile 4 10 OR=0.12 0.06, 0.23
P-trend < 0.00001
Colon - - - - - - - - - - - -
Rectum - - - - - - - - - - - -
Liver (with or PFOS in serum (ng/mL): HCC [No RRs] Kruskal-Wallis - - - - - - - -
without bile - Mean = SD, HCC without 13.3+8.83 rank test
ducts) - Median, HCC HCV:24 115 for group
- Range, HCC serum, 12 4.36-48.4 difference in
liver tissue, liver-to-serum
-Mean = SD, HCV+ HCC 11 paired  13.2+6.52 ratio: P>0.05
- Median, HCV+ HCC 11.4
- Range, HCV+ HCC 4.04-26.4
HCC with
PFOS in liver (ng/g) HCV: 13
- Mean = SD, HCC serum, 14  6.24 +3.89
- Median, HCC liver tissue, 4.96
- Range, HCC 12 paired  1.92-13.7
- Mean * SD, HCV+ HCC 82*+11.3
- Median, HCV+ HCC 4.12
- Range, HCV+ HCC 2.28-425
Ratio of PFOS in liver vs.
paired serum
- Mean * SD, HCC 0.67 =0.53
- Median, HCC 0.49
- Range, HCC 0.10-1.86
- Mean * SD, HCV+ HCC 0.64 +0.88
- Median, HCV+ HCC 0.35
- Range, HCV+ HCC 0.15-3.37

(Continued)
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Table 4. Continued.
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Vassiliadou et al. 2010

Bonefeld-Jorgensen et al. 2011

Exposure No. Relative 95% Exposure No. Relative 95%
Organ site category cases risk CI category cases risk CI
Pancreas - - - - - - - -
Respiratory - - - - - - - -
system
Bronchus, trachea, - - - - - - - -
and lung
Breast - - - - Per ng/mL of serum 31 cases and 98 OR=1.01 1.003, 1.02 (unadjusted,
PFOS controls with (unadjusted, all all subjects)
PFOS subjects)
9 cases and 69 OR=1.01 0.99, 1.03 (unadjusted,
controls with (unadjusted, subjects with
PFOS and subjects with covariate data)
covariates covariate data)
OR = 1.03 (adjusted) ~ 1.001, 1.07 (adjusted)
Prostate - - - - - - - -

Urinary organs - - - _

Malignant - - - -
melanoma

Thyroid - -

Lymphatic and - - - -
hematopoietic

*Expected additional bladder cases among 495 eligible nonrespondents based on doubling of US bladder cancer rates

Abbreviations: CI: confidence interval; HCC: hepatocellular carcinoma; HCV: hepatitis C virus; NR: not reported; OR: odds ratio; PFOS: perfluorooctanesulfonate; PSA: prostate-specific antigen; RR: rate ratio or

relative risk; SD: standard deviation; SIR: standardized incidence ratio; SMR: standardized mortality ratio.
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Yeung et al. 2013

Hardell et al. 2014

Innes et al. 2014

Exposure No. Relative 95% Exposure No.  Relative 95% Exposure Relative 95%
Organ site category cases risk CI category cases risk CI category risk CI
Liver, continued PFOS in serum (ng/mL): HCV [No RRs] Kruskal-Wallis - - - - - - -
- Mean = SD, HCV cirrhosis:  16.6 = 19.0 rank test
- Median, HCV 38 serum, 13.7 for group
- Range, HCV 38 liver 1.12-126 difference in
tissue, 32 liver-to-serum
- Mean * SD, normal paired 8.48 +6.62 ratio: P>0.05
- Median, normal 7.29
- Range, normal Normal: 25 1.43-34.9
serum, 9
PFOS in liver (ng/g) liver tissue,
- Mean = SD, HCV 0 paired 5.03+3.37
- Median, HCV 2.35
- Range, HCV 0.375-12.5
- Mean * SD, normal 5.22+2381
- Median, normal 5.03
- Range, normal 1.30-10.8
Ratio of PFOS in liver vs.
paired serum
- Mean * SD, HCV 0.40+0.24
- Median, HCV 0.33
- Range, HCV 0.04-1.27
Pancreas - - - - - - - - - - -
Respiratory system - - - - - - - - - - -
Bronchus, trachea, - - - - - - - - - - -
and lung
Breast - - - - - - - - - - -
Prostate - - - PFOS =83 ng/mL 92 OR=1.0 Referent - - -
(control median)
PFOS > 8.3 ng/mL 109 OR=10 06,15
PFOS>83ng/mL, 35 OR=0.7 04,13
Gleason score 2-6
PFOS>83ng/mL, 70 OR=1.1 07,19
Gleason score 27
PFOS>83ng/mL, 65 OR=12 07,2.0
PSA =10 ng/mL
PFOS>83 ng/mL, 44 OR=08 04,13
PSA=11ng/mL
PFOS=83ng/mL, 72 OR=1.0 Referent
no family history
PFOS>83ng/mL, 20 OR=12 06,25
no family history
PFOS=83ng/mL, 89 OR=09 05,14
family history
PFOS >8.3 ng/mL, 20 OR=27 104,68

Urinary organs
Malignant
melanoma
Thyroid
Lymphatic and
hematopoietic

family history
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bladder cancer were recontacted to seek permission for physi-
cian contact to verify the diagnosis. Deaths from bladder cancer
were also ascertained from death certificates that were obtained
for 185 (98%) of the 188 decedents.

Potential exposure to PFOS was classified as no/minimal
exposure, low exposure, or high exposure using the same
approach as described by Alexander et al. (2003). To estimate
cumulative exposure, the exposure categories were assigned
weights of 1, 3, and 10, respectively, and multiplied by the
number of years spent in each job (Alexander and Olsen,
2007). In the cohort of questionnaire respondents and workers
who had died by the end of follow-up in 2002, standardized
incidence ratios (SIRs) were estimated in comparison with
age, sex, and calendar-year-specific reference cancer inci-
dence rates from the US Surveillance, Epidemiology, and End
Results cancer registries for 1970 (the revised start of study
follow-up) through 1999, with referent rates for 1999 applied
to 2000-2002. In addition, associations with categories of
time-dependent estimated cumulative PFOS exposure within
the cohort were estimated using Poisson rate ratios adjusted
for age and sex. In a sensitivity analysis to evaluate potential
selection bias due to nonparticipation, the number of expected
bladder cancer cases among nonrespondents in each exposure
category was estimated using incidence rates, assuming a two-
fold excess of bladder cancer among nonrespondents.

Five bladder cases were identified from death certificates
and six others were reported on the questionnaire, including
two that were confirmed and four that lacked consent for vali-
dation (Alexander and Olsen, 2007). Two had never worked
in PFOS-exposed areas, while six of the nine who had ever
worked in a low- or high-exposure job had worked for at least 1
year in these jobs. Only three subjects with bladder cancer had
worked in a high-exposure job for at least 1 year. SIRs were
estimated separately for workers who never had an exposed
job, ever had a low-exposure job, ever had a high-exposure
job, ever had a low- or high-exposure job, had a low- or high-
exposure job for at least 1 year, or had a high-exposure job for
at least 1 year (Table 4). The SIR was highest in the group ever
employed in a low-exposure job (7 cases observed; SIR =2.26
[0.91-4.67]) and not substantially or significantly elevated
in the group employed for at least 1 year in a high-exposure
job (3 cases observed; SIR = 1.12 [0.23-3.27]). In an analysis
by cumulative exposure, the SIR did not follow a monotonic
exposure-response trend with increasing years of employment
in the equivalent of high-exposure jobs. Likewise, a mono-
tonic exposure-response trend was not detected across catego-
ries of estimated cumulative PFOS exposure. In the sensitivity
analysis, assuming that the equivalent of nearly two additional
bladder cancer cases was expected among nonrespondents,
estimated SIRs remained statistically nonsignificant with no
evidence of a positive exposure-response trend.

Although this study is strengthened by its setting in a well-
defined occupational cohort and its use of serum PFOS data as
the basis for exposure classification, it has several limitations
(Alexander and Olsen, 2007). Perhaps the most important con-
sideration is whether bias resulted from underascertainment
of bladder cancer due to nonparticipation in the study survey,
underreporting of past bladder cancer among study partici-
pants, and/or failure to report bladder cancer as the underlying
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cause of death on death certificates. The authors performed
a sensitivity analysis that accounted for case underascertain-
ment among the 495 nonparticipants and found little change
in the results. Minimal bias might also be expected from case
underascertainment among the 183 decedents without reported
bladder cancer. It is worth noting that in the study by Barry
et al. (2013), 96.5% of 115 self-reported bladder cancer cases
were validated, and 100% of 50 self-reported bladder cancer
cases in a US study of radiologic technologists were validated
(Sigurdson et al. 2003). Thus, a self-reported diagnosis of blad-
der cancer appears to have high specificity, but the sensitivity
remains unknown. The questionnaire participation rate was
significantly higher among workers with any PFOS exposure
than those with no exposure, suggesting potential bias toward
greater underreporting in the nonexposed, which would have
resulted in higher RRs for exposed versus nonexposed. How-
ever, among exposed workers, the participation rate was greater
among those with low exposure than those with high exposure
for at least 1 year, a difference that could have accounted for
the higher RR in low-exposure than in high-exposure groups.
Another limitation is the inadequate adjustment for confound-
ing, especially by bladder cancer risk factors such as smoking,
which was more common among workers with higher cumula-
tive PFOS exposure than those with lower PFOS exposure,
and therefore may have been a positive confounder in the RR
analyses. These results do not conclusively rule out a positive
association between PFOS and bladder cancer risk, but they
also do not confirm the excess risk of bladder cancer mortal-
ity previously reported among highly exposed workers at the
Decatur plant (Alexander et al. 2003).

As part of a “qualitative screening evaluation of the health
experience” of the Decatur facility workforce, Olsen et al.
(2004) analyzed health claims data for 652 chemical division
employees and 659 film division employees (96% of eligible
employees) from 1993 through 1998. The cohort comprised
all full-time and inactive workers (including those on short- or
long-term disability) employed at the Decatur site for at least
1 year as of 1 January 1993, with continued follow-up through
1998. The distribution of workers by work status was compa-
rable between the chemical and film divisions. Health claims
were grouped into “episodes of care,” which were defined as
sets of one or more claims data records that were categorized
into discrete disease entities by a computerized algorithm
based on diagnosis codes, revenue, procedure codes, and drug
codes, taking into account all inpatient and outpatient visits,
procedures, ancillary services, and prescription drugs used in
the diagnosis, treatment, and management of more than 400
diseases or conditions. Potential exposure to PFOS was clas-
sified based on job records, with each worker assigned a job
title that best described his or her usual job activity. One set
of analyses compared all 652 chemical division workers with
all 659 film division workers. To reduce exposure misclassi-
fication, a second set of analyses compared 211 workers who
had high-exposure jobs in the chemical division for at least
10 years prior to the study with 345 workers who had similar
but unexposed task-like jobs in the film division for at least
10 years prior to the study. For each division, the observed
number of health claims was compared with an expected value
based on all other 3M manufacturing workers in the United
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States (approximately 20,000 workers), using indirect stan-
dardization to adjust for age and sex. An RR estimate was then
calculated based on the ratio of the two SIRs, referred to by
the authors as the “risk ratio episodes of care” and simplified
here to “RR.”

On average, chemical division employees underwent 2.7
episodes of care per person per year, whereas film division
employees underwent 3.0 episodes of care per person per
year (Olsen et al. 2004). Among long-term workers, chemical
division employees underwent an average of 3.1 episodes of
care per person per year versus 3.3 in the film division. RRs
were higher in the chemical division than in the film division
for all malignant neoplasms, but estimates were imprecise
(Table 4). The only significant difference observed was for
malignant melanoma of the skin, for which there were five epi-
sodes of care in chemical workers (versus 2.2 expected) and
none in film workers (versus 2.6 expected), for an RR of 12
([1.0->100]; calculated by considering 0.5 deaths as observed
episodes of care among film workers). A marginally significant
excess of prostate cancer was also observed among chemical
workers, who had five episodes of care (versus 3.1 expected),
compared with film workers, whohad one episode of care (versus
4.7 expected; RR=7.7 [0.9->100]). Of note, one film
worker [who was not one of the three decedents identified by
Alexander et al. (2003)] and no chemical workers underwent
an episode of care for bladder cancer. No significant findings
were observed in the analysis restricted to long-term work-
ers. A statistically significant excess of episodes of care for
benign colonic polyps was observed among chemical workers
(RR=2.4[1.3-4.5]).

This study benefited from the ability to compare workers
in a single facility with stark differences in potential PFOS
exposure, with further reduction of exposure misclassification
in the analysis restricted to long-term workers (Olsen et al.
2004). Nevertheless, due to the limitations of using health
claims data to define outcomes, the authors appropriately cau-
tioned that the analysis “should only be considered a screening
study for diseases and conditions and not a definitive measure
of risk” (Olsen et al. 2004). Medical history prior to study
entry was not taken into account, and episodes of care could
not be interpreted as indicators of incident rather than preva-
lent or recurrent disease, some of which may have preceded
employment at the Decatur facility. The authors also noted
that episodes of care are not equivalent to definitive diagno-
ses. An additional limitation is the relatively short follow-up
period, as a longer study period might have enabled classifica-
tion of diseases that were likely to be newly diagnosed. The
slightly higher average number of episodes of care per person
among film workers than among chemical workers suggests
that systematic differences in care-seeking patterns could have
resulted in underestimated RRs. However, the authors noted
that “in 1997 there was heightened awareness for colon cancer
screening among chemical plant employees,” which may have
explained at least part of the increased frequency of episodes
of care for benign colonic polyps and colorectal cancer among
chemical plant employees. Thus, care-seeking patterns may
have varied by health outcome, with different directions and
magnitudes of bias. Overall, the results of this study must
be considered as hypothesis-generating and only minimally
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informative regarding a potential causal association between
PFOS exposure and cancer risk.

Using the same methods as Alexander and Olsen (2007),
Grice et al. (2007) conducted a case-control study of self-
reported outcomes other than bladder cancer among current,
retired, and former workers employed for at least 1 year at
the Decatur facility. As described earlier, 1,400 (74%) of
1,895 living active, retired, and former employees who had
worked for at least 1 year at the Decatur facility completed a
questionnaire on selected diseases and health conditions. Per-
mission was sought to obtain medical records for validation
of self-reported diagnoses of prostate cancer, colon cancer,
breast cancer, and melanoma. Most self-reported prostate
cancers (22 of 29) and about half of the colon cancers (12
of 22) were confirmed with medical records. Other than one
self-reported prostate cancer that was reported by the physi-
cian not to be cancer, the remaining self-reported prostate and
colon cancers were unvalidated due to a lack of patient consent
for medical records release or physician inability to retrieve
the records. Of 39 self-reported melanomas, medical records
were obtained for 22, and only 8 of these were confirmed as
melanoma, whereas 12 were nonmelanoma skin cancers and
2 were noncancerous lesions. Given the high validation rate
for prostate and colon cancers and the low validation rate for
melanoma, self-reported diagnoses were analyzed for the first
two outcomes, but only confirmed diagnoses were analyzed for
melanoma. Cancers reported on decedents’ death certificates
were also included in the analysis under the assumption that
these reports were valid. Exposure classification was based
on the same approach as used by Alexander et al. (2003) and
Alexander and Olsen (2007).

No significant association or apparent monotonic exposure-
response trend was detected between categories of potential
workplace PFOS exposure (never, ever low- or high-exposure,
low or high exposure for at least 1 year, or high exposure
for more than 1 year) and risk of validated melanoma,
self-reported prostate cancer, or self-reported colon can-
cer (Table 4) (Grice et al. 2007). Comparable results were
obtained when only validated prostate and colon cancers
and self-reported melanomas were evaluated. No significant
associations were found with estimated cumulative PFOS
exposure calculated using relative weights assigned to each
exposure category. Four cases of breast cancer, no cases of
liver cancer, and no cases of thyroid cancer were self-reported;
these cancers were not analyzed as outcomes.

As in the study by Alexander and Olsen (2007), underascer-
tainment of cancer diagnoses among survey nonparticipants is
unlikely to have substantially affected the results of Grice et al.
(2007). Thus, even though workers with at least 1 year of high
exposure had the lowest participation rate (and those with low
exposure or less than 1 year of high exposure had the highest
participation rate), thereby potentially obscuring exposure-
response trends, the magnitude of bias was probably small.
The high positive predictive value of self-reported prostate,
colon, and breast cancers are in line with the findings of Barry
et al. (2013), who reported that 88.9% of 515 self-reported
prostate cancers, 88.7% of 311 self-reported colorectal can-
cers, and 95.6% of 608 self-reported breast cancers were con-
firmed by medical records or cancer registry documentation;
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confirmation rates were even higher (96.2%, 92.9%, and 96.8%,
respectively) for patients with retrievable records. Like Grice
et al. (2007), Barry et al. (2013) found a low positive predic-
tive value for self-reported melanoma (47.2% confirmed of all
self-reported cases; 59.1% confirmed of those with records).
However, the negative predictive value of self-reported data
on these cancers is unknown. Overall, these results do not
demonstrate an association between PFOS exposure and risk
of prostate cancer, colon cancer, or melanoma.

Community studies of PFOS
Overview

All six studies of cancer risk in relation to nonoccupational
exposure to PFOS were described earlier in the section on
community studies of PFOA (Bonefeld-Jorgensen et al. 2011,
Eriksen et al. 2009, Hardell et al. 2014, Innes et al. 2014,
Vassiliadou et al. 2010, Yeung et al. 2013). Therefore, the
study methods, strengths, and limitations are not described
again in this section.

In the cross-sectional analysis of serum PFASs in colorec-
tal cancer cases and controls from the Mid-Ohio Valley, Innes
et al. (2014) found a significant inverse association between
serum PFOS and colorectal cancer prevalence in nearly all
reported statistical models. For example, in the fully adjusted
model, the OR for the highest quartile (=29.2 ng/mL) ver-
sus the lowest quartile (0.25-13.5 ng/mL) of serum PFOS
was 0.24 (0.16-0.37), with a highly significant inverse trend
(P-trend <0.00001) and a significant decrement in colorectal
cancer prevalence per 1-ng/mL increase in continuous serum
PFOS (OR =0.96 [0.95-0.97]; P-trend <0.00001). The sig-
nificant inverse association was detected after stratification
by sex, body mass index, age, or colorectal cancer treatment
method, but it was more pronounced in cases diagnosed in
2000 and later than in those diagnosed earlier. The inverse
association also persisted after restriction to participants who
had lived at the same address since 1990-1995 or before and
to cases diagnosed in 2000 or 2005-6 or later, restriction to
participants with serum PFOS =20 ng/mL, exclusion of pri-
mary rectal cancer cases, those undergoing current treatment,
or those who had received chemotherapy, or inclusion of all
self-reported cases. These findings point to a strong inverse
association between serum PFOS around or after the time of
colorectal cancer diagnosis, but the timing of serum collection
after cancer diagnosis precludes an interpretation of a protec-
tive effect.

In the Danish case-cohort study, Eriksen et al. (2009)
reported median plasma PFOS concentrations of 36.8 (5th to
95th percentiles = 18.2-62.5) ng/mL in prostate cancer cases,
32.3 (15.2-58.0) ng/mL in bladder cancer cases, 32.7 (15.2—
56.4) ng/mL in pancreatic cancer cases, 31.0 (15.8-62.9)
ng/mL in liver cancer cases, and 34.3 (16.2-61.8) ng/mL in the
noncancer subcohort. Plasma PFOS and PFOA concentrations
were highly correlated (Spearman p =0.70). No statistically
significant associations were detected between plasma PFOS,
whether categorized in quartiles or expressed as a continu-
ous variable, and risk of bladder, pancreatic, or liver cancer,
with RRs at or below the null for the highest quartile of
plasma PFOS for all three malignancies (Table 4). Positive
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associations were detected between the second, third, and
fourth quartiles of plasma PFOS and risk of prostate cancer
(RR for highest quartile =1.38 [0.99-1.93]). However, no
apparent exposure-response trend was detected (RR for a
10-ng/mL increase in plasma PFOS = 1.05 [0.97-1.14]), sug-
gesting that the positive associations were attributable to the
lower risk of prostate cancer in the bottom quartile, which,
in turn, might be due to chance or a threshold effect. Over-
all, these findings indicate no association between low-level
nonoccupational exposure to PFOS and short- to intermediate-
term risk of bladder, pancreatic, or liver cancer, whereas the
potential evidence of a threshold association with risk of pros-
tate cancer requires confirmation in other studies.

Bonefeld-Jorgensen et al. (2011) observed a median serum
PFOS level of 45.6 (range =11.6-124) ng/mL among 31
breast cancer patients and 21.9 (range=1.5-172) ng/mL
among 98 controls in Greenland. In both unadjusted models
(OR per 1-ng/mL increase in serum PFOS = 1.01 [1.003-1.02]
including all subjects; OR = 1.01 [0.99-1.03] including sub-
jects with covariate data) and an adjusted model (OR = 1.03
[1.001-1.07]), a borderline significant positive association
was detected with breast cancer risk (Table 4). The same was
true for the sum of perfluorosulfonated acids, which included
PFOS along with perfluorohexane sulfonate and perfluorooc-
tane sulfonamide (unadjusted OR =1.013 [1.002-1.023] for
all subjects; unadjusted OR =1.01 [0.99-1.02] for subjects
with covariate data; adjusted OR = 1.03 [1.00-1.05]). These
findings provide weak evidence of an association, potentially
explained by bias or chance, between nonoccupational PFOS
exposure and breast cancer risk in Greenland Inuit women.

In the Swedish case-control study of prostate cancer, Hardell
et al. (2014) reported that the median concentration of PFOS
in whole blood was 9.0 (range = 1.4—69) ng/mL among cases
and 8.3 (range =1.7-49) ng/mL among controls. Elevated
blood PFOS above the median among controls was not associ-
ated with risk of prostate cancer overall, nor was it signifi-
cantly associated with risk of low-grade or high-grade prostate
cancer, or risk of prostate cancer with PSA=10 or=11 ng/
mL (Table 4). When cases and controls were cross-classified
according to their first-degree family history of prostate cancer
and blood PFOS concentration, a significantly increased risk
was detected among those with both (OR =2.7 [1.04-6.8]),
relative to those with neither. Again, however, family history
unexpectedly was not significantly associated with increased
risk among those with lower blood PFOS levels, raising con-
cerns about chance and bias as explanations for the results.
Overall, the findings suggest no association between nonoc-
cupational PFOS exposure and risk of prostate cancer.

Vassiliadou et al. (2010) found no apparent difference in
median serum PFOS concentrations among cancer patients
(median=11.33 ng/mL, range=4.98-26.38 ng/mL in
17 males; median =8.00 ng/mL, range =2.12-25.70 ng/mL
in 23 females), Athens controls (median=13.69 ng/mL,
range = 6.97-30.36 ng/mL in males; median=7.03 ng/mL,
range = 2.27-16.63 ng/mL in females), and Argolida con-
trols (median = 10.47 ng/mL, range = 3.46-40.36 ng/mL in
males; median = 8.47 ng/mL, range =2.63-26.36 ng/mL in
females) (Table 4). A one-way analysis of variance comparing
means across the three subject groups yielded a statistically
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nonsignificant P-value (> 0.05). These findings provide little
evidence either for or against a causal role of PFOS in cancer
development.

Yeung et al. (2013) reported different patterns of tissue-
specific correlation for PFOS than for PFOA, which was
not correlated between serum and liver tissue. PFOS levels
were correlated between paired serum and liver tissue samples
in HCV-positive cirrhosis patients (p =0.699) and in HCV-
positive HCC cases (p =0.503), but not correlated in HCV-
negative HCC cases (p = — 0.064) (Table 4). PFOA and PFOS
levels were correlated with each other in control serum (Spear-
man p =0.708) and in control liver tissue (p = 0.850). Again,
the authors did not statistically compare median serum PFOS
levels across patient groups. However, median serum PFOS
levels were highest in HCV-positive cirrhosis patients (13.7
ng/mL, range = 1.12—126 ng/mL), followed by HCV-negative
HCC patients (11.5 ng/mL, range =4.36—48.4 ng/mL) and
HCV-positive HCC patients (11.4 ng/mL, range=4.04—
26.4 ng/mL), and lowest in healthy controls (7.29 ng/mL,
range = 1.43-34.9 ng/mL) (Table 4). By contrast, median
liver tissue serum PFOS levels were highest in control liver
tissue (5.03 ng/g, range = 1.03-10.8 ng/g), followed by HCV-
negative HCC (4.96 ng/g, range = 1.92-13.7), HCV-positive
HCC (4.12 ng/g, range = 2.28-42.5), and lastly HCV-positive
cirrhosis (2.35 ng/g, range = 0.375-12.5). The ratio of liver
PFOS to serum PFOS in paired specimens did not differ sig-
nificantly among patient groups (P >0.05). Again, this study
provides only weak evidence against an association between
nonoccupational PFOS exposure and liver cancer risk.

Summary of epidemiologic evidence on PFOS
and cancer in humans

As before, in this section, we use the main Bradford Hill
guidelines (Hill, 1965) as a framework to consider the
weight of evidence for or against the hypothesis of a causal
effect of PFOS on human cancer risk, excluding lower-quality
studies (Bonefeld-Jorgensen et al. 2011, Hardell et al. 2014,
Vassiliadou et al. 2010, Yeung et al. 2013) from consideration.

Strength of association

As shown in Table 4, most estimated associations between
PFOS exposure and cancer have been in the range of 0.5 to
2.0. Except for the striking inverse association between serum
PFOS and colorectal cancer prevalence (Innes et al. 2014), RR
estimates falling outside this range were typically based on
five or fewer cases, with correspondingly imprecise 95% Cls
consistent with no association. Confounding, bias, and chance
could readily explain such observed associations.

Consistency of association

Only two retrospective cohort studies of PFOS exposure have
evaluated more than four cancer outcomes (Alexander et al.
2003, Olsen et al. 2004). Consequently, few opportunities are
available for independent replication of observed associations
with site-specific cancer mortality, incidence, or prevalence. In
particular, only Alexander et al. (2003) evaluated associations
between PFOS exposure and cancers of the digestive organs,
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esophagus, lung/bronchus/trachea, urinary organs, and lym-
phatic and hematopoietic system. Only Olsen et al. (2004)
reported associations between PFOS exposure and cancers of
the rectum and thyroid, and only Eriksen et al. (2009) reported
associations with pancreatic cancer. Therefore, the consis-
tency of these associations, all of which were statistically null
or unreliable, could not be assessed.

Otherwise, no associations, including null findings, were
consistently detected across studies. A statistically nonsig-
nificant elevated risk of episodes of care for colon cancer
was detected in chemical division workers, especially in
long-term, high-exposure workers, at the Decatur plant
(Olsen et al. 2004), but no association was found between
occupational PFOS exposure and colon cancer mortality or
self-reported colon cancer at the same plant (Alexander et al.
2003, Grice et al. 2007), whereas an inverse association was
observed in Mid-Ohio Valley residents (Innes et al. 2014). A
nonsignificant excess of liver cancer mortality was reported in
Decatur chemical division workers, but no association was
found between estimated PFOS exposure and episodes of
care for liver cancer (Olsen et al. 2004) or incident liver
cancer (Eriksen et al. 2009). A nonsignificant excess of
episodes of care for respiratory system cancer was observed
in chemical versus film division workers in Decatur (Olsen
et al. 2004), but this was contradicted by a nonsignificant
deficit of respiratory cancer mortality in the same facility
(Alexander et al. 2003). A nonsignificant excess of prostate
cancer episodes of care was reported in chemical versus film
division workers at the Decatur facility (Olsen et al. 2004),
and a weak, statistically nonsignificant association with
plasma PFOS concentration was found for incident prostate
cancer in Denmark (Eriksen et al. 2009), but no association
with occupational PFOS exposure was found in relation to
self-reported prostate cancer in Decatur workers (Grice et al.
2007). While a substantial and statistically significant excess
of mortality from bladder and other urinary organ cancer
was originally detected among highly exposed workers at the
Decatur plant (Alexander et al. 2003), later studies of this
worker group found no apparent excess of episodes of care
for bladder cancer among chemical division workers (Olsen
et al. 2004) and no apparent association between estimated
cumulative occupational PFOS exposure and self-reported
bladder cancer (Alexander and Olsen, 2007), nor was an
association between plasma PFOS level and incident bladder
cancer observed in Denmark (Eriksen et al. 2009). Finally,
high but statistically unstable RRs for malignant melanoma
episodes of care among chemical division workers at Deca-
tur (Olsen et al. 2004) were countered by nonsignificantly
elevated SMRs and null ORs for melanoma in the same
workplace (Alexander et al. 2003, Grice et al. 2007).

Given that all four occupational studies of PFOS exposure
and cancer were conducted at the Decatur facility (Alexander
and Olsen, 2007, Alexander et al. 2003, Grice et al. 2007, Olsen
et al. 2004), one might have expected to find consistent associa-
tions in these workers, despite the major differences in outcome
ascertainment and classification across the studies. The fact that
findings were inconsistent among these studies, as well as across
the community-based studies of PFOS and cancer, underscores
the tenuousness of reported associations with estimated PFOS
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exposure in any given study and their collective failure to sup-
port any conclusion that the relationship is causal.

Exposure-response gradient

Most studies evaluated associations with different levels of
potential PFOS exposure, thereby enabling at least rudimen-
tary exposure-response analyses. With the exception of the
highly statistically significant inverse association between
serum PFOS and colorectal cancer prevalence in the C8
Health Study Project (Innes et al. 2014), no other monotonic
exposure-response trends were convincingly established.
Alexander et al. (2003) detected a positive trend toward
increasing SMRs for bladder and other urinary tract cancer
with increasing job-based PFOS exposure, especially long-
term high-level exposure. By contrast, no such trend was
detected in relation to similar exposure categories or esti-
mated cumulative occupational PFOS exposure in a follow-up
study of self-reported and fatal bladder cancer (Alexander and
Olsen, 2007), and the observed trend between serum PFOS
exposure and bladder cancer risk in Denmark was nonsignifi-
cantly inverse (Eriksen et al. 2009).

Using episodes of care to define cancer outcomes, Olsen et
al. (2004) reported stronger colon and rectal cancer RR esti-
mates for long-term, high-exposure chemical division work-
ers than for all chemical division workers combined (versus
comparable film division workers), and Grice et al. (2007)
also found a modest positive trend between job-based PFOS
exposure and self-reported colon cancer in the same cohort of
Decatur plant workers. However, these trends were not cor-
roborated by findings for colon cancer mortality at the Decatur
plant (Alexander et al. 2003) and were directly contradicted
by the inverse trend detected in the community around the
Parkersburg plant (Innes et al. 2014).

The small, nonsignificant increase in prostate cancer risk
associated with higher quartiles of plasma PFOS in Denmark
did not follow a monotonic pattern, nor was any association
detected between continuous measures of PFOS in plasma and
prostate cancer risk in that study (Eriksen et al. 2009).

As with PFOA, biomonitoring studies of serum PFOS levels
show major differences among occupational and community
groups (Figure 2). The geometric mean level was 941 ng/mL
(0.941 ppm) among fluorochemical workers at the Decatur plant
in 1998 (Olsen et al. 2003) and the median was 1,000 ng/mL at
the same plant in 2000 (Olsen and Zobel, 2007). At the Antwerp
and Cottage Grove plants, the median levels were 550 and 450 ng/
mL, respectively (Olsen and Zobel, 2007), while the geometric
mean level among background-exposed film division workers at
the Decatur plant was 136 ng/mL (Olsen et al. 2003). By contrast,
median serum PFOS levels were up to two orders of magnitude
lower in Ohio and West Virginia residents near the Parkersburg
plant (approximately 20 ng/mL in 2005-2006), where industrial
use of PFOS did not occur (Frisbee et al. 2009). Median serum
PFOS levels were comparable in US general population partici-
pants in NHANES (30.2 ng/mL in 1999-2000 and 13.6 ng/mL in
2007-2008) (Kato et al. 2011), and in American Red Cross adult
volunteer blood donors (35.8 ng/mL in 2000-2001 and 8.6 ng/
mL in 2010) (Olsen et al. 2012). Again, these differences must be
considered when contemplating the plausibility of observed posi-
tive associations in community, but not in occupational, settings.

Crit Rev Toxicol, 2014; 44(S1): 1-81

Plausibility and coherence with toxicological evidence

Toxicological studies in animals clearly pinpoint the liver as
the main target organ for a potential carcinogenic effect of
PFOS. Although Alexander et al. (2003) reported elevated
SMRs for liver cancer among workers with low or high poten-
tial PFOS exposure, these estimates were based on only one
death each and, therefore, highly unstable. Olsen et al. (2004)
reported no episodes of care for liver cancer among chemical
division workers, compared with one such episode among film
division workers. The inverse RR estimates for liver cancer
in association with higher quartiles of plasma PFOS concen-
tration reported by Eriksen et al. (2009) in Denmark also are
not consistent with a hepatocarcinogenic effect of PFOS in
humans, at least at relatively low concentrations.

The 2-year rat feeding study of PFOS detected a potentially
spurious increase in thyroid follicular cell adenoma among
male rats fed with PFOS for 1 year and followed for a 2nd
year, but not among those fed with PFOS for the full 2 years
(Seacat et al. 2002). Only Olsen et al. (2004) reported on thy-
roid cancer as an outcome, with one episode of care (versus
1.0 expected) in a short-term and/or low-exposure chemical
division worker and none among long-term, high-exposure
chemical division workers or film division workers. Thus,
although concordance of sites of carcinogenesis across species
is not a requirement for establishing human cancer hazards, a
comparison of results from animal and human studies offers
little to no support for a causal relationship between PFOS
exposure and human cancer.

Conclusions

The epidemiologic studies on PFOA or PFOS and risk of can-
cer in humans include six studies of PFOA in occupationally
exposed workers (Consonni et al. 2013, Gilliland and Mandel,
1993, Leonard et al. 2008, Lundin et al. 2009, Steenland and
Woskie, 2012, Ubel et al. 1980), two studies of PFOA in envi-
ronmentally exposed communities (Barry et al. 2013, Vieira
et al. 2013), four studies of PFOS in occupationally exposed
workers (Alexander and Olsen, 2007, Alexander et al. 2003,
Grice et al. 2007, Olsen et al. 2004), and six studies of both
PFOA and PFOS in environmentally exposed communities
(Bonefeld-Jorgensen et al. 2011, Eriksen et al. 2009, Hardell
et al. 2014, Innes et al. 2014, Vassiliadou et al. 2010, Yeung
et al. 2013). The vast majority of reported associations with
cancer mortality, incidence, or prevalence have been consistent
with the null hypothesis of no effect. The few observed positive
associations have not met the Bradford Hill guidelines, that is,
they are weak, inconsistent, offset by negative associations,
not in keeping with a positive exposure-response gradient, and
not coherent with the toxicological findings of liver, testicu-
lar Leydig cell, and pancreatic acinar cell tumors in animals
exposed to PFOA and liver tumors in those exposed to PFOS.
Moreover, confounding, bias, and chance (especially in light
of multiple comparisons) cannot be ruled out as explanations
for the reported positive associations, many of which were
observed in studies of environmentally exposed communities,
but not in occupational settings where exposure to PFOA and
PFOS was one to two orders of magnitude higher. Toxicologi-
cal and mechanistic data in animals do not conflict with the
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Figure 2. Median (or geometric mean) serum levels of perfluorooctanesulfonic acid (PFOS) measured in directly and indirectly (background) exposed
workers (Decatur, Alabama; Cottage Grove, Minnesota; and Antwerp, Belgium) and in community members in Parkersburg, West Virginia, and

elsewhere in the United States.

epidemiologic data in humans and may even be interpreted as
offering evidence against a carcinogenic effect of PFOA and
PFOS in humans, given that the mechanisms by which these
chemicals induce tumors in rodents may not be involved in
human carcinogenesis.

The Health Council of the Netherlands (HCN) recently
reviewed the scientific evidence on the carcinogenicity and
genotoxicity of PFOA from human, laboratory animal, and
mechanistic studies, and concluded that the available data on
PFOA and its salts are “insufficient to evaluate the carcino-
genic properties (category 3)” (HCN, 2013). Regarding the
epidemiologic evidence in particular, HCN concluded: “The
reported results of a relatively substantial number of human
longitudinal studies have such a high degree of inconsistency
that the Committee classifies the human data as inadequate for
firm conclusion about whether or not a cancer risk exists from
exposure to PFOA in these studies.” HCN also concluded that
“Overall ... there is no cancer type that is consistently elevated
in these studies.”

This classification is consistent with our conclusion that the
existing epidemiologic evidence does not support the hypoth-
esis of a causal association between PFOA or PFOS exposure
and cancer in humans. However, further research on this topic
is warranted. Quantitative exposure assessment in previously
unstudied occupational settings — for example, at industrial
facilities in Asia that continue to produce or use PFOA and/
or PFOS (Lim et al. 2011) — could provide the basis for future
cohort studies once sufficient follow-up time has accrued. More
readily, continued follow-up of existing cohorts and linkage to

cancer registries to ascertain cancer incidence might provide
additional insight into whether these compounds affect cancer
risk in humans.
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