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BACKGROUND: Per- and polyfluoroalkyl substances (PFAS) are a component of firefighting foams used at military installations. Although high PFAS
exposures have been related to cancer risks among civilian populations, the effects for military personnel are unclear.

OBJECTIVES: We investigated associations between serum PFAS concentrations and testicular germ cell tumors (TGCT) among U.S. Air Force
servicemen.
METHODS: This nested case–control study involved active-duty Air Force servicemen with sera from the Department of Defense Serum Repository.
We selected 530 cases and 530 controls individually matched on birth date, race and ethnicity, year entered the service, and year of sample collection,
with prediagnostic serum samples collected between 1988 and 2017. A second prediagnostic sample, collected a median of 4 y after the first, was
selected for 187 case–control pairs. Seven PFAS were quantified using isotope-dilution tandem mass spectrometry. Odds ratios (ORs) and 95% confi-
dence intervals (CIs) from conditional logistic regression adjusting for military grade, number of deployments, and, in some models, other PFAS, esti-
mated associations between PFAS concentrations (categorized using quartiles among controls) and TGCT.
RESULTS: Elevated concentrations of some PFAS were observed for military employment in firefighting [perfluorooctanesulfonic acid (PFOS), per-
fluorohexanesulfonic acid (PFHxS), perfluorooctanoic acid] and service at a base with high PFAS concentrations in drinking water (PFHxS). Elevated
PFOS concentrations in the second sample were positively associated with TGCT [OR for fourth vs. first quartile ðORQ4Þ=2:6, 95% CI: 1.1, 6.4;
ptrend = 0:02], including after adjustment for other PFAS (ORQ4 = 4:6, 95% CI: 1.4, 15.1; ptrend = 0:009). Associations with PFOS in the first/only sam-
ples were weak and not statistically significant. Elevated concentrations of perfluorononanoic acid were inversely associated with TGCT, whereas
results were null for other PFAS.

DISCUSSION: We identified service-related predictors of PFAS concentrations and increased TGCT relative risks with elevated PFOS concentrations
among Air Force servicemen. These findings warrant further investigation in other populations and military service branches. https://doi.org/10.1289/
EHP12603

Introduction
Per- and polyfluoroalkyl substances (PFAS) are manufactured
chemicals with useful properties of oil, stain, grease, and water
repellency that have been used since the 1940s in themanufacture of
firefighting foams, nonstick cookware, and other products.1 PFAS
have become widespread food and water contaminants owing to
their resistance to degradation and persistence in the environment
and are detectable in the serum ofmost Americans.2 Amajor source
of PFAS water contamination is the use of PFAS-containing aque-
ous film forming foams (AFFFs) at airports and military installa-
tions to extinguish petroleum-based fires.3 The Department of
Defense (DoD) possesses the largest amount of AFFF in the United
States; its stockpile in 2004 of 11million L represented nearly 30%
of all domestic AFFF holdings.4 The U.S. Air Force has been using
AFFFs containing perfluorooctanesulfonic acid (PFOS), perfluor-
ooctanoic acid (PFOA), and perfluorohexanesulfonic acid (PFHxS)
at crash sites and in fire training areas since the late 1960s.5 The Air
Force discontinued use of AFFFs containing such long-alkyl chain
PFAS in 2018 because of concerns over environmental persistence,

contamination of water supplies of surrounding communities, and
possible health effects.6 Following a systematic testing of all DoD
drinking water systems between June 2016 and August 2017,7 the
DoD had identified 401 military bases (including 203 Air Force
installations) with a known or suspected release of PFOS/PFOA,
including 90 with tested groundwater PFOS/PFOA concentrations
exceeding the 2016 U.S. Environmental Protection Agency (U.S.
EPA) lifetime health advisory (LHA) of 70 parts per trillion (ppt)
and 36 with tested drinking water PFOS/PFOA concentrations
exceeding this threshold.8 The extent of exposure to PFAS among
military servicemembers themselves, however, is unclear.

There is emerging epidemiological evidence suggesting an
association between PFAS and testicular cancer. In 2014, the
International Agency for Research on Cancer (IARC) classified
PFOA as a possible human carcinogen (Group 2B) on the basis
of limited epidemiological evidence of associations with cancers
of the kidney and testis and limited evidence in experimental
animals.9 No studies to date have directly investigated other
PFAS in relation to testicular cancer, although an elevated but
statistically nonsignificant relative risk of this malignancy was
observed among residents of a community in Sweden exposed to
high drinking water concentrations of PFOS and PFHxS due to
contamination from AFFF use at a nearby airport.10 Testicular
cancer [>98% of which are testicular germ cell tumors (TGCTs)]
is the most frequently diagnosed malignancy among U.S. men
age 15–39 y, with incidence rates peaking in this age range, and
among U.S. active-duty servicemen.11,12 The etiology of testicu-
lar cancer is poorly understood; established risk factors include
having an undescended testicle (cryptorchidism), a personal or
family history of testicular cancer, and non-Hispanic White race
and ethnicity.11 Although the prevailing hypothesis is that in utero
exposures are important in determining risk, analyses of age-
period-cohort models also implicate postnatal exposures in the
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etiology of testicular cancer.13 Several occupational and environ-
mental exposures in adolescence and adulthood are suspected risk
factors for testicular cancer.11 Notably, several studies have
observed elevated rates of testicular cancer among firefighters,
who have potential exposure to PFAS through the use of AFFFs.14

Given the lack of evidence regarding PFAS exposure among
military personnel and of PFAS associations with testicular can-
cer in this population, we conducted a nested case–control study
within the DoD Serum Repository (DoDSR), investigating serum
PFAS concentrations and TGCTs diagnosed among active-duty
Air Force servicemen. Our study aims were: a) to describe PFAS
serum concentrations among Air Force servicemen, including
comparisons with general-population survey data and explora-
tions of potential service-related exposure determinants; and b) to
investigate associations between serum concentrations of PFAS
(including PFOA) and TGCT.

Methods

Study Design
The DoDSR is a repository for the storage of sera remaining
after routine human immunodeficiency virus (HIV) testing of mili-
tary personnel conducted at or prior to induction and periodic med-
ical examinations and before and after overseas deployments.
Beginning in 2004, a new policy was enacted requiringHIV testing
of all service members every 2 y.15,16 Blood collection and serum
processing are conducted within service branches following their
protocols, with sera shipped to a designated HIV testing center.
The length of time from sample collection to HIV testing varies,
depending on the site and workload. The remaining serum is trans-
ported to the DoDSR, transferred to a new tube and frozen at
−30�C for long-term storage. The DoD established long-term
holdings of frozen human serum specimens in 1985, with separate
repositories maintained by each service branch. In 1989, the repo-
sitories of the Army and Navy/Marines were physically combined.
Air Force serum samples were later added in 1996, marking the of-
ficial beginning of the DoDSR. It is one of the largest longitudinal
serum repositories in the world, containing >60million vials of se-
rum collected from >10million service members. Because the
DoDSR is linked to the personnel and health records of service
members contained in the Defense Medical Surveillance System
(DMSS), it is a unique resource for epidemiological studies of
exposures relevant tomilitary populations.15

We identified cases through data linkage between the DoDSR
and the DoD Cancer Registry, which records patients diagnosed
with and/or treated for cancer at military treatment facilities. We
identified 914 cases of TGCT (International Classification of
Diseases for Oncology, Third Edition site code C62 and morphol-
ogy codes 9060–9062, 9064–9102) diagnosed among Air Force
servicemen with no prior history of cancer (excluding nonmela-
noma skin cancer) between 1990 and 2018. After excluding cases
that were not on active-duty status at diagnosis (n=46), age >39 y
at diagnosis (n=81), or with no available prediagnostic samples in
the DoDSR (n=257), we identified 530 cases for our study, with
samples collected between 1988 and 2017. For the majority of
cases (n=343), we selected a single prediagnostic sample (the ear-
liest collected sample) for inclusion in this study. We selected two
prediagnostic samples from 187 cases with two or more prediag-
nostic banked samples that were diagnosed at least 5 y after the ear-
liest sample collection date (i.e., a 5-y exposure lag time for the
earliest samples). When such cases had three or more banked pre-
diagnostic samples in storage, we selected the earliest available
sample as the first sample and used the following algorithm
to select the second sample: a) if therewere any remaining prediag-
nostic samples collected 5 or more years prior to case diagnosis,

we selected the prediagnostic sample from this set with the latest
collection date; b) if there were no remaining prediagnostic sam-
ples collected 5 or more years prior to case diagnosis, we selected
the prediagnostic sample with the earliest collection date. This
algorithm thus selected second samples as close as possible to the
time point of 5 y before the case diagnosis date. Our motivation for
this approach was to select samples collected at a later period of
follow-up than the first samples, but preferably not within 5 y prior
to diagnosis, which we speculated may be a less etiologically rele-
vant time window. The study was determined by the Uniformed
Services University’s Human Research Protections Program (HRPP)
Office to be considered research not involving human subjects
because of the de-identification of samples and data. Similarly, the
involvement of the U.S. Centers for Disease Control and Prevention
(U.S. CDC) laboratory did not constitute engagement in human sub-
jects research.

We used risk set sampling with replacement to individually
match one control per case from among Air Force servicemen who
were on active duty and cancer-free as of the case diagnosis date.
Matching criteria include date of birth ( ± 1 y), self-reported
race and ethnicity (non-HispanicWhite persons, Hispanic persons,
non-Hispanic Black persons, Asian/Pacific Islander persons,
Native American/Alaskan Native persons, other), year entered
military service ( ± 1 y), availability in the DoDSR of a sample col-
lected in the same year as that of the baseline case sample ( ± 1 y)
and, if applicable, availability of a sample collected in the same
year as that of the later selected case sample ( ± 1 y). The categories
of race and ethnicity are those provided by the Armed Forces
Health Surveillance Division (AFHSD).We included race and eth-
nicity as a matching factor in the study design because of its poten-
tial to introduce confounding, given evidence of differences across
groups in serumPFAS concentrations and TGCT incidence.2,11

We also received from the AFHSD the following service-
related data from subjects’ personnel records contained in the
DMSS: military grade at the time of the case diagnosis (enlisted,
officer), the year military service began, the number of military
deployments prior to case diagnosis (0, 1, 2+), and Air Force
Specialty Codes (AFSCs, designating Air Force occupations) prior
to serum collection and case diagnosis. The AFHSD also used the
reported results of the DoDwater testing initiative (testing all DoD
drinking water systems for PFOA and PFOS concentrations
between June 2016 and August 2017)7,8 to create variables indicat-
ing whether, prior to sample collection and diagnosis, subjects had
been stationed at an Air Force facility identified through the initia-
tive as having drinking water or groundwater samples exceeding
the 2016U.S. EPALHA.

Laboratory Analysis
Serum concentrations of nine PFAS [2-(N-methyl-perfluorooctane
sulfonamido) acetic acid (MeFOSAA), perfluorohexanesulfonic
acid (PFHxS), perfluorononanoic acid (PFNA), perfluorodecanoic
acid (PFDA), perfluoroundecanoic acid (PFUnDA), sum of per-
fluoromethylheptanoic acids (branched PFOS isomers; Sm-PFOS),
linear PFOS (n-PFOS), linear PFOA (n-PFOA), and sum of
branched perfluorooctanoic acids (Sb-PFOA)] were measured at
the U.S. CDC’s Division of Laboratory Sciences (Atlanta, Georgia)
between June 2021 and February 2022 using online solid-phase
extraction coupled to reversed-phase high-performance liquid
chromatography–isotope dilution tandem mass spectrometry, as
described previously,17 with all samples from matched case–
control pairs analyzed consecutively in the same batch. We
inserted into each batch four quality control (QC) replicate sam-
ples (103 total) from a serum pool created using other DoDSR
samples to evaluate method performance. The order of each QC
sample within a given batch was randomly assigned, with the
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constraint that they not interrupt the sequence of samples from a
matched case–control pair. Method reproducibility was accepta-
ble, with median within-batch and total coefficients of variation
(CVs) of 10.8% (range: 7.9%–13.5%) and 13.2% (range: 10.5%–
27.2%) across analytes. The CVs and proportion of detectable
measurements for each PFAS in the QC pool are summarized in
Supplementary Table 1. Method performance was confirmed by
successful participation in three proficiency testing rounds of the
Arctic Monitoring and Assessment Program (AMAP; https://
www.inspq.qc.ca/en/ctq/eqas/amap/description) between June
2020 and January 2021. The limit of detection (LOD) was
0:1 ng=mL for all analytes; concentrations below the LOD were
assigned a value of one-half the LOD (0:05 ng=mL).18 We calcu-
lated the concentrations of total PFOA and total PFOS by adding
together the concentrations of the linear and branched isomers.
We included total PFOS, total PFOA, and the five other measured
PFAS (i.e., seven PFAS in total) in the data analysis.

Statistical Analyses
Using univariate statistics, we compared cases and controls with
regard to selected personal and service-related characteristics,
extracted by theAFHSD from records in the DMSS.We calculated
Spearman rank correlations between measured PFAS and used
principal component analysis (PCA) of PFAS transformed by the
natural logarithm to identify a limited number of orthogonal linear
combinations that explained the majority of the total variance. To
summarize the distributions of serum PFAS concentrations among
study subjects, we calculated least squares geometric means from
multiple linear regression models of serum PFAS concentrations
transformed by the natural logarithm. First, we compared PFAS
least squares geometric means of first/only samples from study
controls vs. serum PFAS measurements (total PFOS, total PFOA,
PFHxS, MeFOSAA, PFNA, PFDA, and PFUnDA) from National
Health and Nutrition Examination Survey (NHANES)male partic-
ipants age 18–39 y separately for sera collected in selected time
periods (1999–2000, 2003–2004, 2005–2006, 2007–2008, 2009–
2010)19 by fitting linear regression models of log-transformed
PFAS concentrations accounting for complex survey data using
the SAS SURVEYREG procedure, adjusting for age group (<20,
20–24, 25–29, 30–34, and 35–39 y) and race and ethnicity [dicho-
tomized to non-Hispanic White and Other (non-Hispanic Black,
Mexican American, Other Hispanic, Other/Multi-Racial) given
sparse data for non-White racial/ethnic groups] as model covari-
ates. We did not include 2001–2002 NHANES data because PFAS
quantitation had been conducted on pooled samples, not individu-
ally for subjects, and NHANES data for more recent years were not
included because of the smaller numbers of study samples col-
lected in these time periods. For these analyses, sampling weights
of NHANES subjects were rescaled to sum to the sample size of
theNHANESPFAS data set, whereas study controls were assigned
sampling weights of 1, individual unique primary sampling units,
and a single common sampling stratum. Both the DoDSR study
samples and the NHANES samples were analyzed by the same
U.S. CDC laboratory.

We then investigated potential predictors of serum PFAS con-
centrations among Air Force servicemen by fitting multiple linear
regression models of log-transformed PFAS concentration with the
following categorical variables included in each model: sample col-
lection year (before 1996 , 1996–1998, 1999–2004, after 2005), age
group at serum collection (same categories as before), race and eth-
nicity (non-Hispanic White, Other), education level (≤high school,
some college, bachelor’s degree, advanced degree), military grade
(E01–E10,O1–O10), number of years of service at serum collection
(<1, 1 to <5, ≥5 y), military occupation in fire protection (AFSC
3E7X1) prior to serum collection (Yes, No), history of service prior

to serum collection at an Air Force facility with PFOS/PFOA levels
in drinkingwater samples exceeding the 2016U.S. EPALHA (Yes,
No), and history of service prior to serum collection at an Air Force
facility with PFOS/PFOA levels in groundwater samples above the
LHA (Yes, No). These analyses were conducted using samples col-
lected after the start of military service, both for all subjects (addi-
tionally adjusting for case–control status) and then restricted to
controls. As a sensitivity analysis, we reran these models restricting
to case and control samples collected ≥0:3 y after the start of mili-
tary service (the median among cases), and modeling separately the
variables indicating history of service at a facility with high drinking
water PFOS/PFOA and history of service at a facility with high
groundwater PFOS/PFOA. We also ran models to investigate pre-
dictors of identified PFAS principal components.

For the case–control analysis, we categorized PFAS concentra-
tions using quartiles among controls as cut points, separately for
baseline and second samples. We computed odds ratios (ORs) and
95% confidence intervals (CIs) relating PFAS categories with
TGCT through conditional logistic regression of matched pairs.
We ran unadjustedmodels (conditioned on thematched sets), mod-
els adjusted for military grade (categorized as before) and number
of military deployments prior to case diagnosis (categorized 0, 1,
2+), which we observed to differ between cases and controls
(Table 1), and models additionally adjusted for the six other PFAS
included in the data analysis (categorized in the same manner
as the PFAS of interest). We conductedWald tests for trend across
PFAS categories by modeling the intracategory medians as a con-
tinuous parameter. Within the subset of participants with two sam-
ples, we conducted an analysis comparing between cases and
controls the combinations of dichotomized PFAS concentrations
(using controls’medians as cut points) in both the first and second
samples; participants with a given PFAS concentration below the
median for both sampleswere used as the reference group.We con-
ducted sensitivity analyses for our investigations of PFOA, PFOS,
and PFHxS (high-priority chemicals given their presence in
AFFFs and, for PFOA, prior evidence of associationwith testicular
cancer)5,9 as well as PFNA (given observed associations with
TGCT in our data). For these PFAS we reran the aforementioned
case–control logistic models restricting to matched sets with case
samples collected ≥0:3 y after the start of military service, ran
modelswithout adjustment formilitary grade or number ofmilitary
deployments, and conducted analyses categorizing the measured
PFAS concentrations using the same cut points for each sample
type (the second-sample quartiles among controls). We also inves-
tigated case–control associations with identified PFAS principal
components (categorized using quartiles among controls) in first/
only and second samples using logistic regression models adjusted
for military grade and number of deployments.

In addition, we conducted analyses of dichotomized PFAS cate-
gories (categorized using the median among controls) stratifying on
selected categorical variables (race and ethnicity, year of sample
collection, years of service at sample collection) and tested for mul-
tiplicative interaction using cross-product terms in conditional mod-
els, also adjusted for military grade and number of military
deployments (categorized as before). Given the differences between
first/only and second samples in the distributions of some stratifica-
tion variables (e.g., year of sample collection, years of service at
sample collection), cut points were selected with consideration to
minimize instances of sparse participant counts within strata. We
also conducted separate analyses across levels of cancer-related cat-
egorical variables (years from sample collection to case diagnosis,
histological subtype). For these analyses we tested for OR heteroge-
neity across levels of each case characteristic by first creating a vari-
able assigning to each matched case–control pair the characteristic
of that case (e.g., defining matched pairs as “seminoma” or
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“nonseminoma”) and then testing for interaction with this variable
in a conditional model using a cross-product term. We also con-
ducted analyses to assess the possibility that the association between
military occupation as a firefighter and TGCT is at least partially
mediated through PFOS effects.20 To do so, we computed TGCT
associations with military occupation as a firefighter prior to case
diagnosis (Yes, No) among subjects with two samples, both with
adjustment for categorized serum PFOS concentration (quartiles) in
the second sample (this sample, given its timing, is likely more rep-
resentative of PFOS exposure related to military firefighting) and
without PFOS adjustment. We visually compared the ORs to assess
whether the association between firefighting and TGCT weakened

with adjustment for serum PFOS, which would be compatible with
at least some of the firefighting–TGCT association being explained
by PFOS effects.

All analyses were conducted using SAS (version 9.4;SAS
Institute Inc.). All statistical tests were two-sided, with an alpha
level of 0.05.

Results
Selected characteristics of cases and controls (both overall and
restricted to men with two banked samples) are summarized in
Table 1. Overall, the majority of subjects were <25 y of age at the

Table 1. Summary of selected characteristics among participants in a nested case–control study of serum PFAS and testicular germ cell tumors among U.S.
Air Force servicemen, both overall (530 matched pairs) and for the subset with two prediagnostic serum samples (187 matched pairs).

All participants Subset of participants with two samples

Cases Controls p-Value Cases Controls p-Value

Age (y) at first serum collection [n (%)] — — 0.41 — — 0.55
<20 141 (26.6) 134 (25.3) — 60 (32.1) 58 (31.0) —
20–24 194 (36.6) 220 (41.5) — 75 (40.1) 88 (47.1) —
25–29 95 (17.9) 76 (14.3) — 37 (19.8) 26 (13.9) —
30–34 64 (12.1) 66 (12.5) — 11 (5.9) 12 (6.4) —
35–39 36 (6.8) 34 (6.4) — 4 (2.1) 3 (1.6) —
Age (y) at second serum collection [n (%)]
<20 NA NA — 58 (31.0) 62 (33.2) 0.98
20–24 NA NA — 55 (29.4) 55 (29.4) —
25–29 NA NA — 45 (24.1) 42 (22.5) —
30–34 NA NA — 18 (9.6) 19 (10.2) —
35–39 NA NA — 11 (5.9) 9 (4.8) —
Age (y) at case diagnosis [n (%)]a — — 1.00 — — 1.00
<20 10 (1.9) 10 (1.9) — 0 0 —
20–24 111 (20.9) 111 (20.9) — 4 (2.1) 4 (2.1) —
25–29 159 (30.0) 159 (30.0) — 54 (28.9) 54 (28.9) —
30–34 113 (21.3) 113 (21.3) — 58 (31.0) 58 (31.0) —
35–39 137 (25.9) 137 (25.9) — 71 (38.0) 71 (38.0) —
Race and ethnicity [n (%)]a — — 1.00 — — 1.00
Non-Hispanic White 422 (79.6) 422 (79.6) — 146 (78.1) 146 (78.1) —
Hispanic 57 (10.8) 57 (10.8) — 26 (13.9) 26 (13.9) —
Non-Hispanic Black 13 (2.5) 13 (2.5) — 3 (1.6) 3 (1.6) —
Asian/Pacific Islander 6 (1.1) 6 (1.1) — 4 (2.1) 4 (2.1) —
Native American/Alaskan Native 5 (0.9) 5 (0.9) — 0 (0.0) 0 (0.0) —
Other/unknown 27 (5.1) 27 (5.1) — 8 (4.3) 8 (4.3) —
Education [n (%)] — — 0.26 — — 0.55
≤High school 261 (49.3) 268 (50.6) — 82 (43.9) 88 (47.1) —
Some college 120 (22.6) 138 (26.0) — 55 (29.4) 51 (27.3) —
Bachelor’s degree 80 (15.1) 57 (10.8) — 18 (9.6) 17 (9.1) —
Advanced degree 68 (12.8) 66 (12.5) — 32 (17.1) 31 (16.6) —
Unknown 1 (0.2) 1 (0.2) — 0 0 —
Grade — — 0.06 — — 0.20
E01–E10 (Enlisted) 410 (77.4) 435 (82.1) — 143 (76.5) 153 (81.8) —
O01–O10 (Officer) 120 (22.6) 95 (17.9) — 44 (23.5) 34 (18.2) —
Number of military deployments — — <0:001 — — 0.23
0 296 (55.9) 222 (41.9) — 64 (34.2) 52 (27.8) —
1 114 (21.5) 121 (22.8) — 47 (25.1) 43 (23.0) —
2+ 120 (22.6) 187 (35.3) — 76 (40.6) 92 (49.2) —
Calendar year started military service

[median (min, max)]a
1998 (1986, 2017) 1998 (1986, 2017) 0.95 1998 (1986, 2012) 1998 (1986, 2012) 0.98

Calendar year of sample collection [median (min, max)]a

First/only sample 1999 (1988, 2017) 1999 (1989, 2017) 0.99 1999 (1989, 2012) 1999 (1989, 2012) 0.98
Second sample NA NA — 2005 (1991, 2012) 2005 (1992, 2013) 0.97
Years of service at sample collection [median (min, max)]
First/only sample 0.3 (−0:2, 12.3)b 0.4 (−0:2, 12.3)b 0.49 0.3 (−0:2, 12.1)b 0.4 (−0:1, 12.3)b 0.64
Second sample NA NA — 5.8 (−0:2, 21.8)b 5.8 (−0:1, 25.0)b 0.90
Years from sample collection to case diagnosis [median (min, max)]
First/only sample 5.0 (0.0, 19.8) NA — 10.3 (5.0, 19.8) NA —
Second sample NA NA — 5.8 (4.8, 11.5) NA —
Tumor morphology [n (%)]
Seminoma 300 (56.6) NA — 125 (66.8) NA —
Nonseminoma 230 (43.4) NA — 62 (33.2) NA —

Note: —, no data; max, maximum; min, minimum; NA, not applicable; PFAS, per- and polyfluoroalkyl substances.
aControl matching factor.
bNegative values represent serum collection dates prior to themilitary service start date (cases: 115 first/only samples, 6 second samples; controls: 99 first/only samples, 5 second samples).

Environmental Health Perspectives 077007-4 131(7) July 2023



date of the first/only serum collection, <30 y of age at case diagno-
sis, and of non-HispanicWhite race and ethnicity. Nearly half of the
subjects had high school as their highest education level. Cases and
controls did not differ by age, race and ethnicity, or education level;
however, cases were slightly more likely than controls to have a
military grade of officer (p=0:06) and significantly less likely to
have had overseas military deployments (p<0:0001). Similar pat-
terns of subject characteristics were observed for the subset of cases
and controls with two serum samples (involving cases diagnosed at
least 5 y after the earliest sample collection date), with the exception
of an older age at case diagnosis (69% ≥30 y of age). The DoDSR
serum samples selected for this study were originally collected
between 1988 and 2017. Themedian collection year forfirst/only se-
rum samples was 1999, and these samples had usually been col-
lected within a fewmonths after subjects had startedmilitary service
(median 0.3 and 0.4 y for cases and controls, respectively). The sec-
ond banked serum sampleswere usually collected several years after
the first samples (median 4 y, ranging from 0.1 to 13.3 y), with a me-
dian of 5.8 y of military service at collection. The number of years
from first/only sample collection to case diagnosis ranged from 0 to
20 y, and the majority of TGCTs were seminomas, particularly
among the subset of cases with two samples; this is expected given
that the average age at diagnosis is higher than for nonseminoma.11

Whenwe summarized the geometricmean serumconcentrations
of the measured PFAS among study controls and NHANES male
participants age 18–39 y for samples collected in the same time

periods, we observed concentrations of PFOS, PFOA, PFHxS, and
MeFOSAA to be generally lower in later time periods in both popu-
lations (Figure 1; Supplementary Table 2). Concentrations of these
PFAS were higher in study controls vs. NHANES for samples col-
lected in 1999–2000, 2003–2004, 2005–2006 and 2007–2008 (par-
ticularly for PFHxS andMeFOSAA), whereas for samples collected
in 2009–2010, the opposite pattern was usually observed. Serum
concentrations of PFNA, PFDA, and PFUnDA were lower than
those of the other PFAS and remained stable or increased slightly
over time in both populations (Supplementary Table 2). We
observed evidence of elevated concentrations of these three PFAS
in study controls vs. NHANES for samples collected in 2005–2006
and/or 2007–2008. Among controls, we observed two distinct clus-
ters of PFAS correlated with one another: a) PFOS, PFOA, PFHxS,
and MeFOSAA in one cluster and b) PFNA, PFDA, and PFUnDA
in the other (Supplementary Table 3). Using PCA,we identified two
principal components (PCs) that account for ∼ 75% of the total var-
iance across measured PFAS (Supplementary Table 3). The compo-
sitions of these PCs were similar to the clusters observed in the
correlation matrix; the first PC (PC1) loaded strongly onto concen-
trations of PFOS, PFOA, PFHxS, andMeFOSAA, whereas the sec-
ond PC (PC2) loaded predominantly onto the other PFAS.

Table 2 summarizes least squares geometric mean serum con-
centrations of PFOS, PFOA, and PFHxS (known AFFF-related
PFAS of a priori interest) in relation to select subject and sample
characteristics for samples collected after the start of military
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Figure 1. Comparisons of geometric mean serum concentrations (ng/mL) of selected PFAS in DoDSR Air Force study controls (first/only sample) vs. male
participants age 18–39 y in the National Health and Nutrition Examination Survey (NHANES) for samples collected in 1999–2000 (controls, n=77;
NHANES, n=204), 2003–2004 (controls, n=50; NHANES, n=375), 2005–2006 (controls, n=44; NHANES, n=352), 2007–2008 (controls, n=34;
NHANES, n=347), and 2009–2010 (controls, n=25; NHANES, n=360). (A) PFOS; (B) PFOA; (C) PFHxS; (D) MeFOSAA. p-Values are from Wilcoxon
rank sum tests of difference in PFAS concentration between populations for a given sample collection period. The estimated geometric means of all seven eval-
uated PFAS in study controls and NHANES data are provided in Supplementary Table 2. Note: DoDSR, Department of Defense Serum Repository;
MeFOSAA, 2-(N-methyl-perfluorooctane sulfonamido) acetic acid; NHANES, National Health and Nutrition Examination Survey; PFHxS, perfluorohexanesul-
fonic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctanesulfonic acid.
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service. PFAS concentrations were strongly associated with year
of sample collection; the highest concentrations of PFOS and
PFHxS were observed for samples collected between 1996 and
1998, whereas for PFOA the peak concentrations were among
samples from 1999 to 2004. Concentrations dropped sharply for
all three PFAS after 2004. Higher concentrations were also asso-
ciated with several demographic characteristics, including older
age at serum collection and non-Hispanic White race and ethnic-
ity (particularly for second samples). The strongest predictor of
PFAS concentrations observed among service-related factors was
having a military occupation in fire protection prior to serum col-
lection; servicemen in this occupation had substantially higher
concentrations of PFOS, PFOA, and PFHxS in the first/only sam-
ples in comparison with other servicemen, including approxi-
mately 2-fold higher concentrations of PFOS (least squares
geometric means 64.8 vs. 30:1 ng=mL) and 3-fold higher concen-
trations of PFHxS (14.4 vs. 4:3 ng=mL). Similar findings were
observed in an analysis of the second samples (Table 3).

We observed evidence of elevated serum concentrations of
PFHxS in servicemenwho had been stationed prior to sample collec-
tion at an Air Force installation with PFOS/PFOA concentrations in
drinking water exceeding the 2016 U.S. EPA LHA, both in the first/
only samples (9.2 vs. 6:8 ng=mL; p=0:10) and the second samples
(9.3 vs. 5:4 ng=mL; p=0:003). Individuals with a history of service
prior to serum collection at an installation with groundwater PFOS/
PFOA concentrations exceeding the LHA had lower serum concen-
trations of these PFAS vs. other servicemen in first/only samples,
and no difference in second samples (Table 2). A cross-tabulation of
these two variables is provided in Supplementary Table 4. Because
these results are frommodels including both variables as covariates,
we additionally fit models controlling for only one variable at a time
to assess the sensitivity of our findings to this mutual adjustment. In
these analyses, we still observed associations with elevated PFHxS
for the drinking water variable (p=0:06 for first/only samples,
p=0:002 for second samples), whereas associations with the
groundwater variable were no longer statistical significant (PFOS:
p=0:44, p=0:99; PFOA: p=0:52, p=0:66; PFHxS: p=0:10,
p=0:52).

We also observed elevated concentrations of PFOS and PFHxS
for ≥5 y of military service at sample collection for first/only sam-
ples, although these patterns wereweak and not statistically signifi-
cant for second samples (Table 2). We observed similar findings
(but with wider CIs) when we repeated our analyses of PFOS,
PFOA, and PFHxS restricting to samples collected≥0:3 y after the
start of military service (Supplementary Table 5) and to controls
(Supplementary Table 6). In analyses of MeFOSAA, PFNA,
PFDA, and PFUnDA, we did not observe consistent evidence
across samples of positive associations with service-related factors
(Supplementary Table 7). When we analyzed the identified princi-
pal components, military occupation in fire protection prior to se-
rum collection was positively associated with both PC1 and PC2,
whereas years of service at serum collection was positively associ-
ated with PC1 in first/only samples and negatively associated with
PC2 (Supplementary Table 8).

Results from the nested case–control analysis for PFOS,
PFOA, PFHxS (a priori PFAS of interest), and PFNA (found to be
inversely associated with TGCT) are summarized in Table 3. For
PFOS, we observed a suggestive but statistically nonsignificant
association with TGCT for elevated concentrations in the first/only
sample after adjustment for other PFAS [OR for fourth vs. first
quartile ðORQ4Þ=1:8; 95% CI: 0.9, 3.6; ptrend = 0:15]. Among the
subset of subjects with two samples (with cases diagnosed at least
5 y after the earliest sample collection date), we observed a similar
association with TGCT for elevated serum PFOS in the first sam-
ple. For the second sample, however, a statistically significant

association with TGCT was observed for elevated serum PFOS
(ORQ4 = 2:6; 95% CI: 1.1, 6.4; ptrend = 0:02), particularly after
adjustment for other PFAS (ORQ4 = 4:6; 95% CI: 1.4, 15.1;
ptrend = 0:009). We found no evidence of an association with
TGCT for PFOA or PFHxS. For PFNA, we observed a statistically
significant inverse association with TGCT in analyses of the first/
only samples (irrespective of adjustment for other PFAS) and the
second samples (after adjustment for other PFAS). In a joint analy-
sis of dichotomized PFAS concentrations in both samples, only
categories with an above-median PFOS concentration in the
second sample were positively associated with TGCT, whereas
above-median concentrations of PFNA in either sample were
inversely associated with TGCT (Table 3). We observed similar
findings for these four PFAS when we restricted the analysis to
matched sets with case samples collected ≥0:3 y after the start of
military service (Supplementary Table 9) and using regression
models unadjusted for grade and number of deployments
(Supplementary Table 10). When we reanalyzed the PFOS mea-
surement data using the same cut points for each sample type, an
association with elevated serum concentration was observed only
for the second samples (Supplementary Table 11). We found no
clear evidence of an association with TGCT for serum concentra-
tions of MeFOSAA, PFDA, or PFUnDA (Supplementary Table
12). When we conducted case–control analyses of the identified
principal components, PC2 was inversely associated with TGCT
for first/only samples, but not for the second samples, whereas for
PC1 we observed a suggestive positive association with TGCT for
the second samples (Supplementary Table 13).

Table 4 summarizes results from nested case–control analyses
of dichotomized PFOS and PFNA concentrations stratified by
selected subject and sample factors. For PFOS, the positive associa-
tionwith TGCT appeared stronger among non-HispanicWhite indi-
viduals in comparison with persons of other races and ethnicities
combined, particularly for the second sample (pinteraction = 0:04, 0.06
with and without adjustment for other PFAS, respectively). We
observed suggestive differences in PFOS effects in relation to length
of service at sample collection, with the association weakest or null
for samples collected within the first year of military service and
strongest for samples collected at≥5 y of service (forfirst/only sam-
ples) or 1–4 y of service (for second samples); however, tests of
interaction were not statistically significant. PFOS findings also did
not significantly differ across strata for other variables (year of sam-
ple collection, years from sample collection to case diagnosis, tumor
histology). The inverse association between PFNA concentration in
first/only samples and TGCTwas significantly stronger for samples
collected later than 2003, samples collected within the first year of
service, for cases diagnosed <5 y after serum collection, and for
nonseminomas. These differences across strata, however, were gen-
erally not apparent for PFNAconcentrations in the second samples.

To investigate the potential for at least partial mediation by
PFOS effects of the association between military occupation in
fire protection and TGCT, we compared models with and without
adjustment for serum PFOS concentration as a covariate, among
participants with two samples (with cases diagnosed at least 5 y
after the earliest sample collection date). The OR for having fire
protection as a military occupation prior to case diagnosis was
3.8 (95% CI: 0.4, 34.5) among these participants before PFOS
adjustment and 2.3 (95% CI: 0.2, 22.3) after adjustment for PFOS
concentration in the second sample.

Discussion
This study is to our knowledge the first to investigate serum
PFAS concentrations among U.S. Air Force servicemen and their
associations with TGCT. We observed elevated concentrations
of some PFAS (PFHxS and MeFOSAA in particular) among
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servicemen relative to NHANES data for samples collected in the
early 2000s. We also identified some service-related factors asso-
ciated with elevated PFAS concentrations, most notably occupa-
tion in fire protection (with elevated PFOS, PFOA, PFHxS) and a
history of being stationed at an Air Force facility where PFOS/
PFOA concentrations in drinking water samples exceeded the
2016 EPA LHA (elevated PFHxS). In case–control analyses,
higher serum PFOS concentrations were positively associated
with TGCT, particularly in the second samples. We also observed
an inverse association with TGCT for PFNA concentrations,
whereas findings were null for PFOA and other PFAS.

Our finding of significantly elevated serum concentrations of
PFHxS and MeFOSAA (a chemical precursor of PFOS) among
Air Force study controls vs. NHANES for samples collected in
1999–2000 and 2003–2004 is notable, given that the majority of
AFFFs used on DoD facilities at that time involved formulations
containing PFOS and perfluoroalkane sulfonates such as PFHxS.4

Although PFOA is not an intended ingredient of AFFFs, long-
alkyl-chain fluorochemicals in fluorotelomer-based AFFF formu-
lations can break down to PFOA; for example, it has been esti-
mated that 8:2 fluorotelomer alcohol breakdown products react
in the environment to produce PFOAat amolar fraction of between
3% to 6% on a per-emission basis.21,22 PFOS-based AFFFs were
phased out of production in 2003, leading to an increase in DoD
AFFF acquisition of fluorotelomer-based formulations, although
existing military stockpiles of PFOS-based AFFFs continued to be
used.6 The observed secular declines for both NHANES and our
study population controls in serum concentrations of PFOS,
PFHxS, andMeFOSAA through the 2000s is likely an effect of the
phaseout of PFOS-based AFFFs and other products. The weaker
secular decline for PFOA may reflect the later and more gradual
phaseout of this chemical from commercial products.1 No phase-
outs of PFNA, PFDA, and PFUnDA were initiated across the
2000s, which may account for the observed stable concentrations
of these chemicals.

The strongest service-related predictor of elevated serum PFAS
concentrations observed was employment in fire protection (i.e.,
firefighting), with substantially elevated concentrations of PFOS
and PFHxS (and, to a lesser extent, PFOA), likely because of occu-
pational AFFF use. Our findings are consistent with those of a cross-
sectional study of Australian firefighters employed at commercial
airports; that study population had similarly high mean serum con-
centrations of PFOS (74 ng=mL vs. 65 ng=mL in our subjects) and
PFHxS (33 ng=mL vs. 14 ng=mL), whereas the measured PFOA
concentrations did not differ from other general-population compar-
ison populations.23 In contrast, measured serum PFAS concentra-
tions from prior studies of U.S. firefighters were lower than our
observed findings and more variable regarding which PFAS are ele-
vated, althoughmost studies reported elevated circulating PFHxS in
comparison to nonfirefighter reference groups.24–27 Because these
prior U.S. studies did not include military or airport-based fire-
fighters, it is likely that their findings reflect less frequent AFFF use
in nonairport civilian firefighters and variability in the type of AFFF
formulation used. A recent IARCmonograph evaluation of the car-
cinogenicity of occupationalfirefighting noted limited epidemiolog-
ical evidence of an association with testicular cancer.14 Our finding
of a suggested association betweenfire protection as amilitary occu-
pation and TGCT (reported in greater detail in another publica-
tion),20 although not statistically significant, offers further evidence
supporting a relationship. Our observation that the association
between firefighting prior to case diagnosis and TGCT among sub-
jects with two samples became attenuated after adjustment for
PFOS concentration in the second sample is compatible with a role
for PFOS effects in mediating the association between firefighting
and testicular cancer.

We also observed elevations in PFHxS serum concentrations
in subjects who were previously stationed at Air Force bases
reported by the DoD to have PFOA/PFOS concentrations in
drinking water samples exceeding the 2016 U.S. EPA LHA of
70 ppt.8 It is unclear why elevations in PFOS or PFOA them-
selves were not observed; we speculate that one possible explana-
tion is the longer serum half-life of PFHxS, estimated at 5–7 y
vs. 2–3 y for PFOS and PFOA.28 As the difference in concentra-
tions in first/only samples did not achieve statistical significance
and these findings are based on a small number of exposed sub-
jects, these findings should be interpreted with caution and war-
rant further study.

A novel finding from our nested case–control analysis is the
observed association between elevated serum PFOS concentra-
tions and TGCT. We are not aware of prior epidemiological evi-
dence regarding circulating PFOS and testicular cancer, although
one notable study is an investigation of cancer incidence conducted
in the Ronneby Register Cohort, a study of residents of Ronneby,
Sweden, with PFAS-contaminated drinking water dominated by
extremely high levels of PFOS and PFHxS, with geometric mean
serum concentrations of 199 ng=mL and 176 ng=mL, respectively,
observed in a sample of residents who resided between 1985 and
2013 in neighborhoods receiving water from the contaminated
waterworks.10 In that investigation, a moderately increased risk of
testicular cancer was observed among residents who resided at an
address supplied by contaminated drinking water, although the CIs
were wide and included unity. It is unclear what pathogenetic
mechanisms would mediate a causal association between PFOS
and TGCT. Nevertheless, there is toxicological evidence of PFOS-
induced male reproductive toxicity in adult mice (reduced testis
weight and sperm counts), adult rats (degeneration of gonadotro-
phic cells and spermatozoids, testicular edema), and zebrafish
(gonad structural changes, decrease in spermatogonia).29–31 It has
been hypothesized that endocrine-disrupting chemicals may con-
tribute to the pathogenesis of testicular cancer, given the impor-
tance of sex steroid hormones in urogenital development and
homeostasis.32

We observed stronger evidence of an association between se-
rum PFOS concentrations and TGCT in the analysis of the second
banked samples, collected on average after several years of mili-
tary service, in comparison with the results for first/only samples.
The reasons for this are unclear. One possibility is that the meas-
urements in first/only samples (a large proportion of which were
collected close to the start ofmilitary service)may be less represen-
tative of long-term PFOS concentrations, given that they are more
likely to reflect a combination of PFOS exposures as civilians and
exposures during military service (which may differ), whereas the
second samplesmay on average reflect a more consistent pattern of
exposure and bemore informative as surrogates of longer-term lev-
els. In line with this hypothesis is the finding that, in stratified anal-
yses of measurements from the first/only samples, serum PFOS
concentration is associated with TGCT for subjects with ≥5 y of
service at the time of specimen collection. In our stratified analysis
we also observed a stronger association with PFOS among non-
Hispanic White subjects vs. subjects of other racial/ethnic back-
grounds, particularly for results with the second samples. The rea-
son for this difference by race, if real, is unknown, although it is
notable that the incidence of TGCT in the United States is highest
among Non-Hispanic White men.11 Given the small number of
cases among persons of other race and ethnicity, these findings
should be interpretedwith caution.

We did not observe positive associations for other PFAS with
TGCT. Our null findings for PFOA are inconsistent with results
from a few epidemiological studies involving workers at PFOA
production plants and communities with contaminated drinking
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water.33,34 However, because these studies involved subjects
having PFOA concentrations substantially higher than those
observed in our study population, we cannot rule out an associa-
tion with testicular cancer at higher concentrations. We also
observed an inverse association with PFNA, a PFAS used in
some AFFFs, although not the PFOS-based formulation previ-
ously used by the DoD.22 We are not aware of prior evidence
suggesting an inverse association between PFNA and other health
end points. It is notable that the observed inverse association was
apparent only among cases diagnosed <5 y after serum collec-
tion. The absence of an association with PFNA after incorporat-
ing a 5-y lag raises the question of whether chance or disease-
induced effects (reverse causation) may account for the finding.

Our study has several strengths. It is to our knowledge the
largest study of PFAS exposure and testicular cancer conducted
to date and the first to investigate associations with directly meas-
ured serum PFAS concentrations. The use of prediagnostic speci-
mens in this study reduced the potential for reverse causation
bias, and the availability of multiple specimens for a subset of
participants enabled us to evaluate PFAS associations at different
periods of service. In addition, the linkage to DoD records for
each individual enabled us to investigate possible service-related
sources of PFAS exposure.

The study also has limitations, including the comparatively
small number of cases and controls with two prediagnostic sam-
ples, which limited the statistical power of analyses within this sub-
group. In addition, the small number of non-White participants
precluded case–control analyses stratified by race and ethnicity.
We were unable to adjust for prior history of cryptorchidism or
family history of testicular cancer, known TGCT risk factors, in
our analysis, because this information is not captured within the
DMSS. However, as cryptorchidism has not been associated with
PFAS exposures35 and <5% of TGCT cases are expected to have
each risk factor,36 confounding from these factors is unlikely to
account for our findings. Our restriction to cases age≤39 y at diag-
nosis may affect the generalizability of our findings to cases diag-
nosed at older ages (∼ 30% of all cases in the U.S. general
population).37 We also note that the PFAS concentrations in first/
only samples may not be representative of PFAS exposures among
Air Force servicemen in general, given that approximately half of
the samples were collected <0:3 y after the start ofmilitary service;
the second samples are likely more informative in this regard. In
addition, we limited the study follow-up to cases diagnosed while
on active duty; this restriction was made because the DoD cancer
registry does not comprehensively capture cancer diagnoses after
servicemen are discharged from active-duty service. The lag
time between serum collection and case diagnosis varied widely
(between 0.0 and 19.8 y); however, the association between dicho-
tomized PFOS concentration and TGCT did not differ between
analyses restricted to cases diagnosed <5 y after serum collection
and cases diagnosed ≥5 y post-phlebotomy. The time from blood
collection to processing, HIV testing, and repository storage likely
varied across samples, although the impact of such preanalytical
factors on measured PFAS concentrations is unclear; one study
reported that serum concentrations of PFHxS, PFOA, PFOS, and
PFNA were stable even when serum was left at room temperature
for 10 d,38 whereas another study found differences in the concen-
trations of many PFASwhen samples were immediately processed
and frozen as plasma, in comparison with when samples were
shipped by mail at ambient temperature when the transportation
occurred during the winter months.39 The impact of the long stor-
age time on serum PFAS concentrations is unknown; however,
because we individually matched controls to cases on the basis of
the year(s) of serum collection, among other matching factors, we
would not expect differential measurement error between matched

pairs from storage-related effects. We had a small number of sam-
ples collected after 2012, which prevented us from investigating
more recent patterns of PFAS exposure in Air Force personnel.
Last, given the multiple comparisons conducted in this analysis,
we cannot rule out the possibility that at least some of the observed
associations may have arisen due to chance; replication of these
findings in other populations is needed.

In conclusion, this study of U.S. Air Force servicemen pro-
vides novel evidence of service-related predictors of PFAS expo-
sure and of an association between elevated serum PFOS
concentrations and TGCT. These findings argue for further exam-
ination of PFOS exposure and testicular cancer, particularly
among military and highly exposed populations. Additional
research investigating serum PFAS concentrations in military
personnel would provide useful information to confirm our find-
ings and, using recently collected sera, gain insight into current
patterns of PFAS exposure in this population.
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