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Perfluorooctanesulfonyl fluoride (POSF, C8F17SO2F) is used to create
applications for surfactants and paper, packaging, and surface (eg,
carpets, textiles) protectants. Such POSF-based products or their resid-
uals may degrade or metabolize to PFOS (C8F17SO3

!). PFOS concen-
trates in liver and serum and results in hypolipidemia as an early effect
of cumulative dosages. Male and female employees of two perfluoroocta-
nyl-manufacturing locations (Antwerp, Belgium and Decatur, Ala-
bama) participated in a periodic medical surveillance program that
included hematology, clinical chemistry, thyroid hormone, and urinal-
ysis testing. Serum concentrations of PFOS and perfluorooctanoate
(PFOA, C7F15CO2

!, used as a fluoropolymer emulsifier) were measured
via mass spectrometry methods. The mean serum PFOS and PFOA
concentrations for 263 Decatur employees were 1.32 parts per million
(ppm; geometric mean 0.91, range 0.06–10.06 ppm) and 1.78 ppm
(geometric mean 1.13, range 0.04–12.70 ppm), respectively. Mean
concentrations were approximately 50% lower among 255 Antwerp
workers. Adjusting for potential confounding factors, there were no
substantial changes in hematological, lipid, hepatic, thyroid, or urinary
parameters consistent with the known toxicological effects of PFOS or
PFOA in cross-sectional or longitudinal analyses of the workers’
measured serum fluorochemical concentrations. (J Occup Environ
Med. 2003;45:260–270)

P erfluorooctanesulfonyl fluoride
(POSF, C8F17SO2F), which is pro-
duced by an electrochemical fluori-
nation process, is used as the basic
building block to create unique
chemistries through the sulfonyl flu-
oride moiety using conventional hy-
drocarbon reactions. Applications in-
clude surfactants and paper,
packaging, and surface (eg, carpet,
upholstery, textile) protectants. De-
pending upon the specific functional
derivatization or the degree of poly-
merization, such POSF-based prod-
ucts or their residuals may degrade
or metabolize to an undetermined
degree to PFOS (C8F17SO3!). PFOS
is a stable and persistent end-product
that has the potential to bioaccumu-
late. Although not a major commer-
cial product, PFOS has been used in
some products, including firefighting
foams. Another fluorochemical, the
ammonium salt of perfluorooctano-
ate (PFOA, C7F15CO2!) is produced
to be an emulsifier in the polymer-
ization of fluoropolymers. In May
2000, the 3M Company announced
that it would voluntarily cease man-
ufacturing perfluorooctanyl-related
materials after PFOS was found to be
pervasive and persistent in human
populations and wildlife.1–5 Nonoc-
cupational exposures to PFOS or
precursors are not well understood at
this time but could include environ-
mental sources, consumer products,
or as indirect food additives.
PFOS concentrates primarily in

the liver and, to a lesser extent, in the
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plasma, of rats.6 There appears to be
significant enterohepatic circulation
of PFOS with both urinary and fecal
excretion.7 Subchronic studies in rats
and primates suggest that the toxicity
of PFOS is dependent upon cumula-
tive dose.8–12 Decreased serum cho-
lesterol was the earliest clinical
chemistry response observed in pri-
mates and occurred at serum PFOS
(potassium salt) concentrations
above 100 parts per million (ppm).12
Rats fed PFOS (potassium salt) at 20
ppm in the diet over a 2-year time
period experienced a marginal in-
crease in liver tumors, primarily ad-
enomas.13 Although the mechanism
of toxicity in laboratory animals re-
mains to be fully elucidated, PFOS
toxicity may involve: 1) the inhibi-
tion of HMG CoA reductase and acyl
CoA cholesterol acyl transferase ac-
tivity;14 2) activation of the PPAR"
receptor;15,16 3) disturbances in fatty
acid transport and metabolism;17
and/or 4) altered membrane function
changes and mitochondrial bioener-
getics.18,19
There are substantial sex and

species differences in elimination
of PFOA with the longest serum
elimination half-life reported for
humans.20–23 Besides urinary ex-
cretion, biliary excretion and reab-
sorption of PFOA occurs.7 The
liver is the primary target organ for
PFOA-induced toxicity. PFOA pro-
duced hypolipidemia in ro-
dents14,24 but not in a 6-month
capsule feeding study of cynomol-
gus monkeys.22 Increased liver
weight as a result of mitochondrial
proliferation occurred in all three
monkey dose groups (3, 10, and 20
mg/kg/day), although histopatho-
logic evidence of liver injury oc-
curred only in the highest dose
group. Two-year lifetime bioassays
of rats fed 300 ppm PFOA in the
diet resulted in the increased inci-
dence of tumors (adenomas) of the
liver, pancreas (acinar cell), and
testes (Leydig cell).25 The hepato-
cellular tumors may result from a
combination of oxygen stress and
cell proliferation that accompanies

an increase in peroxisomes. The
tumors observed in the testis may
be the consequence of sustained
increases in estradiol as a result of
aromatase induction25–27 whereas
those in the pancreas may involve
the release of cholecystokinin as a
result of cholestasis.28 It remains to
be determined whether these possi-
ble mechanisms are relevant to hu-
mans.
Serum measurements of PFOS

and PFOA have been obtained as
part of the 3M Company’s effort to
assure worker safety as related, in
particular, to lipid and hepatic pa-
rameters because of the toxicolog-
ical evidence that indicates the
liver is the target organ of effect in
rats and primates. The company’s
fluorochemical medical surveil-
lance program is offered employees
on a routine periodic basis at three
3M manufacturing facilities: Ant-
werp (Belgium), Cottage Grove
(Minnesota), and Decatur (Ala-
bama). Electrochemical fluorina-
tion at the Cottage Grove site in-
volved the production of PFOA and
its associated salts but not
POSF.29–31 The present study fo-
cused on the company’s Antwerp
and Decatur facilities, where POSF
and PFOA have been produced.
Although a cross-sectional assess-
ment of the 1995 and 1997 Antwerp
and Decatur medical surveillance
program data was previously re-
ported, the data were limited for
several reasons: low voluntary em-
ployee participation, no inclusion of
female employees, inherent limita-
tions of the cross-sectional design,
and analysis of only serum PFOS
concentrations.32 Increased em-
ployee participation in the year 2000
medical surveillance program al-
lowed for a much larger cross-
sectional analysis of both male and
female employees and also enabled a
6-year longitudinal assessment of
clinical chemistries in relation to
PFOS, PFOA, and a calculated total
organic fluorine value.

Materials and Methods
Manufacturing Sites
The manufacturing operations of

the two sites are similar. Fluoro-
chemical production occurs in sev-
eral buildings. In one building,
where the base product is manufac-
tured, POSF, occurs via electro-
chemical fluorination. At another
building, the POSF starting material
is reacted to form fluorochemical
amines and then further to other fluo-
rochemicals, including alcohols and
acrylates with subsequent polymer-
ization. Synthetic fluoroelastomers
are also produced at both facilities.
PFOA has been routinely produced
at Antwerp but only since 1999 in
Decatur. However, PFOA can be a
byproduct of POSF-related manufac-
turing at both facilities.
The fluorochemical medical sur-

veillance program is available on a
periodic voluntary basis to all Ant-
werp and Decatur chemical plant
employees and those employees with
site-wide responsibilities (eg, envi-
ronmental, health and safety work-
ers). In 2000, approximately 340
Antwerp and 500 Decatur chemical
plant and site employees were eligi-
ble to participate. The surveillance
program measured several serum
fluorochemicals, including PFOS
and PFOA as well as hematology,
clinical chemistries, and thyroid hor-
mones. Urinalyses were conducted
only in Decatur.

Hematology, Clinical Chemistry,
Thyroid Function, and Urinalysis
Upon collection and shipment of

specimens, Allina Laboratory Ser-
vices (St. Paul, MN) performed stan-
dard hematological and clinical
chemistry tests for both manufactur-
ing sites. These included the follow-
ing hematological tests: hematocrit
(percent), hemoglobin (gm/dL), red
blood cells (RBC, 1000/mm3), white
blood cells (WBC, 1000/mm3) and
platelet count (1000/mm3); and the
following clinical chemistry tests: al-
kaline phosphatase (IU/L), gamma
glutamyl transferase (GGT, IU/L),
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aspartate aminotransferase (AST, IU/
L), alanine aminotransferase (ALT,
IU/L), total and direct bilirubin (mg/
dL), cholesterol (mg/dL), high-
density lipoprotein (HDL, mg/dL),
triglycerides (mg/dL), blood glucose
(mg/dL), blood urea nitrogen (BUN,
mg/dL), and serum creatinine (mg/
dL). Reference ranges have been rel-
atively constant since 1994/95, al-
though for ALT the range declined
from 20–65 IU/L in 1994/95 to
1–40 IU/L in 1997 and 2000. Six
thyroid tests were conducted by Lab-
Corp (Kansas City, MO): thyroid-
stimulating hormone (TSH; #IU/
mL); serum thyroxine (T4; #g/dL);
free thyroxine (free T4; ng/dL); se-
rum triiodothyronine (T3; ng/dL);
thyroid hormone binding ratio
(THBR, previously referred to as T3
Uptake); and free thyroxine index
(FTI). TSH, free T4, and T3 were
determined by an immunochemilu-
minometric assay. T4 and THBR
were determined by a cloned enzyme
donor immunoassay. FTI was calcu-
lated by multiplying T4 and THBR.
Urinalyses were only performed on
Decatur employees via the standard
urine microstick analysis, which
tested for urine glucose, albumin and
red blood cells.

Fluorochemical Analyses
In the 2000 fluorochemical medi-

cal surveillance program, the em-
ployees’ sera samples were extracted
and quantitatively analyzed for
PFOS and PFOA using high-pres-
sure liquid chromatography electros-
pray tandem mass spectrometry and
evaluated versus an extracted curve
from a human plasma matrix. All
serum fluorochemical analyses were
determined by Northwest Bioanalyti-
cal Laboratory Inc. (Salt Lake City,
UT). Sera samples were extracted
using an ion-pairing extraction pro-
cedure.2 Evaluation of quality con-
trol samples injected during each an-
alytical run indicated that the
reported quantitative results may
have varied, on average, up to 20%
although most analyses were within
$10%. For all employees, serum

values for PFOS and PFOA values
were above the lower limit of quan-
titation. Results are reported in ppm.
Five other fluorochemical analytes

were also analyzed in the 2000
medical surveillance program: per-
fluorohexanesulfonate (C6F13SO3!);
N-ethyl perfluorooctanesulfonamid-
oacetate (C8F17SO2N(CH2CH3)CH2
COO!); N-methyl perfluorooctanesul-
fonamidoacetate (C8F17SO2N(CH3)
CH2COO!); perfluorooctanesulfon-
amidoacetate (C8F17SO2NHCH2
COO!); and perfluorooctanesulfon-
amide (C8F17SO2NH2). These fluo-
rochemicals were measured at con-
centrations 1 to 3 orders of
magnitude lower than PFOS and
PFOA and are therefore not pre-
sented. A total organic fluorine
(TOF) value was determined by
calculating the percent of each of
the seven specific fluorochemical’s
molecular weight that was attrib-
uted to organic fluorine (eg, PFOS,
64.7%; PFOA, 69.0%) multiplied
by the ppm measured for each fluo-
rochemical and then summed
across all seven fluorochemicals.
Serum fluorochemical analyses

were conducted at different laborato-
ries in the previous surveillance
years (1994 [Decatur], 1995 [Ant-
werp], and 1997 [both facilities])
using slight variations of the Hansen
et al. method.2 In those years, only
PFOS and PFOA were quantified.
Therefore, TOF for the longitudinal
assessment was based only on PFOS
and PFOA.

Data Analyses
For the cross-sectional analyses,

associations between PFOS, PFOA,
or TOF and each hematological and
clinical chemistry test and thyroid
hormone assay were evaluated with
descriptive statistics, analysis of
variance, and multivariable regres-
sion. For stratified analyses, employ-
ees were divided into quartiles of
their serum PFOS distribution. Age,
body mass index, current alcohol
consumption (drinks per day) and
cigarette use (cigarettes smoked per
day), years worked at Antwerp or

Decatur, and type of job (production
versus nonproduction) were potential
confounding factors that were con-
sidered in the analyses. Production
jobs included cell operators, chemi-
cal operators, mill operators, and
crew supervisors. Nonproduction
jobs included engineers, quality-
assurance laboratory and research
workers, and administration (eg,
managers, clerical staff).
Logistic regression was used to

calculate adjusted odds ratios for the
quartile distribution of employees
who had liver function tests above
the laboratory’s reference ranges. In
addition, the individual continuous
dependent variables (lipids, hepatic
enzymes or thyroid hormones) were
fitted in multivariable regression
analyses with PFOS, PFOA, or TOF
analyzed as an independent continu-
ous variable(s). The statistical signif-
icance of the fluorochemical coeffi-
cient was considered at P % 0.05.
Natural log transformations of the
dependent variables were performed
when necessary to normalize vari-
ables and to enhance model fit. Study
results were analyzed using the SAS
System (SAS Institute, Cary,
NC).33,34
For the longitudinal assessment,

lipid and hepatic clinical chemistry
tests were evaluated as repeated
measures incorporating the random
subject effect fitted to a mixed model
by the MIXED procedure in the SAS
statistical package.35 Restricted max-
imum likelihood estimates of vari-
ance parameters were computed. Ad-
justed regression models were built
by introducing all covariates (see
below) and testing the covariance
structure. Equal spacing was as-
sumed given there were approxi-
mately 3 years between each medical
surveillance examinations. Based on
goodness-of-fit tests, the autoregres-
sive was routinely considered the
best covariance structure for the
mixed models. Variables included
PFOS (or PFOA or TOF), years of
observation (ie, follow-up), the inter-
action term of PFOS and years of
observation, age, body mass index
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(BMI), cigarettes smoked per day,
alcohol drinks per day, location, year
at first entry, and baseline years
worked. Serum triglycerides was
also considered a potential con-
founding factor for all hepatic clini-
cal chemistry analyses (cross sec-
tional and longitudinal).

Results

Cross-sectional Analysis
Altogether, there were 255 (75%)

Antwerp employees (206 male and

49 female) and 263 (52%) Decatur
employees (215 male, 48 female)
who voluntarily participated in the
2000 fluorochemical medical sur-
veillance program. Seventy-three
percent of the Antwerp male em-
ployee participants and 75% of the
Decatur employee participants
worked in production activities. Only
12% of the Antwerp female employ-
ees worked in production activities
compared with 63% of the Decatur
female employees.
Presented in Fig. 1 are the distri-

butions of serum PFOS and PFOA
concentrations among the Antwerp
and Decatur employee participants.
The arithmetic mean serum PFOS
concentration among all Antwerp
subjects was 0.80 ppm (range 0.04–
6.24 ppm) with a geometric mean of
0.44 ppm (95% CI & 0.38–0.51).
For PFOA, the arithmetic mean was
0.84 ppm (range 0.01–7.04 ppm)
with a geometric mean of 0.33 ppm
(95% CI & 0.27–0.40). The arith-
metic mean serum PFOS concentra-
tion among all Decatur participants

Fig. 1. Distribution of Antwerp and Decatur employees by their serum PFOS and PFOA concentrations.
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was 1.32 ppm (range 0.06 to 10.06
ppm) with a geometric mean of 0.91
ppm (95% CI & 0.82–1.02). For
PFOA, the arithmetic mean was 1.78
ppm (range 0.04–12.70 ppm) with a
geometric mean of 1.13 ppm (95%
CI & 0.99–1.30).
Antwerp male employees com-

pared with their Decatur counterparts
had lower mean serum PFOS and
PFOA concentrations; were younger;
had lower BMIs; drank more alco-
holic beverages per day; and had
higher mean HDL and total bilirubin
and lower triglyceride and hepatic
clinical chemistry values (Table 1).
Similar findings were observed be-
tween Antwerp and Decatur female
employees (Table 1).
Presented in Table 2 are the mean,

standard deviation, and range of de-
mographic, clinical chemistry, and
thyroid hormone results stratified by
the serum PFOS quartile distribution
for the combined 421 Antwerp and
Decatur production and nonproduc-
tion male employees. (Note: The me-
dian values [data not shown in Table
2] by PFOS quartile, for PFOS,
PFOA, and TOF were, respectively:

quartile 1: [0.29, 0.25, 0.43 ppm];
quartile 2 [0.59, 0.86, 1.14 ppm];
quartile 3 [1.17, 1.20,1.88 ppm]; and
quartile 4 [2.46, 2.43, 4.06 ppm].) As
noted in the footnote to Table 2, the
demographic and clinical values re-
flect the higher percentage of Antwerp
employees in the lowest PFOS quartile
and the higher percentage of Decatur
employees in the upper PFOS quar-
tiles. The fourth quartile had statisti-
cally significant higher mean values
than the first quartile for triglycerides,
alkaline phosphatase, ALT and T3.
The fourth quartile had significantly
lower mean values for drinks per day
and total bilirubin compared to the first
quartile. There were no significant
mean differences between quartiles for
cigarettes smoked, hematology, blood
glucose, BUN, serum creatinine or uri-
nalyses (data not shown).
Similar to Table 2, presented in

Table 3 are the serum PFOS quartile
distributions for Antwerp and Deca-
tur production and nonproduction fe-
male employees. Again, the Antwerp
employees predominated in the low-
est serum PFOS quartile and Decatur
female employees predominated in

the highest quartile. [Note: The me-
dian values [data not shown], by
quartile, for PFOS, PFOA and TOF
were, respectively: quartile 1: [0.08,
0.02, 0.09 ppm]; quartile 2 [0.13,
0.05, 0.14 ppm]; quartile 3 [0.37,
0.36, 0.59 ppm]; and quartile 4 [1.34,
1.39, 2.66 ppm].) The fourth quartile
had significantly higher mean values
than the first quartile for age, BMI,
alkaline phosphatase, and GGT. The
fourth quartile had significantly
lower mean values for alcoholic drinks
per day and total bilirubin. There were
no significant mean differences for
cigarettes smoked, hematology, blood
glucose, BUN, serum creatinine, or
urinalyses (data not shown).
Summarized in Table 4 are the

number of Antwerp and Decatur em-
ployees (and percentages) who had
hepatic enzyme tests above reference
range values, stratified by the quar-
tiles of the serum PFOS distribution.
Among male employees, 12% of the
employees in the fourth quartile had
above reference range values for
ALT and GGT compared with 4 to
8% in the first through third quar-
tiles. For the total liver panel, 23% of

TABLE 1
Mean and Standard Deviation Comparisons Between Antwerp and Decatur Employees’ Serum PFOS, PFOA, TOF,
Demographic and Clinical Chemistry Results, by Gender

Males Females

Antwerp (N ! 206) Decatur (N ! 215) Antwerp (N ! 49) Decatur (N ! 48)

Mean SD Mean SD Mean SD Mean SD

PFOS 0.96d 0.97 1.40 1.15 0.13d 0.10 0.93 0.81
PFOA 1.03d 1.09 1.90 1.59 0.07d 0.17 1.23 1.18
TOF 1.60d 1.34 2.65 2.00 0.17d 0.20 1.76 1.50
Age 37d 9 43 9 36 7 42 9
BMI 24.8d 3.0 28.8 4.4 22.8d 3.2 27.7 5.9
Years worked 13c 8 16 13 12a 7 13 10
Alcoholic drinks/day 1.1d 1.1 0.1 0.3 0.5d 0.4 0.1 0.1
Cholesterol 218 41 215 42 208 36 200 39
HDL 55d 15 44 10 68a 16 59 12
Triglycerides 124d 87 191 124 94d 45 133 152
Alk Phos 60d 15 74 20 46a 13 65 18
GGT 23d 17 31 18 12d 7 18 15
AST 23c 6 26 8 18 6 20 7
ALT 23d 10 35 16 13d 6 19 10
Total Bilirubin 1.0d 0.3 0.7 0.2 0.8b 0.3 0.6 0.2

a p % .05 compared to Decatur (student t test).
b p % .01 compared to Decatur (student t test).
c p % .001 compared to Decatur (student t test).
d p % .0001 compared to Decatur (student t test).
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the male employees had one or more
liver clinical chemistry tests above
the reference range value compared
with 14 to 16% of the male employ-
ees in the lower three quartiles. Odds
ratios were calculated for each quar-
tile for those employees above or
below reference ranges as listed in
Table 4 (quartile one reference odds
ratio & 1.0). The odds ratios were
adjusted for the potential confound-
ing effects of age, BMI, alcohol,
cigarettes, and location. For ALT,
the odds ratios for the second, third,
and fourth quartiles were (95% CI in
parentheses) 0.6 (95% CI & 0.1–
2.8), 1.2 (0.3–4.8), and 2.1 (0.6–
7.3), respectively. For GGT, the odds
ratios were 1.3 (0.4–4.1), 0.9 (0.3–
3.1), and 2.0 (0.7–5.8), respectively.
For the total liver panel, the odds
ratios were: 1.1 (0.5 to 2.3), 1.1
(0.4–2.3), and 1.6 (0.7–3.3), respec-
tively. None of the odds ratios were

statistically significant (P % 0.05).
Logistic models did not meet satis-
factory convergence criteria because
of the few male subjects with values
above the reference ranges for alka-
line phosphatase or AST or for fe-
male employees for any liver func-
tion analysis in Table 4.
Using multivariable regression anal-

ysis and adjusting for potential con-
founders, serum PFOS was positively
associated with the natural log of se-
rum cholesterol (PFOS coefficient &
0.020, P value & 0.04) and triglycer-
ides (PFOS coefficient & 0.066, P
value & 0.01), although these associa-
tions contributed minimally (partial R2
% 0.01 and 0.03, respectively) to the
variation explained in the models (cho-
lesterol model adjusted R2 & 0.06;
triglyceride model adjusted R2 &
0.27). PFOA and TOF were also pos-
itively associated with cholesterol and
triglycerides with similar variations

explained. These modest positive asso-
ciations for PFOS or PFOA, however,
were opposite the expected direction
based on the known toxicity of these
compounds. HDL was not signifi-
cantly associated with PFOS or PFOA.
Adjusting for their potential confound-
ers, the hepatic enzyme and bilirubin
analyses were not significantly associ-
ated with PFOS or PFOA. Multivari-
able regression analyses of the thyroid
hormones resulted in no significant
associations with PFOS or PFOA ex-
cept for a positive association with the
natural log of T3 (PFOS coefficient &
0.015, P value & 0.04; PFOA coeffi-
cient& 0.016, P value& 0.01), which,
again, contributed minimally to the
variation explained in the model (par-
tial R2 & 0.01).

Longitudinal Analysis
A total of 174 Antwerp and Deca-

tur male employees participated in

TABLE 2
Antwerp and Decatur Production and Non-Production* (N & 421) Male Employees’ PFOS, PFOA, TOF, Demographic,
Clinical Chemistry and Thyroid Hormone Results by Quartile of Serum PFOS Distribution*

Quartile 1 (N ! 105) Quartile 2 (N ! 105) Quartile 3 (N ! 106) Quartile 4 (N ! 105)

Mean SD Range Mean SD Range Mean SD Range Mean SD Range

PFOS 0.272,3,4 0.11 0.04–0.42 0.601,3,4 0.12 0.43–0.81 1.191,2,4 0.24 0.82–1.68 2.691,2,3 1.09 1.69–10.06
PFOA 0.542,3,4 0.77 0.01–4.03 1.211,4 1.19 0.06–7.04 1.451,4 1.10 0.12–7.48 2.701,2,3 1.63 0.25–12.70
TOF 0.622,3,4 0.58 0.05–3.03 1.401,3,4 0.89 0.38–5.69 2.121,2,4 0.87 0.98–6.61 4.411,2,3 1.72 1.92–12.23
Age 383 10 23–60 41 10 21–63 421 9 22–61 40 9 27–60
BMI 25.8 4.0 19.2–40.8 26.9 4.0 19.0–37.3 27.3 4.5 17.2–50.1 27.2 4.5 17.8–45.5
Years worked 123 10 1–38 15 12 2–38 161 11 1–38 15 10 2–38
Drinks/day 0.93,4 1.0 0–5 0.6 0.9 0–4 0.51 0.9 0–6 0.51 0.9 0–5
Cholesterol 214 41 140–331 214 43 121–308 215 39 105–303 222 44 122–384
HDL 54 15 31–121 47 11 29–80 48 13 24–100 48 15 26–119
Triglycerides 1314 95 32–527 155 102 35–633 169 123 32–731 1771 123 39–796
Alk Phos 613,4 16 26–98 67 18 30–142 691 21 30–160 701 19 21–126
GGT 24 16 7–111 29 22 7–144 26 15 6–89 30 17 7–85
AST 25 8 13–58 25 6 16–49 24 7 7–51 25 9 13–69
ALT 264 13 10–91 28 11 10–63 28 14 6–103 331 19 8–99
Total Bilirubin 1.03,4 0.3 0.5–2.0 0.9 0.3 0.3–2.0 0.81 0.3 0.4–2.0 0.81 0.3 0.4–2.2
TSH 2.0 1.2 0.03–5.7 3.1 6.6 0.5–65.3 2.1 2.0 0.2–18.8 2.5 2.8 0.5–21.5
T4 8.3 1.4 0.5–11.5 8.2 1.4 4.2–12.0 8.3 1.5 3.3–12.9 8.4 1.4 4.7–11.4
Free T4 1.1 0.2 0.9–1.5 1.1 0.1 0.6–1.4 1.1 0.2 0.4–1.6 1.1 0.2 0.8–1.6
T3 1244 17 94–164 128 20 86–186 127 21 91–196 1321 22 87–190

* Number of male employees by location, production (P) and non-production (NP) category and quartile (percent in parenthesis).
Q1 Q2 Q3 Q4

P NP P NP P NP P NP

Antwerp 38 38 38 12 38 4 36 2
Decatur 7 22 40 15 51 13 63 4
Total 45 (43) 60 (57) 78 (74) 27 (26) 89 (84) 27 (16) 99 (94) 6 (6)

1 Mean is significantly different (P % .05, Bonferroni (Dunn) t test) from the mean of the 1st quartile; 2 2nd quartile; 3 3rd quartile; 4 4th quartile.
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the year 2000 medical surveillance
program and at least one of the two
previous program years: 64 (37%)
participated in both 1994/95 and
2000 (Antwerp& 45, Decatur& 19);
69 (39%) of the longitudinal group
participated in both 1997 and 2000
(Antwerp & 34, Decatur & 35); and
41 (24%) participated in all 3 years
(Antwerp & 21, Decatur & 20). For
purposes of brevity, these three sub-
populations are referred to as sub-
groups A, B, and C, respectively.
Presented in Table 5 are the mean

PFOS, PFOA, and TOF concentra-
tions for these three subgroups by
manufacturing site and year of the
medical surveillance program. Se-
rum PFOS declined over the 6-year
time period whereas mean serum
PFOA concentrations increased for
subgroups B and C.
Serum PFOS was not a significant

predictor of cholesterol or triglycer-

ides in the longitudinal analyses (Ta-
ble 6). PFOA and TOF, however,
were positively associated with cho-
lesterol as well as triglycerides. This
association was primarily attributed
to the 21 Antwerp employees repre-
sented in subgroup C whose mean
serum PFOA levels increased over
the 6-year period from 1.32 ppm to
2.06 ppm whereas their serum PFOS
levels declined from 2.10 ppm to
1.53 ppm. During the same time
period, their mean cholesterol values
increased from 208 mg/dL to 229
mg/dL and their triglyceride levels
increased from 85 mg/dL to 123
mg/dL. Their BMIs increased from
23.4 to 24.3. There were no signifi-
cant PFOS, PFOA, or TOF coeffi-
cients associated with changes in
HDL or the various liver function
tests (data not shown) adjusting for
the potential confounders.

Discussion
Medical surveillance programs in

the workplace, including the present
fluorochemical program, are usually
voluntary. High participation rates in
these voluntary programs are impor-
tant to identify employees with ab-
normal test results, minimize partic-
ipation bias, and increase the
statistical power to detect subtle ab-
normalities.36 Also, nonparticipation
may not allow for an adequate char-
acterization of the distribution of
chemical-specific serum concentra-
tions in employee biomonitoring
analyses. We previously addressed
this latter question by conducting a
random sample biomonitoring study
of Decatur employees and 80% of
those eligible participated.37 The se-
rum distributions of PFOS and
PFOA concentrations were compara-
ble to previous data collected

TABLE 3
Antwerp and Decatur Production and Non-Production* (n & 97) Female Employees’ PFOS, PFOA, TOF, Demographic,
Clinical Chemistry and Thyroid Hormone Results by Quartile of Serum PFOS Distribution*

Quartile 1 (n ! 24) Quartile 2 (n ! 24) Quartile 3 (n ! 25) Quartile 4 (n ! 24)

Mean SD Range Mean SD Range Mean SD Range Mean SD Range

PFOS 0.073,4 0.02 0.04–0.10 0.134 0.03 0.10–0.19 0.391 0.15 0.20–0.70 1.511,2,3 0.76 0.77–3.62
PFOA 0.043,4 0.04 0.01–0.23 0.074 0.07 0.02–0.34 0.611 0.74 0.04–3.50 1.881,2,3 1.20 0.25–5.41
TOF 0.093,4 0.04 0.05–0.26 0.173,4 0.07 0.09–0.35 0.801,2,4 0.61 0.21–3.02 2.771,2,3 1.44 0.86–7.81
Age 344 9 24–52 374 7 25–52 39 9 25–58 441,2 6 30–52
BMI 22.84 2.7 18.4–28.3 23.94 4.3 17.3–32.3 25.5 6.1 18.3–45.3 28.71,2 5.7 20.3–41.5
Years Worked 11 8 1–29 15 7 3–29 12 9 2–27 14 10 3–32
Drinks/day 0.44 0.4 0–1 0.44 0.4 0–1 0.3 0.4 0–2 01,2 0.1 0–1
Cholesterol 207 39 132–274 203 39 138–302 200 32 139–271 208 42 129–313
HDL 66 16 46–121 65 16 33–104 63 15 38–104 60 13 36–91
Triglycerides 93 48 26–248 91 41 24–172 107 53 32–233 164 206 42–1049
Alk Phos 504 16 22–81 443,4 11 20–65 592 16 32–91 691,2 18 41–100
GGT 114 7 2–32 13 8 5–41 14 6 7–30 221 21 6–97
AST 19 5 11–31 18 7 9–43 19 5 11–33 19 7 7–39
ALT 13 5 8–35 16 11 6–58 16 6 7–36 19 10 6–47
Total Bilirubin 0.83,4 0.2 0.5–1.2 0.83,4 0.3 0.2–1.7 0.61,2 0.2 0.3–1.0 0.51,2 0.1 0.3–0.8
TSH 2.2 1.2 0.03–4.9 2.2 1.5 0.03–6.7 2.5 1.4 0.7–6.5 2.3 1.0 1.0–5.2
T4 10.2 2.0 6.6–13.8 9.8 3.1 4.6–18.3 9.9 2.3 5.8–15.1 9.1 2.1 5.8–14.2
Free T4 1.1 0.1 0.8–1.3 1.2 0.7 0.7–4.6 1.1 0.1 0.9–1.3 1.0 0.1 0.7–1.2
T3 145 28 98–191 147 53 81–345 133 31 86–228 127 28 86–196

* Number of female employees by location, production (P) and non-production (NP) category and quartile (percent in parenthesis).
Q1 Q2 Q3 Q4

P NP P NP P NP P NP

Antwerp 3 20 2 17 1 6 0 0
Decatur 0 1 1 4 7 11 22 2
Total 3 (12) 21 (88) 3 (12) 21 (88) 8 (32) 17 (68) 22 (92) 2 (8)

1 Mean is significantly different (P % .05, Bonferroni (Dunn) t test) from the mean of the 1st quartile; 22nd quartile; 33rd quartile; 44th quartile.
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through past, as well as the present
fluorochemical medical surveillance
programs; thus, we have concluded
that this voluntary fluorochemical
medical surveillance program has
likely presented a nonbiased assess-
ment of the employees’ serum fluo-
rochemical distribution.
The company’s 2000 fluorochemi-

cal medical surveillance program
had three times the number of partic-
ipants compared to previous surveil-
lance years. The voluntary participa-
tion rates for the present assessment
were 53% (Decatur) and 75% (Ant-
werp) and were higher than those in
previous surveillance years. This in-
crease in employee participation was
likely the consequence of at least two
factors: 1) heightened employee
awareness about their serum fluoro-
chemical values; and 2) the compa-
ny’s announcement that it would vol-
untarily cease production of
perfluorooctanyl chemistry in certain

repellents and surfactants because of
the pervasive and persistent nature of
PFOS.
We observed several demographic

and lifestyle differences between the
Antwerp and Decatur employees. In
particular, Antwerp male employees
were younger, had lower BMIs, and
drank more alcoholic beverages than
their Decatur counterparts. These
differences can be important con-
founding variables when analyzing
lipid and hepatic clinical chemistries.
In the cross-sectional analysis, the

positive association in the multivari-
able models between PFOS and se-
rum cholesterol is contrary to the
substantial body of toxicological lit-
erature that suggests a negative asso-
ciation in laboratory ani-
mals.12,13,18,38 In a 6-month primate
PFOS capsule study, triglycerides
were unaffected but decreased serum
cholesterol was an early toxicologi-
cal response that occurred at serum

PFOS levels above 100 ppm.12 This
serum PFOS concentration is ap-
proximately ten times greater than
the highest employee value (10.06
ppm) measured in the present study.
Accordingly, the positive association
we observed between measured se-
rum PFOS concentrations and total
cholesterol appears spurious.
The serum PFOA concentrations

measured in these 518 employees
were lower than those measured
among the company’s manufacturing
employees at its Cottage Grove facil-
ity (the primary site of PFOA man-
ufacture) whose serum PFOA levels
have been assayed as high as 114
ppm (mean & 5 ppm; median & 1
ppm).31 Mean serum trigylceride
levels were greater among the Cot-
tage Grove APFO production work-
ers with the highest (!10 ppm)
PFOA serum concentrations al-
though adjustment for potential con-
founders have provided inconclusive

TABLE 4
Number of Participants (Percent in Parenthesis) by Employee Population Who Had Above Reference Range Values for
Hepatic Clinical Chemistry Tests by Quartile of Serum PFOS Distribution

Alkaline
Phosphatase AST ALT GGT Total Liver Panel*

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

Antwerp & Decatur
Male Employees

Production and1

Non-Production
0 (0) 1 (1) 3 (3) 2 (2) 3 (3) 1 (1) 1 (1) 4 (4) 4 (4) 4 (4) 7 (7) 13 (12) 6 (6) 8 (8) 6 (6) 12 (12) 15 (14) 17 (16) 17 (16) 24 (23)

Female Employees
Production and2

Non-Production
0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (4) 0 (0) 0 (0) 0 (0) 1 (4) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (8) 0 (0) 2 (8) 0 (0) 2 (8)

* Includes Alkaline Phosphatase, AST, ALT, GGT, Total and Direct Bilirubin (at least one of these tests were above upper reference range).
1 See Table 2 PFOS quartile distribution.
2 See Table 3 PFOS quartile distribution.

TABLE 5
Mean and Standard Deviation of PFOS, PFOA, TOF for Three Employee Subgroups Who Participated in Fluorochemical
Medical Surveillance Program Between 1994 and 2000

Subgroup A (N ! 64) Subgroup B (N ! 69) Subgroup C (N ! 41)

1994/1995 2000 1997 2000 1994/1995 1997 2000

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

PFOS 2.13 2.16 1.36 1.24 1.36 1.37 1.20 0.91 2.13 1.46 2.09 1.54 1.65 1.62
PFOA 1.36 1.63 1.59 1.72 1.22 0.97 1.49a 1.05 1.41 1.09 1.90a 1.87 1.77a 1.22
TOF 2.32 2.09 1.98 1.69 1.73 1.47 1.80 1.16 2.35 1.36 2.66a 1.72 2.29 1.60

acomparison between 1994/1995 and 2000 mean data, P % .05
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results.31 The positive associations
observed between PFOA and triglyc-
erides in the present study are incon-
sistent with the known hypolipi-
demic effect of this compound in rats
that is thought to be associated with
activation of the nuclear receptor,
peroxisome proliferator-activated re-
ceptor (PPAR").14,16,39 Haughom
and Spydevold have suggested that
this hypolipidemic effect results
from an overall decrease in lipopro-
tein formation due to decreased ac-
tivities of hydroxymethylglutaryl
CoA reductase and acyl-CoA:choles-
terol acyltransferase as well as a
reduction in fatty acid synthesis.14
The relevance of the PPAR"-medi-
ated response in humans has been
debated because of the greatly de-
creased expression of PPAR" in hu-
mans and other nonresponsive spe-
cies.40,41 On the other hand, PPAR',
a nuclear receptor expressed mainly
in adipose tissue, has been shown to
be activated by the antidiabetic thia-
zolidinendiones, which upregulates
glycerol kinase activity stimulating
increased hepatic triglycerides.42
Whether this mode of action is plau-
sible for PFOA in humans is not
known. Mouse and human PPAR'1
were unresponsive to PFOA when
tested at a range of 0.5 to 40 #M in
a cell transfection assay.43 In a
6-month oral toxicity study of PFOA

(ammonium salt) in male cynomol-
gus monkeys, PFOA was signifi-
cantly associated with triglycerides
in the high-dose group.22 This asso-
ciation was observed in measure-
ments taken after one month of dos-
ing at which time group mean
triglyceride was significantly higher
than control values as well as within
group pretreatment values. At the
end of the study mean triglyceride
was elevated compared to time re-
lated controls but not to the animals’
pretreatment values. However, only
two primates were evaluated in the
high-dose group at the end of study.
Inspection of individual values for
PFOA serum concentration and se-
rum triglyceride values did not re-
veal a meaningful association be-
tween these two parameters (John
Butenhoff, personal communica-
tion). Therefore, although the possi-
bility cannot be discounted that
PFOA may activate the PPAR' nu-
clear receptor with a resulting in-
crease in triglycerides, the evidence
for this mechanism remains equivo-
cal.
Adjusting for potential confound-

ing factors, there were no substantial
associations between hepatic en-
zymes and the employees’ serum
PFOS concentrations. This observa-
tion is consistent with results from
the 6-month PFOS capsule feeding

study where no overt hepatic toxicity
was observed in the two lower dose
groups (0.03 or 0.15 mg/kg/day)
whose mean serum concentrations
measured 16 and 83 ppm (males) and
13 and 67 ppm (females), respective-
ly.12 The 0.75 mg/kg/day treatment
group did show hepatocellular hy-
pertrophy and lipid vacuolation
along with other signs of toxicity and
two of six male monkeys died (no
female deaths). No significantly in-
creased differences from control or
pretreatment values were observed at
end-of-study for serum levels of al-
kaline phosphatase or ALT in the
high dose group. Mean serum con-
centrations for male and female
monkeys at this dose was 170 ppm.
The liver:serum concentration ratio
in the primate was approximately 1:1
to 2:1 for all treatment groups.
We observed a positive associa-

tion between PFOS and T3 in the
longitudinal assessment. There is un-
likely any clinical relevance for this
association. No other thyroid hor-
mone was associated with PFOS and
the observation is contrary to the
primate study, which showed low-
ered T3 values without an indication
of a hypothyroid compensatory in-
crease in TSH, hypolipidemia or thy-
roid gland histological changes.
Retrospective cohort mortality

studies have not reported statistically

TABLE 6
Longitudinal Analyses of Serum Cholesterol or Triglycerides Levels by PFOS, PFOA or TOF and Other Covariates for 174
Male Employees

Cholesterol# Triglycerides#

Coefficient 95% C.I. Coefficient 95% C.I.

PFOS Model*
PFOS 0.010 (!0.005)–0.025 0.025 (!0.015)–0.065
Years Observed 0.0009 (!0.008)–0.010 !0.004 (!0.029)–0.021
PFOS ( Years Obs !0.0004 (!0.004)–0.003 0.006 (!0.004)–0.015

PFOA Model*
PFOA 0.032 0.013–0.051 0.094 0.045–0.144
Years Observed 0.005 (!0.004)–0.014 0.007 (!0.017)–0.031
PFOA ( Years Obs !0.005 (!0.001)–(!0.002) !0.008 (!0.018)–0.002

TOF Model*
TOF 0.021 0.006–0.035 0.053 0.014–0.093
Years Observed 0.004 (!0.005)–0.014 !0.0005 (!0.027)–0.026
TOF ( Years Obs !0.003 (!0.005)–0.0003 !0.0005 (!0.008)–0.007

# Natural log
* Adjusted for age, BMI, drinks/day, cigarettes/day, location, entry period and baseline years worked.
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significant standardized mortality ra-
tios for all cancer or liver cancer
deaths at either the Decatur or Cot-
tage Grove manufacturing sites.44–46
The Decatur mortality study did ob-
serve three deaths from bladder can-
cer compared to 0.2 expected (stan-
darized mortality ratio & 12.8; 95%
CI & 2.6–37.4) in the subgroup of
workers with the highest potential
exposure to perfluorooctanesulfonyl
fluoride (POSF)-based materials.44
Alexander et al. did not determine
whether this association was fluoro-
chemical-related or possibly due to
other nonfluorochemical occupa-
tional exposures, nonoccupational
exposures or chance. PFOS did not
result in any bladder tumors in the
high dose group (20 ppm) of a 2-year
bioassay of rats.13 The present study
found no differences among Decatur
employees’ serum PFOS concentra-
tions and their urinalyses. Additional
epidemiologic research is ongoing to
further understand the bladder cancer
mortality association among the De-
catur workforce.
Although we were able to perform

a longitudinal assessment of the
medical surveillance data, several
limitations remained in our analyses.
Only 41 of the 175 employees in the
longitudinal analysis participated in
all three surveillance years. Insuf-
ficient numbers prevented longitu-
dinal analyses of the female em-
ployees. Because 3M announced a
phase-out of the production of per-
fluorooctanyl chemistry-related
materials, it is doubtful whether
there will be more employees who
can be included in future longitudi-
nal assessments. Given the vari-
ability inherent in the analytical
method and the different laborato-
ries used, serum measurements of
PFOS and PFOA may have varied
$20% although most were $10%.
This experimental error may have
masked associations with lipid or
hepatic clinical chemistries al-
though the range of PFOS and
PFOA measured was relatively
consistent throughout the study
time period. Our findings suggest

that employees’ measured serum
PFOS concentrations have either
remained constant or declined
slightly during this 6-year time pe-
riod. However, serum PFOA levels
trended slightly upwards during the
study period, which may have been
the result of increased production.
In summary, a cross-sectional

analysis of 421 male and 97 female
POSF and PFOA production and
nonproduction employees, as well as
a longitudinal analysis over a 6-year
time period of 174 male employees,
have not shown substantial changes
in lipid or hepatic clinical chemistry
test results that are consistent with
the known toxicological effects of
these compounds. This finding was
not unexpected because these em-
ployees’ average serum concentra-
tions were considerably lower than
those known to cause the earliest
clinical effects in laboratory animals.
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