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31\EI 6. An Epidemiologic Investigation of Reproductive Hormones in Men with 
Occupational Exposure to Perfluorooctanoic Acid 

This published paper by Olsen et a1 (J Occup Env Med 1998;40:614-622) fbrther 

examined the observation initially reported by Gilliland in his doctoral thesis that serum 

PFOA levels (as measured by total organic fluorine) may be associated with reproductive 

hormone changes. In 1993 and 1995, the fluorochemical medical surveillance program 

had 11 1 and 80 male production workers (Cottage Grove, MN) voluntarily participate. 

Unlike the 1990 program which analyzed for serum total organic fluorine, serum PFOA 

was measured in 1993 and 1995 by mass spectrometry methods. Serum PFOA levels 

were then compared to several reproductive hormones. Serum PFOA was not 

significantly associated with estradiol or testosterone. A 10% increase in mean estradiol 

levels was observed among employees who had the highest levels of serum PFOA 

although this association was confounded by body mass index. Neither was PFOA 

consistently associated with any of the other measured hormones. 
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Ithough fluoride (inorganic ionic flu- 
oride) was identified in human blood 
140 years ago,'.' the presence of A fluorine in a covalently bound or- 

Perjluorooctanoic acid (PFOA), a potent synthetic surjactant used in 
industrial applications, is a peroxisome poliferator that has resulted in  
dose-related increases in hepatic, pancreatic acinar, and Leydig cell 
adenomas in labmat? animals. In addition, PFOA increased serum 
estradiol levels through the induction of hepatic aromatase activity. In  
1993 and 1995, we conducted two cross-sectional studies of 11 1 and 80 
production workers, respectively, and spenjically measured their serum 
PFOA in relation to several reproductive hormones to determine whether 
such an  effect occurs in  humans. PFOA was not signzficantly associated 
with estradiol or testosterone in either year's study. A 10% increase in 
mean estradiol levels was obsmed among employees who had the highest 
levels of serum PFOA, although this association was confounded by 
body mass index. Neither was PFOA consistently associated with the 
0th; measured honnones. Our results povide reasonable assurance 
that, in this production setting, there were no significant hormonal 
clinnges associated with PFOA at the serum leuels measured. Limita- 
tioris of this investigation include its cross-sectional design, the fnu 
sii1j~ct.s  exposed at the highest levels, and the lower levels ofserum PFO,4 
)riP(isiirud, compared with those levels reported to cause effects in 
Inborntoo animal studies. 
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ganic state was first reported in 
196K3-" Guy subsequently identi- 
fied perfluorooctanoic acid (PFOA, 
C,F,,CO,H) as a major component 
of the serum organic fluorine frac- 
tion., Ammonium perfluorooctano- 
ate, a potent synthetic surfactant used 
in industrial applications, rapidly dis- 
sociates in aqueous solution to 
PFOA. 

In laboratory animals, PFOA acid, 
or its salts, is absorbed by ingestion, 
inhalation, or dermal exposure6-' 
and is not rnetaboli~ed.~-" PFOA is 
distributed primarily in the plasma 
and liver of male rats and the liver, 
plasma, and kidney in female rats." 
The major route of elimination is via 
urine and feces. In the female rat, 
there is a tenfold-greater renal ex- 
cretion rate.' '."." Castrated male 
rats treated with estradiol have 
PFOA urinary excretion rates similar 
to those of female rats. lo.' ' 

Peroxisome proliferators. like 
PFOA, are a diverse class of chemi- 
cals that cause hepatic peroxisome 
proliferation and enzyme induction. 
liver hyperplasia. and. in some in- 
stances, hepatocarcinogenesis in rats 
and mice."-'' Two-year feeding 
studies in Cr1:CD BR (CD) rats at a 
maximum amount of 300 parts per 
million (ppm) PFOA showed liver 
adenomas and an increased inci- 
dence of pancreas acinar cell adeno- 

sean
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mas"'-' and Leydig cell adenb- 
mas."." PFOA is not mutagenic' 
and thus the induction of these tu- 
mors most likely occurs through 
nongenotoxic mechanisms such as 
oxidative stress. 

To determine whether the Leydig 
cell adenomas were the result of an 
endocrine-related mechanism, Cook 
et all* gavaged CD rats for 14 days 
with up to 50 mgkg of ammonium 
perfluorooctanoate. A significant in- 
crease in serum estradiol and de- 
crease in testosterone levels were 
observed. The estradiol increase may 
be due to an induction of hepatic 
aromatase activity." The decrease in 
serum testosterone levels might be 
the result of reduced conversion of 
17-alpha hydroxyprogesterone ( 17- 
HP) to androstenedione (via the in- 
hibition of the C-17,20 lyase en- 
zyme). However, Biegel et all9 were 
unable to replicate the negative tes- 
tosterone association. 

CD rats fed 100 ppm PFOA for a 
maximum of 13 weeks showed in- 
creased estradiol but not testosterone 
 level^.'^*'^ Elevated estradiol levels 
were found among CD rats fed 300 
ppm during a 2-year bioassay, with 
no dose-related differences for tes- 
tosterone, luteinizing hormone (LH), 
and follicle-stimulating hormone 

The 3M Company has conducted 
medical surveillance of employees 
involved in PFOA production. Lev- 
els of serum organic fluorine (1 .OO- 
7 1 .OO ppm) in production employees 
were 10- to 50-fold greater than val- 
ues (0.01-0.13 ppm) reported from 
human sera." Since PFOA could be 
an endocrine modulator,'' a cross- 
sectional study among workers with 
potential exposure to PFOA was 
conducted in 1990." Among 115 
men engaged in PFOA production. 
total serum fluorine levels (sodium 
biphenyl extraction method") 
ranged from 0 to 26 ppm (mean = 
3.27 ppm; standard deviation [SD] = 
4.68 ppm). I t  had been estimated that 
80%-90% of human total serum flu- 
orine levels consisted of PFOA." 
Adjusting for potential covariates 

(FSH)." 

and hormones of a priori interest 
resulted in a positive nonlinear (qua- 
dratic) association with estradiol, 
positive linear associations with pro- 
lactin and TSH, and negative nonlin- 
ear (square root) associations with 
free or bound testosterone.'8 

A mortality study of employees in 
the chemical division, which in- 
cluded the PFOA production build- 
ings, found no significantly in- 
creased cause-specific standardized 
mortality ratio for either male or 
female employees.3o There were four 
deaths from prostate cancer, com- 
pared with 1.97 expected (95% con- 
fidence interval [CI], 0.55-4.59). 
Only one employee had worked di- 
rectly in the PFOA production build- 
ings. An association between PFOA 
exposure and prostate cancer was 
considered biologically plausible 
based on the animal and human data, 
which showed associations between 
PFOA and reproductive hormones. 

The purpose of this report is to 
describe the results from two cross- 
sectional studies from the same plant 
that were done in 1993 and 1995. 

Methods 
PFOA Production 

PFOA production at this plant be- 
gan in 1947. PFOA, a white powder, 
is produced by an electrochemical 
p ro~ess .~ '  The products of this elec- 
trolysis cell reaction are highly flu- 
orinated compounds, with the end- 
product defined by the starting 
material. Production involves a four- 
stage process: isolating and convert- 
ing the chemical to a salt slurry, 
converting the slurry to a salt cake, 
drying the cake, and packaging. The 
greatest likelihood for exposure to 
PFOA occurred in the drying area. 

Subject Selection 
General medical surveillance is 

performed biennially for employees 
at this plant. There were 1 I 1  male 
employees in 1993 and 80 male em- 
ployees in 1995 who participated in 
medical surveillance. hormone test- 
ing. and serum PFOA determination. 

Sixty-eight employees participated 
in both years. The surveillance con- 
sisted of a medical questionnaire; 
measurement of height. weight. and 
pulmonary function: standard bio- 
chemical and urinalysis tests: PFOA 
determination; and several hormone 
assays. 

PFOA Analysis 
A thermospray mass spectropho- 

tometry assay was used to determine 
serum PFOA levels in 1993 and 
1995." The range of serum PFOA 
was 0 to 80 ppm in 1993 and 0 to 1 15 
ppm in 1995. The upper limit of 
detection in 1993 was 80 ppm, 
whereas there was no upper limit of 
detection in 1995. Levels were 
highly correlated among the 68 em- 
ployees studied in 1993 and 1995 
(r = .91, P = O.OOO1). There was 
also high correlation between total 
serum fluorine level measured with 
the 1990 study" and the PFOA mea- 
sured in 1993 (r = .72, P = O.OOO1, 
n = 94 subjects) and in 1995 (r = 
.84, P = O.OOO1, n = 63 subjects). 
These findings were not unexpected, 
because of the estimated 18- to 24- 
month half-life of PFOA in hu- 
m a n ~ . ~ '  

Hormone Assays 
Serum samples were analyzed by 

the University of Minnesota's Endo- 
crinology Laboratory (Minneapolis, 
MN) or the Endocrine Science Ref- 
erence Laboratory (Tarzana, CA). 
Eleven hormones were assayed: cor- 
tisol, dehydroepiandrosterone sulfate 
(DHEAS), estradiol, FSH, 17a- 
hydroxyprogesterone ( 17-HP). free 
testosterone, total testosterone, LH. 
prolactin, thyroid-stimulating hor- 
mone (TSH) and sex hormone- 
binding globulin (SHBG). All but 
SHBG were analyzed at the Univer- 
sity of Minnesota's Endocrinology 
Laboratory. 

Cortisol was assayed using a fluo- 
rescence polarization immunoassay 
(Abbott TDx, North Chicago. ILL 
Radio i m m u no ass a y s ( R I A ) we re 
used for DHEAS (Pantex. Santa 
Monica. CAI, estradiol (modified 
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P;riitex). 17-HP (modified CIS) and 
tot i l l  tc\tohtorone (Coat-A Count; Di- 
;ignostic Product Corp.. Los Angeles, 
CA 1. Free testosterone was deter- 
mined using equilibrium dialysis. 
LH. FSH and prolactin were assayed 
using ;I microparticle enzyme immu- 
noassay (Abbott Imx). TSH was de- 
termined using a chemiluminescence 
immunometric assay (Nichols, San 
Juan Capistrano, CA). SHBG was 
assessed via a radioimmunoassay af- 
ter chromatographic sample purifica- 
tion (Endocrine Science Reference 
Laboratory). Bound testosterone was 
calculated as total testosterone less 
free testosterone. The same assays 
were used for both 1993 and 1995 
analyses. 

Data Analysis 
Simple and stratified analyses, anal- 

ysis of variance (ANOVA), Pearson 
correlation coefficients, and ordinary 
multivariable regression were used to 
evaluate associations between PFOA 
and each hormone, with adjustment for 
potential confounding variables. For 
stratified analyses, employees were di- 
vided into four PFOA categories: 0-1 
ppm, I-C10 ppm, 10-<30 ppm, and 
230 ppm in order to determine if an 
effect existed at the highest serum 
levels. For multivariable evaluation, 
PFOA. age, body mass index (BMI), 
alcohol use, and cigarette use were 
examined as both categorical and con- 
tinuous variables. Alcohol use was an- . 
alyzed as less than 1 drink per day, 1-3 
drinks per day, and non-response to the 
questionnaire item. Cigarette use was 
recorded as either current smoker or 
nonsmoker. Regression models were 
fitted with PFOA entered as a contin- 
uous variable. using linear, square, and 
square root transformations in order to 
assure that associations were not 
missed. The possible nonlinear associ- 
ation of estradiol, free testosterone, 
and bound testosterone was evaluated. 
Nonlinear dose-response relationships 
were examined by model fit and by 

cornpiuing parameter estimates, using 
indicator and continuous variables. 
Stepwise selection procedures were 
a l w  used. Study results were analyzed 
by the SAS System:'.' 

We did not examine hormone 
changes between the two examina- 
tions because of the estimated half- 
life of PFOA (approximately two 
years) and intraindividual variability 
in hormones. Since the results for the 
68 employees who participated in 
both years were similar to those ob- 
tained for the entire study, only the 
results for all employees are pre- 
sented below. 

1993 
n n l l l  

Results 
Serum PFOA levels were not 

highly correlated with either the co- 
variates or the hormones. These cor- 
relation coefficients (in parentheses) 
for 1993 and 1995 data, respectively, 
for PFOA and the variable of interest 
were the following: age (- .22, .14); 
alcohol (.lo, .18); BMI (. l l ,  .lo); 
cigarettes (.05, . I  1); cortisol (.07. 
-.05); DHEAS (.13, .12); estradiol 

(.11, .30); LH (-.06, .13); prolactin 
(.04, -.04); SHBG (-.07, .03); 
bound testosterone (.Ol, .02); free 

(.12, .15); FSH (-.12, -.13); 17-HP 

" t  
o io  20 IO UJ 50 o m m so i o o i i o m  

PFOA (PPW 

Fig. 1.  Scatterplot of serum estradiol (pgml) by perfluoroocranoic acid (PFOA. in parts p e r  
million [pprn]) for employees in 1993 and 1995. 
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Fio. 2. Scatterplot of serum free testosterone (ng/dl) by PFOA (ppm) for employees in 1993 
and 1995. 

testosterone (.09, .01); and TSH (.03, were 206 ng/dL of 17-HP and 80 
.I5). ppm (upper limit of detection in 

Figures 1 and 2 are scatterplots for 1993) for PFOA. 
estradiol and free testosterone for Table 1 provides the mean, me- 
each year. Simple linear regression dian, standard deviation, and range 
of the natural log of each hormone of the covariates and several hor- 
with PFOA, treated as a continuous mones, by four levels of PFOA cat- 
variable, resulted in no statistically egorization (0-<1, 1-<10, 1 0 4  30, 
significant coefficients in 1993 for and 2 3 0  ppm). Seventy-five percent 
any hormone and only one in 1995: of the employees with serum PFOA 
17-HP (beta coefficient = 0.006, levels at 10 ppm or greater partici- 
P = 0.03. R2 = .M). This result was pated in both years. From Table 1. 
dependent upon one person. In 1995, several observations are noteworthy. 
this person had a level of 198 ng/dL First, the mean of the PFOA ppm 
of 17-HP and 114 ppm of serum categories differed by two orders of 
Wfl1.4LW?, t i s i i i s i i  

highest categories for both years. 
Second. the 230-ppm PFOA cate- 
gory had the youngest mean em- 
ployee age in both years. Third. BMI 
was the greatest among employees in 
the 230-ppm PFOA category in 
1995. Fourth. mean estradiol levels 
were not significantly different be- 
tween PFOA levels in either year. 
although the 230-ppm PFOA cate- 
gories had mean estradiol levels that 
were 10% higher than the other 
PFOA levels. Fifth, there were no 
discernible trends between PFOA 
and either bound or free testosterone. 
Sixth, 17-HP levels were highest in 
the 230-ppm PFOA group in both 
years. No significant associations 
were observed for cortisol, DHEAS, 
FSH, LH, and SHBG (data not 
shown). 

As expected,34 estradiol was 
highly correlated with BMI (1993: 
r = .41, P < 0.001; 1995: r = .30, 
P < 0.01) and free testosterone with 
age (1993: r = -.48, P < 0.001; 
1995: r = -.40, P C 0.001); thus 
Table 2 provides mean estradiol and 
free testosterone values stratified by 
BMI and age, respectively. It should 
be noted that all five employees in 
1995 with serum PFOA levels 2 3 0  
ppm had BMIs 228. 

Linear and nonlinear relationships, 
taking into account potential con- 
founders (especially age and BMI) as 
well as other covariates that may be 
on the biologic pathway of effect, 
resulted in no significant associa- 
tions with PFOA except for 17-HP in 
the 1995 analyses (data not shown). 
Again. this association was depen- 
dent on the one employee discussed 
earlier. 

Because a primary hypothesis of 
the present study was whether PFOA 
increased estradiol and decreased 
testosterone serum levels in a nonlin- 
ear fashion, we replicated these prior 
models’x with our 1993 and 1995 
data. PFOA was not significantly 
associated with serum estradiol. free 
testosterone, or bound testosterone 
(data not shown). There was no sig- 
nificant association (data noi shown) 
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TABLE 1 
Mean, Median, Standard Deviation (SO) of Mean and Range of Perfluorooctanoic Acid (PFOA), Demographic and Hormonal 
Values by Serum PFOA Levels, and Year of Data Collection' 

1993 Data 1985 Data 

PFOA ( P P ~ )  Mean Median SO Range Mean Median SO Range 
.- 

PFOA (PPm) 
0 4 1 '  
1 4 1 0  
10-<30 
230 

0.31 0.2 
3.03 2.4 

17.11' 14.3 
55.96' 42.4 

F = 77.57, P = 0.0001 

0.48' 0.47 
3.34' 2.49 

16.26' 15.40 
60.13* 64.45 

F = 253.25, P = 0.0001 

0.27 
2.17 
3.39 

24.01 

9.2 
7.7 
4.2 
7.4 

0.5 
0.7 
0.6 
0.8 

4.2 
2.5 
1.8 
1.6 

7.5 
10.5 
7.1 

10.0 

13.5 
12.0 
11.6 
8.4 

34.9 
41.5 
28.4 
66.8 

3.5 
4.6 

15.2 
0.6 

178.0 
168.2 
113.9 
81.6 

0.00-0.99 
1.03-8.92 

1 1.90-21 .OO 
31.60-80.00 

27.0-61 .O 
27.0-60.0 
34.0-45.0 
25.0-43.0 

0.0-1.9 
0.0-3.4 
0.4-2.1 
0.0-2.0 

20.9-42.0 
21.6-32.5 

26.9-30.2 
27.1 -32.0 

0.0-30.0 
0.0-40.0 
0.0-20.0 
0.0-20.0 

32.0-83.0 
34.0-81 .O 
39.0-70.0 
55.0-70.0 

44.0-203.0 
45.0-249.0 
54.0-134.0 
54.0-206.0 

2.0-18.0 
2.0-22.0 
6.0-51 .O 
7.0-8.0 

220.9-1 059.5 

301 .0-651.6 
450.9-634.4 

212.2-1021.6 

0.32 0.00-0.90 
1.84 1.10-8.20 
6.90 10.30-28.20 

33.29 34.20-114.10 

Age (Yr) 
0-<1 
1-<10 
10-<30 
230 

43.6 45.0 
39.2 38.0 
39.9 39.5 
33.3 32.5 

F = 3.67, P = 0.01 

42.0 41 .O 
41.3 40.0 
45.1 46.0 
38.2 35.0 

F = 0.88. P = 0.46 

8.3 29.0-60.0 
8.6 24.0-58.0 
7.4 30.0-55.0 
9.2 27.0-50.0 

Alcohol (drinkdday) 
0-<1 
1-<10 
10-<30 
r 3 0  

0.4 0.3 
0.7 0.5 
0.9 0.7 
0.9 ' ,0.7 

F = 3.05. P = 0.03 

0.5 0.3 
0.5 0.4 
0.8 0.7 
0.5 0.4 

F = 0.94, P = 0.43 

0.7 0.0-2.9 
0.5 0.0-1.9 
0.7 0.0-2.1 
0.6 0.0-1.4 

BMI W m 2 )  
0-<l 
1-<10 
10-<30 
230 

27.6 26.8 
28.6 27.9 
27.8 27.7 
29.8 28.9 

F = 0.77, P = 0.52 

28.0 27.5 
26.8 26.3 
29.1 28.8 
28.5 28.4 

F = 1.60, P = 0.19 

4.2 21.9-45.2 
3.4 22.1-38.3 
4.0 21.2-34.8 
1.8 28.2-32.6 

Cigarettes (cigarettedday) 
0-<1 
1 - 4 0  
10-<30 
230 

2.6 0.0 
6.0 0.0 
2.5 0.0 
5.0 0.0 

F = 1.26. P = 0.29 

3.8 0.0 
2.6 0.0 
9.1 0.0 
6.0 0.0 

F = 1.26. P = 0.30 

9.4 0.0-40.0 
6.0 0.0-20.0 

15.2 0.0-40.0 
8.9 0.0-20.0 

Estradiol (pg/mL) 
0-<1 
1-e10 
10-<30 
230 

54.7 53.0 
56.0 55.0 
54.8 58.0 
62.8 63.0 

F = 0.54, P = 0.66 

68.1 66.0 
65.2 62.0 
67.1 66.5 
73.2 75.0 

F = 0.69, P = 0.56 

11.7 45.0-94.0 
14.9 45.0-96.0 
9.1 54.0-79.0 
6.7 64.0-81.0 

17-HP (ng/dL) 
0-<l 
1-<10 
10-<30 
230 

106.8 106.0 
120.2 11 5.5 
97.9 105.5 

126.5 123.0 
F = 1.55, P = 0.21 

91.6 94.0 
110.6 105.5 
110.3 85.5 
123.0 102.0 

F = 1.67, P = 0.18 

32.2 39.0-1 90.0 
35.6 54.0-179.0 
77.5 46.0-297.0 
54.7 72.0-198.0 

Prolactin (kg/L) 
0-<1 
1-<10 
10-<30 
230 

5.1 4.0-23.0 
6.0 5.0-28.0 
5.3 3.0-21 .O 
2.7 7.0-14.0 

8.2 8.0 
8.8 8.0 

15.05 9.0 
7.5 7.5 

F = 3.67, P = 0.01 

10.9 10.0 
11.8 10.0 
12.9 14.0 
9.4 9.0 

F = 0.66, P = 0.58 
Bound testosterone (ng/dL) 

0-<1 
1-<10 
10-<30 
230 

150.4 278.7-1 059.5 
152.3 216.4-898.4 
185.5 238.1-823.8 
155.0 341.7-703.0 

528.7 513.7 
609.7 609.2 
405.2 477.5 
569.6 596.5 

F = 2.48, P = 0.07 

534.8 518.5 
567.7 564.9 
554.4 549.7 
567.8 623.0 

F = 0.26, P = 0.85 
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TABLE 1 
Continued 

1993 Data 1995 Data 

PFOA (PPrn) Mean Median SD Range Mean Median SD Range 

0-< 1 15.0 14.8 4.0 6.1-28.1 14.2 14.0 2.7 9.3-20.5 
1-<10 16.6 16.5 4.4 6.8-28.4 14.2 14.4 3.1 5.G19.4 
10-<30 14.2 13.5 2.5 10.0-17.4 13.2 14.1 3.5 7.0-18.0 
r 30 17.4 18.5 4.7 11 .l-21.6 14.4 16.0 4.3 7.3-18.0 

Free testosterone (ng/dL) 

F = 1.81, P = 0.15 F = 0.31, P = 0.82 
TSH (mU/L) 

0-<1 1.4 1.3 0.8 0.2-4.3 1.7 1.5 0.8 0.G4.0 
1-<10 1.4 1.2 0.7 0.5-3.1 1.7 1.5 0.9 0 5 3 . 7  
10-<30 2.1 2.2 0.8 1.2-2.9 2.9* 2.5 1.1 1.9-5.8 
230 1.2 1.1 0.4 0.8-1.8 1.7 1.3 0.6 1.1-2.5 

F = 2.21, P = 0.09 F = 5.47, P = 0.002 

BMI, body mass index; 17-HP, 17-alpha hydroxyprogesterone; TSH, thyroid-stimulating hormone. 

1 4 1 0  ppm: 1993, n = 46; 1995, n = 26. 
1 0 4 3 0  ppm: 1993, n = 8; 1995. n = 10. 
230 ppm: 1993, n = 4; 1995; n = 5. 
* Mean significantly different (Bonferroni t-test, p < .05) than the three other PFOA ppm levels. 
5 Mean level significantly different (Bonferroni t-test, p c .05) than the 0 - 4  ppm and 1-<10 pprn PFOA categories. 

Samples sizes: 0-<1 ppm: 1993, n 53; 1995, n = 39. 

TABLE 2 
Mean, Median, Standard Error (SE) of Mean and Range of Estradiol by Body Mass Index and Free Testosterone by Age, 
Stratified by Serum PFOA Level and Year of Data Collection 

1993 Data 1995 Data 
BMI (kg/m2) by PFOA 

@Prn) n Mean Median SE Range n Mean Median SE Range 
Estradiol @g/mL) 

BMI <28 
0 - 4  ppm 30 48.4 47.0 1.7 32.0-68.0 23 66.0 66.0 2.2 48.0-87.0 
1-<10 30 55.0 55.0 2.2 34.0-81.0 13 62.0 62.0 3.7 48.0-91.0 
10-<30 3 54.3 56.0 5.5 44.0-63.0 5 64.6 64.0 4.1 54.0-79.0 

230 2 62.5 62.5 7.5 55.0-70.0 0 -  - - - 
BMI 228 

0-1 ppm 23 63.0 66.0 2.9 32.0-83.0 16 71.1 72.0 3.2 45.0-94.0 
1-<10 16 57.8 55.5 3.1 34.0-79.0 13 68.3 65.0 4.5 45.e96.0 
10-<30 5 55.0 60.0 6.1 39.0-70.0 5 69.6 72.0 4.1 55.0-78.0 
230 2 63.0 63.0 7.0 56.0-70.0 5 73.2 75.0 3.0 64.0-81.0 

Free testosterone (ng/dL) 
Age <40 

0-<1 ppm 20 17.3 16.8 0.9 10.5-28.1 18 15.3 15.2 0.6 11.3-20.5 
1-<10 28 16.8 17.4 0.7 10.1-24.4 13 14.7 14.6 0.6 10.8-17.8 

230 3 19.5 20.1 1.4 16.9-21.6 3 15.9 16.0 1.2 13.8-18.0 

0-<1 ppm 33 13.6 13.4 0.6 6.1-21.2 21 13.2 13.4 0.6 9.3-1 8.3 
1-<10 18 16.2 15.8 1.3 6.8-28.4 13 13.7 14.3 1 .o 5.6-1 9.4 
10-<30 4 13.2 13.1 1.4 10.0-16.6 8 12.6 14.1 1.2 7.0-1 6.2 
z30 1 11.1 11.1 - - 2 12.2 12.2 4.9 7.3-1 7.0 

10-<30 4 15.2 14.9 1 .O 13.4-1 7.4 2 15.7 15.7 2.4 13.3-18.0 

Age 240 

moderate drinkers, as was previously to investigate the relation between exposure and estradiol, mean estra- 
reponed.2n serum PFOA levels and several re- diol levels were 10% greater among 

productive hormones: in particular, employees with the highest serum 
Discussion estradiol and testosterone. Although PFOA levels (230 pprn); however. 

we did not observe a significantly this was confounded by BMI, and We conducted two cross-sectional 
studies of PFOA production workers positive association between PFOA any interpretation is limited by the 
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tew subjects ;it this PFOA level. 
Gilliland also observed an apptoxi- 
mate 10% increasc in mean estradiol 
Icvcls f r o m  his lowe\t (0-1 ppm) to 
highcst ( 15-26 ppm) total serum or- 
g n i c  tluorine levels among these 
production employees.” Unlike the 
present study. this previous report 
also observed a significant nonlinear 
positive association between estra- 
diol and total serum organic fluo- 
rine.” Possible reasons for the dif- 
ferent results include the following: 
( I ) use of different measurements of 
exposure (total serum organic fluo- 
rine in 1990 and serum PFOA in 
1993 and 1995); (2) the possibility 
that the multivariate model used in 
1990 may have transgressed the ho- 
moscedasticity assumption of regres- 
sion analysis35; (3) possible misclas- 
sification of confounding variables 
(eg. the expected relationship be- 
tween BMI and estradiol was not 
observed in 1990: correlation coef- 
ficient = -.01); (4) different sub- 
jects analyzed (94 employees partic- 
ipated in both the original 1990 and 
the 1993 surveys, compared with 61 
employees who participated in 1990 
and 1995); and ( 5 )  differences in the 
estradiol assays. 

Dose, threshold effect, and species 
sensitivity may account for the ap- 
parent differences between the ani- 
mal and human studies. We did not 
observe a significant association be- 
tween estradiol and PFOA but did 
observe a 10% increase at the highest 
serum levels of PFOA. Serum PFOA 
in these workers was likely below 
the observable effect levels in animal 
studies: the observable effect level in 
the CD rat is somewhere above a 
mean serum level of 5 5  ppm 
PFOA.’”‘’ All but three PFOA mea- 
surements from employees in our 
study were below 55 ppm PFOA. 
The 10% increase in mean estradiol 
levels observed among employees 
with the highest levels of serum 
PFOA (2-30 ppm) could suggest a 
threshold response. The discovery of 
the convergence of peroxisomal pro- 
liferators and estradiol at the level of 
their nuclear hormone receptors pro- 

vides a plausible inechanism for a 
possible threshold relationship be- 
tween PFOA and 
While responses to peroxisome pro- 
lifcrators, like PFOA. are readily ob- 
served in rats and mice. other spe- 
c ies-i ncl udi ng humans- have 
shown no such responses to many 
types of peroxisome proliferators at 
equivalent dose levels.3n-4’ 

We did not observe any significant 
associations between PFOA and free 
or bound testosterone. However, we 
did observe a significant positive as- 
sociation between 17-HP and PFOA 
in the 1995 but not 1993 analyses. 
We examined 17-HP. a precursor of 
testosterone, because Cook et all8 
suggested that PFOA may affect the 
conversion of 17-HP to testosterone 
via inhibition of 17.20-lyase. If this 
enzyme was inhibited, the expected 
result would be an increase in 17-HP 
levels. which was observed in both 
years’ studies, although significantly 
in only the 1995 study. Recent labo- 
ratory work suggests that there may 
be an accommodation by the CD rat 
to the initial testosterone-lowering 
effect of PFOA.I9 A previous re- 
port2’ observed a significant nega- 
tive nonlinear association between 
total serum fluorine and free or 
bound testosterone. This observation 
was dependent upon one influential 
data point, that of an employee who 
had no detectable total serum organic 
fluorine level but had the highest free 
testosterone level measured. 

Several methodological issues 
should be considered in evaluating 
the results from this study. First. the 
cross-sectional design does not allow 
for a direct analysis of the temporal- 
ity of an association. Given the long- 
half life of PFOA. i t  is conceivable 
that there may be some biological 
accommodation to the effects of 
PFOA. as suggested by Biegel et 
al.” Second. the two cross-sectional 
analyses cannot be viewed as inde- 
pendent populations because 68 em- 
ployees were studied in both years. 
Fewer employees participated in se- 
rum measurements in the 1995 as- 
sessment. although the majority of 

those with the highest serum PFOA 
exposure levels in I993 also partici- 
pated in  IY95. This reduced sample 
silt resultcd i n  lower statistical 
power. Third. we specifically mea- 
sured serum PFOA levels. Use of 
total serum organic fluorine may rep- 
resent other perfluorocarbons. which 
could be peroxisome proliferators, 
although data suggest that PFOA 
would represent the greatest fraction 
of total serum organic fluorine levels 
in  this employee p o p u l a t i ~ n . ~ ’ * ~ ~  
Fourth, there could be measurement 
error in important confounding vari- 
ables. Analysis of the 68 subjects 
who participated in  both years 
showed good correlation for the con- 
founding factors of BMI (r = .93, 
P = 0.0001) and the self-reported 
aspects of alcohol consumption ( r  = 
.67, P = 0.OOOl) and cigarette smok- 
ing (r = .84, P = 0.OOOl). Fifth, the 
quality of medical surveillance data 
can be evaluated by whether known 
associations are observed.42 In this 
regard, we observed various ex- 
pected associations (eg, estradiol and 
BMI, free testosterone and age). Fi- 
nally, the pulsatile nature of some of 
the hormones studied (eg, FSH, LH, 
testosterone) has resulted in prior 
recommendations that mean hor- 
mone measurements should be the 
result of pooled blood from multiple 
samples taken at short intervals.43 In 
our study, multiple samples were not 
feasible because of the low probabil- 
ity of employees voluntarily giving 
three samples over a 45- to 60- 
minute time period. 

In summary, we conducted two 
cross-sectional studies in 1993 and 
1995 and did not observe a signifi- 
cantly positive association between 
PFOA exposure and estradiol or a 
significantly negative association 
with testosterone. Our study may not 
have been sensitive enough to detect 
whether an association between 
PFOA and estradiol could exist in  
humans because measured serum 
PFOA levels were likely below the 
observable effect levels suggested in 
the animal studies. Our results pro- 
vide reasonable assurance that sig- 
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nificant hortnond changes among 
these inale production employees 
were not apparent i n  relation to their 
measured serum PFOA levels. 
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