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6. An EpidemiologicInvestigationofReproductiveHormones inMen with
OccupationalExposuretoPerfluorooctanoicAcid

ThispublishedpaperbyOlsenetal(JOccupEnv Med 1998;40:614-622)further

examined theobservationinitiallyreportedby Gillilandinhisdoctoralthesisthatserum

PFOA levels(asmeasured by totalorganicfluorine)may be associatedwithreproductive

hormone changes. In 199') and 1995,thefluorochemicalmedical surveillanceprogram

had III and 90 male productionworkers(CottageGrove," voluntarilyparticipate.

Unlikethe 1990 program which analyzedforserum totalorganicfluorine,serum PFOA

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

were then compared to severalreproductivehormones. Serum PFOA was not

significantlyassociatedwithestradiolor testosterone.A 10% increaseinmean estradiol

levelswas observed among. employees who had thehighestlevelsof serum PFOA

although thisassociationwas confounded by body mass index.Neitherwas PFOA

consistentlyassociatedwith any of theothermeasured hormones.
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Geary W. Olsen, DVM, PhD lthough fluoride(inorganicionicflu-

Frank D. Gilliland,MD, PhD oride) was identifiedin human blood

140 years ago,'-2 the presence ofMicheleM. Buriew,MS
fluorinein a covalently bound or-

Jean M. Burris,MPH ganic state was firstreported in
3-4

Jack S. Mandel, PhD 1968
.

Guy subsequently identi

JeffreyH.Mandel,MD fied perfluorooctanoicacid (PFOA,

C7F,5CO,H) as a major component

f the serum organic fluorinefrac-
Perj7uorooctanoic acid (PFOA),apotentsyntheticsurfactantusedin 0 5

indust7ialapplications,isa peroxisomeprol@feratorthathasresultedin
tion.Ammonium perfluorooctano

ate,a potent syntheticsurfactantused
dose-relatedincreasesin hepatic,pancreaticacinar,and Leydig cell inindustrialapplications,rapidlydis-
adenomas in laboratoryanimals.In addition,PFOA increasedserum sociatesin aqueous solutionto
estradiollevelsthrough theinductionofhepaticaromatase activity.In PFOA.

1993 and 1995, we conductedtwo cross-sectionalstudiesofIII and 80 In laboratoryanimals,PFOA acid,
production workers, respectively,and specifzcallymeasured theirserum or itssalts,isabsorbedby ingestion,
PFO,A in relationtoseveralreproductivehormones todetermine whether inhalation,or dermal exposure6- 3

such an effect occurs in humans. PFOA was not si@mificantly associated and is not metabolized.9 -12 PFOA is
un
.
th estradz*olor testosteronein eitheryear'sstudy.A 10% increasein distributedprimarilyin the plasma

mean estradiolLevelswas observedamong employeeswho had thehighest and liverof male ratsand theliver,

levelsof se?um PFOA, although this associationwas confounded 6y plasma,and kidney in femalerats."

bodv mass index. Neither was PFOA consistentlyassociatedwith the The major routeof eliminationisvia
untieand feces.In the female rat,other measured hormones. Our resultsProvide reasonable assurance
thereisa tenfold-greaterrenalex-that, in thisproduction setting,therewere no significanthormonal
,etionrate.'1.11.14Castratedmalechanges associatedwith PFOA at the serum levelsmeasured. Limila-
rats treatedwith estradiolhave

tiotisof thisinvestigationinclude itscross-sectionaldesign,thefezv
PFOA urinaryexcretionratessimilar

sitt@erise.-cposedat thehighestlevels,and thelowerlevelsofserum PFO,-L tothoseoffemalerats.'0-11
@ne(isiired,compared with those levelsreportedto cause effectsin Peroxisome proliferators,like
labot-alor-Yanimal studies. PFOA. area diverseclassofchemi-

cals thatcause hepaticperoxisome
proliferationand enzyme induction.
liverhyperplasia.and, in some in-

From iheMedicalDepartment.3NI Company. St.Paul.Minn. (Dr Olsen,,%IsBurlew.ivisBurris,Dr stances,hepatocarcinogenesisin rats

A

J.S.\Iandel).the Epidemioloiavand Cancer ControlProgram.SchoolofMedicine.UniversityofNew and mice."-2' Two-year feeding
.%Iexico.Albuquer4uc.N,%t(DrGilliland).and theDivisionof Environmentaland OccupationalHealth. studiesinCrl:CD BR (CD) ratsata
Schoolof PublicHealth.Universityof Minnesota.Minneapolis.Minn.(Dr J.H.%Iandel). maximum amount of 300 partsper
A,Idrcsscorre,,,pL)ndenceto:Geary Olsen.DV,'@t.PhD. MedicalDepartment.3NI.220-3W-05. St.

million(ppm) PFOA showed liverPULII.%IN 55144.
1076-2752/9814007-0614$3.(X)/O adenomas and an increasedinci-
C,)p@ri@-,hi(Dby American Collegeof Occupuiionaland Environmental'Vledicine dence of pancreasacinarcelladeno-
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mas 2:!.2 3 and Levdig cell adenb- and hormones of a prioriinterest Sixty-eightemployees participated
mas. 17.2:! PFOA is not mutagenic6 resultedina positivenonlinear(qua- inboth years.The surveillancecon-
and thusthe inductionof thesetu- dratic)associationwith estradiol. sistedof a medical questionnaire:
mors most likelyoccurs through positivelinearassociationswithpro- measurement of height.weight.and
nongenotoxic mechanisms such as lactinand TSH. and negativenonlin- pulmonary function.standardbio-
oxidativestress.19-24 ear (squareroot)associationswith chemical and urinaivsistests.PFOA
To determinewhetherthe Leydig freeor bound testosterone.2B deterrnination-.and ;everalhormone

celladenomas were the resultof an A mortalitystudyofemployees in assays.
endocrine-relatedmechanism, Cook the chemicaldivision,which in-

PFOA Analysisetal"'gavagedCD ratsfor14 days cludedthe PFOA productionbuild-
with up to50 mg/kg of ammonium ings,found no significantlyin- A thermospray mass spectropho-
perfluorooctanoate.A significantin- creasedcause-specificstandardized tometry assaywas used todetermine
crease in serum estradioland de- mortalityratiofor eithermale or serum PFOA levelsin 1993 and
crease in testosteronelevelswere femaleemployees.""There were four 1995 .32 The range of serum PFOA
observed.The estradiolincreasemay deathsfrom prostatecancer,com- was 0 to80 ppm in 1993 and 0 to115
be due to an inductionof hepatic paredwith 1.97expected(95% con- ppm in 1995.The upper limitof
aromataseactivity."The decreasein fidenceinterval[CI],0.55-4.59). detectionin 1993 was 80 ppm,
serum testosteronelevelsmight be Only one employee had worked di- whereas therewas no upper limitof
theresultof reducedconversionof rectlyinthePFOA productionbuild- detectionin 1995. Levels were
17-alphahydroxyprogesterone(17- ings.An associationbetween PFOA highlycorrelatedamong the68 em-
HP) to androstenedione(viathein- exposure and prostatecancer was ployeesstudiedin 1993 and 1995
hibitionof the C-17,20 lyaseen- consideredbiologicallyplausible (r = .91,P = 0.0001).There was
zyme).However, Biegeletal'9were based on theanimal and human data, alsohigh correlationbetween total
unable to replicatethe negativetes- which showed associationsbetween serum fluorinelevelmeasured with
tosteroneassociation. PFOA and reproductivehormones. the1990 studY28 and thePFOA mea-
CD ratsfed 100 ppm PFOA fora The purposeof thisreportisto suredin1993 (r= .72,P = 0.0001,

maximum of 13 weeks showed in- describetheresultsfrom two cross- n = 94 subjects)and in 1995 (r =
creasedestradiolbut nottestosterone sectionalstudiesfrom thesame plant .84,P = 0.0001,n = 63 subjects).
levels.25.26 Elevatedestradiotlevels thatwere done in 1993 and 1995. These findingswere notunexpected,
were found among CD ratsfed 300 because of the estimated18- to 24-
ppm duringa 2-yearbioassay,with Methods month half-lifeof PFOA in hu-
no dose-relateddifferencesfor tes-

PFOA Production
mans.27

tosterone,luteinizinghormone (LH),
and follicle-stimulating hormone PFOA productionatthisplantbe- Hormone Assays
(FSH).22 gan in 1947.PFOA, a whitepowder, Serum samples were analyzedby
The 3M Company has conducted is produced by an electrochemical theUniversityof Minnesota'sEndo-

medical surveillanceof employees process.3'The productsof thiselec- crinologyLaboratory(Minneapolis,
involvedin PFOA production.Lev- trolysiscellreactionare highlyflu- MN) or theEndocrineScienceRef-
elsofserum organicfluorine(1.00- orinatedcompounds, with the end- erence Laboratory(Tarzana,CA).
71.00ppm) inproductionemployees product defined by the starting Eleven hormones were assayed:cor-
were 10-to 50-foldgreaterthanval- material.Productioninvolvesa four- tisol,dehydroepiandrosteronesulfate
ues (0.01-0.13ppm) reportedfrom stageprocess:isolatingand convert- (DHEAS), estradiol,FSH, ]7a-
human sera.27 Since PFOA could be ing the chemicalto a saltslurty, hydroxyprogesterone(17-HP), free
an endocrinemodulator,'Ba cross- convertingthe slurryto a saltcake, testosterone,totaltestosterone,LH.
sectionalstudyamong workers with dryingthecake,and packaging.The prolactin,thyroid-stimulatinghor-
potentialexposure to PFOA was greatestlikelihoodfor exposureto mone (TSH) and sex hormone-
conducted in 1990.28Among 115 PFOA occurredin thedryingarea. bindingglobulin(SHBG). All but
men engaged in PFOA production, SHBG were analyzedattheUniver-
totalserum fluorinelevels(sodium SubjectSelection sityof Minnesota'sEndocrinology
biphenyl extraction method:19) General medical surveillanceis Laboratory,
rangedfrom 0 to26 ppm (mean = performed bienniallyfor employees Cortisolwas assayedusinga fluo-
3.27ppm*,standarddeviation[SDI = at thisplant.There were III male rescence polarizationimmunoassay
4.68ppm). Ithad been estimatedthat employees in 1993 and 80 male em- (AbbottTDx. North Chicago.IL).
80%-90% of human totalserum flu- ployeesin 1995 who participatedin Radioimmunoassays (RIA) were
orine levelsconsistedof PFOA .27 medical surveillance.hormone test- used for DHEAS (Pantex,Santa
Adjustingfor potentialcovariates ing,and serum PFOA determination. Monica, CA). estradio)(modified
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P@iiite.x).17-HP(modifiedCIS)and comparing parameterestimates,using Results(ol,iltestosterone(Coat-A Count. Di- indicatorand continuousvariables.
Serum PFOA levels were not@t,,nt)sticProductCorp..Los Angeles, Stepwise selectionprocedureswerec@

highlycorrelatedwith eithertheco-CA). Free lestosteronewas deter- alsoused.Study resultswere analyzed
iiiinedusing equilibriumdialysis. by theSAS System.-13 vanates orthe hormones. These cor-
LH. FSH and prolactinwere assayed We did not examine hormone relationcoefficients(inparentheses)
usin,,a microparticleenzyme immu- changes between the two examina- for 1993and 1995data,respectively,a

forPFOA and thevariableofinterestnoassay(Abbottlmx).TSH was de- tionsbecause of theestimatedhalf-
termined usinga chemiluminescence lifeof PFOA (approximatelytwo were thefollowing:age (-.22,.14);
immunometric assay (Nichols,San years)and intraindividualvariability alcohol(.10,.18);BMI (.11,.10);
Juan Capistrano,CA). SHBG was inhormones.Since theresultsforthe cigarettes(.05, .11); cortisol(.07.
assessedviaa radioimmunoassay af- 68 employees who participatedin .05);DHEAS (.13,.12);estradiol
terchromatographicsample purifica- both yearswere similarto thoseob- (.12,.15);FSH (-.12,-.13);17-HP
tion(EndocrineScience Reference tainedforthe entirestudy,only the (.11,.30);LH (-.06,.13);prolactin
Laboratory).Bound testosteronewas resultsfor allemployees are pre- (.04,-.04);SHBG (-.07,.03);
calculatedas totaltestosteroneless sentedbelow. bound testosterone(.01,.02);free
freetestosterone.The same assays
were used forboth 1993 and 1995
analyses. 1993

n=lll
IGO

DataAnalysis
Simple and stratifiedanalyses,anal-

ysisof variance(ANOVA), Pearson
correlationcoefficients,and ordinary

E
multivariable regression were used to 7'0

evaluateassociationsbetween PFOA
and each hormone, with adjustmentfor
potentialconfoundingvariables.For ui

so
stratifiedanalyses,employees were di-
videdintofourPFOA catecories:0-1

L- 40

ppm, 1-<10 ppm, 10-<30 ppm, and
@30 ppm in ordertodetentiineifan 30

effectexistedat the highestsenim 0 la 20 30 40 50 so 70 so so 100 Ito 120

levels.For multivariableevaluation, PFOA(ppm)

PFOA, age,body mass index(BNU),
1995

alcoholuse,and cigaretteuse were n=80
examined asboth categoricaland con- too

tinuousvariables.Alcohol usewas an-
alyzedaslessthanIdrinkperday,1-3
drinksperday,and non-responsetothe So
questionnaireitem.Cigaretteuse was
recordedas eithercurrentsmoker or .9
nonsmoker. Re(yressionmodels we,.

70

fittedwithPFOA enteredasa contin-
uous variable,usinglinear,square,and LU %
squareroottransformationsinorderto so
assurethat associationswere not
missed.The possiblenonlinearassoci- 40

ationof estradiol,free testosterone,
30(and bound testosteronewas evaluated. 0

10 20 30 40 so 40 70 so 90 too 110 120Nonlineardose-responserelationships
PFOA(ppm)

were examined by model fitand by
Fig.1.Scatterplotofsenimestradiol(pg/ml)byperfluorooctanoicacid(PFOA.inpartsper

million[ppm])foremploy"sin1993and1995.
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1993 highestcategoriesforbothyears.
nzlll Second.theL,30-ppmPFOA cate-

30 gory had the youngest mean em-
ployee age inboth years.Third.BMI

25 was thegreatestamong employees in
the !,30-ppm PFOA categoryin

20 1995.Fourth,mean estradiollevels
were not significantlydifferentbe-
tween PFOA levelsin eitheryear.
althoughthea30-ppm PFOA cate-
gorieshad mean estradiollevelsthat10
were 10% higher than the other
PFOA levels.Fifth.therewere no
discernibletrends between PFOA
and eitherbound orfreetestosterone.

0
0 10 20 30 40 so so 70 so 00 100 110 120

Sixth,17-HP levelswere hichestinL-
PFOA the a30-ppm PFOA group in both

years.No significantassociations
1996 were observedforcortisol,DHEAS,
n=80 FSH, LH, and SHBG (datanot

30
shown).

34As expected, estradiolwas
2S highlycorrelatedwith BMI (1993:

r = .41,P < 0.001;1995:r = .30,
220 P < 0.01)andfreetestosteronewith

age(1993:r = -.48,P < 0.001;
1995:r = -.40,P < 0.001);thus
Table 2 providesmean estradioland
freetestosteronevaluesstratifiedby
BMI and age,respectively.Itshould
be noted thatallfiveemployees in
1995 with serum PFOA levels2:30
ppm had BMIs @t28.

Linearand nonlinearrelationships,0
10 20 30 40 so a 70 w w loo 110 120 takinginto account potentialcon-

PFOA
founders(especiallyageandBMI) as

Fig.2.ScatterplotofserumfreeteStOStCTone (ng/di)by PFOA (ppm)foremployeesin1993 well as othercovariatesthatmay be
and 1995.

on the biologicpathway of effect,
resultedin no significantassocia-
tionswith PFOA exceptfor17-HP in

testosterone(.09,.01);and TSH (.03, were 206 ng/dL of 17-HP and 80 the 1995 analyses(datanot shown).
.15). ppm (upper limitof detectionin Again. thisassociationwas depen-

FiguresIand 2 arescatterplotsfor 1993)forPFOA. dent on the one employee discussed
estradioland free testosteronefor Table I providesthe mean, me- earlier.
each year.Simple linearregression dian,standarddeviation,and range Because a primary hypothesisof
of thenaturallog of each hormone of the covariatesand severalhor- thepresentstudywas whetherPFOA
with PFOA, treatedas a continuous mones, by four levelsof PFOA cat- increasedestradioland decreased
variable,resultedin no statisticallyegorization(0-<I,1-<10, 10-< 30, testosteroneserum levelsina nonlin-
significantcoefficientsin 1993 for and 2:30 ppm). Seventy-fivepercent ear fashion,we replicatedtheseprior
any hormone and only one in 1995: of theemployees with serum PFOA models2" with our 1993 and 1995
17-HP (betacoefficient= 0.006, levelsat 10 ppm or greaterpartici- data.PFOA was not significantly
P = 0.03,R2 = .06).Thisresultwas patedin both years.From Table 1, associatedwithserum estradiol.free
dependent upon one person.In 1995, severalobservationsarenoteworthy. testosterone,or bound testosterone
thispersonhad a levelof 198 ng/dL First,the mean of the PFOA ppm (datanotshown).There was no sig-
of 17-HP and 114 ppm of serum categoriesdifferedby two ordersof nificantassociation(datanot shown)
PFOA. In 1993,thisperson'svalues magnitude between the lowest and between PFOA and prolactinamong
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TABLE1
Mean,Median,StandardDeviation(SD)ofMeanandRangeofPerfluorooctanoicAcid(PFOA),DemographicandHormonal
ValuesbySerumPFOA Levels,andYearofDataCollection*

1993Data 1995Date

PFOA(ppm) Mean Median so Range Mean Median SD Range
PFOA(ppm)
o-<i 1 0.48" 0.47 0.27 0.00-0.99 0.31 0.2 0.32 0.00-0.90
1-<10 3.34* 2.49 2.17 1.03-8.92 3.03 2.4 1.84 1.10-8.20
10-<30 16.26* 15.40 3.39 11.90-21.00 17.11* 14.3 6.90 10.30-28.20
@30 60.13* 64.45 24.01 31.60-80.00 55.96$ 42.4 33.29 34.20-114.10

F = 253.25,P 0,0001 F = 77.57,P 0.0001

Age (yr)
0-<l 43.6 45.0 9.2 27.0-61.0 42.0 41.0 8.3 29.0-60.0
1-<10 39.2 38.0 7.7 27.0-60.0 41.3 40.0 8.6 24.0-58.0
10-<30 39.9 39.5 4.2 34.0-45.0 45.1 46.0 7.4 30.0-55.0
2t30 33.3 32.5 7.4 25.0-43.0 38.2 35.0 9.2 27.0-50.0

F 3.67,P 0.01 F 0.88,P 0.46

Alcohol(drinks/day)
0-<l 0.4 0.3 0.5 0.0-1.9 0.5 0.3 0.7 0.0-2.9
1-<10 0.7 0.5 0.7 O.D-3.4 0.5 0.4 0.5 O.D-1.9
10-<30 0.9 0.7 0.6 0.4-2.1 0.8 0.7 0.7 0.0-2.1
2t30 0.9 0.7 0.8 0.0-2.0 0.5 0.4 0.6 0.0-1.4

F 3.05,P 0.03 F 0.94,P 0.43

BMI (kgtm2)
0-<l 28.0 27.5 4.2 20.9-42.0 27.6 26.8 4.2 21.9-45.2
1-<10 26.8 26.3 2.5 21.6-32.5 28.6 27.9 3.4 22.1-38.3
10-<30 29.1 28.8 1.8 27.1-32.0 27.8 27.7 4.0 21.2-34.8
at30 28.5 28.4 1.6 26.9-30.2 29.8 28.9 1.8 28.2-32.6

F 1.60,P 0.19 F = 0.77,P 0.52

Cigareftes(cigareftes/day)
0-<l 2.6 0.0 7.5 0.0-30.0 3.8 0.0 9.4 0.0-40.0
1-<10 6.0 0.0 10.5 0.0-40.0 2.6 0.0 6.0 0.0-20.0
10-<30 2.5 0.0 7.1 0.0-20.0 9.1 0.0 15.2 0.0-40.0
:@30 5.0 0.0 10.0 0.0-20.0 6.0 0.0 8.9 0.0-20.0

F 1.26,P 0.29 F = 1.26,P 0.30

Estradiol(pg/mL)
0-<l 54.7 53.0 13.5 32.0-83.0 68.1 66.0 11.7 45.0-94.0
1-<10 56.0 55.0 12.0 34.0-81.0 65.2 62.0 14.9 45.0-96.0
10-<30 54.8 58.0 11.6 39.0-70.0 67.1 66.5 9.1 54.0-79.0
2t30 62.8 63.0 8.4 55.0-70.0 73.2 75.0 6.7 64.D-81.0

F = 0.54,P 0.66 F = 0.69,P 0.56

17-HP(ng/dL)
0-<l 106.8 106.0 34.9 44.0-203.0 91.6 94.0 32.2 39.0-190.0
1-<10 120.2 115.5 41.5 45.0-249.0 110.6 105.5 35.6 54.0-179.0
10-<30 97.9 105.5 28.4 54.0-134.0 110.3 85.5 77.5 46.0-297.0
@30 126.5 123.0 66.8 54.0-206.0 123.0 102.0 54.7 72.0-198.0

F = 1.55,P 0.21 F = 1.67,P 0.18

Prolactin(@Lg/L)
0-<l 8.2 8.0 3.5 2.0-18.0 10.9 10.0 S.i 4.0-23.0
1-<10 8.8 8.0 4.6 2.0-22.0 11.8 10.0 6.0 5,0-28.0
10-<30 15.06 9.0 15.2 6.0-51.0 12.9 14.0 5.3 3.0-21.0
2t30 7.5 7.5 0.6 7.0-8.0 9.4 9.0 2.7 7.0-14.0

F = 3.67,P O@01 F = 0.66, P 0.58
Bound testosterone(ng/dL)
0-<l 528.7 513.7 178.0 220.9-1059.5 534.8 518.5 150.4 278.7-1059.5
1-<10 609.7 609.2 168.2 212.2-1021.6 567.7 564.9 152.3 216.4-898.4
lo-<30 485.2 477.5 113.9 301.0-651.6 554.4 549.7 185.5 238.1-823.8
@30 569.6 596.5 81.6 450.9-634.4 567.8 623.0 155.0 341.7-703.0

F = 2.48,P 0.07 F = 0.26,P = 0.85
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TABLE1
Continued

1993Data 1995 Data

PFOA(ppm) Mean Median SD Range Mean Median SD Range

Freetestosterone(ng/dL)
0-<l 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 5.6-19.4
10-<30 14.2 13.5 2.5 10.0-17.4 13.2 14.1 3.5 7.0-18.0
2--30 17.4 18.5 4.7 11.1-21.6 14.4 16.0 4.3 7.3-18.0

F 1.81,P 0.15 F 0.31,P 0.82
TSH (mU/L)
0-<l 1.4 1.3 0.8 0.2-4.3 1.7 1,5 0.8 0.6-4.0
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
2:30 1.2 1.1 0.4 O@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-alphahydroxyprogesterone;TSH, thyroid-stimulatinghormone.
Samples sizes:0-<l ppm: 1993,n 53;1995,n = 39.

1-<10 ppm: 1993,n = 46; 1995,n = 26.
10-<30 ppm: 1993,n = 8;1995,n = 10.
a30 ppm: 1993,n = 4;1995;n = S.
4:Mean significantlydifferent(Bonferronit-test,p < .05)thanthethreeotherPFOA ppm levels.
0Mean levelsignificantlydifferent(Bonteffonit-test,p < .05)thanthe0-<l ppm and 1-<10 ppm PFOA categories.

TABLE 2
Mean, Median, Standard Error(SE)of Mean and Range of Estradiolby Body Mass Index and Free Testosteroneby Age,
Stratifiedby Serum PFOA Leveland Year ofData Collection

BMI (kg/mlby PFOA
1993 Data 1995Data

(ppm) n Mean Median SE Range n Mean Median SE Range

Estradiol(pg/mL)
BMI<28
0-<l 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.D-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

2t30 2 62.5 62.5 7.5 55.0-70.0 0 - - -
BMI z,28
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 45.0-96.0
10-<30 5 55.0 60.0 6.1 39.0-70.0 5 69.6 72.0 4.1 55.0-78.0
at3O 2 63.0 63.0 7.0 56.0-70.0 5 73.2 75.0 3.0 64.0-81.0

Freetestosterone(ng/dL)
Age <40
0-<l 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
10-<30 4 15.2 14.9 1.0 13.4-17.4 2 15.7 15.7 2.4 13.3-18.0
@30 3 19.5 20.1 1.4 16.9-21.6 3 15.9 16.0 1.2 13.8-18.0

Age a-40
0-<l ppm 33 13.6 13.4 0.6 6.1-21.2 21 13.2 13.4 0.6 9.3-18.3
1-<10 18 16.2 15.8 1.3 6.8-28.4 13 13.7 14.3 1.0 5.6-19.4
10-<30 4 13.2 13.1 1.4 10.0-16.6 8 12.6 14.1 1.2 7.0-16.2
-z30 1 11.1 11.1 - 2 12.2 12.2 4.9 7.3-17.0

moderate drinkers,aswas previously to investigatethe relationbetween exposure and estradiol,mean estra-
reported.2m serum PFOA levelsand severalre- diollevelswere 10% greateramong

productivehormones: in particular, employees with the highestserum
Discussion estradioland testosterone.Although PFOA levels(2:30ppm); however.

We conducted two cross-sectional we did not observea significantly thiswas confounded by BMI, and

studiesof PFOA productionworkers positiveassociationbetween PFOA any interpretationis limitedby the
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few subjectsat thisPFOA level. videsu plausiblemechanism fora thosewith the highestserum PFOA
Gillilandalst)observedan approxi- possiblethresholdrelationshipbe- exposure levelsin 1993 alsopartici-
iiiiite10% incre;tseinmean estradiol tween PFOA and estradiol."'@"'piiiedin 1995.This reducedsample
levelsfroriihislowest(0-1 ppni)to W hileresponsesto peroxisome pro- size resultedin lower statistical
Iii,,hest(15-26 ppin)totalserum or- literators,likePFOA, arereadilyob- power. Third,we specificallymea-
,,@inicfluorinelevelsamong these servedin ratsand mice. otherspe- sured serum PFOA levels.Use of
productionemployees.2m Unlike the cies-including humans-have totalserum organicfluorinemay rep-
presentstudy,thispreviousreport shown no such responsesto many resentotherperfluorocarbons,which
alsoobserveda significantnonlinear typesof peroxisome proliferatorsat could be peroxisome proliferators,
positiveassociationbetween estra- equivalentdose levels.-1%-41 although data suggestthat PFOA
dioland totalserum organicfluo- We didnotobserveany significant would representthegreatestfraction
rine.28Possiblereasonsfor the dif- associationsbetween PFOA and free oftotalserum organicfluorinelevels
ferentresultsincludethefollowing: or bound testosterone.However, we in thisemployee population.27.29
(1)useof differentmeasurementsof did observea significantpositiveas- Fourth,therecould be measurement
exposure(totalserum organicfluo- sociationbetween 17-HP and PFOA errorin importantconfoundingvari-
rinein 1990 and serum PFOA in in the 1995 but not 1993 analyses. ables.Analysisof the 68 subjects
1993 and 1995);(2)the possibility We examined 17-HP. a precursorof who participatedin both years
thatthe multivariatemodel used in testosterone,because Cook et al'8 showed good correlationforthecon-
1990 may have transgressedtheho- suggestedthatPFOA may affectthe founding factorsof BMI (r = .93,
moscedasticityassumptionofregres- conversionof 17-HP to testosterone P = 0.0001) and the self-reported
sionanalysis35;(3)possiblemisclas- viainhibitionof 17,20-lyase.Ifthis aspectsof alcoholconsumption(r=
sificationof confounding variables enzyme was inhibited,theexpected .67,P = 0.0001)and cigarettesmok-
(co, the expectedrelationshipbe- resultwould be an increasein 17-HP ing(r = .84,P = 0.0001).Fifth,the
tween BMI and estradiolwas not levels,which was observedin both qualityof medicalsurveillancedata
observed in 1990: correlationcoef- years'studies,althoughsignificantly can be evaluatedby whetherknown

42ficient= -.01);(4)differentsub- inonlythe 1995 study.Recent labo- associationsare observed. In this
jectsanalyzed(94employeespartic- ratorywork suggeststhattheremay regard,we observed various ex-
ipatedin both theoriginal1990 and be an accommodation by theCD rat pectedassociations(eg,estradioland
the 1993 surveys,compared with 61 to the initialtestosterone-loweringBMI, freetestosteroneand age).Fi-
employees who participatedin 1990 effectof PFOA.19 A previousre- nally,thepulsatilenatureofsome of
and 1995);and (5)differencesinthe port2llobserveda significantnega- thehormones studied(eg,FSH, LH,
estradiolassays. tive nonlinearassociationbetween testosterone)has resultedin prior

Dose. thresholdeffect,and species totalserum fluorineand freeor recommendations that mean hor-
sensitivitymay accountforthe ap- bound testosterone.Thisobservation mone measurements should be the
parentdifferencesbetween the ani- was dependent upon one influential resultof pooledbloodfrom multiple
mal and human studies.We did not datapoint,thatof an employee who samples takenatshortintervalS.43In
observea significantassociationbe- had no detectabletotalserum organic our study,multiplesampleswere not
tween estradioland PFOA but did fluorinelevelbuthad thehi-hestfree feasiblebecauseof thelow probabil-
observea 10% increaseatthehighest testosteronelevelmeasured. ityof employees voluntarilygiving
serum levelsofPFOA. Serum PFOA Several methodological issues threesamples over a 45- to 60-
in theseworkers was likelybelow should be consideredin evaluatina minute time period.
theobservableeffectlevelsinanimal theresultsfrom thisstudy.First.the In summary, we conductedtwo
Studies-.theobservableeffectlevelin cross-sectionaldesicyndoes not allow cross-sectionalstudiesin 1993 and

Lthe CD rat is somewhere above a fora directanalysisof thetemporal- 1995 and did not observea signifi-
mean serum levelof 55 ppm itvofan association.Given thelong- cantlypositiveassociationbetween
PFOA. "-25AllbutthreePFOA mea- halflifeof PFOA. itisconceivable PFOA exposure and estradiolor a
surementsfrom employees in our thattheremay be some biolo2ical significantlynegative association
study were below 55 ppm PFOA. accommodation to the effect;of withtestosterone.Our studymay not
The [Ocl'cincreasein mean estradiol PFOA. as su-cestedby Bic-elet have been sensitiveenoucyhtodetect
le@'elsobserved amonc, employees al.'9Second. thetwo cross-sectional whether an associationbetween
with the highestlevelsof serum analysescannot be viewed as inde- PFOA and estradiolcould existin
PFOA (@30 ppm) couldsuggesta pendent populationsbecause 68 em- humans because measured serum
thresholdresponse.The discoveryof ployeeswere studiedin both years. PFOA levelswere likelybelow the
theconv,eri!enceof peroxisomalpro- Fewer employees participatedinse- observableeffectlevelssue estedin

Lliferatorsand estradiolatthelevelof rum measurements in the 1995 as- the animal studies.Our resultspro-
theirnuclearhon-nonereceptorspro- sessment.althoulhthe majorityof vide reasonableassurancethatsi--m



JOEM - Volume 40, Number 7,July 1998 621

nificanthormonal changes among 14. HanhijarviH. Ylinen@M,Kojo A. Kosma 27. Ubel FA. Sorenson SD. Roach DE.
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