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background: Perﬂuorooctanoate (PFOA) and perﬂuorooctane sulfonate (PFOS) are ubiquitous man-made compounds that are possible hormonal disruptors. We examined whether exposure to these compounds may decrease fecundity in humans.
methods: Plasma levels of PFOS and PFOA were measured at weeks 4–14 of pregnancy among 1240 women from the Danish National
Birth Cohort recruited from 1996 to 2002. For this pregnancy, women reported time to pregnancy (TTP) in ﬁve categories (,1, 1 –2, 3–5,
6 –12 and .12 months). Infertility was deﬁned as having a TTP of .12 months or received infertility treatment to establish this pregnancy.

25

30

results: Longer TTP was associated with higher maternal levels of PFOA and PFOS (P , 0.001). Compared with women in the lowest
exposure quartile, the adjusted odds of infertility increased by 70 –134 and 60–154% among women in the higher three quartiles of PFOS
and PFOA, respectively. Fecundity odds ratios (FORs) were also estimated using Cox discrete-time models. The adjusted FORs were virtually
identical for women in the three highest exposure groups of PFOS (FOR ¼ 0.70, 0.67 and 0.74, respectively) compared with the lowest
quartile. A linear-like trend was observed for PFOA (FOR ¼ 0.72, 0.73 and 0.60 for three highest quartiles versus lowest quartile).
When all quartiles were included in a likelihood ratio test, the trends were signiﬁcant for PFOS and PFOA (P ¼ 0.002 and P , 0.001,
respectively).

conclusions: These ﬁndings suggest that PFOA and PFOS exposure at plasma levels seen in the general population may reduce
fecundity; such exposure levels are common in developed countries.
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Introduction
Perﬂuorooctane sulfonate (PFOS) and perﬂuorooctanoate (PFOA)
belong to a class of perﬂuorinated chemicals (PFCs) that are widely
used in many consumer products (paper wraps, ﬁre-ﬁghting foams,
pesticides, textiles including clothing, upholstery, carpets and personal
care products) and in manufacturing processes (industrial surfactants
and emulsiﬁers). They are persistent in the environment and have
been detected in wildlife and humans around the world (Giesy and
Kannan, 2001; Kannan et al., 2004; Apelberg et al., 2007; Calafat
et al., 2007; Fei et al., 2007). They were considered biologically inactive when ﬁrst commercially introduced in the 1950’s, but animal
studies of PFOA and PFOS have since indicated toxic effects on the
liver, immune system and developmental and reproductive organs
(Kennedy et al., 2004; Lau et al., 2004, 2007). PFOA and PFOS may
affect sex hormone homeostasis, and have been associated with
increased incidence of fetal resorptions and pregnancy loss in

animals (Case et al., 2001; Butenhoff et al., 2004; Lau et al., 2006;
Wolf et al., 2007).
In recent decades, a remarkable decline in fertility rates has been
observed in developed countries, which can largely be explained by
social changes in desired family sizes and better contraceptive 100
methods, but may also in part be attributed to reduced fecundity,
the biological capacity to reproduce (Olsen and Rachootin, 2003).
In the USA, 2% of women of reproductive age had an infertility-related
medical appointment within the previous year, and 8% had an
infertility-related medical visit at some point in the past (Centers for 105
Disease Control and Prevention (CDC), 2008). Infertility is associated
with psychological stress and anxiety for women and couples, and with
adverse birth outcomes or diseases (Zhu et al., 2007; Jensen et al.,
2008), and treatment carries ﬁnancial burdens for individuals and for
society.
110
Environmental pollutants, such as polychlorinated biphenyls, pesticides and other chemicals (Taskinen et al., 1999; Law et al., 2005),
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have been linked to subfecundity. In a previous paper (Fei et al., 2007),
we reported that maternal PFOS and PFOA levels were inversely
related to parity, perhaps due to fetal uptake during pregnancy or
excretion by breast milk, but this association could also be explained
by a link between exposure to PFOS or PFOA and subfecundity. We
used data from the Danish National Birth Cohort (DNBC) to assess
whether maternal plasma PFOS and PFOA levels, measured in early
pregnancy, were associated with a longer time of pregnancy (TTP),
a measure that has been used to estimate fecundity in epidemiologic
studies for more than 25 years (Rachootin and Olsen, 1982).
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The women were enrolled into the DNBC, a nationwide follow-up study
of almost 100 000 children and their mothers. More details about the
cohort have been presented elsewhere (Olsen et al., 2001). Brieﬂy, pregnant women were recruited through their general practitioners around
weeks 6 – 12 of gestation. Approximately 50% of all general practitioners
in Denmark participated in the study, and approximately 60% of invited
women accepted the invitation to participate. Self-reported data were collected by computer-assisted telephone interviews twice during pregnancy
and twice after birth. A study biobank was set up, consisting of two
maternal blood samples taken during pregnancy, and one umbilical cord
blood sample obtained shortly after birth.
We measured plasma PFOA and PFOS levels in a subset of DNBC participants. Among all participants (n ¼ 43 045) who provided the ﬁrst
maternal blood sample, gave birth to a single live born child without congenital malformation, and completed all four telephone interviews, we randomly selected 1400 women. Detailed information about sampling has
been described elsewhere (Fei et al., 2007). We excluded 160 with
unplanned pregnancies or unknown TTP. Altogether, 1240 women were
included in our main analyses.
Written informed consent was obtained from all participants at recruitment. The UCLA Ofﬁce for Protection of Research Subjects (Reference
No. 06-08-023-01) and the Danish Data Protection Agency (Reference
No. J.Nr 2006-41-6324) approved the study protocol.

Time to pregnancy
In the ﬁrst interview (at approximately 12 weeks of gestation), women
were asked if their pregnancy was planned, partly planned or not
planned. All except those responding ‘not planned’ were further asked,
‘For how long did you try to get pregnant before you succeeded?’ followed
by ﬁve ﬁxed answering categories of TTP: got pregnant immediately
(i.e. ,1 months), 1 – 2, 3 – 5, 6 – 12 and .12months. Infertility was
deﬁned as having a TTP of .12 months or infertility treatment to establish
the current pregnancy.

PFOA and PFOS exposure
We used the maternal blood samples taken at the ﬁrst antenatal visit
(weeks 4 – 14 of pregnancy) for this study. Concentrations of PFOS and
PFOA in plasma were measured by high performance liquid chromatography/tandem mass spectrometry at the 3M Toxicology Laboratory
(Ehresman et al., 2007). Stable labeled analogs of PFOS (18O2 PFOS)
and PFOA (13C2 PFOA) were used in extraction procedures, and the
extractions were performed using solid phase extraction techniques and
based on 100 ml of plasma. All values were above LLOQ (the lower
limit of quantiﬁcation: 1 ng/ml), except one PFOA value that was assigned
a value of half the LLOQ. Further details about the analysis methods were
given in our earlier report (Fei et al., 2007). The laboratory was blinded to
any information on the pregnant women.

Fei et al.

Statistical analysis
PFOA and PFOS levels were analyzed as continuous variables and were
also categorized a priori into quartiles using the lowest quartile as the
reference group. We ﬁrst used logistic regression to estimate the odds
ratios (ORs) of infertility for women who were exposed to higher levels
of PFOA or PFOS compared with the reference level. Fecundity odds
ratios (FORs) were then estimated using the Cox model modiﬁed for discrete time data (Allison 1995). Approximate median numbers of months
(i.e. 1, 2, 4 and 9) were assigned to the ﬁrst four reported categories of
TTP. TTP was censored at the 13th month if women had a TTP .12
months or received infertility treatment for this pregnancy (n ¼ 201). In
our study, FORs measure the odds of a successful conception for
women who had higher levels of PFOA or PFOS compared with the reference levels within a given calendar month, given that the women did not
become pregnant in the previous month. FORs ,1 therefore indicate
decreased fecundity and a longer TTP. A value of P , 0.05 was considered
statistically signiﬁcant.
Potential confounders included maternal age at delivery, parity, prepregnancy body mass index (BMI), maternal socio-occupational status,
paternal education, paternal age and alcohol consumption before pregnancy. Age at menarche, irregular menstrual periods, history of spontaneous miscarriages, abdominal diseases (e.g. endometriosis, pain),
paternal occupation and gestational weeks at blood drawing were also
considered, but were not included in the ﬁnal models as they had little
effect on the estimated associations. Information on smoking and coffee
consumption were only reported after pregnancy and women with TTP
.12 months were more likely to have stopped smoking; furthermore,
adjustment for these variables did not change the associations between
PFOA or PFOS and the outcome, and were therefore not included in
the models.
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Results
Half of the women became pregnant within the ﬁrst 2 months of
trying, while 379 (30%) had a TTP of 6 months, 188 of whom
had a TTP of .12 months. The average age of the women was
30.6 years and 15% were above 35 years of age at delivery. About
half of the women were expecting their ﬁrst child (Table I), and
one-third were overweight or obese. Eighteen per cent had a
history of spontaneous miscarriages and 14% reported experiencing
irregular menstrual cycles prior to this pregnancy.
The median plasma PFOA and PFOS levels among the planned or
partly planned pregnancies were 5.3 ng/ml [interquartile (IQR): 4.0,
7.0] and 33.7 ng/ml (IQR: 26.6, 43.5), respectively. As previously
reported (Fei et al., 2007), PFOS and PFOA levels decreased with
increasing age or parity and with decreasing pre-pregnancy BMI.
PFOA levels were associated with irregular menstrual periods (9.0%
in the lowest quartile versus 15.0% in the upper three quartiles), as
well as PFOS (11.6% in the lowest quartile versus 14.2% in the
upper three quartiles). Compared with women who got pregnant in
the ﬁrst 6 months of waiting time, women who had a longer TTP
had higher PFOA and PFOS levels (P , 0.001 for both), and they
were more likely to be older, of middle socio-occupational status,
and to have a history of spontaneous miscarriages or irregular menstrual cycles (Table I). Those with younger partners or partners
with higher education levels had a shorter TTP.
The proportion of women with TTP .12 months (infertility) was
higher in the higher three quartiles of PFOA and PFOS versus the
lowest quartile (Table II). We estimated that the odds of infertility
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Table I Characteristics of study subjects and TTP among women with planned pregnancya
Women with planned
pregnancy (n 5 1240)%

<6 months
(n 5 861)%

6 –12 months
(n 5 191)%

>12 months
(n 5 188)%

PFOA
(ng/ml)b

PFOS
(ng/ml)b

.............................................................................................................................................................................................
235

PFOS, ng/mlb

35.5 + 12.8

34.6 + 12.7

36.6 + 12.5

38.3 + 13.0

–

–

PFOA, ng/mlb

5.6 + 2.6

5.4 + 2.2

6.0 + 3.4

6.3 + 2.7

–

–

290

Maternal age at delivery
,25 years
25–29 years
240

7.8

8.8

8.4

2.1

6.1 + 1.9

38.0 + 10.9

40.0

42.1

39.3

31.4

6.1 + 2.8

37.1 + 12.6

30–34 years

37.0

37.0

35.1

39.4

5.2 + 2.3

34.2 + 13.3

35 years

15.2

12.1

17.3

27.1

5.2 + 2.4

33.2 + 12.5

0

44.7

41.9

49.2

54.8

6.7 + 2.7

37.8 + 12.7

1

36.3

39.4

32.5

33.0

4.8 + 2.0

33.7 + 12.7

2

19.0

18.7

18.3

12.2

4.6 + 2.2

33.5 + 12.3

295

Parity

245

300

Pre-pregnancy BMI
,18.5 kg/m2

250

4.2

3.8

5.9

4.3

5.2 + 2.1

32.9 + 13.8

2

18.5–24.9 kg/m

66.3

67.9

61.0

64.2

5.6 + 2.7

35.0 + 12.8

25.0–29.9 kg/m2

22.3

21.9

24.6

21.4

5.7 + 2.3

36.7 + 11.8

7.2

6.3

8.6

10.2

6.1 + 2.6

38.8 + 13.8

30.0 kg/m2

305

Maternal SES

255

260

Higher

51.9

54.2

45.3

47.6

5.6 + 2.4

34.2 + 12.5

Middle

40.2

37.4

47.4

46.0

5.7 + 2.8

37.1 + 12.8

Lower

7.9

8.4

7.4

6.4

5.6 + 2.2

36.9 + 13.8

310

Alcohol consumption before pregnancy (drinks/week)
0 to ,1

22.0

20.8

23.7

25.7

5.3 + 2.2

35.4 + 12.4

1– 1.5

24.0

22.7

22.6

31.6

5.8 + 2.4

37.0 + 12.8

2– 3

22.0

23.3

20.5

17.6

5.5 + 2.2

35.7 + 13.1

.3

32.0

33.3

33.2

25.1

5.9 + 3.1

34.4 + 12.8

Yes

22.7

22.5

27.2

19.0

5.6 + 2.3

34.4 + 11.7

No

77.3

77.5

72.8

81.0

5.6 + 2.6

35.8 + 13.1

315

Smoking in early pregnancy
320

History of spontaneous miscarriages
265

No

82.0

85.2

74.9

74.3

5.7 + 2.6

35.6 + 12.7

Yes

18.0

14.8

25.1

25.7

5.3 + 2.2

35.1 + 13.4

No

86.4

88.2

87.9

77.1

5.6 + 2.6

35.4 + 13.0

Yes

13.6

11.8

12.1

22.9

5.8 + 2.0

36.0 + 11.6

Irregular menstrual periods

270

275

325

Paternal age
,30 years

29.4

32.3

28.4

17.1

6.2 + 2.4

38.0 + 12.3

30–34 years

39.3

41.0

35.8

35.3

5.5 + 2.8

35.0 + 12.9

35–39 years

23.1

20.1

24.7

35.3

5.3 + 2.2

34.3 + 13.4

8.2

6.7

11.0

12.3

5.2 + 2.5

33.3 + 11.3

Lower

20.2

19.2

24.6

20.7

5.7 + 2.1

38.2 + 12.4

Middle

33.9

31.7

36.1

41.5

5.9 + 3.0

37.5 + 12.8

Higher

41.6

45.1

34.6

33.0

5.4 + 2.4

32.8 + 12.5

4.3

4.1

4.7

4.8

5.7 + 2.6

33.4 + 12.9

40 years

330

Paternal education

280

Other or unknown

a
Missing data: maternal age at delivery (n ¼ 1), pre-pregnancy BMI (n ¼ 27), maternal socio-occupational status (SES) (n ¼ 4), history of spontaneous miscarriages (n ¼ 1), alcohol
consumption before pregnancy (n ¼ 3), paternal age (n ¼ 11); bdata are mean + SD. PFOA, perﬂuorooctanoate; PFOS, perﬂuorooctane sulfonate.
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400
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Table II Estimated OR for infertility (TTP >12 months) and FOR according to plasma concentrations of PFOS or PFOA
(ng/ml) in early pregnancya
Exposure

No. of planned pregnancy

Infertility

..................................................
Per cent

FOR (95% CI)c

OR (95% CI)b

.............................................................................................................................................................................................

405

PFOS (ng/ml)
350

355

360

6.4– 26.0

293

10.6

1.00

1.00

26.1–33.3

305

15.4

1.70 (1.01, 2.86)

0.70 (0.56, 0.87)

33.4–43.2

317

19.5

2.34 (1.40, 3.89)

0.67 (0.53, 0.84)

43.3

317

18.6

1.77 (1.06, 2.95)

0.74 (0.58, 0.93)

0.025

0.002

P-value for trendd

410

PFOA (ng/ml)
,LLOQ23.91

293

8.9

1.00

1.00

3.91–5.20

308

18.2

2.06 (1.22, 3.51)

0.72 (0.57, 0.90)

5.21–6.96

315

15.5

1.60 (0.93, 2.78)

0.73 (0.58, 0.92)

6.97

316

21.5

P-value for trendd

2.54 (1.47, 4.39)
0.006

415

0.60 (0.47, 0.76)
,0.001

a
The estimates were adjusted for maternal age at delivery, parity, pre-pregnancy BMI, maternal SES, alcohol consumption before pregnancy, paternal age, and paternal education; seven
women (from a total of 1240) were excluded because of missing data on covariates; bLogistic regression; cCox discrete-time model; dThe P-values for trend tests of FORs were given
for the four-quartile comparison of PFOA and PFOS levels using a likelihood ratio test. CI, conﬁdence interval; FOR, fecundity odds ratios; LLOQ, lower limit of quantiﬁcation.
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365

370

375

380

385

390
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increased by 70– 134% for women in each of the higher exposure categories of PFOS, and 60–154% for women in each of the higher
exposure categories of PFOA, compared with the lowest quartile.
Women who were exposed to higher levels of PFOA or PFOS had
a longer TTP; the adjusted FORs were 0.70, 0.67 and 0.74 for the
top three quartiles of PFOS and 0.72, 0.73 and 0.60 for the top
three quartiles of PFOA (versus the lowest quartile) (Table II).
When all quartiles were included in a likelihood ratio test, the
trends were signiﬁcant for PFOS and PFOA (P ¼ 0.002 and ,0.001,
respectively).
Women who were carrying unplanned pregnancies had lower PFC
levels. The median level was 4.8 ng/ml (IQR: 3.5, 6.6) for PFOA and
30.0 ng/ml (IQR: 26.6, 43.5) for PFOS. They were of younger age
(,25 years) or much older (35 years), more often parous and of
lower socio-occupational status. They were less likely to take contraceptive pills and to drink alcohol before pregnancy, but more likely to
smoke in early pregnancy. Including these women as having a TTP of
‘,1 month’ strengthened the observed associations (data not shown).
Only including women with regular menstrual periods slightly lessened
the association (data not shown).

Discussion
To our knowledge, this is the ﬁrst study to assess the associations
between PFOA and PFOS plasma levels and TTP in humans. Higher
maternal PFOA and PFOS levels measured in early pregnancy were
found to be associated with longer TTP. The odds of a conception
leading to a recognized pregnancy were reduced for women who
were exposed to PFOS and PFOA above the lowest quartile, and
the magnitude of the reduction in fecundity was similar for the three
higher quartiles.

The exposure time window of interest is at the start of pregnancy
planning, but our exposure data were taken at 4–14 weeks gestation.
PFOA and PFOS levels were, however, rather stable over pregnancy
(Fei et al., 2007). We assume that our exposure assessment reﬂects
the exposure level during the entire pregnancy planning time period.
Information on TTP was obtained during the ﬁrst trimester when
women should be able to recall this with reasonable accuracy (Joffe
et al., 2005). We further provided ﬁve response categories in order
to facilitate valid recall, at the expense of precision. Differential
recall by women according to PFC levels is unlikely to be a problem
in our study since the exposure levels were unknown to them.
Maternal age, paternal age and paternal education substantially
changed the associations between PFOS and TTP, while parity and
paternal education were the most inﬂuential confounders in the analysis of PFOA. We did not have information on some important determinants of TTP, including frequency and timing of intercourse, and
sperm quality. Sperm quality could potentially contribute to the associations between maternal PFC levels and TTP, if these compounds
impact sperm quality and if PFC levels in male and female partners
are similar, which is likely to some extent since the couples may
share some aspects of lifestyle and around 99% subjects in this subcohort had a spouse or partner. Adjustment for paternal occupation
did not change the estimates.
There are several potential limitations of our study. First, we
studied TTP of pregnancies which led to the birth of a child, limiting
conclusions that can be drawn regarding women who were unable to
get pregnant, even after infertility treatment. Only couples who
planned or partly planned their pregnancy can report a TTP.
Ninety per cent of the women planned or partly planned their pregnancy in our study. Selection bias resulting from exclusion of fertile
women who did not plan their pregnancy is possible, and our data
showed that the associations between PFC levels and longer TTP
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were stronger after inclusion of unplanned pregnancies in the
analyses.
The biological mechanism by which exposure to PFOS and PFOA
may reduce fecundity is unknown. PFCs may interfere with hypothalamic–pituitary –ovarian regulation, possibly causing irregular menstrual
cycles, delayed ovulation or early abortions not recognized by the
mother. In this study, we found similarly higher proportions of
women reporting irregular menstrual periods in the upper three quartiles of PFCs compared with the lowest. Similarly, exposure to PFOS
can reduce the number of regular estrous cycles in rats (Austin et al.,
2003). Although the doses administered to rats were higher than the
levels found in our study, but close to those found in occupationally
exposed human populations (Olsen et al., 1999), the ﬁndings of
Austin et al. (2003) may not apply to man, since the rodent estrous
cycle is not an ideal model for the human cycle and the half-lives of
these chemicals in humans greatly differ from those in animals.
Increased levels of estrogen and/or decreased levels of testosterone
have also been found in male rats given oral doses of PFOA at
2 mg/kg/day or higher (Cook et al., 1992; Biegel et al., 1995; Liu
et al., 1996; Martin et al., 2007). A dose of 3 mg/kg/day is approximately equivalent to 4000 ng/ml in rat serum, which is slightly
higher than levels observed in occupationally exposed populations
(Butenhoff et al., 2004), but female rats were not studied as often
as male rats in the studies of PFOA. Abnormal hormone levels may
have an impact on infertility, and results from several animal studies,
although not all, showed that exposure to PFOA or PFOS increased
the incidence of spontaneous miscarriages (Case et al., 2001;
Butenhoff et al., 2004; Lau et al., 2006; Wolf et al., 2007).
In conclusion, our data suggest that exposure to PFOA and PFOS at
levels found in the general population may increase TTP. Whether our
results will add PFCs to the list of risk factors for subfecundity remains
to be seen, but PFCs may explain some of the fertility differences seen
among different populations in developed countries.
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