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Abstract

Objective—Assess the relation between environmental chemicals and couple fecundity or time-

to-pregnancy (TTP).

Design—Prospective cohort.

Setting—Couples completed interviews and anthropometric assessments and provided urine

specimens for quantification of bisphenol A (BPA) and 14 phthalate metabolites using high-

performance liquid chromatography with electrospray triple-quadrupole mass spectrometer.

Women recorded menstruation and pregnancy test results in daily journals. Couples were followed

until a positive hCG pregnancy test or 12 cycles without pregnancy.

Patients—501 couples recruited upon discontinuing contraception to become pregnant, 2005–

2009.

Interventions—None

Main Outcome—Fecundability odds ratios (FORs) and 95% confidence intervals (CIs) were

estimated for each partner’s chemical concentrations adjusting for age, body mass index, cotinine,

creatinine, and research site while accounting for time off contraception.

Results—Neither female nor male BPA concentration was associated with TTP (FOR 0.98; 95%

CI 0.86, 1.13 and FOR 1.04; 95% CI 0.91, 1.18, respectively). Men’s urinary concentrations of
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monomethyl, mono-n-butyl and monobenzyl phthalates were associated with a longer TTP

(FOR=0.80, 95% CI 0.70, 0.93; FOR=0.82, 0.70, 0.97; and FOR=0.77, 0.65–0.92, respectively).

Conclusions—Select male but not female phthalate exposures were associated with an

approximately 20% reduction in fecundity underscoring the importance of assessing both partners’

exposure to minimize erroneous conclusions.
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Introduction

During the past few decades, considerable evidence has arisen suggesting that exogenous

chemicals may interfere with hormonal homeostasis resulting in a spectrum of adverse

reproductive and/or developmental outcomes (1). At least one professional society has

concluded that sufficient evidence now exists linking endocrine disrupting chemicals

(EDCs) to adverse human reproductive effects, including possible epigenetic and trans-

generational effects (2, 3). Much of the available EDC literature has focused on persistent

chemicals such as dioxins or polychlorinated biphenyls that resist degradation and

biaccumulate and biomagnify in the ecosystem, serving as a route of exposure for human

and wildlife populations (4–6).

Recent findings suggest that chemicals with short half-lives, or non-persistent chemicals,

also may impact human fecundity, defined as the biologic capacity of men and women for

reproduction irrespective of pregnancy intentions (7). Much of the available human research

conducted to date utilizes couples seeking assisted reproductive technologies (ART). The

unique feature of this evolving body of evidence reflects the ability to measure sensitive

fecundity endpoints, from oocyte retrieval through implantation, in keeping with the highly

timed and conditional nature of human reproduction. Bisphenol A (BPA) and phthalates are

ubiquitous environmental chemicals that have been linked to reproductive outcomes among

couples seeking infertility treatment including ART. For example, an inverse relation

between urinary BPA and serum inhibin and estradiol:testosterone ratio in men attending an

infertility clinic was recently reported (8).

Free testosterone, but not other reproductive hormone concentrations or semen parameters,

was negatively associated with urinary BPA concentrations among 375 male partners of

pregnant women (9). In women, other findings include an inverse relation between BPA and

peak estradiol and the number of oocytes retrieved in women (10, 11), the absence of

pregnancy (12), and implantation failure, particularly for women with diminished ovarian

reserve (13). While reasons for implantation failure were not reported in the latter study,

follow on work reported higher BPA concentrations in female partners as being associated

with lower serum estradiol, oocyte yield, mature oocyte count, and the number of normally

fertilizing oocytes (14). Perhaps the evidence most suggestive of BPA’s potential

reproductive toxicity in females stems from recently completed experimental research using

discarded human oocytes. Specifically, BPA was negatively associated with the percentage
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of oocytes progressing to metaphase II along with a positive relation with the percentage of

oocytes that either degenerated or underwent spontaneous activation (15).

With regard to phthalates, much of the research on human fecundity focuses on semen

quality with little study of other reproductive endpoints. A landmark paper reported that

environmentally relevant concentrations of monoethyl phthalate (MEP) but not seven other

phthalates was associated with increased sperm DNA damage among men attending an

andrology clinic as a part of an infertility evaluation (16). Additional investigation of these

and other men identified a dose response relation between mono-n-butyl phthalate (MBP),

and sperm motility and concentration, and monomethyl phthalate (MMP) with abnormal

semen morphology (17). However, no significant associations were observed between any

of the eight phthalates and sperm movement characteristics, as determined using computer-

aided sperm analysis (CASA) (18). In an occupational cross-sectional study involving 45

workers in a polyvinyl chloride plant where phthalates are added to enhance the flexibility

of plastics, ambient air concentrations of di-2-ethylhexyl phthalate (DEHP) were adversely

associated with sperm motility and chromatin DNA integrity (19). Adverse effects for some

but not all phthalates and select semen quality parameters have been assessed in two

samples of men from the general population. Specifically, MEP was negatively associated

with motile sperm and luteinizing hormone concentration, though positively associated with

immotile sperms in 234 Swedish men undergoing their military conscript medical

examination (20). Among 881 Danish men participating in a semen quality study, 14

phthalate metabolites were assessed and only the primary metabolites of DEHP and

diisononyl phthalate (DiNP) excreted as mono (2-ethylhexyl) phthalate (mEHP), and

monoisononyl phthalate (MiNP) were associated with compromised testosterone production

along with pituitary-hypothalamic inhibition of gonadotropin release (21).

Two previous novel papers offer some insight regarding male mediated effects and time-to-

pregnancy (TTP). In a small case control study comprising 56 couples with and 56 without

infertility, infertile partners excreted higher concentrations of five phthalate metabolites in

comparison to fertile partners (22). A cohort study comprising couples planning pregnancy

and prospectively followed for six cycles reported that mEHP but not five other phthalates

was significantly associated with approximately a three-fold increased odds of pregnancy

loss (23).

These early findings are consistent with a considerable body of experimental animal

evidence suggesting that BPA and phthalates disrupt oocyte maturation (24, 25), impair

steroidogenesis (26, 27) and alter development of reproductive organs (28, 29) among other

pathways. The ability of BPA and phthalates to reach sensitive targeted tissues such as

follicular fluid and semen (30, 31) coupled with their high volume production (32, 33) and

ubiquitous source of human exposure (34, 35) underscores the need for purposeful

investigation. We utilized data and biospecimens from the Longitudinal Investigation of

Fertility and the Environment (LIFE) Study to assess urinary BPA and phthalate

concentrations and couple fecundity as measured by TTP.
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Materials and Methods

Study Design and Population

We recruited 501 couples discontinuing contraception and attempting to become pregnant

using state-specific population-based sampling frameworks from 16 targeted counties in

Michigan and Texas during 2005–2009 with reported exposure to persistent environmental

chemicals (as described elsewhere) (36). Briefly, couples were screened for eligibility:

females aged 18–44 and males aged ≥ 18 years; female’s menstrual cycle 21–42 days; in a

committed relationship; no injectable hormonal contraceptives in the past year or currently

lactating; no physician diagnosed infertility/sterility; and an ability to communicate in

English or Spanish. Our cohort size was powered for detection of significant differences in

the concentration of persistent chemicals and TTP.

Data Collection and Operational Definitions

Baseline interviews with each partner of the couple were conducted in the home followed by

standardized anthropometric assessment for the calculation of body mass index (BMI),

along with the collection of urine and blood specimens for chemical and cotinine

quantification (100% participation). Women completed daily journals to capture information

on intercourse, menstruation and home pregnancy test results, while men completed daily

journals on lifestyle. Women were trained in the use of the Clearblue® Easy Fertility

Monitor, which is a urinary-based kit that tracks the rise in estrone-3-glucuronide (E3G) and

luteinizing hormone (LH). The monitor displays low, high or peak fertility to aid couples in

timing intercourse, and is reported to be 99% accurate in detecting the LH surge when

compared to vaginal ultrasonology (37). Women also were instructed in the accurate use of

digital Clearblue® Easy home pregnancy kits commencing on the day of expected

menstruation. Study participants were remunerated $75 for complete participation. Human

subjects’ approval was received from all collaborating institutions, and participants were

fully consented before data collection.

TTP was used to assess couple fecundity and denotes the number of prospectively observed

menstrual cycles required for an hCG pregnancy. We utilized fertility monitor and daily

journal information to define a menstrual cycle, i.e., interval (in days) from the onset of

bleeding with 2+ bleeding days of increasing intensity to the onset of the next similar

bleeding episode. Because of our design, we were able to differentiate couples becoming

pregnant within the first few weeks of enrollment, or before a fully observed menstrual cycle

(TTP=0), from those becoming pregnant in the first fully observed cycle (TTP=1).

Definitions of relevant covariates included: age (years), BMI (weight in kg/ height in m2),

gravidity (# pregnancies), parity (# live births), serum cotinine (ng/ml), and urine creatinine

(mg/dl) concentrations.

Toxicologic Analysis

Urinary total BPA concentrations were quantified (ng/mL) using high-performance liquid

chromatography (HPLC) coupled with API 2000 electrospray triple-quadrupole mass

spectrometer (MS/MS) using an established protocol (38). The laboratory limit of

quantitation (LOQ) was 0.05 ng/mL, as calculated from twice that of the lowest valid
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acceptable calibration standard. Phthalate metabolites were analyzed in 0.5 mL of urine after

enzymatic deconjugation followed by solid phase extraction and HPLC-MS/MS detection

using an established protocol (39). Fourteen phthalate metabolites were quantified (ng/mL):

mono (3-carboxypropyl) phthalate (mCPP), monomethyl phthalate (mMP), monoethyl

phthalate (mEP), mono (2-isobutyl phthalate) (miBP), mono-n-butyl phthalate (mBP), mono

(2-ethyl-5-carboxyphentyl) phthalate (mECPP), mono-[(2-carboxymethyl) hexyl] phthalate

(mCMHP), mono (2-ethyl-5-oxohexyl) phthalate (mEOHP), mono (2-ethyl-5-hydroxyhexyl)

phthalate (mEHHP), monocyclohexyl phthalate (mCHP), monobenzyl phthalate (mBzP),

mono (2-ethylhexyl) phthalate (mEHP), mono-isononyl phthalate (mNP), and monooctyl

phthalate (mOP).

Laboratory operating procedures included ongoing quality assurance and quality control

procedures, including participation in proficiency testing programs. A method blank, a

spiked blank and a pair of matrix-spiked sample/duplicates were processed for each batch

comprising 25 samples. Trace levels of mBP, miBP, and mEHP were detected in procedural

blanks necessitating the subtraction of blank values. The regression coefficient of calibration

standards, injected at concentrations ranging from 0.05 to 20 ng/mL, was > 0.999. The limit

of quantitation (LOQ) for phthalate metabolites ranged from 0.2 to 1.0 ng/mL, as

determined from the lowest point of the calibration standard and a nominal sample volume

of 0.5 mL.

Creatinine was quantified (mg/dl) in 0.15 ml of urine using a Roche/Hitachi Model 912

clinical analyzer (Dallas, TX) and the Creatinine Plus Assay. Cotinine concentration was

quantified (ng/ml) in 1 ml of serum using liquid chromatography-isotope dilution tandem

mass spectrometry (40).

Statistical Analysis

A variety of descriptive statistical analyses were undertaken to explore the completeness of

data and to evaluate the distributions of BPA and phthalates. Statistical significance was

formally assessed using either the Chi-square statistic, t-test or Wilcoxon nonparametric test

for categorical and continuous data, respectively. Fecundability odds ratios (FORs) and 95%

confidence intervals (CIs) were estimated for each chemical and initially for each partner

adjusting for a priori established potential confounders: age, BMI, and cigarette smoking

(41–46). Also, all models adjusted for research site to account for any residual confounding

and creatinine to account for urinary volume. Models accounted for left truncation or time

couples were off contraception. Lastly, we jointly modeled both partners’ exposures given

their low correlations to assess associations between female chemical concentrations and

fecundity when adjusting for the male partner’s concentrations, as well as the reverse. FORs

were estimated using Cox models for discrete survival time that allows for a cycle-varying

intercept (47). Couples were censored in analyses upon withdrawal or upon 12 months of

trying. Chemicals were log transformed and rescaled by their standard deviations to estimate

the odds of becoming pregnant per one standard deviation increase in chemical

concentration conditional on not achieving pregnancy in the previous cycle. Consistent with

contemporary analytical practice, we used all machine observed concentrations and did not

substitute concentrations <LOQ nor creatinine standardized (48–50). Rather, creatinine was
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included as a covariate in the model. All testable modeling assumptions were evaluated,

namely proportional hazards and covariates’ linearity (51). Diminished fecundity denotes

FORs <1 or a longer TTP, while FORs >1 denote a shorter TTP. Consistent with our

exploratory analytic plan, findings were considered significant if p-values were <0.05 or CIs

excluded one without adjusting for multiple comparisons. We report p-values with CIs to aid

in the interpretation of findings.

Results

The study cohort comprised mostly white, college-educated couples with health insurance

(Table 1). Female and male partners were on average 30.0 (±4.1) and 31.8 (±4.9) years of

age, with mean BMIs of 27.6 (±7.3) and 29.8 (±5.6), respectively. Among couples, 47% of

women and 48% of men reported a previous live birth, with an average of 1.1 (standard

deviation ±1.3) pregnancies. During the period of follow-up, 347 (69%) couples became

pregnant.

As Table 2 reflects, most study participants had BPA concentrations >LOQ (98%) and also

for 9/14 phthalates (94%–99%). The five remaining phthalates (i.e., mMP, mCHP, mEHP,

mOP, and mNP) had half or more concentrations <LOQ, ranging from 58% to 98%. Among

women, geometric mean concentrations for mEP were significantly higher in women not

becoming pregnant in comparison to women becoming pregnant (103.5 and 93.8 ng/mL,

respectively). Four phthalates were significantly higher in men whose partners did not

achieve pregnancy in comparison to those who did. These included: mMP (0.80 and 0.63 ng/

mL), mBP (7.09 and 5.94 ng/mL), mECPP (19.49 and 17.19 ng/mL), and mBzP (3.84 and

2.79 ng/mL), respectively. Of note are the low correlations between partners’ chemical

concentrations for either BPA (r=0.14) or phthalates (r=0 to 0.3) diminishing concerns about

possible collinearity in joint models with couples’ exposures. Reasons for the lack or

correlations for couples’ concentrations are unknown, but may reflect varying behaviors or

lifestyle.

Neither female BPA nor any phthalate concentrations were significantly associated with

diminished couple fecundity in (un)adjusted models (Table 3). One noted exception was for

phthalate mCPP, which was significantly (p <0.05) associated with a shorter TTP (FOR =

1.20; 95% CI 1.00, 1.43). Male BPA concentration was positively associated with TTP,

though the CI included one (FOR = 1.04; 95% CI 0.91, 1.18). For males, three phthalates

were significantly associated with approximately a 20% reduction in couple fecundity per

standard deviation change in concentration reflecting in a longer TTP. They are: mMP (FOR

= 0.80; 95% CI 0.70, 0.93), mBP (FOR=0.82; 95% CI 0.70. 0.97) and mBzP (FOR = 0.77;

95% CI = 0.65, 0.92).

As Table 4 reflects when both partners’ chemical concentrations were jointly modeled along

with relevant covariates, female mCPP and mOP were observed to be associated with a

significantly shorter TTP (FOR = 1.22; 95% CI 1.02, 1.47 and FOR = 1.18; 95% CI 1.03,

1.35, respectively). Among male partners, mMP and mBzP remained significantly

associated with diminished couple fecundity (FOR = 0.81; 95% CI 0.70, 0.94 and FOR =

0.80; 95% CI 0.67, 0.97, respectively) in adjusted models that also included the female’s
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concentration. When all four significant phthalates listed on Table 3 were included in one

model along with covariates, male mMP remained significant (FOR = 0.83; 95% CI 0.72,

0.96 data not shown).

Discussion

In this prospective cohort study with preconception recruitment of couples discontinuing

contraception for purposes of becoming pregnant and followed until a hCG pregnancy or a

year of trying, we found that select phthalates as measured in the urine of male but not

female partners were associated with a longer TTP. BPA was not associated with TTP

irrespective of partner’s urinary concentration, though inspection of dose dependency

corroborated the consistent negative and positive associations with female and male

concentrations and TTP (data not shown). The FORs for mMP, mBP and mBzP reflected

approximately a 20% reduction in fecundity, comparable in magnitude to effects reported

for cigarette smoking or BMI (43, 52). A salient finding is the importance of quantifying

exposures in both partners of the couple when assessing couple dependent reproductive

outcomes such as time to pregnancy. Our findings would essentially be null or in an

opposing direction had we only considered the female partner.

Interpreting our findings within the context of the available literature is challenging, as we

are unaware of any published work focusing on either BPA or phthalates and couple

fecundity. As noted above, previous research has utilized couples undergoing ART for the

assessment of BPA or clinical samples of men for the assessment of phthalates and

reproductive hormones or semen quality. We are unaware of any research focusing on

couple fecundity or TTP for these chemicals. Still, the evolving ART research is suggestive

of BPA adversely affecting ovarian response, possibly through estrogenic and anti-

androgenic mechanisms (53, 54) resulting in a range of adverse outcomes as reported by the

infertility and ART literature on this topic (8–13). In fact, BPA has long been reported to

have implications for reproductive and developmental outcomes (55). One possible

explanation for the lack of an association between BPA and couple fecundity may reflect

our population- rather than clinic-based sampling framework. While speculative, our

findings suggest that BPA in females may be negatively associated with TTP in fecund

couples. While FORs were <1.0 for female BPA, CIs included one. This observation

suggests that higher exposures or a larger cohort may be needed for detection of statistically

significant findings at ubiquitous environmentally relevant concentrations.

Interpreting our phthalate findings to address the observed partner specific associations with

TTP is even more challenging, but assisted by the novel work focusing on men that suggests

alterations in hormonal milieu and semen quality (56, 57), possibly indicative of their

antiandrogenic mechanisms (58, 59). The absence of any significant negative associations

between phthalates and TTP when based upon female exposures suggests that male

exposure may be driving the reduction in couple fecundity reflecting in a longer TTP. Still,

we are unaware of any toxicologic mechanisms responsible for the varying patterns between

phthalates and TTP. A key limitation of TTP is that it is a functional measure of couple

fecundity and does not determine whether reductions are female, male or couple mediated.

As such, our future research plans include assessing exposures in relation to a spectrum of
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male (e.g., semen quality) and female (e.g., menstruation and ovulation) fecundity and

fertility endpoints.

There are important limitations that accompany this observational cohort study. While we

have prospectively measured TTP, we have only one measurement of unconjugated BPA

and phthalates despite their short life and excretion from the body. However, this

measurement was at baseline or upon recruitment of the couple into the cohort and before

observed pregnancies. Also, a single spot urine sample is reported to adequately characterize

average exposure for BPA and phthalates (60, 61). The geometric mean concentrations for

BPA and most phthalates observed in the LIFE Study were generally lower than those

reported for U.S. biomonitoring data among participants in the NHANES Survey (http://

www.cdc.gov/exposurereport/pdf/FourthReport.pdf). Also, we enrolled couples without

known infertility or sterility diagnoses despite the possibility that such individuals may have

the highest exposures. Other important limitations include the lack of hormonal data for

either partner. Lastly, we recognize that specification of models for estimating FORs are

inexact, largely a reflection of relatively limited empirical data on the determinants of

human fecundity to aid model specification. While lifestyle factors are commonly assumed

to be important determinants, at the population level only 14% of the variance in TTP was

explained by age, menstrual cycle length, oral contraception use, and parity (62). Common

lifestyle factors provided no added contribution.

In summary, select phthalates in male partners were associated with a longer TTP

underscoring the importance of continued investigation of ubiquitous environmental

chemicals and human reproduction and development. Such work will help inform the extent

to which such exposures might adversely impact population health.
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Table 1

Comparison of partners by select characteristics, LIFE Study.

Characteristic Female Partners (n=501) Male Partners (n=501)

n (%) n (%)

Nonhispanic white race/ethnicity 393 (78.9) 394 (79.1)

College/technical education 470 (94.6) 452 (91.1)

Health insurance 458 (92.0) 456 (91.6)

No live birthsa 263 (52.8) 259 (52.0)

Mean ( ±SD) Mean (±SD)

Age (years) 30.0 (±4.1) 31.8 (±4.9)

Body mass index (kg/m2) 27.6 (±7.3) 29.8 (±5.6)

Geometric mean (95% CI) Geometric Mean (95% CI)

Urinary creatinine (mg/dl)b 67.13 (61.92, 72.78) 115.87 (108.34, 123.93)

Serum cotinine (ng/ml)b 0.06 (0.05, 0.08) 0.22 (0.16, 0.31)

a
Includes 210 women reporting never having been pregnant, and 215 men who reported never fathering a live birth.
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