Environment International 126 (2019) 355-362

Contents lists available at ScienceDirect

Environment International

journal homepage: www.elsevier.com/locate/envint

Urinary concentrations of bisphenol A, parabens and phthalate metabolite = R)

heck for

mixtures in relation to reproductive success among women undergoing in %
vitro fertilization

Lidia Minguez-Alarc6n™*, Carmen Messerlian®, Andrea Bellavia?, Audrey J. Gaskins™®,
Yu-Han Chiu™, Jennifer B. Ford?, Alexandra R. Azevedo?, John C. Petrozza', Antonia M. Calafat?,
Russ Hauser™™", Paige L. Williams™®, for the Earth Study Team

2 Department of Environmental Health, Harvard T.H. Chan School of Public Health, Boston, United States of America

Y Department of Epidemiology, Harvard T.H. Chan School of Public Health, Boston, United States of America

© Department of Biostatistics, Harvard T.H. Chan School of Public Health, Boston, United States of America

4 Department of Nutrition, Harvard T.H. Chan School of Public Health, Boston, United States of America

€ Channing Division of Network Medicine, Harvard Medical School and Brigham and Women's Hospital, Boston, MA, United States of America

f Division of Reproductive Medicine and IVF, Department of Obstetrics and Gynecology, Massachusetts General Hospital, Boston, MA, United States of America
& National Center for Environmental Health, Centers for Disease Control and Prevention, Atlanta, GA, United States of America

1 Vincent Obstetrics and Gynecology, Massachusetts General Hospital and Harvard Medical School, Boston, MA, United States of America

ARTICLE INFO ABSTRACT

Handling Editor: Heather Stapleton Background: We have previously investigated whether urinary concentrations of bisphenol A (BPA), parabens,
and phthalate metabolites were individually associated with reproductive outcomes among women undergoing
in vitro fertilization (IVF) treatment. However, humans are typically exposed to many man-made chemicals
simultaneously. Thus, investigating one chemical at a time may not represent the effect of mixtures.

Objective: To investigate whether urinary concentrations of BPA, parabens, and phthalate metabolite mixtures
are associated with reproductive outcomes among women undergoing IVF.

Methods: This prospective cohort study included 420 women contributing 648 IVF cycles who provided up to two
urine samples per cycle prior to oocyte retrieval (N = 1145) between 2006 and 2017 at the Massachusetts General
Hospital Fertility Center, and had available urine biomarker data. Urinary concentrations of BPA, parabens, and
phthalate metabolites were quantified using isotope-dilution tandem mass spectrometry. Intermediate and clinical
end-points of IVF treatments were abstracted from electronic medical records. Principal component analysis (PCA)
and Bayesian kernel machine regression (BKMR) were used to identify main patterns of BPA, parabens, and
phthalate metabolites concentrations. We used generalized linear mixed models to evaluate the association be-
tween PCA-derived factor scores, in quartiles, and IVF outcomes, using random intercepts to account for multiple
IVF cycles and adjusting for known confounders. Because of temporal trends in exposure, we conducted a sensi-
tivity analysis restricted to women who underwent IVF cycles in the earlier years of study (2006-2012).

Results: Urinary concentrations of BPA, parabens, and most phthalate metabolites were significantly lower
during the second half of the study period (2013-2017) than during the first half (2006-2012). None of the three
factors derived from the PCA [di(2-ethylhexyl) phthalate (DEHP), non-DEHP, and paraben] was associated with
IVF outcomes in the main analyses. Similarly, BKRM analyses did not identify any associations of individual
urinary concentrations of BPA, paraben and phthalate metabolites with IVF outcomes while accounting for
correlation between exposures. However, in sensitivity analyses restricted to women who underwent IVF cycles
from 2006 to 2012, where concentrations of most phthalates and phenols were higher, there were decreases in
implantation, clinical pregnancy, and live birth across quartiles of the DEHP factor. Specifically, women in the
highest quartile of the DEHP factor had, on average, lower probabilities of implantation (—22% p,
trend = 0.08), clinical pregnancy (—24% p, trend = 0.14), and live birth (—38% p, trend = 0.06) compared to
women in the lowest quartile. Among this group of women, BKMR results did not identify any single contributor
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driving the decreased probabilities of live birth within the DEHP factor.

Conclusions: We confirmed that women undergoing IVF are concurrently exposed to multiple endocrine dis-
rupting chemicals (EDCs). While we found no overall significant associations, we observed diminished preg-
nancy success with specific clusters of chemicals among women who underwent IVF cycles in earlier years of
study, when urinary concentrations of these EDCs were higher.

1. Introduction

Endocrine disrupting chemicals (EDCs) interfere with the endocrine
system, resulting in adverse health effects (Diamanti-Kandarakis et al.,
2009; Gore et al., 2015; WHO, 2012). It has been estimated that the
annual disease costs of EDC exposure exceeds $340 billion in the United
States [2% of the gross domestic product (GDP)] (Attina et al., 2016)
and $217 billion in the European Union (1% of the GDP) (Trasande
et al., 2015). Given the high prevalence of infertility worldwide (Inhorn
and Patrizio, 2015; Mascarenhas et al., 2012), estimated to affect about
10-15% of all couples, and the ubiquitous exposure to EDCs among
women of reproductive age (CDC, 2018), special attention has been
given to the potential effect of exposure to EDCs on female fecundity
(Aker et al., 2016; Bloom et al., 2011; Chavarro et al., 2016; Minguez-
Alarcon et al., 2016b; Minguez-Alarcon and Gaskins, 2017; Nishihama
et al., 2016; Philips et al., 2018; Pollack et al., 2018).

Specifically, we have previously investigated whether urinary con-
centrations of bisphenol A (BPA), parabens, and phthalate metabolites
were individually associated with reproductive outcomes among women
undergoing in vitro fertilization (IVF) treatment (Hauser et al., 2016;
Minguez-Alarcon et al., 2015, 2016a). While we reported no significant
associations between urinary concentrations of BPA and parabens in re-
lation to IVF outcomes among women attending a fertility clinic, higher
urinary DEHP metabolite concentrations were associated with lower oo-
cyte counts, and lower probabilities of clinical pregnancy and live birth.

However, exploring the effect of one chemical at a time may not re-
present the real world situation whereby humans are exposed to hundreds
of manmade chemicals at the same time (Birnbaum, 2012; Bobb et al.,
2015). To our knowledge, the potential joint effect of urinary concentra-
tions of BPA, paraben and phthalates on reproductive outcomes among
women undergoing IVF remains unexplored. Thus, the objective of this
study was to investigate whether urinary concentrations reflecting mix-
tures of BPA, parabens and phthalates were associated with reproductive
outcomes (ovarian stimulation response, embryo quality, fertilization,
implantation, clinical pregnancy, live birth) among women who under-
went IVF at an academic fertility center in Boston, Massachusetts.

2. Methods
2.1. Study population

Study participants were women enrolled in the Environment and
Reproductive Health (EARTH) Study, an ongoing prospective cohort es-
tablished to evaluate environmental and dietary determinants of fertility
(Messerlian et al., 2018). Women between 18 and 45 years old were eli-
gible to participate and approximately 60% of those contacted by the re-
search staff enrolled. The current analysis includes 420 women who
completed at least one IVF cycle between 2006 and 2017 (n = 648 cycles)
at the Massachusetts General Hospital (MGH) Fertility Center, and had
available urine biomarker data providing at least one urine sample per IVF
cycle for the quantification of BPA, parabens, and phthalate biomarkers.

Women were followed from study entry throughout their fertility
care, pregnancy, and labor and delivery. At entry, the participant's date
of birth was collected, and weight and height were measured by trained
study staff. Pre-pregnancy body mass index (BMI) was calculated as
weight (in kilograms) divided by height (in meters) squared. At en-
rollment, research staff administered sociodemographic, lifestyle, and
medical history questionnaires to participants. Study participants

provided additional information by completing a more comprehensive
questionnaire on family, medical, reproductive and occupational his-
tory, product use, smoking history, and physical activity. The study was
approved by the Human Subject Committees of the Harvard T.H. Chan
School of Public Health, MGH, and the Centers for Disease Control and
Prevention (CDC). Participants signed an informed consent after the
study procedures were explained by trained research study staff and all
the questions regarding the study were answered.

2.2. Exposure assessment

Women provided one (23%) or two (77%) spot urine samples per
IVF cycle, with the first one collected between Day 3 and Day 9 of the
gonadotrophin phase, and the second one collected on the day of oocyte
retrieval (for fresh IVF cycles) or on day of embryo transfer (for cryo-
thaw IVF cycles). Urine was collected in a sterile polypropylene spe-
cimen cup. Specific gravity (SG), which was used to correct the che-
micals concentrations for urine dilution, was measured at room tem-
perature using a handheld refractometer (National Instrument
Company, Inc., Baltimore, MD, USA) calibrated with deionized water
before each measurement. The urine was divided into aliquots, frozen,
and stored at — 80 °C. Samples were shipped on dry ice overnight to the
CDC where they were stored at or below —40 °C until analysis.

As previously described (Silva et al., 2007; Ye et al., 2005), online
solid-phase extraction coupled with isotope dilution-high-performance li-
quid chromatography-tandem mass spectrometry was used to quantify the
urinary concentrations of BPA, methyl-paraben, propyl-paraben, and of
eight phthalate metabolites [monoethyl phthalate (MEP); mono-n-butyl
phthalate (MBP); monoisobutyl phthalate (MiBP); monobenzyl phthalate
(MBzP); mono(2-ethylhexyl) phthalate (MEHP); mono(2-ethyl-5-hydro-
xyhexyl) phthalate (MEHHP); mono(2-ethyl-5-oxohexyl) phthalate
(MEOHP); mono(2-ethyl-5-carboxypentyl) phthalate (MECPP)]. The limits
of detection (LOD) ranged from 0.1 to 1.2 ng/mL. Chemical concentrations
were corrected for urine dilution by SG using the following formula:
Pc = P[(1.015 — 1) /(SG — 1)],where Pc is the SG-corrected chemical
concentration (ug/L), P is the measured chemical concentration (ug/L),
and 1.015 is the mean SG level in the study population (Smith et al.,
2012). The geometric mean of the SG-adjusted chemical concentrations
from two spot urine samples collected during each IVF cycle was used as a
measure of cycle-specific urinary chemical concentration. For cycles with
only one urine sample, the chemical concentration for that single sample
was used as the cycle-specific urinary chemical concentration. Samples
with a chemical concentration below the LOD were assigned a value equal
to the LOD divided by the square root of 2 prior to adjustment by SG as
described previously (Meeker et al., 2010). During the study period, the
coefficient of variation for these assays ranged from 3.5% to 7.3% for BPA,
4.1% to 14.9% for methyl-paraben, 2.7% to 5.9% for propyl-paraben,
3.1% to 5.5% for MEP, 6.6% to 8.8% for MBP, 7.7% to 9.0% for MiBP,
4.5% to 16% for MBzP, 4.7% to 8.1% for MEHP, 4.5% to 7.0% for
MEHHP, 4.4% to 6.2% for MEOHP, and 4.3% to 6.1% for MECPP.

2.3. Outcome assessment

Clinical information was abstracted from the patient's electronic
medical record by research staff. Serum follicle stimulating hormone
(FSH) was measured in a blood sample collected on the third day of the
menstrual cycle using an automated electrochemiluminescence im-
munoassay at the MGH Core Laboratory as previously described



L. Minguez-Alarcon, et al.

(LOD = 0.1 U/L) (Mok-Lin et al., 2010). Infertility diagnosis was coded
according to previously described definitions of the Society for Assisted
Reproductive Technology (SART) (SART, 2015). SART diagnoses in-
cludes: 1) male factor infertility which included poor semen quantity/
quality; 2) female factor infertility which included endometriosis (en-
dometrial tissue outside the uterus), diminished ovarian reserve (di-
minished capacity of the ovary to provide eggs), tubal or ovulatory dis-
orders (e.g. damaged fallopian tubes or altered ovulation), other causes;
and 3) unexplained infertility (idiopathic). Women underwent one of
three controlled ovarian stimulation IVF treatment protocols on day 3 of
induced menses after completing a cycle of oral contraceptives: (1) luteal
phase GnRH-agonist protocol, (2) follicular phase GnRH-agonist/Flare
protocol, or (3) GnRH-antagonist protocol. Protocols were chosen by the
treating physician after taking into consideration several factors as de-
scribed elsewhere (Minguez-Alarcon et al., 2016b). In the luteal phase
GnRH-agonist protocol, lupron dose was reduced at, or shortly after, the
start of ovarian stimulation with FSH/hMG. FSH/hMG and GnRH-agonist
or GnRH-antagonist was continued to the day of trigger with Human
Chorionic Gonadotropin (hCG). Follicular response was monitored with
serial ultrasounds and estradiol levels, determined at the MGH Core
Laboratory using the Elecsys Estradiol II reagent kit (Roche Diagnostics).
Human Chorionic Gonadotropin was administered intramuscularly ap-
proximately 36 h before the scheduled oocyte retrieval procedure to in-
duce ovulation. Details of oocyte retrieval have been previously de-
scribed (Mok-Lin et al., 2010). The peak serum E, concentration was
defined as the highest level of E, preceding the oocyte retrieval and
obtained on the day of hCG administration. Oocyte retrieval was com-
pleted with the presence of 3 or more lead follicles (=16 mm in dia-
meter) and when estradiol level reached at least 600 pg/mL.

Embryologists determined the total number of oocytes retrieved per
cycle and classified them as germinal vesicle, metaphase I, metaphase II
(MII) or degenerated. Oocytes underwent either conventional IVF or
intracytoplasmic sperm injection (ICSI) as clinically indicated.
Embryologists determined the fertilization rate 16-20h after in-
semination as the number of oocytes with two pronuclei divided by the
number of mature (MII) oocytes that were either inseminated or in-
jected. Patients undergoing cryo-thaw or donor-egg recipient cycles,
underwent endometrial preparation protocols as clinically indicated.
Following embryo transfer, all clinical outcomes (i.e. implantation,
clinical pregnancy and live birth) were assessed identically for fresh,
cryo-thaw, and donor-egg recipient cycles. Implantation was defined as
a serum B-hCG level > 6 mIU/mL, typically measured 17 days (range
15-20 days) after oocyte retrieval. An elevation in -hCG with the
confirmation of an intrauterine pregnancy on an ultrasound at 6 weeks
was considered a clinical pregnancy. A live birth was defined as the
birth of a neonate on or after 24 weeks of gestation.

2.4. Statistical analysis

Distribution of urinary concentrations of BPA, parabens and phthalate
metabolites were presented using medians + interquartile ranges (IQRs).
Differences in these distributions before and after 2012 were evaluated
using Kruskal-Wallis tests. Correlations between urinary chemical con-
centrations were assessed using Spearman correlation coefficients.
Demographic and baseline reproductive characteristics of the women were
presented using median *+ IQRs or counts (%). Urinary concentrations of
BPA, parabens and phthalate metabolites were log.-transformed due to
right skewedness, standardized to create z-scores, and were included in a
principal component analysis (PCA) with varimax rotation to identify the
principal components with eigenvalue greater than one (O'Rourke and
Hatcher, 2013). Factor scores derived from the PCA were categorized into
quartiles, with the lowest quartile considered as the reference group.

Associations of the DEHP factor scores with demographic character-
istics and reproductive characteristics at study entry were evaluated using
Kruskal-Wallis tests for continuous variables and chi-squared tests for
categorical variables (or Fisher's exact test where appropriate). We chose
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to present demographic and reproductive information by the DEHP factor
rather than other factor scores because DEHP-related metabolites showed
associations with reproductive endpoints in an earlier analysis from the
same study cohort (Hauser et al., 2016). Multivariable generalized linear
mixed models were used to evaluate the associations between quartiles of
the factor scores derived from the PCA and IVF outcomes, with a random
intercept to account for correlation in outcomes across multiple IVF cycles
per woman and adjusting for confounders. A Poisson distribution and log
link function were specified for oocyte counts, a normal distribution and
identity link were specified for endometrial wall thickness, and a binomial
distribution and logit link function were specified for fertilization, im-
plantation, clinical pregnancy, and live birth. To allow for better inter-
pretation of the results, population marginal means (Searle et al., 1980)
are presented adjusting for all the covariates in the model (at the mean
level for continuous variables and weighted according to their relative
frequencies for categorical variables). Relative changes are also presented
in Supplemental tables to allow comparison of results with other en-
vironmental epidemiologic studies. Tests for linear trends across quartiles
of the PCA-derived factor scores were conducted using ordinal level in-
dicator variables for each quartile.

We also used Bayesian kernel machine regression (BKMR), a method
developed for investigating chemical mixtures that flexibly models the
joint effect of chemicals using a kernel function (Bobb et al., 2015;
Valeri et al., 2017). The BKMR approach allows the visualization of the
exposure-response association for each component of a mixture, while
accounting for the correlation between the mixture components. Pos-
sible synergistic and non-linear effects can also be evaluated. Specifi-
cally, each endpoint was included in the model as a smooth function
equation (represented using a kernel function) of the exposure vari-
ables, adjusted for possible confounding factors. Because the health
outcome may depend on only a subset of the mixture components,
variable selection was conducted to identify which of these components
are responsible for the health effects of the mixture. To address colli-
nearity of the mixture components, a hierarchical variable selection
extension to BKMR was included that can incorporate prior knowledge
on the structure of the mixture. Results from this analysis are presented
by displaying the difference in probabilities of clinical pregnancy and
live birth for a change in urinary concentration of BPA, paraben and
phthalate metabolites between the 25th and 75th percentile. Mea-
surements of each specific log.-transformed SG-adjusted BPA, paraben
and phthalate metabolite concentrations were treated as continuous
predictors and the other measured biomarkers of the mixture were set
at their median values while adjusting for confounders.

Confounding was assessed using prior knowledge on biological re-
levance and descriptive statistics from our study population. The vari-
ables considered as potential confounders included factors previously
related to female reproductive endpoints (Rooney and Domar, 2014;
Sharma et al., 2013), and factors associated with urinary chemical
biomarker concentrations and reproductive outcomes in this study.
Final models were adjusted for age (years), BMI (kg/mz), year of IVF
treatment cycle (year), primary SART infertility diagnosis at study entry
(female, male, unexplained), having had a previous intrauterine in-
semination (IUI) at the MGH before joining the study (yes, no) and
scores of the other two PCA-derived factors (continuous- not included
in the BKMR models). Due to declining U.S. trends in exposure to these
chemicals, a sensitivity analysis was conducted by restricting to women
who underwent IVF cycles between 2006 and 2012 (Hauser et al.,
2016). We also assessed the robustness of the findings by: 1) restricting
the analysis to cycles for which women provided two urine samples; 2)
restricting the analysis to one IVF cycle (first in study cycle) per
woman; and 3) excluding cryo-thaw cycles. In addition, analyses were
stratified by age (< 37 vs. =37 years), BMI (< 25 vs. =25 kg/mz) and
protocol type (agonist vs. other) to evaluate possible effect modification
(p for interaction < 0.10). Statistical analyses were performed with SAS
(version 9.4; SAS Institute Inc., Cary, NC, USA), with exception of the
BKMR models, which were conducted using the R package bkmr (Bobb
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et al., 2015; Bobb, 2017). Statistical tests were two-tailed and all p-
values < 0.05 were conventionally regarded as statistically significant. g
b
3. Results §
8
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lowest quartile of the DEHP factor scores, women in the highest quartile |
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Demographic and reproductive characteristics [median (IQR) or n (%)] across quartiles of PCA-derived factor scores for the “DEHP factor” among 420 women

contributing 648 IVF cycles in the EARTH Study.

DEHP factor

Total cohort Q1 Q2 Q3 Q4 p-Value
420 women 109 women 100 women 104 women 107 women
648 cycles 162 cycles 162 cycles 162 cycles 162 cycles
Demographic characteristics
Age, years 35.0 (32.0, 39.0) 35.0 (32.0, 39.0) 35.0 (32.0, 38.0) 35.0 (32.5, 39.0) 36.0 (33.0, 39.0) 0.47
Race, n (%) 0.16
White/Caucasian 350 (83) 95 (87) 77 (77) 85 (82) 93 (87)
Black/Asian/Other 70 (17) 14 (13) 23 (23) 19 (18) 14 (13)
Body Mass Index, kg/m> 23.1 (21.2, 26.0) 23.0 (21.2, 25.8) 23.2 (21.2, 26.1) 23.1 (21.1, 25.7) 23.3 (21.2, 26.3) 0.84
Ever smoker, n (%) 112 (27) 25 (23) 33(33) 27 (26) 27 (25) 0.40
Education, n (%)* 0.69
High school/some college 29 (7) 8 (7) 7 (7) 7 (7) 7(6)
College graduate 125 (30) 25 (23) 32 (32) 31 (30) 37 (35)
Graduate degree 266 (63) 76 (70) 61 (61) 66 (63) 63 (59)
Reproductive/cycle characteristics
Day 3 FSH Levels, IU/L 6.9 (6.1, 8.3) 6.8 (6.0, 8.3) 6.8 (5.8,7.8) 7.4 (6.0, 8.5) 7.1 (6.3, 8.4) 0.10
Initial infertility diagnosis, n (%) 0.02
Male factor 199 (31) 42 (26) 52 (32) 54 (33) 51 (31)
Female factor 224 (34) 52 (32) 45 (28) 58 (36) 69 (43)
Unexplained 225 (35) 68 (42) 65 (40) 50 (31) 42 (26)
Previous IUL n (%) 228 (35) 34 (21) 47 (29) 69 (43) 78 (48) < 0.0001
Previous IVF, n (%) 144 (22) 28 (17) 32 (20) 45 (28) 39 (24) 0.11
Treatment protocol, n (%) 0.26
Antagonist 85 (13) 22 (14) 20 (12) 25 (15) 18 (11)
Flare 101 (16) 25 (15) 15 (9) 27 (17) 34 (21)
Luteal phase agonist 378 (58) 94 (58) 107 (66) 86 (53) 91 (56)
Cryo cycle 64 (10) 18 (11) 15 (9) 19 (12) 12 (7)
Donor recipient 20 (3) 3(2) 5(4) 5(3) 7 (4)
ICSI cycles, n (%) 303 (57) 72 (56) 80 (58) 71 (54) 80 (59) 0.86

2 Some women (n = 35, 8%) had missing education and were included in the graduate degree category.

Table 3

Adjusted” early developmental and pregnancy outcomes (adjusted mean, 95% CI) by quartiles of PCA-derived factor scores from SG-adjusted urinary phenols and
phthalate metabolite concentrations among 420 women undergoing 648 IVF cycles in the EARTH Study.

Total oocyte MII oocyte yield Endometrial wall thickness Fertilization (rate) Implantation Clinical pregnancy Live birth

yield (n) (n) (mm) (probability) (probability) (probability)
DEHP factor
Q1 11.1 (10.2,12.0) 9.3 (8.5, 10.1) 10.1 (9.7, 10.5) 0.71 (0.67, 0.75) 0.56 (0.47, 0.64) 0.48 (0.39, 0.56) 0.37 (0.29, 0.46)
Q2 11.7 (10.9,12.6) 9.7 (9.0, 10.5) 10.6 (10.2, 10.9) 0.72 (0.69, 0.75) 0.60 (0.51, 0.67) 0.51 (0.43, 0.59) 0.44 (0.36, 0.52)
Q3 10.7 (9.9, 11.6) 8.9 (8.2, 9.6) 10.0 (9.6, 10.3) 0.68 (0.64, 0.71) 0.55 (0.47, 0.63) 0.50 (0.42, 0.58) 0.42 (0.34, 0.50)
Q4 10.9 (10.0,11.9) 9.2 (8.4, 10.1) 10.2 (9.8, 10.6) 0.74 (0.70, 0.78) 0.48 (0.38, 0.57) 0.42 (0.33, 0.51) 0.32 (0.24, 0.41)
p, trend 0.57 0.61 0.76 0.62 0.23 0.44 0.50
non-DEHP factor
Q1 10.8 (10.0,11.7) 9.0 (8.3, 9.8) 10.2 (9.9, 10.6) 0.71 (0.67, 0.75) 0.58 (0.50, 0.66) 0.53 (0.45, 0.60) 0.42 (0.34, 0.50)
Q2 11.1 (10.2,12.0) 9.3 (8.5, 10.1) 10.0 (9.8, 10.5) 0.69 (0.66, 0.73) 0.55 (0.47, 0.63) 0.48 (0.40, 0.56) 0.40 (0.32, 0.48)
Q3 11.4 (10.5,12.3) 9.5(8.7, 10.3) 10.2 (9.9, 10.6) 0.74 (0.70, 0.77) 0.47 (0.39, 0.55) 0.40 (0.32, 0.48) 0.36 (0.29, 0.44)
Q4 11.3(10.4,12.2) 9.3 (8.6, 10.2) 10.2 (9.8, 10.6) 0.71 (0.67, 0.75) 0.58 (0.50, 0.66) 0.50 (0.42, 0.58) 0.37 (0.29, 0.45)
p, trend 0.39 0.52 0.94 0.62 0.68 0.36 0.30
Parabens factor
Q1 10.8 (9.9,11.7) 9.1 (8.4, 10.0) 10.2 (9.8, 10.6) 0.70 (0.66, 0.74) 0.53 (0.45, 0.61) 0.45 (0.37, 0.53) 0.37 (0.30, 0.46)
Q2 11.0 (10.1,11.8) 9.1 (8.4,9.9) 10.2 (9.7, 10.5) 0.71 (0.68, 0.75) 0.59 (0.51, 0.67) 0.53 (0.45, 0.60) 0.45 (0.37, 0.53)
Q3 11.6 (10.7,12.6) 9.7 (9.0, 10.5) 10.1 (9.7, 10.5) 0.70 (0.66, 0.73) 0.49 (0.41, 0.57) 0.44 (0.36, 0.52) 0.35 (0.28, 0.43)
Q4 11.2(10.3,12.1) 9.2 (8.4, 10.0) 10.4 (10.0, 10.8) 0.74 (0.71, 0.78) 0.57 (0.49, 0.65) 0.49 (0.41, 0.57) 0.38 (0.30, 0.46)
p, trend 0.38 0.72 0.59 0.18 0.93 0.93 0.62

? Models were adjusted for maternal age (continuous), body mass index (continuous), year of IVF treatment cycle (continuous), primary SART infertility diagnosis
at study entry (female, male, unknown), having had a previous IUI (yes, no) and scores of the other two factors (continuous).

DEHP factor (Table 4, adjusted relative differences in Supplemental
Table S5). Specifically, compared to women in the lowest quartile of the
DEHP factor, women in the highest quartile had, on average, lower
probabilities of implantation (—22% p-value = 0.12), clinical pregnancy
(—24% p-value = 0.13), and live birth (—38% p-value = 0.08). Among
this group of women who underwent IVF cycles in earlier study years,
smaller decreases in live birth were also found across quartiles of non-

DEHP factor, while no decreases in implantation, clinical pregnancy and
live birth were observed across quartiles of the paraben factor.
Consistent with the overall null results for the PCA-derived factor
scores in the adjusted main analysis (Table 3), the BKRM analyses did
not identify any associations of urinary concentrations of BPA, para-
bens, and phthalate metabolites with IVF outcomes while accounting
for correlation between exposure biomarkers (data not shown). Among
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Table 4

Adjusted” mean differences in probability of implantation, clinical pregnancy,
live birth and principal components of SG-adjusted urinary bisphenol A,
paraben and phthalate metabolites among 290 women undergoing 432 IVF
cycles in the EARTH Study between 2006 and 2012.

Live birth
(probability)

Implantation
(probability)

Clinical pregnancy
(probability)

DEHP factor

Q1 0.65 (0.50, 0.77) 0.59 (0.44, 0.72) 0.50 (0.36, 0.64)
Q2 0.62 (0.51, 0.72) 0.52 (0.41, 0.63) 0.45 (0.34, 0.57)
Q3 0.57 (0.47, 0.66) 0.53 (0.43, 0.62) 0.44 (0.35, 0.54)
Q4 0.51 (0.42, 0.60) 0.45 (0.36, 0.54) 0.34 (0.26, 0.43)
p, trend 0.08 0.14 0.06

non-DEHP factor

Q1 0.62 (0.52, 0.71) 0.57 (0.47, 0.66) 0.47 (0.37, 0.57)
Q2 0.57 (0.46, 0.66) 0.51 (0.41, 0.61) 0.42 (0.32, 0.52)
Q3 0.49 (0.39, 0.59) 0.43 (0.33, 0.53) 0.41 (0.31, 0.51)
Q4 0.60 (0.49, 0.69) 0.52 (0.41, 0.62) 0.37 (0.27, 0.47)
p, trend 0.50 0.26 0.17

parabens factor

Q1 0.56 (0.44, 0.67) 0.48 (0.37, 0.59) 0.35 (0.25, 0.47)
Q2 0.63 (0.53, 0.73) 0.58 (0.48, 0.68) 0.51 (0.41, 0.62)
Q3 0.48 (0.39, 0.58) 0.43 (0.34, 0.53) 0.36 (0.26, 0.49)
Q4 0.60 (0.50, 0.68) 0.52 (0.43, 0.62) 0.43 (0.33, 0.53)
p, trend 0.91 0.93 0.88

2 Models were adjusted for maternal age (continuous), body mass index
(continuous), primary SART infertility diagnosis at study entry (female, male,
unknown), having had a previous IUI (yes, no) and scores of the other two
factors (continuous).

MBzP ~
MEP -
MEOHP -
MEHP -
MEHHP -
MECPP -
MiBP -
BMP -
PPB -
MPB -

BPA -

10 0 10

Difference in live birth, probability

Fig. 1. Adjusted mean differences in probability of clinical pregnancy (esti-
mates and 95% CI) as a function of urinary bisphenol A, paraben and phthalate
metabolite concentrations among 290 women undergoing 432 IVF cycles in the
EARTH Study between 2006 and 2012. Point estimates show the difference in
mean live birth probability (%) when each chemical was increased from the
25th to the 75th percentile of its distribution, while fixing other chemical at
their median concentrations. The results were estimated by Bayesian Kernel
Machine Regression, adjusting for age (continuous), body mass index (con-
tinuous), year of IVF treatment cycle (continuous), having had a previous IUI
(yes/no), primary SART infertility diagnosis at study entry (female, male, un-
known), and scores of the other two factors (continuous).

women who underwent IVF cycles between 2006 and 2012, BKMR
results also did not identify a single, large contributor to the decreased
probabilities of live birth across the DEHP and non-DEHP factors
(Table 4, Fig. 1). Results yielded wide confidence intervals and were not
significant.
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4. Discussion

Applying PCA and BKMR methods, we investigated whether urinary
concentrations of BPA, parabens, and phthalate metabolites were as-
sociated with reproductive and pregnancy outcomes among women
undergoing IVF. Three main factors were identified using PCA: the
DEHP factor, characterized by relatively high urinary concentrations of
four DEHP metabolites: MEHP, MEHHP, MEOHP and MECPP; the non-
DEHP factor, with high urinary concentrations of MBP, MiBP, and
MBzP; and the paraben factor, with relatively high urinary concentra-
tions of methyl-paraben, propyl-paraben and MEP. None of these three
factors were associated with oocyte counts, endometrial thickness,
fertilization rate and probabilities of implantation, clinical pregnancy
and live birth. Similarly, BKMR results did not identify any specific
biomarker to be associated with any reproductive outcome in the main
analyses. However, decreased implantation, clinical pregnancy or live
birth across quartiles of the DEHP factor were found in a sensitivity
analysis among women who underwent IVF cycles during earlier study
years (2006 and 2012) and when exposure was observed to be the
highest in this cohort. BKRM results did not identify any specific bio-
marker to drive these decreases among this subgroup of women.

The current PCA identified similar factors as in a recent publication
from our group on phthalate metabolite mixtures and birth weight in
the same study cohort (Chiu et al., 2018) and also in other pregnancy
cohorts (Maresca et al., 2016), in which two main phthalate factors, the
DEHP and the non-DEHP, were identified. DEHP is commonly added to
plastics to make them flexible and is found in consumer products,
flooring and wall coverings, food contact applications, and medical
devices. Metabolites of DEHP include MEHP, MEHHP, MEOHP and
MECPP. Other phthalate metabolites such as MBP and MiBP may have
common sources and their precursors are used as solvents and plasti-
cizers for cellulose acetate, varnishes and coatings, and some are also
found in personal care products (Braun et al., 2014; Hauser and Calafat,
2005). Although BPA was not characteristic of any of the factors de-
rived from the PCA, it partially contributed to the DEHP factor. BPA can
be used in the manufacture of polycarbonate plastics, epoxy resin liners
of canned foods, some dental sealants and composites, and thermal
receipts (Minguez-Alarcon et al.,, 2016c). The paraben factor was
characterized by relatively high urinary concentrations of both para-
bens (methyl-paraben and propyl-paraben), as well as MEP. While
diethyl phthalate, the parent compound of MEP, can be found in per-
sonal care products, parabens are used as preservatives in cosmetics,
personal care products, pharmaceuticals, and food (Andersen, 2008).
Since PCA converts a set of observed variables into principal compo-
nents based on the collinearity between the exposure variables rather
than the underlying biological effects of a given mixture on the out-
comes, the identified principal components reflected such exposure
patterns.

While we did not find an association of any of the three factors with
any reproductive outcome in the main analysis, decreases in im-
plantation, clinical pregnancy and live birth were observed across
quartiles of the DEHP factor in a sensitivity analysis restricted to
women who underwent IVF cycles during earlier years of study
(2006-2012). We have previously investigated whether urinary con-
centrations of BPA, parabens, and phthalate metabolites are in-
dividually related to reproductive outcomes in a smaller group of
women from the same study cohort who underwent an IVF cycle be-
tween 2004 and 2012 (Hauser et al., 2016; Minguez-Alarcon et al.,
2015, 2016a). In line with the main results in the current manuscript
and also with the sensitivity analysis during earlier years of study, no
differences in IVF outcomes were observed across quartiles of urinary
concentrations of BPA (Minguez-Alarcon et al., 2015) or parabens
(Minguez-Alarcon et al., 2016a). Decreased oocyte counts and prob-
abilities of clinical pregnancy and live birth were observed (Hauser
et al., 2016), as well as increased pregnancy loss (Messerlian et al.,
2016) across quartiles of urinary DEHP metabolite concentrations,



L. Minguez-Alarcon, et al.

which is also consistent with our sensitivity analysis including women
who underwent an IVF cycle between 2006 and 2012. The main ex-
planation for differences between the main null results in this study and
our earlier publications is the significant decrease in urinary con-
centrations of these EDCs after 2012, which has also been shown among
U.S. women of the general population (CDC, 2018). Nevertheless,
BKRM results did not identify any specific biomarker which drove de-
creases in implantation, pregnancy and live birth across quartiles of
DEHP factor among this subgroup of women in earlier years of study
(sensitivity analysis including IVF cycles before 2012), which is not
consistent with associations between some individual urinary phthalate
metabolite concentrations and pregnancy outcomes in our earlier
publication (Hauser et al., 2016). This may be explained by the fact that
in the current manuscript, compared to our earlier publication, we are
evaluating related but not identical hypotheses. The motivation to
perform the current analysis, and one of the main strengths, is to
minimize residual confounding due to exposure to other EDCs. BKMR
methods account for correlation between chemicals, which in this
manuscript includes BPA, parabens and phthalates; these correlations
were not considered in prior analyses and co-exposure was not ac-
counted for (Hauser et al., 2016). Other epidemiological studies eval-
uating phthalates in relation to IVF outcomes include one recent study
conducted in Israel (Machtinger et al., 2018). Machtinger and cow-
orkers have found some detrimental effect of certain phthalates on
oocyte counts and fertilization rate. However, they reported no asso-
ciations with implantation, clinical pregnancy, and live birth among
Israeli women undergoing IVF who had similar urinary phthalate me-
tabolite concentrations compared to women in the current analysis.
Experimental studies have shown the endocrine disrupting activity of
phthalates as reproductive toxicants (Davis et al., 1994; Ema et al.,
2000; Lovekamp-Swan and Davis, 2003). Both BPA and parabens have
shown weak estrogenic activity through binding with estrogen re-
ceptors a and (3 in vitro studies (Kuiper et al., 1998; Shaw and
deCatanzaro, 2009). While there is sufficient experimental evidence
reporting that BPA has a detrimental effect on female reproduction
(Peretz et al., 2014), animal evidence for parabens has been limited
(SCCS, 2011; Vo et al., 2010). However, exposures in these experi-
mental studies are higher and not comparable with human studies in
the field.

The present study has several limitations. First, it may not be pos-
sible to generalize our findings to couples from the overall population
of couples attempting conception. Nevertheless, approximately 15% to
25% of couples trying to achieve pregnancy are diagnosed with in-
fertility (Slama et al., 2012; Thoma et al., 2013), which make our study
findings applicable to a significant proportion of couples seeking
treatment. In the United States in 2015 alone, couples underwent ap-
proximately 209,000 assisted reproductive technology (ART) treat-
ments cycles (SART, 2015), a substantial increase from 60,000 ART
cycles in 1995 (Anonymous, 1998). However, women in our study
population are mostly white and well educated, which may differ from
other women attending other fertility centers. Second, exposure mis-
classification is possible given the short biological half-lives of these
non-persistent chemicals and their episodic exposure (Braun et al.,
2012). However, the two urine samples, collected for the vast majority
of the participants would partially reduce exposure misclassification.
Third, residual confounding is still possible because other EDCs (e.g.,
phenols, phthalates), which may be correlated with those included in
the current analysis were not measured or were excluded from this
analysis because of relatively low sample size or low detection fre-
quencies (e.g., triclosan, bisphenol F). Fourth, due to the complexity of
this analysis we did not consider male partner's exposure. However,
including paternal data would not change results for female outcomes
such as oocyte yield and endometrial thickness. The biggest strength of
this study is the use of novel and sophisticated methods to analyze
mixtures of exposure biomarkers in relation to reproductive endpoints.
Other strengths include the prospective design, which minimizes the
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risk of reverse causation; complete follow-up of participants, and
comprehensive adjustment for other reproductive and lifestyle factors
that could result in residual confounding.

In conclusion, these results confirm the need to consider mixtures of
chemicals when evaluating reproductive and pregnancy outcomes.
While this study showed no overall significant associations between
mixtures of urinary concentrations of BPA, parabens, and phthalates in
relation to reproductive outcomes among women attending a fertility
center, diminished pregnancy success with certain phthalate metabo-
lites, as a mixture, were found among women in earlier years of study
who had higher urinary concentrations of these EDCs.
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