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Endocrine disrupting chemicals (EDCs) can adversely affect human health and are ubiquitously
found in everyday products. We examined temporal trends in urinary concentrations of EDCs
and their replacements. Urinary concentrations of 11 environmental phenols, 15 phthalate
metabolites, phthalate replacements such as two di(isononyl)cyclohexane-1,2-dicarboxylate
(DINCH) metabolites, and triclocarban were quantified using isotope-dilution tandem mass
spectrometry. This prospective ecological study included 996 male and 819 female patients
who were predominantly White/Caucasian (83%) with an average age of 35 years and a BMI
of 25.5 kg/m? seeking fertility treatment in Boston, MA, USA. Patients provided a total of
6,483 urine samples (median=2, range=1-30 samples per patient) between 2000 and 2017. Over
the study period, we observed significant decreases (% per year) in urinary concentrations of
traditional phenols, parabens, and phthalates such as bisphenol A (B: -6.3, 95% CI: -7.2,
-5.4), benzophenone-3 (B: —6.5, 95% CI: —1.1, —18.9), parabens ((p range:—5.4 to —14.2),
triclosan (B: - 18.8, 95% CI: —24, -13.6), dichlorophenols (2.4-dichlorophenol p: —6.6, 95%
Cl: -8.8, -4.3); 2,5-dichlorophenol B: —13.6, 95% CI: —17, —10.3), di(2-ethylhexyl) phthalate
metabolites (B range: — 11.9 to —22.0), and other phthalate metabolites including mono-ethyl,
mono-n-butyl, and mono-methyl phthalate (B range: —0.3 to —=11.5). In contrast, we found
significant increases in urinary concentrations of environmental phenol replacements including
bisphenol S (B: 3.9, 95% ClI: 2.7, 7.6) and bisphenol F (B: 6, 95% CI: 1.8, 10.3), DINCH
metabolites (cyclohexane-1,2-dicarboxylic acid monohydroxy isononyl ester [MHINCH] B: 20,
95% ClI: 17.8, 22.2; monocarboxyisooctyl phthalate [MCOCH] B: 16.2, 95% ClI: 14, 18.4), and
newer phthalate replacements such as mono-3-carboxypropyl phthalate, monobenzyl phthalate,
mono-2-ethyl-5-carboxypentyl phthalate and di-isobutyl phthalate metabolites (B range=5.3 to
45.1), over time. Urinary MHBP concentrations remained stable over the study period. While
the majority of biomarkers measured declined over time, concentrations of several increased,
particularly replacement chemicals that are studied.
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Endocrine disrupting chemicals (EDC) — such as environmental phenols, phthalates, and

triclosan — are commonly used and interfere with the endocrine system, with reported

adverse developmental, reproductive, neurological, and immune effects in both humans and
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wildlife (Diamanti-Kandarakis, Bourguignon et al. 2009). Environmental phenols include a
wide range of chemicals such as bisphenols, parabens, and triclosan. Bisphenol A (BPA)

is one of the most widely utilized and studied phenols, present in synthetic polymers
(Flint, Markle et al. 2012, Hoekstra and Simoneau 2013) building materials, thermal paper
(Ehrlich, Calafat et al. 2014), toys, dental products (Flint, Markle et al. 2012, Huang,
Wong et al. 2012) and food packaging (Yoshida, Horie et al. 2001, Niu, Zhang et al.

2012). Given the endocrine disrupting activities associated with BPA (Bonefeld-Jorgensen,
Long et al. 2007, Matsushima, Kakuta et al. 2007, De Coster and van Larebeke 2012,
Rochester 2013, Rezg, El-Fazaa et al. 2014), the replacement chemicals bisphenol S (BPS)
and bisphenol F (BPF) were introduced in the market as potentially safer alternatives.
Parabens — such as methylparaben, butylparaben, propylparaben, and ethylparaben — are
used as food preservatives and shelf stabilizers (Soni, Taylor et al. 2002, Soni, Carabin

et al. 2005) and within personal care products such as shampoos, creams (Guo, Wang et
al. 2014) and pharmaceutical products (Moreta, Tena et al. 2015, Ma, Zhao et al. 2016).
Triclosan and triclocarban are antimicrobial agents (Alfhili and Lee 2019) used in personal
hygiene products such as soaps, mouthwashes, toothpastes, and hand sanitizers (Weatherly
and Gosse 2017).

Phthalates are synthetic phthalic acids (Hauser and Calafat 2005) comprised of high
molecular weight and low molecular weight phthalates. They have a wide range of uses

as industrial agents — such as building materials, toys, food packaging, and medical

devices (Hauser and Calafat 2005, Schettler 2006) — and daily use consumer products such
perfumes, lotions and cosmetics, pharmaceuticals, lacquers, varnishes, coatings, adhesives,
and pesticides (Hauser and Calafat 2005, Schettler 2006). Di(isononyl)cyclohexane-1,2-
dicarboxylate (DINCH), a non-phthalate plasticizer, was introduced commercially in 2002
as a safer alternative because of a more favorable toxicological profile (EFSA 2006).

Given their uses, phenols and phthalates are most commonly absorbed through ingestion,
dermal contact (Moss, Howes et al. 2000, Chedgzoy, Winckle et al. 2002), inhalation
(Rudel, Camann et al. 2003, Matsumoto, Adachi et al. 2005, Loganathan and Kannan 2011,
Bledzka, Gromadzinska et al. 2014, Moos, Angerer et al. 2016) or mucosal absorption
(Bagley and Lin 2000, Lin 2000, Sandborgh-Englund, Adolfsson-Erici et al. 2006) through
the use of personal care and household products (Silva, Barr et al. 2004, Hauser and
Calafat 2005, Schettler 2006, Zota, Calafat et al. 2014). Urine is the optimal matrix for
quantifying phenols and phthalate metabolites because of their short half-lives (<24 hours),
their metabolism and excretion, as well as being a non-invasive and convenient medium for
biological monitoring (Calafat, Longnecker et al. 2015).

The United States has instituted bans and restrictions on use of certain phenols and
phthalates due to health concerns from their exposures. Fetuses, infants, toddlers, and
children have been found to be particularly vulnerable to BPA effects. In 2011, Europe
(EFSA 2011) initially banned BPA in baby bottles, with Canada (Canada 2012), and the
USA (USFDA 2012) passing similar bans in 2012 for baby bottles, formula packaging, and
sippy cups. and In 2016, the US Food and Drug Administration (USFDA 2016) banned the
use of triclosan in soap products such as liquids, gels, foams, and bars. Selected phthalates
and parabens as well as BPA and benzophenones have been either banned or targeted
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for market-based campaigns to reduce their use in consumer products (Cosmetics 2005,
Improvement 2008, FDA 2012, Commission 2014).

As legislation is implemented over time, with the introduction of new alternatives and
reformulations, understanding temporal trends in exposures is essential to better identifying
population-level exposures and the impact of legislative measures. Therefore, the present
study aimed to describe temporal trends in concentrations of phenol, phthalate metabolites
and their replacements in urine samples collected between 2000 and 2017 among male and
female patients attending a fertility center in Boston, Massachusetts.

Study sample

This cohort study was designed to identify environmental chemicals and dietary factors that
impact fertility. The study began in 2000 and voluntarily recruited only male patients of
couples seeking fertility treatment at the Massachusetts General Hospital (MGH) Fertility
Center (Minguez-Alarcon, Gaskins et al. 2016) in Boston, MA, USA. Starting in 2005, both
female and male patients of subfertile couples were invited to voluntarily participate in the
study (Hauser, Meeker et al. 2006). Study enrollment ended in 2019. Female patients aged
18-45 years, and male patients 18-56 years who had not had a vasectomy and who were
not taking hormones at the time of enrollment, were eligible to join either independently or
as a couple. Study participants were a convenience sample of the population seeking care

at the clinic. After the study procedures were explained and all questions were answered,
participants signed an informed consent form. The participant’s date of birth was collected
at entry, and weight and height were measured by trained study staff at study entry. Body
mass index (BMI) was calculated as weight (in kilograms) divided by height (in meters)
squared. At enrollment, research staff administered sociodemographic (e.g. race), lifestyle,
and medical history questionnaires to participants. Study participants also completed a
comprehensive questionnaire on family, medical, reproductive, and occupational history,
consumer products use, smoking history, etc. 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).

Assessment of endocrine disrupting chemicals

Each participant provided one spot urine sample at enroliment and subsequent samples
over the time they participated. Urinary concentrations of the biomarkers measured
were used as an index of exposure to their respective parent compounds. Samples
were collected in a sterile polypropylene specimen cup. Specific gravity (SG), which
was used as a covariate in the models to account for urine dilution, was measured

at room temperature at MGH 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 overnight on dry ice to the CDC (Atlanta, GA) where they were stored
at or below —40 °C until analysis. As previously described (Ye, Kuklenyik et al.

2005, Silva, Samandar et al. 2007, Hauser, Gaskins et al. 2016), online solid-phase
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extraction coupled with isotope dilution-high-performance liquid chromatography-tandem
mass spectrometry was used to quantify the urinary concentrations of triclocarban, 11
phenols [bisphenol A (BPA), bisphenol S (BPS), bisphenol F (BPF), benzophenone-3,
butylparaben, ethylparaben, methylparaben, propylparaben, triclosan, 2,4-dichlorophenol
and 2,5-dichlorophenol], 15 phthalate metabolites [monoethyl phthalate (MEP), mono-n-
butyl phthalate (MBP), mono-hydroxybutyl phthalate (MHBP), mono-isobutyl phthalate
(MiBP), mono-3-carboxypropyl phthalate (MCPP), monobenzyl phthalate (MBzP),
mono-2-ethylhexyl phthalate (MEHP), mono-2-ethyl-5-hydroxyhexyl phthalate (MEHHP),
mono-2-ethyl-5-oxohexyl phthalate (MEOHP), mono-2-ethyl-5-carboxypentyl phthalate
(MECPP), monocarboxyisooctyl phthalate (MCOP), monooxononyl phthalate (MONP),
monocarboxyisononyl phthalate (MCNP), mono-2-ethyl-5-carboxypentyl (MECPTP),
mono-2-ethyl-5-hydrohexyl terephthalate (MEHHTP), and two metabolites of DINCH
(cyclohexane-1,2-dicarboxylic acid monohydroxy isononyl ester (MHINCH), and
cyclohexane-1,2-dicarboxylic acid monocarboxyisooctyl ester (MCOCH)). The limit of
detection (LOD) ranged from 0.1 to 2.3 pg/L, depending on the biomarker (Supplemental
Table 1). Biomarker concentrations below the LOD were assigned a value equal to the LOD
divided by the square root of 2 (Hornung and Reed 1990, Lubin, Colt et al. 2004). Analytical
methods to quantify some of the EDCs included in this work at CDC were developed years
after the study started, therefore, the measurement of certain biomarkers in urine did not
begin at the study onset.

The CDC laboratory is certified by the Health Care Financing Administration to comply
with the requirements set forth in the Clinical Laboratory Improvement Amendments of
1988 (CLIA’88). All analytical measurements follow strict quality control/quality assurance
CLIA guidelines. For example, along with study samples, each analytical run includes a
set of calibrators, reagent blanks, and high- and low-concentration quality control (QC)
materials. Concentrations of the QCs are evaluated using standard statistical probability
rules (Caudill, Schleicher et al. 2008). Accuracy (92%—-105%, phthalates; 83%-109%,
phenols) and precision (2.1%-14.0%, phthalates; 2.5%-8.4%, phenols), depending on the
analyte, are included in the public documents describing the analytical approaches used
(CDC 2018, CDC 2019); these approaches have been used since the early 2000s for the
analyses of tens of thousands of biological specimens, including those collected as part

of CDC’s ongoing national survey, the National Health and Nutrition Examination Survey
(NHANES).

Statistical analysis

Demographic characteristics were summarized using median + interquartile ranges (IQRs)
or percentages. Kolmogorov-Smirnov tests were used to evaluate whether urinary biomarker
concentrations were normally distributed. Urinary concentrations of all examined chemical
biomarkers were natural log-transformed before analysis to better approximate a normal
distribution. Multivariable mixed models were used to estimate the differences in biomarkers
concentrations across the years, using a random intercept to account for correlation across
multiple observations per study participant and adjusting for age, BMI, sex and SG. We
adjusted for predictors of exposure biomarkers and also SG to account for urine dilution.
The independent variable, years, was considered as a discrete categorical variable to obtain
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the marginal means per two-year period and as a continuous variable to estimate the
decrease per year. To allow for better interpretation of results, population marginal means
were obtained, back-transforming to the original scale (Searle, Speed et al. 1980) and were
presented per two year period, at the mean level for other continuous covariates and the
weighted frequency for categorical variables. We evaluated the robustness of the findings
stratifying by sex (male vs. female), age (<35 vs =35 years), and BMI (<25 vs 225 kg/m?).
We stratified by age and sex because younger people tend to have increased exposure to
EDCs by using more personal care products (Park, Kim et al. 2019, Pagoni, Arvaniti et

al. 2022) and consuming more processed foods (Buckley, Kim et al. 2019). Additionally,
many EDCs are obesogenic (Darbre 2017, Xia, Zhu et al. 2018, Heindel and Blumberg
2019, Zhang, Dong et al. 2019) with preferential fat accumulation that may impact urinary
biomarker concentrations. Statistical tests were two-tailed and all p-values<0.05 were
conventionally regarded as statistically significant. Statistical analyses were performed with
SAS (version 9.4; SAS Institute Inc., Cary, NC, USA).

We included 996 male and 819 female patients (N total=1,815 participants) who provided

a total of 6,483 urine samples (median=2, range=1-30) between 2000 and 2017 in our
evaluation. At study entry, participants were mostly white (83%), 29% had ever smoked and
they had a median (interquartile range [IQR]) age of 35 (32, 39) years and BMI of 25.5
(22.8, 28.8) kg/m? (Table 1).

Detection frequencies for some phenols such as BPA (90% in 2000-2001 vs. 74% in
2016-2017) and triclosan (76% in 2008-2009 vs. 59% in 2016-2017) decreased over

the study period, whereas detection frequencies increased for BPS (69% in 2010-2011

Vs. 76% in 2016-2017) (Supplemental Table 1). Detection frequency for the urinary
phthalate metabolite concentrations remained stable over time. By contrast, detectable
urinary concentrations of metabolites of the phthalate replacement DINCH increased over
time: MHINCH (6% in 2010-2011 vs. 60% in 2016-2017) and MCOCH (non-detectable
in 2010-2011 vs. 53% in 2016-2017). Geometric mean (GM) urinary concentrations of
benzophenone-3, some specific parabens, particularly methyl and propylparaben and di-2-
ethylhexyl phthalate (DEHP) metabolites, were higher among females and participants
with normal BMI, compared to males and participants having obesity (Supplemental Table
2). Most biomarkers had minimum urinary concentrations <LOD over the study period
(Supplemental Table 3).

We observed decreasing trends for urinary concentrations of some environmental phenols,
such as BPA, and increasing trends of urinary concentrations of BPA replacements, such as
BPS and BPF, over the study period (Figure 1, Supplemental Table 4). Based on adjusted
linear mixed effect models, the estimated mean (95% CI) urinary BPS increased from 0.23
(95% CI: 0.15, 0.34) pg/L in 2010-2011 to 0.35 (95% Cl: 0.31, 0.39) pg/L in 2016-2017,
while the estimated mean for urinary BPF increased from 0.28 (95% ClI: 0.19, 0.41) pg/L
to 0.31 (95% CI: 0.28, 0.34) ug/L over the same period. These trends correspond to yearly
increases in urinary BPS and BPF of 3.9% (95% CI 2.7, 7.6) and 6.0% (95% CI: 1.8, 10.3),
respectively (Table 2). Some decreasing trends in urinary phenol concentrations included,
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for example, BPA with an estimated 6.3% (95% CI —7.2, =5.4) decline per year between
2000 and 2017, and triclosan showing the largest decrease corresponding to an 18.8% per
year (95% Cl: —24.0, —13.6) (Table 2).

Similarly, estimated mean urinary concentrations of the majority of phthalate metabolites
decreased over the study period, while metabolites of alternative chemicals including
DINCH have increased (Figure 2). For example, based on adjusted mixed effect models,
the estimated mean (95% CI) urinary MHINCH increased from 0.31 (95% CI: 0.29, 0.33)
ug/L in 2010-2011 to 0.78 (95% CI: 0.69, 0.87) ug/L in 2016-2017 (Supplemental Table
3), corresponding to an overall increase of 20.0% (95% CI: 17.8, 22.2) per year (Table 2).
While urinary MCOCH concentrations were not detected among our participants between
2010 and 2011, the mean (95% CI) urinary MCOCH was 0.69 (95% ClI: 0.63, 0.75) ug/L
between 2016 and 2017, increasing by 16.2% (95% CI: 14.0, 18.4) per year (Table 2). In
contrast, estimated mean urinary concentrations of MEP and MEHP significantly decreased
between 2000 and 2017 [-11.5% per year (95% Cl: -12.-9.67) and -11.9 (95% CI: -13.1,
-10.8) per year, respectively] (Table 2). Specifically, the estimated mean (95% CI) urinary
MEP decreased from 109 (95% CI: 58.8, 138) pg/L in 2000-2001 to 22.0 (95% ClI: 18.4,
26.3) ug/L in 2016-2017, and the estimated mean urinary MEHP decreased from 3.81
(95% CI: 2.90, 5.01) pg/L in 2000-2001 to 1.23 (95% CI: 1.13, 1.34) pg/L in 2016-2017
(Supplemental Table 4). Urinary MHBP concentrations remained stable over the study
period (Table 2).

We evaluated the robustness of our findings by performing stratified analyses by sex (male
vs. female), age (<35 vs. =35 years) and BMI (<25 vs. =25 kg/m2) (Table 2). Larger

overall declines in urinary BPA (interaction test p-value=0.01) and increases in urinary
BPS (interaction test p-value=0.32) and BPF (interaction test p-value<0.001) per year were
observed in male participants compared to females. We also found that compared to heavier
(participants having obesity), those who were leaner (normal BMIs) also had larger adjusted
decreases in urinary BPA (interaction test p-value=0.07) and increases in BPF (interaction
test p-value=0.95) per year. Estimated decreases in urinary concentrations of triclosan were
larger for females (interaction test p-value<0.001), younger (p of interaction=0.02) and
leaner (normal BMI) participants (interaction test p-value=0.90), compared to males, and
those who were older and having obesity, respectively. We also observed similar estimated
yearly increases in urinary concentrations of MHINCH and MCOCH for all the stratified
groups (Table 2).

Discussion

In this ecological study among male and female patients seeking fertility care in Boston,MA,
USA, we describe temporal trends of urinary concentrations of select exposure biomarkers,
including environmental phenols, triclosan, phthalates and DINCH metabolites, and
biomarkers of some replacement chemicals that are found in every-day consumer products.
Overall, we observed declines in urinary concentrations of most of the examined EDCs (e.g.
BPA, parabens, triclosan, most phthalate metabolites), but observed increases in estimated
mean urinary concentrations of the replacement chemicals (e.g. BPS, BPF, DINCH
metabolites). The decreased mean urinary biomarker concentrations in some of these
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chemicals likely reflect substitution by industry as well as legislative measures to regulate
their use in consumer products. Given the increasing trends in urinary concentrations of
the relatively new EDCs along with emerging studies linking their exposure with health
problems, further studies should focus on exposures to these chemicals.

Biomonitoring data on chemical biomarkers from NHANES can be found for about 350 of
the more than 40,000 chemicals used in the U.S (EPA 2023). The increasing concentrations
of exposure biomarkers for replacement chemicals like BPS, BPF, and DINCH raise
concerns for the need to better understand health impacts of new chemical replacements
(Minguez-Alarcon, Souter et al. 2016). Some of the new replacements were introduced into
the market without extensive testing as to whether they may cause adverse health effects.
Some of the replacements, for instance BPS and BPF, have been associated with obesogenic
and diabetogenic effects (Alharbi, Algonaiman et al. 2022). Temporal trends can help to
better understand both individual and combined potential impacts of EDCs on human health.

These declining trends in mean concentrations of EDCs with increased concentrations

of replacement compounds has been demonstrated in many populational cohorts. Most
notably, the Environmental influences on Child Health Outcomes (ECHO) program recently
published findings among their cohort of pregnant women demonstrating such temporal
trends spanning 2008 to 2020. The ECHO cohort noted these inverse relationships among
BPA with BPF/BPS and phthalates (Buckley, Kuiper et al. 2022). In agreement with our
results, similar declining trends in mean concentrations of urinary BPA, and increased
urinary BPS and BPF have been demonstrated among California pregnant women between
2007-2014 (Kim, Shin et al. 2021), the general population from the U.S. National Health
and Nutrition Examination Survey (NHANES) between 2003-2012 (LaKind and Naiman
2015) and from the Canadian Health Measures Survey (CHMS) between 2007-2017
(Pollock, Karthikeyan et al. 2021), a Danish men’s cohort between 2009-2017 (Frederiksen
et al), and an Australian population cohort between 2012-2018 (Tang, He et al. 2020). These
downward trends in paraben concentrations have also been reported in a Massachusetts
pregnancy cohort between 2006-2008 (Ferguson, Meeker et al. 2018), the CHMS cohort
between 2007-2017 (Pollock, Karthikeyan et al. 2021), and in a cohort of Puerto Rican
pregnant women between 2010-2016 (Ashrap, Watkins et al. 2018).

Temporal trends in triclosan exposure are more variable among reports within the literature.
In our study, urinary concentrations of triclosan declined from 19.6 pg/L to 5.4 ug/L from
2008-2017, which differs from previously reported temporal trends. For example, data
from the 2003-2012 NHANES (Han, Lim et al. 2016) showed no changes in triclosan
concentrations among 10,232 U.S. participants except transiently between 2005-2006.
Unlike BPA, among pregnant Puerto Rican women between 2010-20186, triclosan and
triclocarban mean urinary concentrations increased during that time period, with women
most likely exposed through liquid soap and bar soap products, respectively (Ashrap,
Watkins et al. 2018). Some of the observed trends in urinary triclosan in this and the
aforementioned studies may be due to its ban by the FDA in September 2016: triclosan and
another 18 ingredients used in over-the-counter consumer antiseptic soaps are misbranded
and are new drugs for which approved new drug applications are required for marketing
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(2016). Similar policies have been implemented in Canada and in the European Union
(EU-Commission 2014, Canadian-Environmental-Protection 2016, EU-Commission 2016).

Phthalate and chemical replacements showed similar trends as BPA and its replacements,
BPS and BPF. Some phthalates showed increasing concentrations, peaking in 2010-2011,
with substantially decreasing mean concentrations thereafter through 2017. Additionally,
urinary concentrations of MECPTP and MEHHTP, metabolites of di(2-ethylhexyl)
terephthalate, a phthalate used to replace others such as DEHP, show dramatic increases
from 2010-2017 noted to be 1.63 pg/L to 39.6 pg/L and 1.18 pg/L to 9.11 pg/L,
respectively. Similar trends of decreasing mean concentrations of phthalate biomarkers
with increasing replacement compounds were noted in NHANES between 2001-2010
(Zota, Calafat et al. 2014), among U.S. women aged 18-22 years in NHANES between
2005-2016 (Beckingham, Wischusen et al. 2022), the ECHO pregnancy women cohort
(Buckley, Kuiper et al. 2022) and pregnant women in California between 2007-2013.
Internationally, trends towards decreasing phthalate metabolites in Canada and Europe
(Dominguez-Romero, Komprdova et al. 2023, Vogel, Frederiksen et al. 2023) reflect the
positive impact of industrial phaseout on population exposure risk. For example, data from
the German Environmental Specimen Bank suggest that exposures to regulated phthalates,
such as DEHP, BBzP, DnBP, and DiBP, have decreased over time while exposure to
phthalate substitutes, such as DINCH and DEHTP, appear, to have increased (Mogel,
Frederiksen et al. 2023). Conversely, other studies have shown contradictory trends in
Chinese populations (Dominguez-Romero, Komprdova et al. 2023), particularly for DEHP,
suggesting the continued industrial prevalence of industrial phthalates, a particular concern
given the market share that China occupies in global plasticizer use. Overall, these time-
trends can be useful in evaluating global differences in exposures to industrial phthalates,
allowing for geographic and temporal comparisons. However, special attention needs to be
taken when directly comparing urinary biomarker concentrations which are adjusted using
different methods (e.g. creatinine vs. SG) as results are only comparable if the urinary
biomarkers are in the same scale. For example, it has been demonstrated that SG-adjusted
concentrations could be higher than those adjusted for creatinine (Carrieri, Trevisan et al.
2001).

In stratified analyses, we found larger declines in estimated mean concentrations of BPA and
increases in BPS and BPF in male participants, potentially due to differential environmental
exposures by sex. Additionally, in vitro, the tissue:blood partition coefficient of BPA for fat
was 3.31, higher than for kidney, muscle, and other organs (Csanady, Oberste-Frielinghaus
et al. 2002), suggesting preferential bioaccumulation within fat cells. Also, it may contribute
to the observed sex differences, given the sexual dimorphism of fat distribution in females
versus males. Conversely, estimated triclosan declines were larger in participants <35 years
of age, with an underweight BMI, and/or female sex. Female participants may have had
larger overall exposure as women typically use more personal hygiene products compared to
men (Wu, Bennett et al. 2010, Park, Nam et al. 2018), leading to steeper declines following
legislative measures and bans.

Limitations of this study include the narrow geographic range of participants within the
Boston and New England area, which may reflect local exposures and not necessarily
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general population exposures throughout the United States over the time period. Also,
geographic restriction to the New England region may introduce confounders such as
socioeconomic factors, racial or ethnic variations, and educational background that may
affect the use of EDC-containing products. Additionally, all samples were collected from
patients in a fertility clinic, which may limit generalizability to the general population. Even
among states that provide mandated insurance coverage for fertility treatments, patients
seeking fertility care tend to skew towards predominantly non-Hispanic white patients

with graduate level education and high household incomes (Galic, Negris et al. 2021).
Related to this point, we did not evaluate trends in EDCs by race (or other important
socioeconomic factors) as sample sizes were small for minority groups. However, median
urinary biomarker concentrations were overall similar to those found among participants

in NHANES, which is a nationally representative sample of US population (CDC 2022).
Strengths of this study include its large sample size, collection spanning 17 years, and
prospective study design with samples analyzed by the same CDC laboratory. By collecting
multiple samples per participant over the span of several years, we expect that exposure
misclassification would be reduced, which is a major limitation in epidemiologic studies

of EDCs with short half-lives. Quantification of the EDC biomarkers was conducted by a
single CDC laboratory, which allows for consistency and uniformity in analytical chemistry
techniques, equipment, and personnel skills. Additionally, we evaluated multiple classes

of EDCs, including common, omnipresent chemicals and their replacements. Through this
study, we evaluated well-studied commercially available chemicals, including environmental
phenols and phthalates, with known health risks (Hauser and Calafat 2005, Matsumoto,
Adachi et al. 2005, Keri, Ho et al. 2007, Kamrin 2009, Lyche, Gutleb et al. 2009, Meeker,
Ehrlich et al. 2010) to quantify subtle changes in urinary concentrations over time. This is
one of the first ecological studies to evaluate multiple EDC classes over 17 years, with a
large cohort of male and female patients.

Conclusion

While estimated mean urinary concentrations of most EDCs declined over time among male
and female patients attending a fertility center in Boston, concentrations of some of them,
including chemical replacements, have increased in this ecological study. Additional studies
can help to further explore the potential health effects of these replacement chemicals whose
uses appear to be on the rise. Also, additional studies evaluating within-subject temporal
trends in EDCs are advised.
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Highlights

. We evaluated temporal trends in urinary phenols, phthalate metabolites and
phthalate replacements between 2000 and 2017.

. The majority of urinary exposure biomarkers declined over time.

. Urinary concentrations of several replacement chemicals have increased.
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Figure 1.
Estimated trends? in urinary concentrations of phenol and other EDCs among study

participants between 2000 and 2017, based on adjusted linear mixed effect models.
a_og-transformed mean urinary biomarker concentrations adjusted for age, BMI, sex and
specific gravity.

Abbreviations: BPA, bisphenol A; BPS, bisphenol S; BPF, bisphenol F; BP3,
benzophenone-3; BPB, butylparaben; EPB, ethylparaben; MPB, methylparaben; PPB,
propylparaben; TCS, triclosan; TCC, triclocarban; 2,4-DCP, 2,4-dichlorophenol; 2,5-DCP,
2,5-dichlorophenol.
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Figure 2.
Estimated trends? in urinary concentrations in phthalate metabolites among study

participants between 2000 and 2017.

4 ogtransformed mean urinary biomarker concentrations adjusted for age, BMI, sex and
specific gravity.

Abbreviations: monoethyl phthalate (MEP), mono-n-butyl phthalate (MBP), mono-
hydroxybutyl phthalate (MHBP), mono-isobutyl phthalate (MiBP), mono-3-carboxypropyl
phthalate (MCPP), monobenzyl phthalate (MBzP), mono-2-ethylhexyl phthalate (MEHP),
mono-2-ethyl-5-hydroxyhexyl phthalate (MEHHP), mono-2-ethyl-5-oxohexyl phthalate
(MEOHP), mono-2-ethyl-5-carboxypentyl phthalate (MECPP), monocarboxyisooctyl
phthalate (MCOP), monooxononyl phthalate (MONP), monocarboxyisononyl

phthalate (MCNP), mono-2-ethyl-5-carboxypentyl (MECPTP), mono-2-ethyl-5-hydrohexyl
terephthalate (MEHHTP), and two metabolites of DINCH (cyclohexane-1,2-dicarboxylic
acid monohydroxy isononyl ester (MHINCH), and cyclohexane-1,2-dicarboxylic acid
monocarboxyisooctyl ester (MCOCH)
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Table 1.
Demographic characteristics [median (IQR) or counts (%)] of 1815 study participants between 2000 and 2017

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

at study entry.

Characteristic N (%) or Median (IQR)
Sex, n (%)
Male 996 (55)
Female 819 (45)
Age, years 35.0(32.0, 39.0)
<35, n (%) 812 (45)
=35, n (%) 1003 (55)
Race, n (%)
White/Caucasian 1508 (83)
Black/Asian/Other 307 (17)
Body Mass Index, kg/m? | 25.5(22.8, 28.8)
<25, n (%) 794 (44)
225, n (%) 1021 (56)
Smoking, n (%)
Never 1280 (71)
Ever 535 (29)
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