PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Beckingham BA, Wischusen K, Walker JP
(2022) Phthalate exposure among U.S. college-
aged women: Biomonitoring in an undergraduate
student cohort (2016-2017) and trends from the
National Health and Examination Survey (NHANES,
2005-2016). PLoS ONE 17(2): e0263578. https://
doi.org/10.1371/journal.pone.0263578

Editor: Nurshad Ali, Shahjalal University of Science
and Technology, BANGLADESH

Received: May 7, 2021
Accepted: January 23, 2022
Published: February 11, 2022

Copyright: © 2022 Beckingham et al. This is an
open access article distributed under the terms of
the Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files or in the publicly available NHANES database
(cdc.gov/nchs/nhanes).

Funding: The authors (BB, KW, JW) received
funding from the Undergraduate Research and
Creative Activities (URCA) Program and the
Departments of Geology & Environmental
Geoscience and Health & Human Performance at
the College of Charleston to support this work.

RESEARCH ARTICLE

Phthalate exposure among U.S. college-aged
women: Biomonitoring in an undergraduate
student cohort (2016-2017) and trends from
the National Health and Examination Survey
(NHANES, 2005-2016)

Barbara A. Beckingham@®'*, Kerry Wischusen?, Joanna P. Walker®

1 Department of Geology & Environmental Geosciences, College of Charleston, Charleston, South Carolina,
United States of America, 2 Department of Biochemistry, College of Charleston, Charleston, South Carolina,
United States of America, 3 Department of Health and Human Performance, College of Charleston,
Charleston, South Carolina, United States of America

* beckinghamba @cofc.edu

Abstract

Importance

Phthalates are ubiquitous and many are known or suspected human reproductive and endo-
crine-disrupting toxicants. A data gap exists in reporting on biomonitoring of phthalate bio-
markers in college-aged adults.

Objective

To analyze phthalate exposure in a cross-sectional sample of female college students using
urinary phthalate metabolite concentrations and compare to reference populations including
college-aged women sampled in the National Health and Nutrition Examination Survey
(NHANES).

Methods

Nine monoester phthalate metabolites were analyzed in spot urine collected from 215 female
undergraduates (age 18—22, 2016—2017) at a public university in Charleston, SC USA and a
subset of participants completed a questionnaire detailing demographics and behaviors
including personal care and cosmetic product use (e.g. in the past 6 or 24 hrs). Urine specific
gravity was used to assess effect of urine dilution. Phthalate metabolite concentrations were
compared to reference populations and the temporal trends of the same age-group in the
National Health and Nutrition Examination Survey (NHANES) were analyzed.

Results

Total urinary phthalate metabolite concentrations in individuals ranged three orders of mag-
nitude (geometric mean 56.6 ng/mL, IQR 26.6—114 ng/mL). A third of urine samples had
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relatively high urine specific gravity levels indicating potential dehydration status. All geo-
metric mean concentrations were similar to the U.S. female population in the most recent
NHANES cycle (2015-2016) except for MEP and mono-isobutyl phthalate (MiBP). Rela-
tively low MEP and MiBP may be explained by a time trend of declining MEP in the general
U.S. population, the sociocultural character of this cohort, and the time of day of spot sam-
pling in evening. NHANES data indicate a significant effect of sample timing on phthalate
metabolite concentrations and decline in most, but not all, phthalate metabolites sampled in
women aged 18-22 years over the decade (2005-2016).

Significance

This study reports phthalate metabolites in college-aged women, an understudied group,
emphasizes the benefit of survey information for interpreting biomonitoring data, and is a
useful case study for communicating phthalate chemical exposure risks to college students.

Introduction

Phthalates are a group of phthalic acid diesters that are high-production volume chemicals
used in a wide range of products, from personal care products, plastics (e.g. PVC), adhesives
and sealants to pesticides. Given the ubiquity of phthalates, exposure pathways are both direct
(e.g. contact with personal care products and plastics or medical equipment) and indirect (e.g.
uptake from food or dust), and occur through oral, inhalation or dermal routes depending on
the properties and uses of different phthalate chemicals [1, 2]. Human health concerns stem
from their endocrine-disrupting activity and associations with adverse reproductive system
outcomes [3-5]. Previous studies have also shown associations between phthalate exposure
and symptoms of depression, anxiety and stress in young adults [6]. Phthalates in humans are
metabolized to phthalate monoesters or other oxidative metabolites and glucuronide conju-
gates that are more readily eliminated in urine [7]. Urinary phthalate metabolite concentra-
tions are therefore used extensively as exposure biomarkers.

Since half-lives of phthalates in the body are on the order of <24 hrs, their presence in
urine reflects short-term exposure behaviors [3, 8, 9]. Even so, studies have shown that a single
spot urine sample can reasonably classify phthalate exposure through the detection of phthal-
ate metabolites within a monthly or seasonal timeframe [9, 10] since, due to their widespread
use, phthalate exposure is relatively routine and continuous. Certain phthalate metabolites
may be more variable than others due to their biotransformation rate or link to more episodic
exposure routes [11, 12]. Sampling conditions (e.g. collection time, frequency, and integration)
are important to consider to correctly classify exposure in biomonitoring studies [12, 13].

Researchers have previously reported on phthalate metabolites detected in female popula-
tions in the United States, particularly during pregnancy [8, 14-17] or in cohorts of reproduc-
tive age [18], or adolescent age specifically [19]. Globally, college students have been assessed
for phthalate exposure in studies in Germany (ages 19-29 years) [20, 21] and China (ages 17-
24 years) [6]. The Centers for Disease Control (CDC) analyzed levels of phthalate metabolites
in urine in the United States population in the National Health and Nutrition Exaination Sur-
vey (NHANES) between 1999 and 2016 [22-24]. NHANES surveys young adults of traditional
college age and collects demographic information including educational attainment, but to
date, this population has not been a focus. Therefore, there is a data gap in biomonitoring of
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endocrine disrupting chemicals, and specifically phthalate biomarkers, in college-aged young
adults.

Given the frequent use of products that may contain phthalates (e.g. beauty and personal
care products) [25] and likely preference for convenience to combat busy academic schedules
(e.g. consumption of “fast foods” and use of plastics in food preparation and consumption),
we hypothesized that college females would be particularly susceptible to phthalate exposure.
This study reports on the levels of nine phthalate metabolites in urine from a cross-sectional
sample of a college female student population in Charleston, SC USA. Traditional post-sec-
ondary students in the United States (e.g. students enrolled full-time within a year of graduat-
ing high school) are most likely to be 18-22 years old and for simplicity are referred to in this
paper as “college-aged”, although we recognize that people of all ages attend university. Phthal-
ate metabolite concentrations are compared to reference populations, including 18-22 years
old females surveyed in NHANES over time (2005-2016), and the effect of sampling condi-
tions and exposure-linked cosmetic and personal care product use is assessed to interpret bio-
monitoring results.

Material and methods
Sample and survey collection

Female undergraduate students (age 18-22 years, non-pregnant) at a public university in
Charleston, SC USA were recruited to participate in this study during the academic year.
Study participants came to one of several open clinics held during weekday late-afternoon/eve-
nings (4-6 pm, Mondays-Thursdays) between November 2016 and February 2017. Partici-
pants provided a spot urine sample in a sterile plastic specimen container that was measured
for specific gravity (clinical hand-held refractometer, Fisher Scientific) then immediately fro-
zen and stored at -4°C until sample processing for stability of the sample [26]. Participants also
completed a self-administered survey that included questions pertaining to demographic and
socioeconomic characteristics in addition to behavioral information on residence, and use of
smoking products, cosmetics, personal care products and plastic food containers as described
and reported in Hart et al. [25]. A subset of this information (race, housing and year of study)
is displayed in Fig 1. Phthalate-free products were offered as incentives for participation and
all participants provided informed consent for this institutional review board-approved study.

Phthalate metabolite measurements

Nine phthalate monoester metabolites were measured in urine following protocols for sample
processing and analysis in previous biomonitoring studies [17, 27]: monomethyl phthalate
(MMP), monoethyl phthalate (MEP), monobutyl phthalate (MBP), mono-isobutyl phthalate
(MiBP), monobenzyl phthalate (MBzP), mono(2-ethylhexyl) phthalate (MEHP), mono
(2-ethyl-5-oxohexyl) phthalate (MEOHP), mono(2-ethyl-5-hydroxyhexyl) phthalate
(MEHHP) and mono-isononyl phthalate (MNP). In brief, urine samples were thawed and vor-
texed, then a 1 mL aliquot of urine was spiked with deuterated phthalate monoester internal
standards, subjected to enzymatic deglucuronidation followed by isolation on solid phase
extraction cartridges and subsequent elution. Each sample was then transferred to deionized
water for analysis by high-performance liquid chromatography with electrospray ionization
tandem mass spectroscopy (LC-ESI-MS/MS). All materials for sample preparation and instru-
ment parameters for detection were reported previously [28]. Matched '*C-labelled phthalate
metabolite internal standards are listed in S1 Table.

Quality assurance/quality control samples processed along with urine samples and calibra-
tion standards included DI blanks prepared in the laboratory (N = 20), urine sample duplicates
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Fig 1. Reported personal information from surveyed undergraduate students. Additional characteristics (parental
education, alcohol and tobacco use and personal care and cosmetic use) are tabulated in Hart et al. [25].

https://doi.org/10.1371/journal.pone.0263578.9001

(N =17) and matrix spikes with each sample batch (N = 10), specimen container blanks pre-
pared with DI water that was stored frozen in specimen containers (N = 2), and National Insti-
tute of Standards and Technology Standard Reference Material (NIST, SRM 3673 Organic
Contaminants in Non-Smokers’ Urine (Frozen), N = 5). Limit of detection (LOD) for each
analyte was determined based on a method correlating standard deviation of replicate stan-
dard measurements with concentration [29] and ranged from 0.1 ng/mL to 2.4 ng/mL for indi-
vidual phthalate monoesters (LOD of present and reference studies is provided in S1 Table).

Data and statistical analysis

Phthalate metabolite concentrations in spot urine samples from reference populations ana-
lyzed by the same analytical methods were obtained from the peer-reviewed literature [17] and
from the CDC NHANES database for cycles 2005-2006 to 2015-2016 (cdc.gov/nchs/nhanes).
Phthalate metabolites were not included in the laboratory variables measured in urine for
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NHANES 2017-2018. Additional survey information of participants in NHANES (e.g. age,
sex, education, race/ethnicity, sample timing) was also acquired from the database and cross-
referenced to urinalysis results. NHANES participants age 18-22 years are identified as the
“college-aged” sample, regardless of educational attainment (sample sizes are reported in S3
Table). Reported education and race of NHANES participants in the 2013-2014 and 2015-
2016 cycles are summarized in S4 Table. In analysis of NHANES biomonitoring results over
time, phthalate metabolite concentrations are reported as adjusted concentrations with
weighting factors applied provided by the NHANES database for the urinalysis subpopulation
to account for differences in demographics in comparison to the U.S. civilian population in
each cycle over time, as recommended by the CDC. Raw data was analyzed from the cosmetic
and personal care product use survey reported in Hart et al. [25], and while we analyzed urine
of 215 participants, only 133 participants matched to a completed survey.

Statistical analyses were performed in Microsoft Excel (V.16.32) and JMP Pro (V.12.0,
V.15.1). Peaks quantified <LOD were included in statistical analyses as LOD/sqrt2. If >60%
of samples were quantified <LOD, geometric means are calculated but flagged [22]. Phthalate
metabolite concentration data met assumptions of equal variance according to Levene’s test
and were log-transformed to meet assumptions of normality for statistical tests with signifi-
cance set at o = 0.05. Specific-gravity adjusted concentrations (Cs g ng/mL) were calculated
using the formula Cs g, = Co((S.G.avg— 1)/S.G.o— 1)) where C, and S.G., are the phthalate
metabolite concentration and specific gravity of an individual urine sample, respectively, and
S.G..vg is the average specific gravity of the entire sample set.

Results and discussion
Quality assurance/control

Analytical methods used for urinalysis passed quality assurance/control checks. Reproducibil-
ity of sample duplicates and recovery of matrix spike and SRM expected concentrations were
acceptable. Specifically, all compound matrix spike recoveries were above 70% on average and
SRM results compared within +/- 40% of expected values (S2 Table). Matrix spike recovery
did not correlate to urine specific gravity. There were no phthalate metabolites detected associ-
ated with plastic containers used to store urine. All deionized water blanks were clear of
phthalate metabolite peaks with the exception of discrete occasions of MEP (N = 8, all <LOD),
MBP (N =7,4>LOD) and MiBP (N = 4, 2>LOD). Average concentration values in blanks
were subtracted from sample data for blank correction on these batch quantification dates.

Phthalate metabolites urinalysis

Urine specific gravity. Adjustment of sample concentration to specific gravity or creati-
nine may be made to normalize for the effects of urine dilution due to variation in hydration
and excretion among participants of a study. Average urine specific gravity measured in the
present study was 1.024 + 0.012 (ranged 1.022-1.052; N = 215), which is high in comparison to
reference populations. For instance, average S.G. of 1.014 and 1.016 were reported among
pregnant females enrolled in biomonitoring studies also in Charleston, SC [16, 17, respec-
tively]. However, other studies have reported on urine samples with relatively high specific
gravity. A workplace study (N = 294) reported ~50% of samples with S.G. >1.020, and several
(N =5) >1.040 [30]. Some researchers suggest a specific gravity cut-off above which samples
are removed from a data set. For example, the U.S. federal policy for workplace testing man-
dates an acceptable specimen to range between 1.001 and 1.02 [31], while intergovernmental
authorities of industrial hygienists extend the acceptable range to 1.03 [32]. An occupational
database study of N = 2385 found 4% of adult female samples to be concentrated above S.G.
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1.03 [32]; we find 36% of samples above 1.03. Given these previous recommendations, the data
set is analyzed in its entirety and as 1.03 > S.G. >1.03. Relatively high urine specific gravity
measured for female undergraduate students may indicate an issue with dehydration. While
adults with adequate fluid intake and normally functioning kidneys can produce urine with a
wide range of specific gravity (e.g. 1.003-1.035) [33], specific gravity above 1.03 likely indicates
dehydration [34].

Phthalate metabolite concentrations and comparison to reference populations. Uri-
nary phthalate metabolite concentrations in this female undergraduate cohort are summarized
in Table 1 (full dataset provided in S2 File). MEP was the phthalate metabolite most often
detected at the highest concentrations on average, which is consistent with previous studies
[e.g. 17, 22]. MBzP, MiBP, MBP, MEHHP and MEOHP were also ubiquitous (quantified in
>99% and >LOD in 92-100% of samples). Frequency of detection (>LOD) of MEHP (40%)
and MMP (21%) was lower than some other studies [e.g. 17]. MNP was not present or <LOD
in all samples, and it is also rarely detected in nation-wide surveys [22]. The highest concentra-
tion detected was for MBP in one sample (11300 ng/mL), and this extreme value was censored
and excluded in further analysis. The sum of phthalate metabolites in samples ranged three
orders of magnitude, from 1.9 ng/mL to 1342 ng/mL. Geometric mean concentrations of each
phthalate metabolite for samples with S.G. above 1.03 (N = 77) were elevated in comparison to
samples below 1.03 (N = 138), as shown in Table 1, as would be expected as a function of urine
dilution.

Geometric mean unadjusted concentrations are compared to other studies in Table 2.
Unadjusted concentrations were used since it is common for studies to use creatinine instead
of specific gravity to correct for urine dilution (e.g. NHANES), or to not report adjusted values.
Phthalate metabolite concentrations in the present study are lower than reported in Wenzel
et al., who measured phthalate metabolites in a racially and socioeconomically diverse popula-
tion of pregnant females in Charleston, SC USA from 2011 to 2014 [17]. This comparison is
likely affected by the year of sampling and the demographic of study participants. Fifty percent
of participants in Wenzel et al. identified as African American and the other 50% as Cauca-
sian/white, and the median age (interquartile range, IQR) was 27 (8) years old [17]. Wenzel
et al. found a statistically significantly higher phthalate exposure for African-American women
that may have been the result of differences in metabolism or exposures (e.g. personal care
product use and diet), and additionally found that college-educated women had lower urinary
phthalate metabolite concentrations [17]. In contrast, the study population in the present
study is comprised of 12% African-American students and 80% Caucasian/non-hispanic white
students, which is fairly representative of the college student body from which the sample was
drawn. Race and socioeconomic factors have been shown to affect exposure to phthalates
among women of reproductive age in a study using pooled NHANES data from 2001-2008,
but race was found to be a factor only for MEP, MBP/MiBP and MBzP [18]. Specifically, MEP
was found to be 0.75-times lower for non-hispanic whites, leading the authors to “cautiously”
interpret this as a sociocultural difference in personal care product use. Non-white racial
groups also showed higher concentrations of MBP/MiBP in this NHANES study [18]. Socio-
cultural and socioeconomic factors can also influence dietary phthalate exposure, as reviewed
previously [35]. Exposure to many phthalate chemicals in the U.S. population has also been
declining in recent years. Median concentrations of urinary phthalate metabolites among
Americans, and specifically women, have declined over the period 2000 to 2014 [22, 36].
Phthalate metabolite concentrations detected in college females are similar to the NHANES
2015-2016 survey data reported in Table 2 for all U.S. females sampled (ages 3-80) [22] and
college-aged females in NHANES 2013-2016, likely due to these sampling years being more
proximate in time. The exceptions were MEP and MiBP, for which 95% CI do not overlap and
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Table 1. Summary of measured urinary phthalate metabolite concentrations. Geometric mean', median (and interquartile range) concentrations (ng/mL) and number
[N] above and below specific gravity (S.G.) of 1.03 in addition to unadjusted and S.G.-adjusted (using sample mean S.G.) concentrations for the entire dataset. Maximum
concentrations detected in the entire dataset (all data) [N = 215] are also givenz.

Compound $.G.<1.03 S$.G.>1.03 All data-unadjusted All data-S.G.-adjusted

MBP* 6.7 20.6 9.7 11.2
6.7 (3.8-12.8) 20.3 (12.0-33.4) 10.3 (5.2-20.1) 11.3 (7.1-16.8)

[136] [77] [213] [213]

Max 83.2 Max 81.1

MBzP 2.9 7.7 4.1 4.8
3.1(1.1-6.1) 7.7 (4.7-14.4) 4.7 (2.2-9.4) 5.1(2.8-7.7)

[136] [77] [213] [213]

Max 230 Max 131

MEHHP 1.4 2.4 5.7 6.7
(0.6-2.3) (1.3-4.9) 5.9 (2.9-11.1) 6.5 (4.3-10.5)

[138] [77] [215] [215]

Max 200 Max 117

MEHP 12 2.3 18 14
0 (0-0.6) 1.7 (0.6-3.2) 0.6 (0-1.7) 0.4 (0-1.2)

[47] [62] [109] [109]

Max 44.6 Max 26.1

MEOHP 2.4 7.6 3.6 4.3
2.5 (1.3-4.5) 7.0 (4.2-13.4) 3.7 (1.8-7.0) 4.1(2.7-6.8)

[138] [77] [215] [215]

Max 134 Max 78.4

MEP 11.0 30.2 15.8 18.5
10.0 (4.2-25.3) 28.8 (13.6-54.8) 16.2 (6.0-38.4) 15.5 (8.0-33.6)

(138] [77] [215] [215]

Max 1290 Max 1238

MiBP 3.8 12.4 5.8 6.7
3.9 (1.7-7.6) 12.6 (7.7-18.3) 6.3 (2.9-21.1) 7.0 (3.7-10.9)

[137] [77] [214] [214]

Max 127 Max 58.6

MMP L1 18 14 16
0.8 (0-0.8) 0.8 (0-1.4) 0.8 (0-0.8) 0.5 (0-1.6)

[137] [45] [116] [116]

Max 56.7 Max 41.2

Total 38.5 113 56.6 66.4
37.9 (20.5-72.0) 101 (76.0-156) 62.0 (26.6-114) 61.3 (42.7-97.9)

Max 1342 Max 1288

! Underlined values fail the criteria of %samples >LOD of >40% for calculation of geometric mean [22]. Geometric mean calculation includes samples <LOD as LOD/

sqrt2.

2 Minimum concentration was either 0 (non-detect) or LOD/sqrt2 for all metabolites.

? Calculation of geometric mean and maximum values does not include 1 extreme value of 11300 ng/mL.

https://doi.org/10.1371/journal.pone.0263578.t001

geometric mean unadjusted concentrations were 0.43 and 0.71 times those reported for

NHANES 2015-2016 females, respectively.

College-aged students sampled as part of NHANES have total phthalate metabolite urinary
concentrations that are statistically significantly lower in years after 2009 compared to previous
years (One-way ANOVA with Tukey’s significance test, p<0.001; S1 Fig). Trends for the
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Table 2. Geometric mean unadjusted concentrations (ng/mL) with 95% confidence intervals (CI) of urinary phthalate metabolites in comparison to reference
populations.

Compound’ | Present study | 95% CI Wenzel et al. 2018 95% CI NHANES 2015-16 all 95% CI | NHANES 2013-16 college-aged | 95% CI

[N =215] [17] [N = 378] females® [N = 1501] females®* [N = 184]
MBP 9.7 | 85-11.1 13.7 | 12.1-15.5 9.78 | 8.77-10.9 11.6 | 10.1-13.3
MBzP 41| 35-48 9.47 | 8.06-11.1 4.35 | 3.76-5.03 6.99 | 5.92-8.26
MEHHP 57| 5.0-65 6.34 | 5.70-7.10 5.27 | 4.89-5.66 7.30 | 6.14-8.67
MEHP 1.8 2.65 | 2.36-2.99 X X
MEOHP 3.6 3.2-41 5.02 | 4.50-5.62 3.42 | 3.14-3.72 5.11 | 4.32-6.04
MEP 15.8 [ 13.1-19.0 47.0 | 39.3-55.5 36.5 | 30.2-44.0 45.1 | 37.2-54.7
MiBP 58| 5.0-6.7 9.57 | 8.44-10.8 8.16 | 7.31-9.12 10.9 | 9.14-12.7
MMP 1.4 1.92 | 1.66-2.23 X X

! MNP is not included in this table since this analyte was not present or <LOD in all samples; MNP was not measured in Wenzel et al. 2018 [17] and was not reported in
NHANES 2015-2016.

? Excluding extreme value of 12300 ng/mL in 1 individual (geometric mean is 10.1 ng/mL with this value included).

* Weighted values reported by CDC [22].

* Weighted values to scale the sample in alignment with U.S. civilian population demographics are calculated for the college-aged (18-22 years) females subset of
combined NHANES 2013-2014 [N = 116] and 2015-2016 [N = 68] cycles. Education and race data for this group are tabulated in S4 Table and data by sampling time in
S1 File.

x: Not reported by CDC [22] because >40% of samples <LOD. Underlined values have >40% of samples <LOD. 95% ClI is not determined.

https://doi.org/10.1371/journal.pone.0263578.t1002

college-aged female subpopulation follow and extend those shown for the wider NHANES
populations from 2001-2010 [24]. Therefore, comparisons to studies conducted prior to 2010,
before concentrations may have plateaud, need to be made with caution. For MEP and MBP
specifically, higher concentrations detected in urine of college-aged females in comparison to
the general female population in surveys from 2005 to 2008 are no longer evident in later years
(Fig 2A and 2C). DEP exposure is predominately through use of cosmetics and personal care
products and potential indoor air sources [2]. Greater decline in college-aged female exposure
in comparison to the general female population in NHANES likely reflects the differences in
personal care products used between these groups, an inference also made for the general U.S.
population given differential rates of MEP decline in adults and children from 2001-2010 [12].
Phthalate metabolites trend differently in time, however. Notably, MEP and MBP are lower in
years after 2009 (One-way ANOVA with Tukey’s significance test, p<0.05) but MiBP has
remained rather constant since 2005 (Fig 2A-2C). There are a variety of sources of DBP and
DiBP; in past studies, DiBP exposure has been linked to diet and indoor/outdoor air and DBP
exposure to diet and personal care product use [1, 37], while a fasting study discounted the
contribution of diet for DBP and DiBP and suggested dust contributes to on-going exposures
[38]. Declining trends in urinary biomarkers of phthalate exposure are likely due to the phas-
ing out of phthalates, DEP and DBP in particular, in consumer products in response to advo-
cacy efforts to raise consumer awareness and create a market for “phthalate-free”
formulations, especially in cosmetics and personal care products [24, 39]. On the other hand,
shifts in manufacturing may have increased use of DiBP as a replacement for DBP in consumer
products in recent years, leading to the increase and fluctuation in MiBP concentrations
observed in the U.S. population [24, 40].

The distribution pattern of phthalate metabolites on average in the present study is com-
pared to the reference populations of pregnant females from Charleston, SC in Wenzel et al.
[17] and female groups sampled in recent years by NHANES in Fig 3. Survey data is presented
as all females from NHANES 2015-2016 (age 3-80 years, N = 1501) and also as NHANES
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Fig 2. Geometric mean adjusted concentrations for college-aged (18-22 years old) females (filled circles) and for all
females (open circles) in NHANES reported in the 4™ National Assessment [22] over time for A) MEP, B) MiBP and
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C) MBP. Bars indicate 95% confidence intervals. Note, not all data are for women with college educations. See S3 Table
for sample sizes over time. Years when college-aged females have detectably different phthalate metabolite
concentrations using log-transformed adjusted concentrations by ANOVA with Tukey’s significance test (p<0.05) are
shown with different letters in each panel.

https://doi.org/10.1371/journal.pone.0263578.9002

2013-2014 and 2015-2016 for all College-aged females (N = 184) and non-hispanic white col-
lege-aged females (N = 56), since these closely compare to the demographic sampled in the
present study. NHANES shares the racial and ethnic identity of participants in five options:
Mexican American, other hispanic, non-hispanic white, non-hispanic Black and other race,
including multi-racial. Two NHANES cycles were combined to assess college-aged females to
increase sample size. Distribution patterns across these studies are similar, although the pres-
ent study has a lower relative concentration of MEP. The distribution pattern of phthalate
metabolites was most similar to the profile of the NHANES non-hispanic white college-aged
female subset. Non-hispanic white college-aged women (N = 56) are observed to have lower
MEP concentrations (p = 0.023) than non-hispanic Black college-age women (N = 48) in this
NHANES sample, not controlling for other potential variables (One-way ANOVA with pair-
wise comparisons by Tukey’s test; all other phthalate metabolite levels are similar between
groups). This observation supports previous studies indicating disparities in phthalate expo-
sure by race and ethnicity, particularly higher exposure in African Americans to DEP [17].

Effect of sample timing on phthalate metabolite biomonitoring results. Sample collec-
tion timing, an important feature of biomonitoring study design, may influence cross-study
comparisons for certain phthalate metabolites [12]. Particularly, we suspect that MEP and
MiBP could be affected, considering that these are low-molecular weight phthalates and con-
centrations were lower than NHANES results. Whether time of sampling affects results
depends on temporal exposure patterns and biotransformation and excretion rates. We did
not know what to expect regarding college female exposure, such as through their use of per-
sonal care products, prior to this study due to a lack of information [25], and chose the late-
afternoon/early evening (4-6 pm) for sample collection to accommodate the class and work
schedule of students and clinicians. Timing of spot urine sampling in NHANES is provided in
the database as taking place during morning, afternoon or evening sessions. Only 18% of
females (2015-2016) and 19% of college-age females (NHANES 2013-2016) attended evening
survey sessions, while most attended in the mornings (46% and 44%, respectively). Analyzed
by sampling session, college-aged females (NHANES 2013-2016) had geometric mean con-
centrations of MEP and MiBP that were higher in the morning > afternoon > evening (S1
File; afternoon and evening were statistically significantly lower than morning for MiBP, One-
way ANOVA with Tukey’s test, p<0.05). Interestingly, geometric mean concentrations were
lower in the afternoon than the morning for the other phthalate metabolites measured as well
(S1 File).

DEP is known to be a relatively rapidly excreted phthalate with exposure predominately
through dermal or inhalation uptake from personal care product use. For instance, elimination
half-life of MEP (2.1 h after inhalation and dermal exposure) has been reported to be 2-4
times faster than MEHP [11, 41]. Urinary elimination half-life has been reported for a single
orally dosed adult male to be 2.6 h for MBP and 3.9 h for MiBP [42]. Intra-individual variation
has been observed between multiple spot urine samples or between spot, early-morning voids
and 24-hour samples for several phthalate metabolites since urine concentration is dependent
on time elapsed after exposure, among other factors (e.g. number of urine voids and metabolic
rate) [11, 13, 43, among others reviewed in 44]. Notably, Preau et al. observed MEP geometric
mean concentrations among eight adults to be significantly lower in the evening (52.8 ng/mL,
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6 pm-midnight) compared to the morning and afternoon (73 and 72 ng/mL, defined as mid-
night-noon and noon-6 pm, respectively) (p<0.01; factor difference of 0.73) [11]. About 20%
of MEP variation observed in the study was attributed to intra-individual variability which was
due to fluctuation within the day rather than between days, and cyclic patterns in MEP
observed were attributed to routine personal care product use behaviors especially during the
work week. Silva et al. also report MEP concentration in NHANES participants (1999-2000)
to be lower in the evening (by ~0.7-0.8 times) compared to morning and midday after stan-
dardizing for differences in covariates across groups [23]. We also found that college-aged
NHANES females (2013-2016) had geometric mean MEP concentrations that were 0.7-0.8
times lower in the evening than the morning and afternoon sessions (S1 File). Although not all
phthalate metabolites reported in the present study were analyzed, it is significant that while
MEP was lower, the other three phthalate metabolites studied (MBP, MEHP and MBzP) were
higher in the evenings [23]. MiBP was not tracked in these studies [11, 23], so the record is
incomplete regarding the effect of time of day for this phthalate metabolite, and this is further
complicated by the multiple potential sources of DiBP exposure [24, 40]. We found that MiBP
geometric mean concentrations were ~0.6-0.7 times lower in the evening than the morning
and afternoon sessions for college-aged NHANES females (2013-2016) (not controlling for
demographic variables, S1 File).

Since most urine samples were collected during the evenings, our study may report lower
metabolite concentrations if exposure to DEP was predominately in the morning or the night
before. In order not to miss peak excretion, it may be recommended that 24-h pooled samples
be conducted rather than spot samples, however this can be burdensome for study subjects
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[31], depends on the objective of the exposure assessment and the phthalate metabolite consid-
ered [43] and was not feasible given the large sample size targeted in the present study. To
compensate, we surveyed study participants on personal care product use behaviors with
attention to timing (e.g. use within 6 hrs or 24 hrs) [25]. Braun et al. reported the importance
of personal care product use timing and related the total product use within the last 6 hrs to
higher urinary phthalate metabolites, especially for MEP and MBP [8]. Out of all personal care
products surveyed for use in the present study (N = 35), on average students used 12 (IQR
8-15) within 24 hrs and 5 (IQR 2-8) within 6 hrs. Of five products that have been associated
with MEP (deoderant, perfume, hand lotion, body lotion and shaving cream, after [8]), stu-
dents with matched behavioral survey and urine data (N = 133) used 1.2 (IQR 0-2) within 6
hrs and 2.5 (IQR 1-3) within 24 hrs. Therefore, at least half of personal care product use for
study participants was separated from the time of sampling by over 6 hours. Although we do
not know the amounts of products used or their composition, and physiological variables that
affect excretion rate are not modeled here due to data gaps, this time separation between prod-
uct use and spot urine sample collection likely contributes significantly to the lower MEP levels
observed. Over 80% of participants completing the behavioral survey were not aware whether
their personal care products contained phthalates [25] (Fig 1).

Conclusions

In summary, although relatively high phthalate metabolite concentrations were originally
hypothesized for this college-aged female cohort given previously-reported high personal care
product use [25], levels measured in urine samples collected in winter 2016-2017 were gener-
ally similar to the U.S. female population surveyed contemporaneously in 2015-2016 [22].
MEP concentrations in the present study, which were lower by about a factor of 2, may be
explained by both demographic and sample collection timing factors. The timing of exposure,
such as reported through personal care product use, relative to sample collection for spot sam-
ples is shown to influence results for this rapidly excreted chemical. Future studies may change
sample collection to earlier in the day or collect multiple spot samples to test temporal reliabil-
ity of phthalate urinalysis in young adults, particularly college students. Reconstructing daily
intake estimates from biomonitoring data and identifying important exposure routes are also
areas for future research. Demographic factors become important in cross-study comparisons
due to the ways that preferences/behaviors/systems related to sociocultural and socioeconomic
factors and metabolic transformation rates vary within the population and affect both expo-
sure and urinalysis. Levels of phthalate-replacement chemicals, inclusion of a more diverse
population in a focused college-aged biomonitoring study and systemic interventions to rectify
exposure disparities are extensions of this work that are warranted given the vulnerability of
this young adult group to potential reproductive and endocrine-disrupting chemicals.

Supporting information

S1 Table. Phthalate metabolite method detection limits.
(TIF)

S2 Table. Phthalate metabolite analysis QA/QC performance.
(TIF)

S3 Table. Sample size of NHANES data (all females) and college-aged female subset over
time (data presented in Figs 2 and 3 and S1).
(TIF)
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$4 Table. Reported educational level and race/ethnicity for the NHANES college-aged
female subset (18-22 years old) in the 2013-2014 and 2015-2016 cycles, by number of indi-
viduals.

(TIF)

S1 File. NHANES college-aged female phthalate metabolite analysis by sampling time.
Sample number in timing sessions for NHANES college-aged female subset (18-22 years old)
by ethnicity in the combined 2013-2014 and 2015-2016 cycles. Geometric mean concentra-
tions (ng/mL) with 95% confidence intervals (CI) of urinary phthalate metabolites for
NHANES college-aged female subset (18-22 years old) (from Table 2) by sampling time of day
(morning, afternoon or evening session).

(DOCX)

S2 File. Tabulated individual urinalysis data in the present study. Unadjusted phthalate
metabolite concentrations and specific gravity (S.G.) of urine collected from college women
(2016-2017, N = 215) in the current study. X7 is the sum of MBP, MBzP, MEHHP, MEHP,
MEOHP, MEP and MiBP. One outlier value of MBP was excluded from analysis (red text).
Values highlighted in yellow were concentrations quantified below the limit of detection
(LOD). For all phthalate metabolites except MNP, values are represented as LOD/sqrt2.
(DOCX)

S1 Fig. Total phthalate metabolite concentrations measured in college-aged female
NHANES participants (2005-2016). Geometric mean U.S. civilian demographic-weighted
concentrations with 95% confidence intervals of the sum of 7 phthalate metabolites (MEP,
MiBP, MBP, MEHP, MEOHP, MEHHP and MBzP) detected in urine sampled from college-
aged females in the National Health and Nutrition Examination Survey (NHANES) cycles
over time. Note, not all data are for women with college educations. Letters indicate signifi-
cantly different years using log-transformed adjusted concentrations by ANOVA with Tukey’s
significance test (p<0.05).

(TIF)

Acknowledgments

Faculty and students from the College of Charleston’s Women’s Health Research Team, espe-
cially Leslie Hart, Beth Sundstrom and Moriah Alten-Flagg, are thanked for their critical con-
tributions to the study. We also appreciate the staff at the College of Charleston’s Student
Health Services for their use of space and personnel during data collection. Abigail Wenzel
and John Kucklick are thanked for their advice on the methods and manuscript. Instrumenta-
tion time and expertise was kindly provided by Edward Wirth and Emily Pisarski (NOAA,
Center for Coastal Environmental Health and Biomolecular Research, Charleston, SC).

Author Contributions

Conceptualization: Barbara A. Beckingham.

Data curation: Barbara A. Beckingham, Joanna P. Walker.

Formal analysis: Barbara A. Beckingham, Kerry Wischusen, Joanna P. Walker.
Funding acquisition: Barbara A. Beckingham, Kerry Wischusen, Joanna P. Walker.
Investigation: Barbara A. Beckingham, Kerry Wischusen, Joanna P. Walker.
Methodology: Barbara A. Beckingham, Kerry Wischusen, Joanna P. Walker.

PLOS ONE | https://doi.org/10.1371/journal.pone.0263578  February 11, 2022 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263578.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263578.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263578.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263578.s007
https://doi.org/10.1371/journal.pone.0263578

PLOS ONE

Phthalate exposure among U.S. college-aged women

Project administration: Barbara A. Beckingham.

Resources: Barbara A. Beckingham, Kerry Wischusen, Joanna P. Walker.

Supervision: Barbara A. Beckingham.

Visualization: Barbara A. Beckingham.

Writing - original draft: Barbara A. Beckingham.

Writing - review & editing: Barbara A. Beckingham, Kerry Wischusen, Joanna P. Walker.

References

1.

10.

11.

12

13.

14.

15.

Wormuth M., Scheringer M., Vollenweider M., Hungerbuhler K. 2006. What are the sources of exposure
to eight frequently used phthalaic acid esters in Europeans? Risk Analysis 26:803—824. https://doi.org/
10.1111/j.1539-6924.2006.00770.x PMID: 16834635

Wang Y., Zhu H., Kannan K. 2019. A review of biomonitoring of phthalate exposures. Toxics 7: 21.
https://doi.org/10.3390/toxics7020021 PMID: 30959800

Hauser R., Calafat A.M. 2005. Phthalates and human health. Occup. Environ. Med. 62:806—818.
https://doi.org/10.1136/0em.2004.017590 PMID: 16234408

Lovekamp-Swan T., Davis B.J. 2003. Mechanisms of phthalate ester toxicity in the female reproductive
system. Environ. Health Persp. 111:139-145. https://doi.org/10.1289/ehp.5658 PMID: 12573895

Kay V.R., Chambers C., Foster W.G. 2013. Reproductive and developmental effects of phthalate dies-
ters in females. Crit. Rev. Toxicol. 43:200—219. https://doi.org/10.3109/10408444.2013.766149 PMID:
23405971

XuH., WuX, Liang C., Shen J., Tao S., Wen X, et al. 2020. Association of urinary phthalate metabo-
lites concentration with emotional symptoms in Chinese university students. Environ. Pollut.
262:1114279. https://doi.org/10.1016/j.envpol.2020.114279 PMID: 32443185

Silva M.J., Barr D.B., Reidy J.A., Kato K., Malek N.A., Hodge C.C., et al. 2003. Glucuronidation patterns
of common urinary and serum monoester phthalate metabolites. Arch. Toxicol. 77:561-567. https://doi.
org/10.1007/s00204-003-0486-3 PMID: 14574443

Braun J.M., Just A.C., Williams P.L., Smith K.W., Calafat A.M., Hauser R. 2014. Personal care product
use and urinary phthalate metabolite and paraben concentrations during pregnancy among women
from a fertility clinic. J. Expo. Sci. Environ. Epidemiol., 24:459-466. https://doi.org/10.1038/jes.2013.69
PMID: 24149971

Hauser R., Meeker J.D., Park S., Silva M.J., Calafat A.M. 2004. Temporal variability of urinary phthalate
metabolite levels in men of reproductive age. Environ. Health Persp. 112:1734-1740. https://doi.org/
10.1289/ehp.7212 PMID: 15579421

Peck J.D., Sweeney A.M., Symanski E., Gardiner J., Silva M.J., Calafat A.M., et al. 2010. Intra- and
inter-individual variability of urinary phthalate metabolite concentrations in Hmong women of reproduc-
tive age. J. Expo. Sci. Environ. Epidemiol. 20:90—-100. https://doi.org/10.1038/jes.2009.4 PMID:
19223940

Preau J.L., Wong L.-Y., Silva M.J., Needham L.L., Calafat A.M. 2010. Variability over 1 week in the uri-
nary concentrations of metabolites of diethyl phthalate and di(2-ethylhexyl) phthalate among eight
adults: An observational study. Environ. Health Persp. 118:1748-1754. https://doi.org/10.1289/ehp.
1002231 PMID: 20797930

Johns L.E., Cooper G.S., Galizia A., Meeker J.D. 2015. Exposure assessment issues in epidemiology
studies of phthalates. Environ. Int. 85:27-39. https://doi.org/10.1016/j.envint.2015.08.005 PMID:
26313703

Mortamais M., Chevrier C., Philippat C., Petit C., Calafat A.M., Ye X, et al. 2012. Correcting for the influ-
ence of sampling conditions on biomarkers of exposure to phenols and phthalates: a 2-step standardi-
zation method based on regression residuals. Environ. Health 11:29. https://doi.org/10.1186/1476-
069X-11-29 PMID: 22537080

Hauser R., Gaskins A.J., Souter ., Smith K.W., Dodge L.E., Ehrlich S., et al. 2016. Urinary phthalate
metabolite concentrations and reproductive outcomes among women undergoing in vitro fertilization:
Results from the EARTH study. Environ. Health Persp. 124:831-839. https://doi.org/10.1289/ehp.
1509760 PMID: 26545148

Rodriguez-Carmona Y., Ashrap P, Calafat A.M., Ye X., Rosario Z., Debrosian L.D., et al. 2020. Deter-
minants and characterization of exposure to phthalates, DEHTP and DINCH among pregnant women in
the PROTECT birth cohort in Puerto Rico. J. Exp. Sci. Environ. Epidemiol. 30:56-69.

PLOS ONE | https://doi.org/10.1371/journal.pone.0263578  February 11, 2022 14/16


https://doi.org/10.1111/j.1539-6924.2006.00770.x
https://doi.org/10.1111/j.1539-6924.2006.00770.x
http://www.ncbi.nlm.nih.gov/pubmed/16834635
https://doi.org/10.3390/toxics7020021
http://www.ncbi.nlm.nih.gov/pubmed/30959800
https://doi.org/10.1136/oem.2004.017590
http://www.ncbi.nlm.nih.gov/pubmed/16234408
https://doi.org/10.1289/ehp.5658
http://www.ncbi.nlm.nih.gov/pubmed/12573895
https://doi.org/10.3109/10408444.2013.766149
http://www.ncbi.nlm.nih.gov/pubmed/23405971
https://doi.org/10.1016/j.envpol.2020.114279
http://www.ncbi.nlm.nih.gov/pubmed/32443185
https://doi.org/10.1007/s00204-003-0486-3
https://doi.org/10.1007/s00204-003-0486-3
http://www.ncbi.nlm.nih.gov/pubmed/14574443
https://doi.org/10.1038/jes.2013.69
http://www.ncbi.nlm.nih.gov/pubmed/24149971
https://doi.org/10.1289/ehp.7212
https://doi.org/10.1289/ehp.7212
http://www.ncbi.nlm.nih.gov/pubmed/15579421
https://doi.org/10.1038/jes.2009.4
http://www.ncbi.nlm.nih.gov/pubmed/19223940
https://doi.org/10.1289/ehp.1002231
https://doi.org/10.1289/ehp.1002231
http://www.ncbi.nlm.nih.gov/pubmed/20797930
https://doi.org/10.1016/j.envint.2015.08.005
http://www.ncbi.nlm.nih.gov/pubmed/26313703
https://doi.org/10.1186/1476-069X-11-29
https://doi.org/10.1186/1476-069X-11-29
http://www.ncbi.nlm.nih.gov/pubmed/22537080
https://doi.org/10.1289/ehp.1509760
https://doi.org/10.1289/ehp.1509760
http://www.ncbi.nlm.nih.gov/pubmed/26545148
https://doi.org/10.1371/journal.pone.0263578

PLOS ONE

Phthalate exposure among U.S. college-aged women

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Swan S.H., Sathyanarayana S., Barrett E.S., Janssen S, Liu F., Ngyuyen R.H.N., et al. 2015. First tri-
mester phthalate exposure and anogenital distance in newborns. Hum. Reprod. 0:1-10. https://doi.org/
10.1093/humrep/deu363 PMID: 25697839

Wenzel A.G., Brock J.W., Cruze L., Newman R.B., Unal E.R., Wolf B.J., et al. 2018. Prevalence and
predictors of phthalate exposure in pregnant women in Charleston, SC. Chemosphere 193:394—-402.
https://doi.org/10.1016/j.chemosphere.2017.11.019 PMID: 29154114

Kobrosly R.W., Parlett L.E., Stahlhut R.W., Barrett E.S., Swan S.H. 2012. Socioeconomic factors and
phthalate metabolite concentrations among United States women of reproductive age. Environ. Res.
115:11-17. https://doi.org/10.1016/j.envres.2012.03.008 PMID: 22472009

Harley K.G., Kogut K., Madrigal D.S., Cardenas M., Vera |.A., Meza-Alfaro G., et al. 2016. Reducing
phthalate, paraben, and phenol exposure from personal care products in adolescent girls: findings from
the HERMOSA intervention study. Environ. Health Persp. 124:1600—1607.

Wittasek M., Wiesmdller G.A., Koch H.M., Eckard R., Dobler L., Muller J., et al. 2007. Internal phthalate
exposure over the last two decades—A retrospective human biomonitoring study. Int. J. Hyg. Environ.
Health 210:319-3383. https://doi.org/10.1016/j.ijheh.2007.01.037 PMID: 17400024

Goen T., Dobler L., Koschorreck J., Miller J., Wiesmdller G.A., Drexler H., et al. 2011. Trends of the internal
phthalate exposure of young adults in Germany—Follow-up of a retrospective human biomonitoring study.
Int. J. Hyg. Environ. Health 215:36—45. https://doi.org/10.1016/j.ijheh.2011.07.011 PMID: 21889907

Center for Disease Control and Prevention (CDC). 2019. Fourth National Report on Human Exposure
to Environmental Chemicals: Updated Tables, January 2019, Volume 1. U.S. Centers for Disease Con-
trol and Prevention, Atlanta, GA. Accessed online: https://www.cdc.gov/exposurereport/pdf/
FourthReport_UpdatedTables_Volume1_Jan2019-508.pdf

Silva M.J., Barr D.B., Reidy J.A., Malek N.A., Hodge C.C., Caudill S.P., et al. 2004. Urinary levels of
seven phthalate metabolites in the U.S. population from the National Health and Nutrition Examination
Survey (NHANES) 1999-2000. Environ. Health Persp. 112:331-338. https://doi.org/10.1289/ehp.6723
PMID: 14998749

Zota A.R., Calafat A.M., Woodruff T.J. 2014. Temporal trends in Phthalate exposures: Findings from
the National Health and Nutrition Examination Survey, 2001-2010. Environ. Health Persp. 122:235—
241. https://doi.org/10.1289/ehp.1306681 PMID: 24425099

Hart L.B., Walker J., Beckingham B., Shelley A., Alten Flagg M., Wischusen K., et al. 2020. A characteriza-
tion of personal care product use among undergraduate female college students in South Carolina, USA. J.
Expo. Sci. Environ. Epidemiol. 30:97—106. https://doi.org/10.1038/s41370-019-0170-1 PMID: 31548624

Samander E., Silva M.J., Reidy J.A., Needham L.L., Calafat A.M. 2009. Temporal stability of eight
phthalate metabolites and their glucuronide conjugates in human urine. Environ. Res. 109:641-646.
https://doi.org/10.1016/j.envres.2009.02.004 PMID: 19272594

Center for Disease Control and Prevention (CDC). 2012. Laboratory procedure manual for phthalate
metabolites in urine by HPLC/ESI-MS/MS. Method No. 6303.03. Revised 26 March, 2012.

Hart L.B., Beckingham B., Wells R.S., Alten Flagg M., Wischusen K., Moors A., et al. 2018. Urinary
phthalate metabolites in common bottlenose dolphins (Tursiops truncatus) from Sarasota Bay, FL,
USA. GeoHealth, 2:313-326. https://doi.org/10.1029/2018GH000146 PMID: 32159004

Blount B.C., Milgram K.E., Silva M.J., Malek N.A., Reidy J.A., Needham L.L. et al. 2000. Quantitative
detection of eight phthalate metabolites in human urine using HPLC-APCI-MS/MS. Anal. Chem.
72:4127-4134. https://doi.org/10.1021/ac000422r PMID: 10994974

Cook J.D., Hannon M.W., Vo T., Caplan Y.H. 2002. Evaluation of freezing point depression osmolality
for classifying random urine specimens defined as substituted under HHS/DOT criteria. J. Anal. Toxicol.
26:424—429. https://doi.org/10.1093/jat/26.7.424 PMID: 12422996

Barr D.B., Wilder L.C., Caudill S.P., Gonzalez A.J., Needham L.L., Pirkle J.L. 2005. Urinary creatinine
concentrations in the U.S. population: Implications for urinary biologic monitoring measurements. Envi-
ron. Health Persp. 113:192-200. https://doi.org/10.1289/ehp.7337 PMID: 15687057

Sauvé J.-F., Lévesque M., Huard M., Drolet D., Lavoué J., Tardif R., et al. 2015. Creatinine and specific
gravity normalization in biological monitoring of occupational exposures. J. Occup. Environ. Hyg.
12:123-129. https://doi.org/10.1080/15459624.2014.955179 PMID: 25192246

McPherson R.A., Ben-Ezra J., Zhao S. 2007. “Ch. 27 Basic Examination of Urine”. In: McPherson R.A.,
Pincus M.R. (Eds.) Henry’s Clinical Diagnosis and Management by Laboratory Methods. Elsevier.
Hahn R.G., Waldreus N. 2013. An aggregate urine analysis tool to detect acute dehydration. Int. J.
Sport Nutr. Exerc. Metab. 23:303-311. PMID: 23994895

Pacyga D., Sathyanarayana S., Strakovsky R. 2019. Dietary Predictors of Phthalate and Bisphenol
Exposures in Pregnant Women. Adv. Nutr. 10:803-815. https://doi.org/10.1093/advances/nmz029
PMID: 31144713

PLOS ONE | https://doi.org/10.1371/journal.pone.0263578  February 11, 2022 15/16


https://doi.org/10.1093/humrep/deu363
https://doi.org/10.1093/humrep/deu363
http://www.ncbi.nlm.nih.gov/pubmed/25697839
https://doi.org/10.1016/j.chemosphere.2017.11.019
http://www.ncbi.nlm.nih.gov/pubmed/29154114
https://doi.org/10.1016/j.envres.2012.03.008
http://www.ncbi.nlm.nih.gov/pubmed/22472009
https://doi.org/10.1016/j.ijheh.2007.01.037
http://www.ncbi.nlm.nih.gov/pubmed/17400024
https://doi.org/10.1016/j.ijheh.2011.07.011
http://www.ncbi.nlm.nih.gov/pubmed/21889907
https://www.cdc.gov/exposurereport/pdf/FourthReport_UpdatedTables_Volume1_Jan2019-508.pdf
https://www.cdc.gov/exposurereport/pdf/FourthReport_UpdatedTables_Volume1_Jan2019-508.pdf
https://doi.org/10.1289/ehp.6723
http://www.ncbi.nlm.nih.gov/pubmed/14998749
https://doi.org/10.1289/ehp.1306681
http://www.ncbi.nlm.nih.gov/pubmed/24425099
https://doi.org/10.1038/s41370-019-0170-1
http://www.ncbi.nlm.nih.gov/pubmed/31548624
https://doi.org/10.1016/j.envres.2009.02.004
http://www.ncbi.nlm.nih.gov/pubmed/19272594
https://doi.org/10.1029/2018GH000146
http://www.ncbi.nlm.nih.gov/pubmed/32159004
https://doi.org/10.1021/ac000422r
http://www.ncbi.nlm.nih.gov/pubmed/10994974
https://doi.org/10.1093/jat/26.7.424
http://www.ncbi.nlm.nih.gov/pubmed/12422996
https://doi.org/10.1289/ehp.7337
http://www.ncbi.nlm.nih.gov/pubmed/15687057
https://doi.org/10.1080/15459624.2014.955179
http://www.ncbi.nlm.nih.gov/pubmed/25192246
http://www.ncbi.nlm.nih.gov/pubmed/23994895
https://doi.org/10.1093/advances/nmz029
http://www.ncbi.nlm.nih.gov/pubmed/31144713
https://doi.org/10.1371/journal.pone.0263578

PLOS ONE

Phthalate exposure among U.S. college-aged women

36.

37.

38.

39.

40.

41.

42,

43.

44,

U.S. EPA, 2017. Biomonitoring: Phthalates. In: America’s Children and the Environment, Third Edition.
Accessed online: https://www.epa.gov/ace/biomonitoring-phthalates-report-contents.

Adibi J.J., Whyatt R.M., Williams P.L., Calafat A.M., Camann D., Herrick R., et al. 2008. Characteriza-
tion of phthalate exposure among pregnant women assessed by repeat air and urine samples. Environ.
Health Persp. 116:467—-473. https://doi.org/10.1289/ehp.10749 PMID: 18414628

Koch H.M., Lorber M., Christensen K.L.Y., Palmke C., Koslitz S., Briining T. 2013. Identifying sources
of phthalate exposure with human biomonitoring: Results of a 48 h fasting study with urine collection
and personal activity patterns. Int. J. Hyg. Environ. Health 216:672—681. https://doi.org/10.1016/j.ijheh.
2012.12.002 PMID: 23333758

Hubinger J.C. 2010. A survey of phthalate esters in consumer cosmetic products. J. Cosmet. Sci.
61:457-465. PMID: 21241635

Dodson R.E., Nishioka M., Strandley L.J., Perovich L.J., Brody J.G., Rudel R.A. 2012. Endocrine dis-
ruptors and asthma-associated chemicals in consumer products. Environ. Health Persp. 120:935-943.
https://doi.org/10.1289/ehp.1104052 PMID: 22398195

Krais A.M., Andersen C., Eriksson A.C., Johnsson E., Nielsen J., Pagels J., et al. 2018. Excretion of uri-
nary metabolites of the phthalate esters DEP and DEHP in 16 volunteers after inhalation and dermal
exposure. Int. J. Environ. Res. Public Health 15:2514. https://doi.org/10.3390/ijerph15112514 PMID:
30423997

Koch H.M., Christensen K.L.Y., Harth V., Lorber M., Briining T. 2012. Di-n-butyl phthalate (DnBP) and
diisobutyl phthalate (DiBP) metabolism in a human volunteer after single oral doses. Arch. Toxicol.
86:1829-1839. https://doi.org/10.1007/s00204-012-0908-1 PMID: 22820759

Frederiksen H., Kranich S.K., Jordensen N., Taboureau O., Petersen J.H., Andersson A.-M. 2013.
Temporal variability in urinary phthalate metabolite excretion based on spot, morning, and 24-h urine
samples: Considerations for epidemiological studies. Environ. Sci. Technol. 47:958-967. https://doi.
org/10.1021/es303640b PMID: 23234290

Calafat A.M. 2016. Contemporary issues in exposure assessment using biomonitoring. Curr. Epidemiol.
Rep. 3:145-153. https://doi.org/10.1007/s40471-016-0075-7 PMID: 28884070

PLOS ONE | https://doi.org/10.1371/journal.pone.0263578  February 11, 2022 16/16


https://www.epa.gov/ace/biomonitoring-phthalates-report-contents
https://doi.org/10.1289/ehp.10749
http://www.ncbi.nlm.nih.gov/pubmed/18414628
https://doi.org/10.1016/j.ijheh.2012.12.002
https://doi.org/10.1016/j.ijheh.2012.12.002
http://www.ncbi.nlm.nih.gov/pubmed/23333758
http://www.ncbi.nlm.nih.gov/pubmed/21241635
https://doi.org/10.1289/ehp.1104052
http://www.ncbi.nlm.nih.gov/pubmed/22398195
https://doi.org/10.3390/ijerph15112514
http://www.ncbi.nlm.nih.gov/pubmed/30423997
https://doi.org/10.1007/s00204-012-0908-1
http://www.ncbi.nlm.nih.gov/pubmed/22820759
https://doi.org/10.1021/es303640b
https://doi.org/10.1021/es303640b
http://www.ncbi.nlm.nih.gov/pubmed/23234290
https://doi.org/10.1007/s40471-016-0075-7
http://www.ncbi.nlm.nih.gov/pubmed/28884070
https://doi.org/10.1371/journal.pone.0263578

