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Association between phthalate exposure and
sleep quality in pregnant women

Results from the Korean Children’s Environmental Health Study with repeated
assessment of exposure

Dirga Kumar Lamichhane®*®, Eunhee Ha®¢, Amanda V. Bakian®, Yun-Chul Hong®, Dong-Wook Lee?,
Myung-Sook Parke, Sanghwan Song', Suejin Kim', Hyunju Park’, Woo Jin Kim?, Jisuk Bae", Hwan-Cheol Kim#*,
Ko-CHENS group

Background: Evidence linking environmental toxicants to sleep quality is growing; however, these associations during pregnaﬁ
remain unclear. We examined the associations of repeated measures of urinary phthalates in early and late pregnancy with multiple
markers of sleep quality among pregnant women.

Methods: The study population included 2324 pregnant women from the Korean Children’s Environmental Health Study. We ana-
lyzed spot urine samples collected at two time points during pregnancy for exposure biomarkers of eight phthalate metabolites.
We investigated associations between four summary phthalates (all phthalates: yPhthalates; di-(2-ethylhexyl) phthalate: > DEHP;
phthalates from plastic sources: > Plastic; and antiandrogenic phthalates: > AA) and eight individual phthalates and self-reported sleep
measures using generalized ordinal logistic regression and generalized estimating equations models that accounted for repeated
exposure measurements. The models were adjusted for age, body mass index, education, gestational age, income, physical activity,
smoking, occupation, chronic diseases, depression, and urinary cotinine levels.

Results: Multiple individual phthalates and summary measures of phthalate mixtures, including YPlastic, YDEHP, YAA, and
> Phthalates, were associated with lower sleep efficiency. To illustrate, every 1-unit log increase in YAA was associated with a reduc-
tion of sleep efficiency by 1.37 % (95% confidence interval [Cl] = —2.41, —-0.32). YAA and YPhthalates were also associated with
shorter sleep duration and longer sleep latency. Associations between summary phthalate measures and sleep efficiency differed by
urinary cotinine levels (P for subgroup difference < 0.05).

Conclusions: Findings suggest that higher phthalate exposure may be related to lower sleep efficiency, shorter sleep duration, and

prolonged sleep latency during pregnancy.
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Introduction

Poor sleep quality, generally defined as a collection of sleep mea-
sures including sleep time, sleep latency, wake time, and sleep
efficiency,! is very common in pregnant women. According to a
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recent meta-analysis, 45.7% of pregnant women have reported
poor sleep quality, as determined by the Pittsburgh Sleep
Quality Index (PSQI).? Prevalence estimates of poor sleep qual-
ity during pregnancy vary widely, ranging from 17% to 76%.>*
Importantly, poor sleep quality during pregnancy adversely
affects the mother’s well-being and is associated with severe
outcomes, including systemic inflammation,’ longer labor,®
gestational diabetes,” and prenatal or postnatal depression,>®
as well as adverse outcomes for offspring, including preterm
births,’ low birth weight,® and future developmental and mental
health problems.!® Therefore, identifying modifiable risk factors
underlying poor sleep quality in pregnant women is essential to
reduce potential health burdens.

Poor sleep quality can be due to genetic,!" hormonal,'? socio-
demographic,® and environmental factors.'* Specifically, recent
studies have hypothesized that exposure to endocrine-disrupting
chemicals (EDCs) could induce sleep disruptions.'>'¢ Phthalates

What this study adds

Studies have linked exposure to phthalates to poor sleep quality
in adults; however, there is no research on pregnant women.
We investigated the association between phthalate exposure and
sleep quality in a cohort of pregnant women living in South
Korea. This study is the first to report the association between
phthalates and lower sleep efficiency, shorter sleep duration, and
prolonged sleep latency in pregnant women. We provide evi-
dence that exposure to phthalates may be a risk factor for poor
sleep quality in pregnant women.
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are a major group of EDCs that humans encounter by multiple
routes, such as oral (e.g., phthalate-contaminated food, water, and
other liquids), inhalation (e.g., nail polish, hair spray, and other
phthalate-containing products), and dermal absorption (e.g.,
cosmetic and other personal care products).”” Once absorbed,
phthalates rapidly hydrolyze to form the primary metabolites,
and some of the metabolites further oxidize and/or glucuronidate
to produce secondary metabolites before excreting through urine
and feces.!® Urinary phthalate metabolites are the preferred bio-
markers to evaluate in vivo phthalate exposure,'” and are highly
stable in urine samples stored at <20 °C.?°

Recent epidemiological studies have investigated the associ-
ation between phthalate exposure and sleep health markers in
nonpregnant populations.’>?*?? In a sample of midlife United
States women, higher urinary concentrations of phthalate
metabolites were associated with reduced sleep quality, increased
sleep disturbances, and restless sleep.’’ Another study from the
United States found a link between higher phthalate exposure
and shorter sleep duration in adolescents.?! Phthalates can
induce toxicity in biological systems, including the reproductive
system.?>?* Changing hormone levels is likely one mechanism
underlying the adverse effect of phthalates. Experimental and
observational studies have shown that phthalates alter estradiol
levels.?52¢ Studies have also associated phthalate mixtures with
hormone levels and steroidogenesis in the ovary in animal stud-
ies.?>*” This finding is concerning given pregnant women’s wide
exposure to phthalates through diet’® and personal care prod-
ucts.?’ Changes in reproductive hormones during pregnancy
likely play some role in sleep disturbances.3%3!

Phthalates are hypothesized to be associated with poor sleep
quality in women by changing the levels of reproductive hor-
mones. One study reported higher urinary concentrations of
phthalates and higher levels of estradiol: progesterone in mid-
life women with insomnia.'> In our study, we hypothesize that
phthalate exposure may contribute to poor sleep quality in
pregnant women. To our knowledge, despite the high prevalence
and clinical implications of poor sleep quality during pregnancy,
no studies have evaluated the impact of phthalate exposure on
sleep quality in pregnant women. The purpose of this study was
to assess the associations between repeated measures of urinary
phthalate metabolites in early and late pregnancy and sleep
quality in pregnant women, evaluated at one time point by the
PSQI global score and subscales.

Materials and methods

Study population

We conducted this study as part of the Korean Children’s
Environmental Health Study (Ko-CHENS), an ongoing nation-
wide community- and hospital-based birth cohort study in
South Korea. Researchers previously published the details of
Ko-CHENS.*? Main eligibility criteria included being pregnant
by less than 20 gestational weeks at inclusion, being 18 years of
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age or older, planning to deliver in one of the 12 regional centers,
and living in the study area. The present study included pregnant
women recruited between 2015 and 2019 who provided urine
samples for phthalate metabolites analysis in early pregnancy
(before 20 weeks) and late pregnancy (after 30 weeks) (Fig. S1;
http://links.lww.com/EE/A295). The study also collected data
on prenatal sleep quality. Among the initially recruited pregnant
women (n = 5458), we included (n = 2355) those with informa-
tion on the concentrations of urinary phthalate and creatinine
in early (n = 2497) and late pregnancy (n = 3092). We excluded
those with missing information on the PSQI scale (n = 2) and
gestational age (n = 29), resulting in 2324 pregnant women in the
final study population (Fig. S2; http:/links.lww.com/EE/A295).
The characteristics of participants with phthalate data did not
differ significantly from those without phthalate data, except
for education and income (Table S1; http://links.lww.com/EE/
A295). We conducted this study following the guidelines of the
Declaration of Helsinki, and the Institutional Review Board
of Inha University Hospital approved the study (approval no.
2021-10-020). The Institutional Review Board of the National
Institute of Environmental Research (NIER) approved the
Ko-CHENS protocol (approval no. NIER-2015-BR-005-01, 15
May 2015). We obtained informed consent from all subjects
involved in the study.

Urinary exposure biomarkers

Spot urine samples from enrolled women were collected at their
clinic visits. The collection container was shielded and imme-
diately stored at 2-6 °C, and frozen at -20 °C until analysis.
Urine samples were collected in the morning (between 9 am
and 11 AM) at two time points during early and late pregnancy.
The average gestational age was 15 weeks (interquartile range
[IQR] =12-18) at the first collection and 32 weeks (IQR =31-33)
at the second collection. We measured phthalate concentrations
in early and late pregnancy urine samples at one of the four
analytical laboratories assigned for Ko-CHENS. As previously
described, we used high-performance liquid chromatography
with tandem mass spectrometry.>3 Specifically, we measured the
followingeight phthalate metabolites: mono-(2-ethyl-5-hydroxy-
hexyl) phthalate (MEHHP), mono-(2-ethyl-5-oxo-hexyl)
phthalate (MEOHP), mono-(2-ethyl-5-carboxy-pentyl) phthal-
ate (MECPP), mono-n-butyl phthalate (MnBP), mono-benzyl
phthalate (MBzP), mono-carboxyoctyl phthalate (MCOP),
mono-(3-carboxypropyl) phthalate (MCPP), and mono (car-
boxynonyl) phthalate (MCNP). The limits of detection (LOD)
of phthalate metabolites varied from 0.097 to 0.323 pg/L. For
values below the LOD, we assigned LOD/+/2.* Using colorim-
etry (ADVIA 1800, Siemens, Germany) with the Jaffe reaction
method, we measured urinary creatinine to adjust for urinary
dilution. For creatinine adjustment, we divided urinary concen-
trations of phthalate metabolites (png/L) by urine creatinine levels
(g/L) to yield creatinine-adjusted concentrations of phthalates
(micrograms per gram creatinine, pg/g creatinine).

To estimate exposure to relevant phthalate mixtures, we
quantified individual phthalate metabolites in molar sum
groupings based on similar sources and biological activi-
ties (Table S2; http:/links.lww.com/EE/A295), as previously
described.'> A summary measure of di-(2-ethyl hexyl) phthalate
(YDEHP) exposure was calculated as the molar-converted sum
of three urinary metabolites (MEHHP, MECPP, and MEOHP).
DEHP is common in consumer products, building materi-
als, and medical equipment.’® We also calculated a summary
measure of urinary phthalate metabolites from parent com-
pounds with known antiandrogenic (YAA) biological activity
in the body***” using YDEHP, MnBP, and MBzP. Summary
phthalate measure from plastic sources (YPlastic) was cal-
culated by YDEHP, MCPP, and MBzP. Finally, we calculated
the molar sum of all phthalates (YPhthalates) by summing all
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metabolites measured in this study. The molar sum of phthal-
ates was expressed as micromoles per gram creatinine (pmol/g
creatinine).

Sleep quality measures

To quantify the quality and patterns of prenatal sleep over 1
month, we used the PSQI scale, a widely used and well-validated
indicator of global sleep quality. Research has shown that the
PSQI is acceptable for determining global sleep quality during
pregnancy.’’ In the present study, we administered the PSQI
questionnaire only once during pregnancy, and the timing of
administration varied across participants (median gestational
age = 15 weeks). Researchers validated the PSQI among patients
with sleep disorders in South Korea, finding an internal consis-
tency of 0.84 and a test-retest correlation coefficient of 0.65 for
the total score.*

The PSQI comprised 19 items grouped into seven domains
that reflect usual sleep duration, sleep onset latency, sleep dis-
turbances, sleep medication use, and sleep efficiency, as well as
subjective sleep quality and daytime dysfunction. Each domain
was measured using an ordinal scale ranging from 0 (no dif-
ficulty) to 3 (severe difficulty). The sum of the seven domains
provided the global score, which may range from 0 to 21, and
a higher global score indicates poorer sleep quality. In the pres-
ent study, only one participant reported using sleep medication.
Therefore, we excluded this component from the PSQI subscale
analysis. We also treated the PSQI subscales as continuous mea-
sures when possible (i.e., sleep latency in minutes, sleep duration
in minutes, sleep efficiency in percentage, and total score of sleep
disturbances). The Cronbach’s alpha for the Korean version of
the PSQI was 0.69.*! This study’s internal consistency for the
PSQI was adequate, with a Cronbach’s alpha of 0.64.

Covariates

We selected potential confounding variables retained in adjusted
models via a directed acyclic graph (DAG) (Fig. S3; http://links.
lww.com/EE/A295). We ascertained these variables at enroll-
ment, including mother’s age (<30, 30-34, or >35), gesta-
tional age (weeks), education (high school, college, or graduate
school), occupation during pregnancy (yes vs. no), prepregnancy
body mass index (BMI) (kg/m?), the frequency of physical activ-
ity (none, 1-2 times per week, 3-4 times per week, 5-6 times
per week, or everyday), smoking history (yes or no), household
income (<2000, 2000-3999, or 24000 USD/month), presence
of prenatal depression, and presence of chronic diseases. These
variables have been linked to both our exposure and out-
comes in our study population and in previous research.'>?
We categorized prepregnancy BMI into four levels according
to Asia-specific standards from the World Health Organization:
underweight (BMI <18.5), normal (18.5< BMI <23), overweight
(23< BMI <25), and obese (>25).#* Medical records at delivery
provided information on gestational age in weeks. We calculated
the gestational age at measurement of PSQI from the gestational
age at delivery, delivery date, and questionnaire administration
date. Urinary cotinine concentration, which was measured using
high-performance liquid chromatography-mass spectrometry in
the same samples in which phthalates were analyzed, was used
as a biomarker for exposure to environmental tobacco (ET).
In addition, we assessed prenatal depression using a 20-item
Center for Epidemiologic Studies-Depression (CES-D) scale.*
The summary score of 20 items that uses a four-point Likert
scale indicates the potential presence of depression; a score at
or above 16 indicates clinically relevant depressive symptoms.**
We defined chronic diseases by identifying the histories of nine
chronic diseases, including stroke, arthritis, osteoporosis, malig-
nant tumor, asthma, chronic bronchitis, chronic hepatitis, diabe-
tes, and chronic nephritis.

www.environmentalepidemiology.com

Statistical analysis

We reported descriptive statistics for eight phthalate metab-
olites with creatinine correction, population characteristics,
and global PSQI and subscale scores. To verify the normality
of continuous variables, the Kolmogorov—Smirnov statistical
test was applied. The urinary phthalate metabolites were log-
transformed to normalize their distributions. We assessed the
distributions of individual and summary phthalate metabolites
by computing geometric means (GMs) and IQR and intraclass
correlation coefficients to quantify the degree of variation over
early and late pregnancies. The correlation coefficients between
each phthalate metabolite were determined using Spearman’s
correlation.

To examine the associations between log-transformed phthal-
ate metabolites and PSQI subscales as ordinal variables, we per-
formed generalized ordinal logistic regression analysis using a
user-written Stata command gologit2.* Before using this analy-
sis, the Brant test was conducted to confirm the parallel regres-
sion assumption. We computed cluster-robust standard error to
account for repeated exposure measures at two time points in
gestation (i.e., early and late pregnancies). In this analysis, the
dependent variables (PSQI subscales) were divided into four
category levels of sleep quality: 0 = very good, 1 = fairly good,
2 = fairly bad, and 3 = very bad. Hence, we obtained three coef-
ficient sets in terms of odds ratio (OR) and 95% confidence
interval (CI) based on the level of sleep quality as follows: Step
1: 1,2, and 3 levels versus 0 level; Step 2: 2 and 3 levels versus 0
and 1 levels; and Step 3: 3 level versus 0, 1, and 2 levels. An OR
greater than 1 indicated that the respondents were more likely to
be experiencing poorer sleep quality than better sleep, whereas
an OR less than 1 indicated that respondents were more likely
to be experiencing better sleep quality than poorer sleep.

To examine the associations of log-transformed phthalate
metabolites with continuous outcomes (global PSQI and sub-
scales), we fitted multiple informant models using generalized
estimating equation (GEE) models with independent correlation
structure and Gaussian link functions.***” Multiple informant
models provide a single integrated estimate for the relation-
ship between exposure over time and the outcome, considering
repeated exposure measures (in this case, early and late preg-
nancy) as informants. In addition, we performed restricted cubic
splines analysis with three knots placed according to Harrell’s
recommended percentiles*® of the log-transformed phthal-
ates distribution to understand the shape of the relationship
observed between phthalate metabolites and sleep quality mea-
sures as continuous variables. The restricted cubic spline models
were adjusted for the same covariates as previously described.
We assessed nonlinearity by testing the regression coefficient
of the second spline variable, equaled to 0. We also performed
stratified analyses to examine potential effect modification by
selected maternal characteristics, including age, BMI, educa-
tion, income, smoking, depression, and urinary cotinine level.
The significance of effect modification was evaluated using two-
sample z-tests, which examine differences in phthalate-sleep asso-
ciations between two groups, by comparing point estimates ([3)
and corresponding standard errors obtained from GEE models.
To assess the influence of highly diluted or concentrated samples
on our findings, we conducted sensitivity analyses by examining
the associations between phthalate metabolites and sleep qual-
ity measures as continuous variables among women who had
a normal range of urinary creatinine (i.e., >0.3 to <3.0g/L). We
also tested the impact of the urine dilution adjustment approach
by using unadjusted phthalate concentrations with urinary cre-
atinine concentration included as a covariate. Furthermore, we
assessed the association between phthalate and sleep quality
using GEE models without adjustment for gestational age at
PSQI sleep questionnaire administration. We used this approach
to evaluate the influence of the timing of PSQI administration on
sleep quality.
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The statistical significance was defined as P < 0.05. We did
not adjust P values to account for multiple comparisons, fol-
lowing recommendations from the statistical literature.* A
complete case analysis was performed for all models due to the
low percentage of missing data for covariates (1.2%) retained
in adjusted models. All analyses were performed using Stata ver-
sion 17.0 (StataCorp, College Station, TX).

Results

The mean (SD) age of participants was 33.1 (3.8) years; 62.1%
of them had poor sleep quality (PSQI >5). Mean (SD) sleep
duration was 7.7 (1.4) hours/night, while sleep latency and sleep
efficiency were 32.2 (31.8) minutes and 81.7% (22.3%), respec-
tively. Most women were employed (66%), college-educated
(75.8%), never smoked (87.4%), and did not meet the criteria
for depression based on the CES-D (74.7%). Nearly half of the
women had a monthly family income of 24000 USD (48.5%),
and more than three in four women were underweight or nor-
mal weight (83.7%) (Table 1).

Characteristics of the study participants (N = 2,324)

n (%)/mean

Characteristics (standard deviation)
Age (years) 33.13.8)
Age group

<30 461 (19.8)

30-34 1134 (48.8)

>35 729 (31.4)
Education

High school 229 (9.9)

College 1762 (75.8)

Graduate school 333 (14.3)
Gestational age at PSQI sleep questionnaire measurement 13.6 (4.1)
(weeks)
Household income (US$/month)

<2000 114 (4.9

2000-3999 1084 (46.6)

24000 1126 (48.5)
Occupation

No 789 (34.0)

Yes 1535 (66.0)
Physical activity

None 1669 (84.7)

1-2/week 118 (5.1)

3—4/week 163 (7.0)

5-6/week 51(2.2)

Everyday 23(1.0)
Body mass index (kg/m?)

<185 249 (10.7)

18.5-22.9 1389 (59.8)

23-24.9 307 (13.2)

>25 379 (16.3)
Smoking status

No 2032 (87.4)

Yes 292 (12.6)
Urinary cotinine concentration (ug/g creatinine) 15.4 (118.5)
Chronic diseases

No 2185 (94.0)

Yes 139 (6.0)
Depressive symptoms

No (CES-D-20 <16) 1737 (74.7)

Yes (CES-D-20 >16) 587 (25.3)

Global PSQI score 6.4 (2.1)
PSQI subscales (continuous variables)
Sleep latency (minutes) 32.2(31.8)
Sleep duration (minutes) 459.2 (84.9)
Sleep efficiency (%) 81.7 (22.3)
Sleep disturbances 52(3.4)
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We provided the GM concentrations, detection distributions,
and limits of eight phthalate metabolites (Table 2). Phthalate
metabolites were frequently detected over time (61.9-100%
and 60.2-100% in early and late pregnancy, respectively). We
observed higher GM concentrations for MECPP and MnBP
among phthalate metabolites. The intraclass correlation coef-
ficients of individual and grouped phthalate metabolites varied
from 0.29 to 0.65, with most in the range of 0.3-0.5, indicating
fair to moderate reproducibility over time (Table 2). Spearman
correlations were moderately positive between MEHHP and
MnBP (p = 0.48) and MnBP and MEOHP (p = 0.47), and the
correlation coefficients between MECPP, MEHHP, and MEOHP
were 0.9 or above (Table S3; http://links.lww.com/EE/A295).

Table 3 shows the results of the generalized ordinal logistic
regressions for the associations between summary measures of
phthalates and PSQI subscales; the results for individual phthal-
ates are in the supplementary material (Table S4; http:/links.
Iww.com/EE/A295). Most of the individual and summary mea-
sures of phthalate metabolites were associated with increased
odds of lower sleep efficiency in adjusted models. In particular,
the adjusted ORs for each log-unit increase in MEHHP, MBzP,
YAA, YPlastic, and YPhthalates showed significant and positive
increases for all steps, and the ORs were different for Steps 1
and 2. We observed similar findings for MEOHP, MECPP, and
YDEHP in Steps 2 and 3, and ORs were slightly different for each
cutoff point. In Step 2, there were positive associations between
MCOP and sleep latency, MCNP and sleep disturbances, and
MnBP and short sleep duration. The association of phthalate
metabolites with daytime dysfunction was not consistent. MCNP
was positively associated with daytime dysfunction in Step 3,
whereas MEHHP, MEOHP, MECPP, and all summary measures
of phthalates were negatively associated with daytime dysfunc-
tion in Step 2. We found similar results between adjusted and
unadjusted models (Table S5; http://links.lww.com/EE/A295).

Table 4 shows findings from adjusted GEE models of the rela-
tionship between urinary phthalate metabolites and continuous
measures of sleep quality (i.e., sleep latency, duration, efficiency,
and disturbances). We observed significant negative associations
of all summary measures of phthalates and five individual phthal-
ates (MEHHP, MEOHP, MECPP, MBzP, and MnBP) with sleep
efficiency. For example, each log-unit increase in MBzP and YAA
was associated with reduced sleep efficiency by 1.42% (95%
CI = -2.20,-0.65) and 1.37% (95% CI = -2.41, -0.32), respec-
tively. Sleep latency was positively associated with YPhthalates
(B =1.62; 95% CI = 0.24, 3.01), YAA (B = 1.43; 95% CI = 0.07,
2.78), MCOP (B = 1.65; 95% CI = 0.54, 2.76), and MCPP
(B = 1.72; 95% CI = 0.40, 3.04), indicating that longer sleep
latency was related to higher levels of phthalate concentrations.

We observed negative associations of two summary phthal-
ates (YAA and YPhthalates) and two individual phthalates
(MEHHP and MnBP) with sleep duration. To illustrate, each
log-unit increase in YPhthalates, YAA, MEHHP, and MnBP was
associated with a 4.17min (95% CI = -8.28, —-0.05), 4.15 min
(95% CI = -8.19, —0.10), 2.81min (95% CI = —5.58, —0.04),
and 3.38min (95% CI = —6.66, —0.09) shorter sleep duration,
respectively.

However, none of the phthalate metabolites were associated
with global PSQI and sleep disturbances. Both adjusted and
unadjusted models produced similar findings in our analysis
(Table S6; http://links.lww.com/EE/A295).

The restricted cubic spline with a multivariable GEE model
demonstrated that the overall associations of all summary
measures of phthalates with sleep efficiency were significant
(Figure 1C and S3K-M; http:/links.lww.com/EE/A295; P .
< 0.05), showing downward relationships with the increas-
ing level of phthalate concentrations. We also found an over-
all downward relationship between Yphthalates and YAA and
sleep duration (Figure 1B and S41; http://links.lww.com/EE/
A295; P < 0.05). Furthermore, the nonlinearity tests in the
associations between all summary measures of phthalates and
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Distributions of phthalate metabolites across pregnancy among 2324 study participants

Early pregnancy

Late pregnancy

(before 20 weeks) (over 30 weeks)
Phthalates LOD? % > LOD® GMe 1QR® % > LOD® GMe 1QR® ICC
Individual chemicals
MEHHP 0.241 95.4 5.52 6.99 97.5 7.47 8.00 0.36
MEQHP 0.100 95.5 4.78 4.83 100.0 6.26 5.62 0.44
MECPP 0.231 100 10.56 9.17 99.9 12.08 9.73 0.51
MCOP 0.124 90.0 0.88 1.00 90.9 0.78 0.79 0.29
MCPP 0.176 70.4 0.41 0.34 81.3 0.53 0.41 0.36
MBzP 0.197 61.9 0.60 0.83 60.2 0.66 0.90 0.65
MCNP 0.097 70.0 0.23 0.19 78.6 0.28 0.26 0.31
MnBP 0.323 98.1 12.44 12.69 98.0 15.31 14.56 0.50
Phthalate molar-converted sum
>DEHP¢ — — 0.07 0.07 — 0.09 0.08 0.46
JAA® s — 0.14 0.12 — 017 0.14 0.49
YPlastic' — — 0.08 0.07 — 0.09 0.08 0.46
> Phthalates® — — 0.15 0.12 — 0.18 0.15 0.49
aug/L.

“Frequency of detection computed using concentrations assessed in each pool of urine samples collected in the early and late pregnancies.

°ug/g creatinine.

9y DEHP = (MEHHP/294.34) + (MEOHP/292.33) + (MECPP/308.33).
*YAA = 3DEHP + (MBzP/256.25) + (MnBP/222.24).

"yPlastic = YDEHP + (MCPP/252.22) + (MBzP/256.25).

9yPhthalates = YDEHP + (MCOP/322.36) + (MCPP/252.22) + (MBzP/256.25) + (MCNP/336.40) + (MnBP/222.24).
GM, geometric mean; ICC, intraclass correlation coefficient; LOD, limit of detection; MCNP, mono-carboxynonyl phthalate; MBzP, mono-benzyl phthalate; MCOP, mono-carboxyoctyl phthalate; MCPP,
mono-(3-carboxypropyl) phthalate; MECPP, mono-(2-ethyl-5-carboxypentyl) phthalate; MEHHP, mono-(2-ethyl-5-hydroxyhexyl) phthalate; MEOHP, mono-(2-ethyl-5-oxohexyl) phthalate; MnBP, mono-n-butyl

phthalate.

sleep efficiency and sleep duration were insignificant at the 0.05
level, indicating a linear exposure-response function. The spline
curves for global PSQI, sleep latency, and sleep disturbances
did not have significant overall associations and did not signifi-
cantly deviate from linearity (Figures 1, A and D, and S4; http://
links.lww.com/EE/A295).

Figure 2 compares subgroup-specific associations of sleep
efficiency with summary phthalate measures stratified by indi-
vidual characteristics. We observed significant negative associ-
ations only among women with higher cotinine levels (>0.94
ngl/g creatinine), with P values of <0.05 for effect difference.
Summary phthalate-sleep efficiency associations were more evi-
dent among younger women (<35 years), those having a BMI
<25, nonsmokers, and higher income groups; however, the effect
difference was not significant (P values >0.05). Additionally,
compared with participants with a CES-D score 216, those
without depressive symptoms (CES-D >16) showed a more
evident association between summary phthalate measures and
sleep efficiency, with P values of >0.05 for effect difference.

In sensitivity analyses, the associations between urinary
phthalates and continuous measures of sleep quality did not
materially change when we restricted the analysis to pregnant
women with a normal urinary creatinine range (n = 2089)
(Table S7; http://links.lww.com/EE/A295). The regression anal-
yses using unadjusted phthalate concentration with urinary
creatinine as a covariate revealed the same significant associ-
ations reported in the creatinine-adjusted phthalate concentra-
tion (Table S8; http://links.lww.com/EE/A295). Furthermore, as
per Table S9; http:/links.lww.com/EE/A2935, the results of GEE
models without adjustment for gestational age at PSQI sleep
questionnaire measurement were generally consistent with GEE
models adjusted for the gestational age (Table 4).

Discussion

This study investigated the associations of eight urinary
phthalate metabolites, measured in early (<20 weeks) and late
pregnancy (>30 weeks) urine samples, with sleep quality in

pregnant women using generalized ordinal logistic and GEE
regressions. We found that some individual phthalate metab-
olites (MEHHP, MECPP, MBzP, and MnBP) and all sum-
mary phthalates (YXDEHP, YAA, YPlastic, and YPhthalates)
were associated with lower sleep efficiency. Further, MEHHP,
MnBP, YAA, and YPhthalates were associated with shorter
sleep duration, and MCOP, MCPP, YAA, and YPhthalates
were associated with prolonged sleep latency. We found
stronger associations between summary phthalate measures
and sleep efficiency in pregnant women with higher urinary
cotinine levels.

Previous research on phthalates and sleep quality in human
populations is sparse.'>2° Our findings that urinary phthal-
ate metabolites were associated with short sleep duration are
consistent with prior literature linking phthalates to sleep dura-
tion in nonpregnant populations. A study using cross-sectional
data from the United States National Health and Nutrition
Examination Survey (NHANES) (n = 322) found that higher uri-
nary concentrations of phthalate metabolites, including YDEHP,
were associated with self-reported short sleep duration in ado-
lescents.?! Another NHANES study (n = 13,634) reported that
urinary concentration of DEHP was associated with a higher
risk of short sleep duration, measured by a self-report ques-
tionnaire, in the general population.*® However, a recent cross-
sectional study (n = 470) in Mexico found that urinary phthalate
metabolites were associated with longer sleep duration, which
the researchers assessed with wrist-actigraphy among adoles-
cents.”> The inconsistencies in studies may have arisen from
the differences in study populations and the use of sleep mea-
sures.?? Our study found that higher exposure to phthalates was
associated with decreased sleep efficiency and prolonged sleep
latency, consistent with previous findings in midlife women."!
Collectively, the current study and previous studies showing the
association of phthalates with poor sleep health measures sug-
gest that exposure to phthalates may potentially influence sleep
in pregnant women.

Some potential mechanisms may mediate the association
between phthalates and poor sleep quality. First, studies have
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found an association between phthalates and altered hormone
levels during pregnancy, which may contribute to sleep distur-
bances.’>** Animal studies reported reductions in testosterone
- concentrations in the pregnant dam following exposure to
VVVVVVVVVVVV DEHP, DnBP, and BBzP during gestations.*>** DEHP was neg-
Qe Qe Qe Qs s atively associated with estradiol concentrations in adult female
rodents.?® In pregnant women, prenatal exposure to DEHP
was negatively associated with total and free testosterone con-
centrations.”* Observational studies identified associations of
altered estradiol, testosterone, and progesterone levels with the
risk of poor sleep quality in women.!>*? Pregnancy can cause
changes in maternal hormone levels—progesterone, testoster-
one, and estradiol concentrations change dramatically during
pregnancy’” and may contribute to sleep disorders in pregnant
women. Second, higher urinary DEHP metabolite levels were
associated with decreased levels of thyroid hormone in pregnant
women,*® which may be associated with poor sleep quality.*’

Interestingly, we found that urinary cotinine level modified
the association between summary phthalate measures and sleep
efficiency in our study population. Cotinine is the principal
metabolite of nicotine, which researchers consider an objec-
tive marker of the level of exposure to ET.® In our study, all
summary measures of phthalates were associated with lower
sleep efficiency in women with higher cotinine levels but not in
women with lower cotinine levels. This finding indicates that
exposure to ET may increase urinary phthalate levels in preg-
nant women. One possible explanation is that women with high
cotinine levels already have increased phthalate levels.®! In our
study, the participants with high cotinine levels showed a higher
concentration of the molar sum of all phthalates (XPhthalates)
compared to those with low cotinine levels (average levels of
0.220 vs. 0.196 pmol/g creatinine; Wilcoxon rank-sum test, P <
0.001). A recent study in Korea showed a significant association
between urinary cotinine levels and poor sleep quality in young
and middle-aged adults.®* Whether urinary cotinine levels and
phthalates jointly cause the increased risk of poor sleep quality
in pregnant women deserves further studies.

This study is the first that we are aware of to examine the
relationship between phthalates and sleep quality in pregnant
women. Other strengths of this study include the large sample
size, multiple confounders adjustment, an exhaustive index for
assessing sleep quality, and multiple sensitivity analyses. In addi-
tion, this study used the phthalate concentrations measured at
two time points during early and late pregnancies to improve
the credibility of phthalate measurement. However, this study
has several limitations.

First, as part of the participants who completed the PSQI ques-
tionnaire did not undergo urinary phthalate measurements, this
might cause selection bias. Second, sleep quality was assessed by
the self-reported PSQI, and we did not confirm it by clinical exam-
inations, such as polysomnography and actigraphy monitoring,
which is the gold standard for diagnosing sleep disorders.®® Self-
reported sleep duration is moderately correlated with estimates
from sleep duration measured using actigraphy.** Third, we used
spot urine samples for exposure assessment. Phthalates are non-
persistent and rapidly metabolized. Indeed, research has indicated
large within-person variability for phthalates and poor reliability
over time.” Fourth, as we assessed sleep quality only once during
pregnancy, the responses obtained would not have represented
changes in sleep patterns throughout pregnancy. Sleep is subject
to change during pregnancy, and repeated assessments at differ-
ent windows of pregnancy would have allowed us to associate
repeated measures of phthalates with repeated sleep measures.
Fifth, although the analyses included adjustments for several
important potential confounders, we cannot discard residual con-
founding. For example, pregnancy is a period of dramatic hor-
monal changes, and exposure to phthalates can impact hormonal
levels,?»*> which may confound associations between phthalates
and sleep quality. Environmental factors, such as light exposure,
electronic screen use, environmental noise, and temperature, can
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Table 3.
Associations of log-transformed urinary phthalate summary measures with PSQI subscales using generalized ordinal logistic regression

Total score divided into quarters. All models adjusted for age, BMI, education, gestational age at PSQI sleep questionnaire measurement, income, physical activity, smoking, maternal cotinine level, maternal occupation, chronic diseases, and depressive symptoms.

Step

Step 1:
1,2,3vs.0
Step 2:
2,3vs.0,1
Step 3:
3vs.0,1,2
°P value <0.10.
P value <0.05.
4P value <0.01
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Associaitons of log-transformed urinary phthalate metabolites with sleep quality measures as continuous variables

Global PSQI Sleep latency Sleep duration Sleep efficiency Sleep disturbances
Phthalates {3 (95% CI) {3 (95% CI) {3 (95% CI) {3 (95% CI) {3 (95% CI)
MEHHP 0.01 (-0.06, 0.08) 0.45 (-0.52, 1.41) —2.81 (-5.58, —0.04) -1.07 (-1.79,-0.34) 0.01(-0.11,0.12)
MEOHP 0.01 (-0.08, 0.09) 0.90 (-0.21,2.02) —1.51 (-4.89, 1.87) —-0.88 (-1.75,-0.02) —-0.03 (-0.18,0.12)
MECPP -0.002 (-0.11,0.10) 1.17 (-0.25, 2.59) —1.87 (-5.85,2.12) —1.24 (-2.29,-0.18) -0.17 (-0.35, 0.01)¢
MCOP 0.04 (-0.03,0.11) 1.65(0.54,2.76)° —0.06 (-3.02, 2.90) —0.49 (-1.27,0.29) -0.02 (-0.14,0.10)
MCPP —0.003 (-0.10,0.11) 1.72 (0.40, 3.04)* -1.12 (-5.05, 2.82) —0.93 (-1.96, 0.09)° —-0.07 (-0.25,0.11)
MBzP 0.02 (-0.05, 0.10) 0.27 (-0.66, 1.20) —0.38 (-3.25, 2.48) —1.42 (-2.20, -0.65)¢ 0.01(-0.10,0.12)
MCNP 0.001 (-0.10, 0.10) 0.45(-0.88,1.78) 2.19 (-1.67,6.06) —-0.89 (-1.86, 0.07)° 0.03 (-0.12,0.18)
MnBP 0.03 (-0.05, 0.11) 0.75 (-0.45, 1.96) —-3.38 (-6.66, —0.09)* —0.94 (-1.78,-0.09)" 0.09 (-0.03,0.21)
YDEHP 0.003 (-0.09, 0.10) 0.95 (-0.32, 2.22) —2.46 (-6.13,1.21) -1.18 (-2.14,-0.22) —-0.07 (-0.24,0.09)
YAA 0.02 (-0.08,0.12) 1.43(0.07,2.78)¢ -4.15(-8.19,-0.10)® —1.37 (-2.41,-0.32) 0.04 (-0.12,0.21)
YPlastic 0.01 (-0.09, 0.10) 0.99 (-0.31, 2.29) —2.68 (-6.44,1.07) -1.30 (-2.30, -0.31)¢ -0.08 (-0.25, 0.09)
YPhthalates 0.02 (-0.09,0.12) 1.62 (0.24, 3.01) —4.17 (-8.28,-0.05)* -1.34 (-2.41,-0.27)? 0.05(-0.12,0.22)

All models adjusted for age, BMI, education, gestational age at PSQI sleep questionnaire measurement, income, physical activity, smoking, maternal cotinine level, maternal occupation, chronic diseases,
and depressive symptoms.

P value <0.05.

°P value <0.01.

°P value <0.1.

9P value <0.001.

research indicates that consuming more ultra-processed food is
associated with higher MCNP, MCOP, and MCPP urinary con-
centrations.®® Finally, longitudinal studies with repeated measure-
ments over time should further validate the possible causation in
the association between urinary phthalate metabolites and sleep
quality in pregnant women.

also influence sleep quality and could confound associations
between phthalates and sleep quality. Additionally, we cannot
exclude reverse causation since sleep disruptions impact food
choices.®® It is possible that pregnant women who have poor
sleep may be more likely to have unhealthy dietary habits and,
therefore, consume more phthalate-containing foods.®” Previous
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Figure 1. Exposure-response curves for the associations of Yphthalates with sleep latency, sleep duration, sleep efficiency, and sleep disturbances. A, is the
exposure-response curve for sleep latency, (B) for sleep duration, (C) for sleep efficiency, and (D) for sleep disturbances. The solid line represents 8, and the
long-dashed lines represent the confidence interval. All models adjusted for age, BMI, education, gestational age at PSQI sleep questionnaire measurement,
income, physical activity, smoking, maternal cotinine level, maternal occupation, chronic diseases, and depressive symptoms. The histograms show the distri-
bution of log-transformed Y Phthalates.
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A

Effect Subgroup Effect Subgroup
Phthalates modifier B (95%CD difference Phthalates  modifier P (95% CT) difference
IDEHP  Age (<35) ——! -1.47(-2.63,-031) 0.282 FPlastic  Age(<35) —! 163 (-282, 044) 0257

Age (235) — -0.32(-2.07, 1.43) Age (235) ——— 038(-2.19,1.42)

BMI (<25) —-— -1.34(-2.39,-028) 0339 BMI (<29) —a— -143(-251,-035) 0425

BMI (225) —_— 010(-242,222) BMI 225) —_— 034(-2.78,2.10)

Smoking (no) —— -1.26(-2.32,-0.19) 0.320 Smoking (80) —.— -141(:-2.50,0.31) 0275

Smoking (ves) + -0.12(-2.11, 1.86) Smoking (yes) —l‘— -0.13 (-2.15, 1.89)

CES-D (<16} —— -1.52(-2.65,-0.38) 0.141 CES-D (<16) —_, -1.66(-2.83,-049) 0.127

CES-D (216) —_—— 0.07(-1.71, 1.85) CES-D (216) —— 0.02 (-1.80, 1.85)
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Urine cotinine level (20.94ug/g creatinine) — ! -2.36(-3.71,-1.02) 0.010 Urine cotinine level (20.94ug/g creatinine) — ! -253(-391,-1.16) 0.005

Urine cotinine level (<0.94g/g creatinine) + 0.05(-1.29, 1.18) Urine cotinine level (<0 94pg g creatinine) 013 (-1.41,1.15)
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CES-D (<16) — 130 (251, 0.08) 0.994 CES-D (<16) e -130(:2.55,-005) 0817

CES-D (216) —_— -1.31(-3.37,0.75) CES-D (216) — -1.17(-3.28,093)
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Figure 2. Associations of urinary phthalate metabolite concentrations with sleep efficiency stratified by a modifier (age, BMI, smoking, CES-D score, education, income,
and urinary cotinine level). A, displays the associations for YDEHP and YAA, while (B) displays the associaiton for Yplastic and Y phthalates. Analyses were adjusted
for age, BMI, education, gestational age at PSQI sleep questionnaire measurement, income, physical activity, smoking, maternal cotinine level, maternal occupation,
chronic diseases, and CES-D score. Data are presented as 3 and 95% confidence interval for every log-unit increase in urinary phthalate metabolite concentrations.

Conclusions

We found evidence that exposure to urinary phthalate metab-
olites (individual and summary measures) is associated with
poor sleep quality, as indicated by low sleep efficiency, short
sleep duration, and prolonged sleep latency in pregnant women.
Additionally, we found that urinary cotinine levels modify the
associations between urinary phthalate metabolites and sleep
efficiency. Future studies should explore the present research
question with repeated assessments of phthalates, hormones,
and sleep quality at different stages of pregnancy to confirm
associations and clarify the mechanisms through which phthal-
ates influence sleep in pregnant women.
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