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Abstract
Background: Organophosphate esters (OPEs)—used as flame retardants and plasticizers—are associated with
adverse pregnancy outcomes such as reduced fecundity and live births and increased preterm delivery. OPEs may
interfere with growth and metabolism via endocrine-disruption, but few studies have investigated endocrinerelated outcomes. The objective of this pilot study (n = 56 mother-infant pairs) was to evaluate associations of OPEs
with gestational weight gain (GWG), gestational age at delivery, infant anthropometry, and infant feeding behaviors.
Methods: We quantified OPE metabolites (bis-2-chloroethyl phosphate [BCEP], bis (1,3-dichloro-2-propyl) phosphate
[BDCPP], diphenyl phosphate [DPHP]) in pooled maternal spot urine collected throughout pregnancy (~ 12, 28, and
35 weeks’ gestation). We obtained maternal sociodemographic characteristics from questionnaires administered at
enrollment and perinatal characteristics from medical record abstraction. Trained research assistants measured
infant weight, length, head and abdominal circumferences, and skinfold thicknesses at birth and 6 weeks
postpartum. Mothers reported infant feeding behavior via the Baby Eating Behavior Questionnaire (BEBQ). Using
multiple linear regression, we assessed associations of log2-transformed maternal urinary OPE metabolites with
GWG, gestational age at delivery, infant anthropometry at birth, weekly growth rate, and BEBQ scores at 6 weeks
postpartum. We used linear mixed effects (LME) models to analyze overall infant anthropometry during the first 6
weeks of life. Additionally, we considered effect modification by infant sex.
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Results: We observed weak positive associations between all OPE metabolites and GWG. In LME models, BDCPP
was associated with increased infant length (β = 0.44 cm, 95%CI = 0.01, 0.87) and weight in males (β = 0.14 kg,
95%CI = 0.03, 0.24). BDCPP was also associated with increased food responsiveness (β = 0.23, 95%CI = 0.06, 0.40).
DPHP was inversely associated with infant abdominal circumference (β = − 0.50 cm, 95%CI = − 0.86, − 0.14) and
female weight (β = − 0.19 kg, 95%CI = − 0.36, − 0.02), but positively associated with weekly growth in iliac skinfold
thickness (β = 0.10 mm/wk., 95%CI = 0.02, 0.19). Further, DPHP was weakly associated with increased feeding speed.
BCEP was associated with greater infant thigh skinfold thickness (β = 0.34 mm, 95%CI = 0.16, 0.52) and subscapular
skinfold thickness in males (β = 0.14 mm, 95%CI = 0.002, 0.28).
Conclusions: Collectively, these findings suggest that select OPEs may affect infant anthropometry and feeding
behavior, with the most compelling evidence for BDCPP and DPHP.
Keywords: Organophosphate ester (OPE), Triphenyl phosphate (TPHP), Tri-2-chloroethyl phosphate [TCEP], Tri (1,3dichloro-2-propyl) phosphate [TDCPP], Pregnancy, Infant anthropometry, gestational weight gain (GWG), Baby
eating behavior questionnaire (BEBQ)

Introduction
The use of organophosphate esters (OPEs) as flame retardants in consumer products such as residential and
office furniture, baby products, and electronics has increased since polybrominated diphenyl ethers (PBDEs)
were phased-out of use and production between 2004
and 2013 in the USA [1] amid growing concerns about
their toxicity [2–5]. The most commonly used OPEs are
not chemically bound to materials and can migrate from
products over time [6]. As a result, OPEs are commonly
found in indoor environments, including household dust
[7–12]. OPEs are also used as plasticizers in common
consumer products such as nail polish [13]. Human exposure to OPEs is understood to be ubiquitous and multiple studies have detected OPE metabolites in the urine
of the majority of the general population in the United
States [14–22] and around the world [23–26].
Experimental studies suggest that OPEs are endocrinedisrupting compounds that may interfere with growth
and metabolism. In vitro, OPEs interfere with the estrogen receptors (ERa and ERß), androgen receptor (AR),
glucocorticoid receptor (GR), pregnane X receptor
(PXR), peroxisome proliferator-activated receptor
gamma (PPARγ), and mineralocorticoid receptor (MR)
[27–30], which, in turn, could potentially affect steroidogenesis, growth, development, and metabolic homeostasis (summarized in Dishaw et al. [31]). For example, the
OPE triphenyl phosphate (TPHP) can alter levels of glucose, pyruvate, triglycerides, and cholesterol, and affect
lipid homeostasis at molecular and phenotypic levels
[32, 33]. Exposures occurring during early life appear to
be more strongly associated with adverse endocrine and
developmental effects than exposures occurring later in
life. Notably, mice exposed to environmentally-relevant
concentrations of OPEs during the perinatal period exhibited impaired weight gain and weight regulation
throughout the life course, and molecular biomarkers of

lipid dysregulation [34, 35]. Collectively, in vitro and
in vivo toxicological studies provide evidence that OPEs
have the capacity to disrupt growth and metabolism
through endocrine-related mechanisms of action.
Epidemiologic studies of the endocrine-disrupting and reproductive effects of OPEs are limited but suggest that
similar adverse effects of OPE exposure occur in humans as
well. Certain OPEs have been associated with thyroid hormone disruption in women [36], and reduced sperm quality, reduced fertilization, and altered hormone levels in men
[9, 37, 38]. Organophosphate esters were found to adversely
affect pregnancy outcomes (e.g., successful fertilization, implantation, clinical pregnancy and live births) in a cohort of
women undergoing in vitro fertilization [14]. Most recently,
a study investigating gestation and fetal growth found an
association between maternal urinary OPE metabolites and
gestational age at delivery, with evidence of effect modification (EM) by infant sex [19].
Considering prior research, which suggests that OPEs
may alter metabolic homeostasis and induce weight gain,
we evaluated the hypotheses that OPE exposure during
pregnancy affects: gestational weight gain (GWG) among
pregnant women, infant gestational age at delivery, infant
anthropometric measures of size and body composition at
birth and growth during the first 6 weeks of life, and infant
feeding behavior in a pregnancy cohort. To our knowledge, this is the first epidemiologic study to evaluate
GWG and measures of newborn growth and feeding behavior in the context of prenatal OPE exposure.

Methods
Study setting and participants

Between July and December 2014, we enrolled 62
women from prenatal clinics affiliated with Women &
Infants Hospital of Rhode Island (WIHRI), which provides care for approximately 80% of deliveries to state
residents. Women were eligible for enrollment if they
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were ≥18 years old, ≤20 weeks gestation, English speaking residents of Rhode Island, and intended to deliver at
WIHRI. Women were excluded if they had a multifetal
pregnancy or had been diagnosed with or were currently
receiving treatment for serious chronic health issues including, thyroid/renal disorders, HIV, cardiovascular disease other than hypertension, cancer, drug/alcohol
addiction, or pre-gestational diabetes. Three women
withdrew from the study, two miscarried after the time
of enrollment, and one was lost to follow up, leaving 56
women followed-through delivery of a singleton infant.
All women provided written, informed consent prior to
engaging in study activities and all protocols were approved by the WIHRI institutional review board. The involvement of the Centers for Disease Control and
Prevention (CDC) laboratory did not constitute engagement in human subjects research.
Urine sample collection and quantification of urinary OPE
metabolite concentrations

Urine sample collection and analysis was described previously (Romano et al. [21]). Briefly, we collected spot
urine samples in polypropylene specimen cups during
clinic visits at three time points during pregnancy: enrollment (12 ± 2 gestational weeks) and at two routine
antenatal screening visits, the first for gestational diabetes screening (28 ± 2 gestational weeks) and the second for group B streptococcus screening (35 ± 1
gestational weeks). All 56 women provided at least one
urine sample during pregnancy, 53 (95%) provided at
least two samples, and 40 (71%) provided all three samples. Urine samples were immediately refrigerated following collection. Urine samples were vortexed for 30 s
and specific gravity (SG) was measured using a handheld
digital refractometer (ATAGO, PAS-10S) to quantify
urine dilution. Urine was aliquoted into polypropylene
cryovials and stored at − 80 °C within 24 h after collection. To provide an estimate of OPE exposure throughout pregnancy, we created a pooled urine sample for
each woman using 1 mL of urine from each of her individual samples at the time of preparing the samples for
shipment to the Division of Laboratory Sciences,
National Center for Environmental Health, CDC (Atlanta, Georgia, USA). We shipped all samples on dry ice
to the CDC, where they were stored at or below -20 °C
until analysis.
Urinary metabolites of OPEs measured in women enrolled in this study showed good reproducibility throughout pregnancy (intraclass correlation coefficient (95%
confidence interval): BCEP = 0.50 (0.37, 0.58); BDCPP =
0.60 (0.54, 0.66); and DPHP = 0.43; (0.36, 0.50) [21];).
Therefore, we used OPE metabolite concentrations in
pooled urine samples collected throughout pregnancy at
approximately 12, 28 and 35 weeks gestation to reflect
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exposures occurring during the window of gestation.
Three OPE metabolites (bis-2-chloroethyl phosphate
[BCEP], bis (1,3-dichloro-2-propyl) phosphate [BDCPP],
and DPHP) were detected in at least 74% of urine samples
[21]. These are urinary metabolites of three of the most
common OPEs detected in environmental media: tri-2chloroethyl phosphate [TCEP], tri (1,3-dichloro-2-propyl)
phosphate [TDCPP], and TPHP, respectively, though
other OPEs, including 2-ethylhexyl diphenyl phosphate
(EHDPHP), may also be precursors of some of these metabolites (e.g., DPHP). Analytical methods have been described in detail previously [39]. Briefly, the method uses
an enzymatic hydrolysis of urinary conjugates followed by
automated off-line solid phase extraction with a polymeric
weak anion exchange cartridge to pre-concentrate the target compounds while minimizing potential urine matrix
interferences. The deconjugated target analytes in the
urine extract are separated on an ultra-high-performance
liquid chromatography system with reversed phase chromatography and quantified by isotope dilution-negative
ion electrospray ionization tandem mass spectrometry.
Standard quality assurance and quality control measures
used during analysis were within acceptable laboratory
limits. Limits of detection (LODs) for the individual OPE
metabolites ranged from 0.08 to 0.16 μg/L, depending on
the analyte (Supplemental Material, Table S1). A value of
LOD/√2 was assigned when OPE concentrations were
below the LOD in pooled urine samples [40].
Concentrations of urinary metabolites of interest were
SG-standardized using a modification of a previously described formula: Pc = P [SGref-1/SG-1] [41], where Pc is the
SG-standardized urinary metabolite concentration (μg/L),
P is the concentration of the metabolite quantified in the
urine sample (μg/L), SGref was the mean SG for all samples (1.017) and SG was the average SG across samples
contributing to each individual’s pooled sample. Unstandardized OPE metabolite concentrations in individual and
pooled urine samples were previously reported in Romano
et al. [21]. Concentrations of urinary OPE metabolites
were then log2-transformed to decrease the influence of
extreme values throughout subsequent statistical analyses.
Covariate information

At enrollment, women completed a brief questionnaire
describing their highest level of education attained and
household income. We abstracted additional demographic (maternal age and race), anthropometric (prepregnancy weight and height), and perinatal factors (parity) from the women’s medical records following delivery. Pre-pregnancy weight was available in the medical
records of most women (81%). We substituted weight
from the earliest prenatal care visit for nine women
missing pre-pregnancy weight (average: 11 weeks gestation; range: 8–15 weeks gestation) when calculating body
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mass index (BMI, kg/m2) because weight gain in early
pregnancy is generally not substantial [42].
Gestational weight gain (GWG)

Last weight in pregnancy was abstracted from the
maternal medical record (mean ± SD = 38.2 ± 2.3 gestational weeks) and GWG was calculated as last
weight in pregnancy (kg) - pre-pregnancy weight (kg).
Based on their pre-pregnancy BMI and calculated
GWG, women were categorized as having limited, adequate, or excessive GWG based on the Institute of
Medicine’s guidelines [43].
Newborn anthropometry and feeding behaviors

Trained research staff obtained anthropometric measures of size (weight, length, and head and abdominal
circumference) and body composition (suprailiac,
thigh, tricep, and subscapular skinfold thickness) after
birth (mean ± SD = 1.4 ± 1.2 days, range = 0–7) for 49
newborns delivered at WIHRI. Newborns delivered at
a non-study hospital (n = 4) were not measured after
birth, and 3 newborns were discharged prior to being
measured. Staff measured newborn weight (Doran
DS4100 Baby Scale), birth length (SECA 417 Length
Board), and head and abdominal circumference (Guilick II
Tape Measure, Model 67,020). They also measured skinfold thickness using Harpenden skinfold calipers. Each
measurement was taken twice, and if the difference between the two measurements was outside of a prespecified range (≥10 g for weight, ≥0.5 cm for length, head
and abdominal circumference, and ≥ 0.5 mm for skinfold
thickness), then a third measurement was recorded. We
used the average of the two or three individual measurements for all analyses. Staff repeated all anthropometric
measurements at approximately 6 weeks postpartum
(mean ± SD = 6.8 ± 1.1, range = 4.4–9.1) during a study
visit (n = 45).
At 6 weeks postpartum, mothers completed the
Baby Eating Behavior Questionnaire (BEBQ) to describe infant feeding habits (n = 49) related to five appetitive traits in both bottle- and breastfed infants:
general appetite, enjoyment of food, food responsiveness, slowness in eating, and satiety responsiveness
[44]. The BEBQ was developed to evaluate infant
feeding behavior that may infer susceptibility to
weight gain later in life [44].
Statistical analysis

We performed all statistical analyses using R version
3.6.1 and SAS software version 9.4 [45, 46]. We calculated descriptive statistics (e.g., mean, standard deviation (SD), range) for maternal and infant
characteristics. We also calculated the overall median
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and interquartile range (IQR) of urinary OPE metabolite concentrations for all women in the study, as
well as by GWG category. We used multiple linear
regression to examine the influence of log2-transformed maternal urinary OPE metabolite concentrations on continuous GWG, controlling for covariates
selected a priori based on their associations with the
exposure and/or outcome in this study: maternal age
at delivery, income, pre-pregnancy BMI, parity, and
infant sex [21]. We evaluated associations between prenatal OPE exposure and infant gestational age at delivery
and newborn size (weight, length, and head and abdominal circumference) using log2-transformed maternal urinary OPE metabolite concentrations and multiple linear
regression, controlling for the same covariates as were
used for GWG. Growth trajectories and body composition
during early life have implications for obesity and cardiometabolic health outcomes across the life course [47–52].
We calculated the weekly rate of growth between birth
and 6 weeks for each of four anthropometric measures
of size (weight, length, head and abdominal circumference) and four measures of body composition
(iliac, subscapular, tricep, and thigh skinfold thickmeasuremet
− measurement
ness) as ð age in days6 − weeks − age in days delivery x7Þ and used
6 − weeks

delivery

multivariable linear regression adjusted for the same
covariates as above to estimate the association of maternal
log2-transformed OPE metabolite concentrations on rate
of change in anthropometric measurements during the
first 6 weeks. We also adjusted for birth weight in all
weekly growth rate models for all anthropometric measures except for weight. Additionally, we evaluated associations between log2-transformed OPE metabolite
concentrations and overall anthropometry for each of the
size and body composition measurements during the first
6 weeks of life using linear mixed effects models with unstructured covariance to account for repeated anthropometric measurements at birth and 6 weeks postpartum for
an individual. We investigated the inclusion of random intercepts in these models, but did not retain these terms
based on model fit (Akaike Information Criteria). Collectively, these measures of overall body size and composition
provide insight into subcutaneous adipose tissue distribution [53–55]. We adjusted linear mixed effects models for
the same covariates as multiple linear regression models,
as well as timing of six-week postpartum infant anthropometric measurements. Because existing literature shows
effect modification of OPE exposure on birth outcomes by
infant sex [19], we evaluated sex-specific effects by including an interaction (exposure*sex) term in multiple linear
regression and linear mixed effects models for all OPE
metabolites, for each birth outcome. For all regression
modeling techniques, we used a complete case analysis
approach due to minimal missing covariate information.
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Based on our evaluation of unadjusted associations
between OPE metabolite concentrations and infant anthropometric measures, we do not believe model overfitting was a concern in our study despite the pilot-scale
sample size and suite of covariates which were previously
identified to predict OPE metabolite concentration in this
cohort [21]. Finally, we estimated BEBQ subscales for infant feeding behavior corresponding to five appetitive
traits: enjoyment of food, food responsiveness, slowness in
eating, satiety responsiveness, and general appetite [44].
We then used log2-transformed maternal urinary OPE
metabolite concentrations and multiple linear regression
to evaluate the potential for OPE exposure to affect infant
feeding behavior. These models were also adjusted for maternal age at delivery, income, pre-pregnancy BMI, parity,
postpartum week of BEBQ response, and infant sex.

Results
The average age of women (n = 56) in the study at the
time of birth was 29.5 years old, with an average prepregnancy BMI of 27.9 mg/kg2 (Table 1). Of these
women, 34 (64%) identified as non-Hispanic white, 25
(45%) had a minimum of a bachelor’s or other technical
degree, and 22 (41%) were nulliparous (Table 1). Of the
infants born to women enrolled in the study, 24 (44%)
were female and 30 (56%) were male (Table 1). The
mean (SD; range) gestational age of infants at delivery
was 39.2 weeks (1.4; 35.9–41.3 weeks) and mean infant
weight at birth was 3.1 kg (0.5; 1.7–4.2 kg) (Table 1).
Table 1 Descriptive statistics for maternal and infant
characteristics (n = 56 maternal-infant pairs)
Cohort Characteristics

Mean ± SD

N Missing

N (%)
Maternal Age

29.5 ± 4.5

4

Maternal BMI (kg/m )

27.9 ± 7.1

0

Non-Hispanic White

35 (64)

1

2

Maternal Education

0

High School or Less

15 (27)

–

Tech school/Some College

16 (29)

–

Bachelor’s/Graduate/Professional

25 (45)

–

Household Income

0

Median concentrations of OPE metabolites in pooled
urine samples were 0.31 (IQR: 0.17, 0.54) μg/L for BCEP,
1.18 (IQR: 0.65, 2.20) μg/L for BDCPP, and 0.93 (IQR:
0.73, 1.95) μg/L for DPHP (Table 2).
Concentrations of BCEP were similar between women
with limited versus appropriate GWG, whereas concentrations of both BDCPP and DPHP were higher in
women with appropriate GWG compared to those with
limited GWG (Table 2). Only one woman in our study
had excessive GWG. Maternal urinary OPE metabolites
were weakly associated with increased GWG (Table S2).
We did not observe strong associations between OPE
metabolite concentrations and gestational age at delivery, infant size at birth, or evidence of effect modification of the relationship between OPE metabolite
concentration and birth outcomes by infant sex (all
exposure*sex p-values ≥0.29). Effect estimates among all
infants are reported in Table 3.
Our assessment of weekly growth rate for infant anthropometric measures during the first 6 weeks of life
showed that DPHP was positively associated with weekly
growth in iliac skinfold thickness among all infants (βoverall = 0.10 mm, 95% CIoverall: 0.02, 0.19; Table S3) and males
(βmale = 0.12 mm, 95% CImale: 0.02, 0.23; Table S3; p-forEM = 0.47), as well as weekly growth in tricep skinfold
thickness among males (βmale = 0.10 mm, 95% CImale: 0.02,
0.19; Table S3; p-for-EM = 0.06). We did not observe associations between other OPE metabolites and other measures of weekly infant growth. We observed associations
between OPE metabolites and overall body size and composition during the first 6 weeks of life. Overall, BDCPP
was positively associated with measures of infant size,
BCEP was positively associated with measures of infant
body composition, and DPHP was negatively associated
with infant size. Specifically, a doubling in BDCPP concentration in maternal urine was associated with a 0.44
cm longer infant length (95% CIoverall: 0.01, 0.87) and 0.14
kg greater weight in males (95% CImales: 0.03, 0.24; Fig. 1a,
Table S4; p-for-EM = 0.02). BCEP was positively associated with thigh skinfold thickness in all infants (βoverall =
0.34 mm, 95% CIoverall: 0.16, 0.52) and with subscapular
skinfold thickness in males only (βmales = 0.14 mm, 95%
CImales: 0.002, 0.28; Figure 1b, Table S4; p-for-EM = 0.05).

< $25,000

20 (36)

–

$25,000-100,000

18 (32)

–

> $100,000

18 (32)

–

32 (59)

2

GWG
Categories

N

Parous

BECP

BDCPP

DPHP

Gestational week of delivery

39.2 ± 1.4

0

Overall

56

0.31 (0.17, 0.54)

1.18 (0.65, 2.20)

0.93 (0.73, 1.95)

Infant sex: Female

24 (44)

2

Limited

38

0.35 (0.17, 0.60)

0.97 (0.59, 2.05)

0.87 (0.61, 1.66)

Birth weight (kg)

3.1 ± 0.5

7

Appropriate

17

0.30 (0.19, 0.42)

1.84 (0.97, 5.05)

1.27 (0.87, 2.13)

Infant weight at postpartum visit (kg)

4.9 ± 0.6

11

Week of postpartum visit

6.8 ± 1.1

11

Gestational weight gain categories were calculated according to the Institute
of Medicine’s guidelines [43]. Only one woman in our study had
excessive GWG

Table 2 OPE metabolite concentration (μg/L) overall and by
GWG category in pooled maternal urine samples
OPE: Median (IQR)
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Table 3 Associations between maternal urinary OPE metabolites and gestational age at delivery and infant anthropometry at birth
Outcome
Gestational Age at Delivery

log2(BCEP)

log2(BDCPP)

Beta (95% CI)

Beta (95% CI)

log2(DPHP)
Beta (95% CI)

0.04 (−0.2, 0.29)

0.27 (−0.06, 0.6)

0.28 (−0.1, 0.65)

Birth Weight

0.09 (−0.01, 0.18)

0.08 (− 0.05, 0.21)

0.04 (− 0.12, 0.19)

Birth Length

− 0.02 (− 0.55, 0.5)

0.64 (− 0.03, 1.31)

0.17 (− 0.64, 0.98)

Head Circumference

−0.12 (− 0.55, 0.31)

0.09 (− 0.49, 0.66)

0.07 (− 0.6, 0.74)

Abdominal Circumference

0.03 (− 0.39, 0.44)

0.51 (− 0.02, 1.04)

−0.59 (−1.2, 0.03)

Anthropometric measurements were made at birth (mean ± SD = 1.4 ± 1.2 days old). OPE metabolite concentrations were log2-transformed and multiple linear
regression models were adjusted for maternal age at delivery, income, pre-pregnancy BMI, parity and infant sex. Overall effect estimates are presented since all
exposure*sex interaction terms were non-significant. Gestational age at delivery is reported in weeks; Anthropometric measures include: weight (kg), length (cm),
head circumference (cm), and abdominal circumference (cm)

Greater maternal urinary DPHP was associated with
smaller abdominal circumference (βoverall = − 0.50 cm, 95%
CIoverall: − 0.86, − 0.14) and weight among females (βfemales = − 0.19 kg, 95% CIfemales: − 0.36, − 0.02; Fig. 1a, Table
S4). However, DPHP was positively associated with weight
in males (βmales = 0.07 kg, 95% CImales: − 0.04, 0.18; Fig. 1a,
Table S4; p-for-EM = 0.02).
Among the five BEBQ appetitive traits, BDCPP was associated with increased food responsiveness (β = 0.23
points, 95% CI = 0.06, 0.40) (Fig. 2, Table S5) and DPHP
was weakly associated with faster feeding speeds. BDCPP
and DPHP did not strongly influence any other traits, and
BCEP did not impact infant feeding behavior for any trait.

Discussion
Toxicological studies suggest that OPEs are endocrinedisrupting compounds, and limited epidemiologic evidence suggests that exposure to these compounds during pregnancy may alter perinatal health outcomes. To
extend the epidemiologic literature, we evaluated the associations of three urinary OPE metabolites (BCEP,
BDCPP, DPHP) measured throughout pregnancy with
GWG, gestational age at delivery, anthropometry, and
feeding behavior. Exposure to OPEs during pregnancy
was weakly associated with increased GWG. Our findings suggest that OPE exposure may affect infant
growth, body size and composition, and feeding behavior

Fig. 1 a-b. Linear mixed effects model results for infant size (a) and body composition (b) during the first 6 weeks of life: All infants and stratified
by infant sex. Measurements of infant size and skinfold thickness were repeated at birth (mean ± SD = 1.4 ± 1.2 days) and approximately 6 weeks
postpartum (mean ± SD = 6.8 ± 1.1 weeks). OPE metabolite concentrations were log2-transformed and linear mixed effects models were adjusted
for maternal age at delivery, income, pre-pregnancy BMI, parity, infant sex and age at the time of measurement. Overall (female and male infants
combined) and sex-specific effect estimates are presented with corresponding 95% confidence intervals. A red asterisk (*) denotes α < 0.05,
indicating statistical significance. Anthropometric measures include: weight (kg), length (cm), head circumference (cm), abdominal circumference
(cm) and skinfold thicknesses (mm). Effect estimates and 95% confidence intervals are reported in Table S4
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Fig. 2 Multiple linear regression analyses for Baby Eating Behavior Questionnaire appetitive traits at 6 weeks postpartum. The BEBQ [44] was
completed by mothers at approximately 6 weeks (mean ± SD = 6.8 ± 1.1 weeks) postpartum and mean trait-specific scores were calculated for
four appetitive traits with multiple relevant questions on the BEBQ: enjoyment of food, food responsiveness, slowness in eating, satiety
responsiveness. General appetite was assessed by a single question about overall infant appetite. OPE metabolite concentrations were log2transformed and multiple linear regression models were adjusted for maternal age at delivery, income, pre-pregnancy BMI, parity, infant sex, and
postpartum week of survey completion. A red asterisk (*) denotes α < 0.05, indicating statistical significance. Effect estimates and 95% confidence
intervals are reported in Table S5

during the first 6 weeks of life. BDCPP was positively associated with overall measures of infant size and infant
responsiveness to food during the first 6 weeks postpartum. DPHP was negatively associated with overall infant
size, but positively associated with weekly growth in
skinfold thickness. BCEP was positively associated with
measures of infant body composition. Collectively, these
findings support previous studies suggesting that prenatal exposures to select OPEs may be compound- and
sex-specific in their effects on infants.
Prior epidemiologic studies have reported positive associations between maternal urinary OPE metabolite
concentrations and maternal weight and BMI [14, 21,
56]. In the present study, we further evaluated OPE metabolite concentrations as a predictor of GWG. The
weak, positive relationship between urinary OPE metabolites and GWG that we identified adds a new,
complimentary dimension to the existing narrative surrounding OPE exposure and maternal body size. One
possible explanation for the association is that OPEs
cause weight gain, possibly via perturbations to nuclear
receptor signaling, leading to effects on sex and thyroid
hormones, and lipid and glucose homeostasis [27–30,
32–34, 57]. Such modes of action were postulated as an

explanation for associations observed between OPE exposure and pre-pregnancy BMI among pregnant women
enrolled in a North Carolina-based cohort [56]. Healthy
GWG is important for maternal and infant health during
pregnancy and beyond [43, 58, 59]. Pregnancy represents
a period of marked, complex changes to endocrine and
metabolic physiology in women, including thyroid function and thyroid hormone levels, adipose tissue mass,
function, and adipokine signaling, and endocrine functions of the placenta [43]. Because OPEs have been
shown to act on similar endocrine signaling endpoints,
which can affect body weight regulation, the period of
pregnancy may represent a vulnerable period of exposure for OPE modulation of body weight. However, it is
possible that increased body size may lead to increased
OPE exposure via larger surface area for dermal absorption of OPEs or dietary patterns [21, 60–62]. Therefore,
further research is needed to determine causality, as well
as to confirm the suggestive positive relationship between
OPE exposure and GWG in a larger study population.
Infant size and growth have been associated with the
infant’s risk of obesity [47–51], with both small and large
birth size increasing risk of adverse cardiometabolic
health later in life [47–49, 63–67]. Even small changes in
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size at birth may have health consequences across the
life course. While urinary OPE metabolite concentrations were not associated with infant anthropometrics at
birth in this study, our findings suggest that OPE exposure during pregnancy may affect overall size and body
composition and growth during early life. Anthropometric measurements at 6 weeks postpartum suggested
OPE- and sex-specific impacts on overall infant size and
body composition during early life. BDCPP was positively associated with weight in males, and length in all
infants. Conversely, DPHP was negatively associated
with anthropometry, including reduced weight in female
infants and smaller abdominal circumference for all infants. DPHP was positively associated with weekly increases in skinfold thicknesses. These findings suggest
that DPHP may encourage “catch up” growth and subcutaneous fat accretion during early life, which is a
known risk factor for chronic diseases across the life
course [67, 68]. Taken together, our study lends further
support to existing literature showing compound- and
sex-specific effects of OPE exposure on perinatal growth
and development, notably extending these findings beyond prenatal development, to the early neonatal developmental period [19]. While this pilot study was under
powered to evaluate effects of OPE metabolites mixtures
on perinatal health, additional epidemiologic and toxicological studies are needed to better contextualize our
findings in relation to environmentally-relevant mixtures. Additionally, Hoffman et al. [19] found that OPE
exposure was associated with preterm birth in female infants, though we did not observe associations between
maternal urinary OPE metabolites with length of gestation in our study.
Anthropometric measurements offer an inexpensive and
informative means of assessing size and body composition
across the life course and can serve as an important research tool for studying effects of endocrine-disrupting
compounds on growth and development. Infant anthropometry is a particularly important perinatal clinical and
research tool since other methods (e.g., magnetic resonance imaging, bioelectrical impedance analysis) of evaluating body composition in children and adults are
impractical for infants [69]. Measures such as weight,
length, and head and abdominal circumference can provide useful information about infant size and may be indicators of infant overall growth and development. Skinfold
thickness measurements correlate well with subcutaneous
adipose distribution (e.g., peripheral versus truncal) and
inform estimates of relative fat mass (FM) and fat free
mass (FFM) (reviewed in Demerath and Fields [53]). Yet,
there is debate about the reliability of neonatal anthropometry, particularly skinfold thicknesses because measurement error may arise from inter-measurer variability
[70]. Although maternal urinary OPE metabolites were
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generally not associated with measures of body composition, DPHP was associated with higher weekly growth
rates for iliac and tricep skinfold thickness during the first
6 weeks postpartum and BCEP was associated with higher
overall subscapular skinfold thickness in males and thigh
skinfold thickness in all infants in our study. Due to its
pilot nature, our study does not include record of measurer, however, all staff received the same training for
collecting anthropometric measurements. Although measurer is unlikely to be associated with exposure, future
studies should consider adjustment for measurer into statistical analyses, particularly for measures of body composition. Collectively, our findings indicate that future
research is needed to assess the influence of OPEs on body
composition in early life.
We also used the BEBQ to evaluate whether gestational
OPE exposure may affect infant feeding behavior as a possible explanation for changes in anthropometry. BDCPP
was associated with greater food responsiveness, which
has been identified as a risk factor for rapid infant weight
gain in previous studies using the BEBQ [44, 71, 72]. Notably, the positive association between BDCPP concentration and food responsiveness corresponds with the
positive association we observed between prenatal BDCPP
concentrations and infant weight gain, especially in males.
BCEP was suggestively associated with increased general
appetite, which also indicates susceptibility for increased
weight gain [44]. These findings may suggest that increases in infant size and subcutaneous fat accretion may
be associated with increased appetite and possibly higher
caloric intake. The negative association between DPHP
and “Slowness in Eating” suggests that DPHP may increase feeding rate in infants and may explain the faster
rates of subcutaneous fat accretion we observed [72] even
though DPHP was negatively associated with overall measures of infant size (e.g., weight and abdominal circumference) in our cohort. Collectively, these findings
underscore the need to better understand the capacity for
prenatal exposure to select OPEs to affect infant feeding
behavior immediately postpartum, and to further investigate connections between infant feeding behavior and anthropometry in the context of prenatal OPE exposure.
Our study has several strengths and limitations. Importantly, our study (1) used multiple prospective
urine samples from pregnancy to characterize OPE
exposure, (2) evaluated prenatal OPE exposure in the
context of infant growth during early life using repeated
anthropometric measures at birth and 6 weeks, and (3)
analyzed the effects of prenatal OPE exposure on infant
feeding behavior. The prospective study designs afforded
temporal clarity of OPE exposure with birth and infant
outcomes. The quantification of OPE metabolites in
pooled urine samples provides an estimate of OPE exposure throughout pregnancy and reduces the potential
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influence of temporal variability, which has been shown in
prior studies [56, 73]. Another strength is that study participants were enrolled at WIHRI, which provides care for
the majority (80%) of deliveries in Rhode Island, allowing
us to recruit from a population that represents the general
Rhode Island population.
Nevertheless, we recognize several key limitations, including the pilot-scale sample size and the potential for
measurement error and unmeasured confounding. The
pilot-scale sample size presents challenges in terms of
statistical power and primarily allows us to generate hypotheses for future study. Despite the limitation of working with a small sample of maternal-child pairs, like
Hoffman et al. [19], our findings show evidence of effect
modification of the association between OPE exposure
and infant anthropometry by sex, which is encouraging.
A larger study may want to consider using the augmented cross-product term approach to evaluate effect
modification in order to account for potentially different
confounding structures by infant sex [74], however we
did not have sufficient statistical power in our pilot
study to do so. Thus, our results of effect modification
of the association between maternal urinary OPE metabolites and infant anthropometry are exploratory. It is also
important to acknowledge the potential for exposure misclassification based on OPE metabolite measurements,
particularly for women who provided only one urine sample, because of possible seasonal variability in urinary concentrations of OPE metabolites, and of measurement
error in infant anthropometry. Nevertheless, our data collection methods (quantifying OPE metabolites in pooled
urine samples collected throughout pregnancy; using the
average of two to three measurements for each anthropometric outcome) are proven techniques to minimize such
potential limitations (e.g., [21, 75, 76]). As with all environmental epidemiology studies, residual confounding by
unknown or unmeasured co-exposures that influence the
outcomes of interest may be present.

Conclusions
Our findings suggest that OPE exposure during gestation can affect infant growth. BDCPP was associated
with both increased infant growth and increased food responsiveness in the first 6 weeks of life. DPHP was positively associated with rates of subcutaneous fat
accretion, but inversely associated with measures of infant size. BCEP was positively associated with measures
of infant body composition. Compound- and sex-specific
patterns of association between OPE metabolites and
measures of growth observed here and shown previously,
suggest that OPEs may act through different mechanisms of action. Since birth size, growth trajectories, and
feeding behavior during early life have implications for
obesity and cardiometabolic health outcomes, the ability
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for OPEs to interfere with these processes may have developmental and metabolic consequences across the life
course. Further, our study identified weak positive associations between OPE exposure during pregnancy and GWG,
which also can impact maternal and infant cardiometabolic
health across the life course. Given the pilot-scale of this
study, we recommend these findings be followed up in a
large cohort. Further research is also needed to understand
the mechanistic basis for endocrine action of OPEs, particularly relating to cardiometabolic health and feeding behavior. Evaluating associations between maternal urinary
OPE metabolites at specific time points throughout pregnancy in future research may provide useful information
about susceptible windows of exposure and/or modes of
OPE action on perinatal health outcomes.
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