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Production of organophosphate esters (OPEs), which represent a major f lame-retardant class present in
consumer goods, has increased over the past 2 decades. Experimental studies suggest that OPEs may be
associated with thyroid hormone disruption, but few human studies have examined this association. We quantified
OPE metabolites in the urine of 298 pregnant women from Cincinnati, Ohio, in the Health Outcomes and Measures
of the Environment Study (enrolled 2003–2006) at 3 time points (16 and 26 weeks’ gestation, and at delivery),
and thyroid hormones in 16-week maternal and newborn cord sera. Urinary bis(1,3-dichloro-2-propyl)-phosphate
concentrations were generally associated with decreased triiodothyronine and thyroxine levels and increased
thyroid-stimulating hormone levels in maternal and newborn thyroid hormones in quartile dose–response analyses
and multiple informant models. There was weaker evidence for thyroid hormone alterations in association with
diphenyl-phosphate and di-n-butyl-phosphate. Bis-2-chloroethyl-phosphate was not associated with alterations
in thyroid hormones in any analyses. We did not observe any evidence of effect modification by infant sex. These
results suggest that gestational exposure to some OPEs may inf luence maternal and neonatal thyroid function,
although replication in other cohorts is needed.

cohort studies; f lame retardants; pregnancy; thyroid hormones

Abbreviations: BCEP, bis-2-chloroethyl phosphate; BDCIPP, bis(1,3-dichloro-2-propyl) phosphate; CI, confidence interval; DNBP,
di-n-butyl phosphate; DPHP, diphenyl phosphate; ln, natural log; OPE, organophosphate ester; T3, triiodothyronine; T4, thyroxine;
TSH, thyroid-stimulating hormone.

Thyroid hormones are critical for brain development dur-
ing fetal and early life. Thyroid hormones facilitate pro-
grammed neuron proliferation, migration, and myelination
during fetal development and early childhood, and the fetus
is either fully or partially dependent on maternal thyroxine
(T4) throughout gestation (1). The thyroid gland releases
T4, which circulates in blood bound to thyroxin-binding
globulin. It is measured in its unbound fraction (free T4)
and in total quantities (total T4). Once free T4 reaches
target tissues, local enzymes convert it into its biologically
active form, triiodothyronine (T3) (2). Thyroid-stimulating
hormone (TSH) stimulates the thyroid to produce more T4
when levels drop, and it is regulated directly and indirectly
through levels of T4 and T3 (3).

Children whose mothers have untreated hypothyroidism
during pregnancy, diagnosed by elevated TSH levels, are
more likely to experience intellectual disabilities, dimin-
ished reflexes, hearing loss, aphasia, and cerebral palsy (4).
Even women who have thyroid hormone levels in the low to
normal range are more likely to have children with poorer
intellectual development (5). Research by Korevaar et al.
(6) also indicates there is an inverted U-shaped association
between maternal thyroid hormone levels and child IQ and
volumetric brain measures, even among euthyroid women,
indicating that tight maternal thyroid hormone regulation
during gestation is essential for optimal brain development.

Environmental chemicals, including phthalates, bisphe-
nol A, and polychlorinated biphenyls, have been associated
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with thyroid hormone disruption in humans (7, 8). Sev-
eral international clinical and health policy organizations
have issued statements regarding the threat that endocrine-
disrupting chemicals pose to public health, especially when
exposure occurs during a sensitive developmental period
such as gestation (7). Organophosphate esters (OPEs) are
a class of flame-retardant and plasticizing chemicals that
are suspected of affecting thyroid hormone homeostasis, but
their potential for endocrine disruption remains to be studied
in humans.

The use of OPEs has grown in the last 2 decades since
the phase out of polybrominated diphenyl ethers as flame-
retardant chemicals, due to evidence of those chemicals’
adverse health effects (9, 10). OPEs can be found in a variety
of consumer products, such as furniture, electronics, food
packaging, and textiles. OPEs are not physically bound to
products, so they readily leach out and contaminate home
and office environments as well as foods (11–13). OPEs are
quickly metabolized in the body and excreted into the urine,
where the chemical metabolites are readily detectable (14,
15). Studies in zebrafish (16), chickens (17), and rodents
(18) show that OPEs can affect thyroid hormones, and
studies of human exposure to OPEs and thyroid hormones
in pregnant women and developing fetuses are warranted.

The objectives of this study were to examine whether
exposure to gestational OPE metabolites was associated with
alterations in maternal thyroid hormone measured during
pregnancy and neonatal thyroid hormone concentrations
measured at birth in cord serum.

METHODS

Study participants

A total of 468 pregnant women were enrolled in the Health
Outcomes and Measures of the Environment Study between
March 2003 and February 2006 in Cincinnati, Ohio. Women
were eligible for participation if they were 1) 18 years old
or older, 2) at 16 ± 3 weeks’ gestation, and 3) living in
a home built before 1978. We excluded women who were
taking medication for thyroid disorders or seizures; HIV
positive; had a diagnosis of bipolar disorder, schizophrenia,
diabetes, or cancer that required radiation or chemotherapy;
not fluent in English; or planning to move outside of the
Greater Cincinnati area. More detailed enrollment criteria
are described elsewhere (19).

For this study, we included women who delivered live,
singleton infants, gave at least 1 urine sample during preg-
nancy or at delivery, and who had at least 1 thyroid hor-
mone measurement during pregnancy or in their newborn
(n = 298). All women gave informed consent for themselves
and their children, and the Centers for Disease Control
and Prevention deferred to the Institutional Review Board
at Cincinnati Children’s Hospital Medical Center, which
approved the study protocol.

Quantification of urinary OPE metabolites

Pregnant women provided urine samples in polypropy-
lene specimen cups at approximately 16 and 26 weeks’

gestation and within 48 hours of delivery. Samples were ali-
quoted and frozen at −20◦C until analysis for the presence
of 4 OPE metabolites: bis(1,3-dichloro-2-propyl) phosphate
(BDCIPP), the metabolite of tris(1,3-dichloro-2-propyl) phos-
phate; bis-2-chloroethyl phosphate (BCEP), the metabo-
lite of tris(2-chloroethyl) phosphate; diphenyl phosphate
(DPHP), the metabolite of triphenyl phosphate; and di-
n-butyl phosphate (DNBP), the metabolite of tri-n-butyl
phosphate. Metabolite concentrations were measured at
the Centers for Disease Control and Prevention’s National
Center for Environmental Health Laboratory. Details of the
analysis, including quality control procedures, are described
elsewhere (20). In brief, after enzymatic hydrolysis of
the metabolites’ conjugates in 200 μL of urine, the target
metabolites underwent automated, off-line, solid-phase ex-
traction; separation via reversed-phase high-performance
liquid chromatography; and detection by isotope dilution-
electrospray ionization tandem mass spectrometry (21, 22).
The limit of detection was 0.10 μg/L for all metabolites,
and we replaced concentrations below the limit of detection
with values calculated as follows: limit of detection divided
by the square root of 2 (23). The percentages of samples
with nondetectable concentrations were 11.33%–16.33%
for BCEP, 4.27%–10.47% for BDCIPP, 17.00%–40.13%
for DNBP, and 0.64%–2.62% for DPHP, depending on the
exposure time point (Web Table 1) (available at https://doi.
org/10.1093/aje/kwab086).

Thyroid hormone measurement

We collected venous blood from women at approximately
16 weeks of pregnancy and from newborn umbilical cords at
birth. Serum was separated and stored at −80◦C until analy-
sis. Maternal and cord sera were analyzed at the Department
of Laboratory Medicine at the University of Washington for
TSH (measured in μIU/mL), free T3 (measured in pg/mL),
free T4 (measured in ng/dL), total T3 (measured in ng/dL),
and total T4 (measured in μg/dL) using an Access2 auto-
mated clinical immunoassay analyzer (Beckman Coulter
Inc., Fullerton, California). Two levels of quality-control
materials (Bio-Rad Liquicheck or Bio-Rad Immunoassay
Plus; Bio-Rad Laboratories, Hercules, California) were ana-
lyzed with each assay every day (n = 22). All results were
double-checked for errors by a second technologist (8).

Statistical analysis

Urinary OPE metabolite concentrations were divided by
creatine concentrations to standardize for urine dilution.
OPEs and TSH were log-normally distributed, so we natural-
log (ln) transformed these variables.

We tested correlations among urinary OPE metabolites
and among thyroid hormones at each time point. Addition-
ally, we tested the intraclass correlations among urinary OPE
metabolite measurement time points. To assess for nonlin-
earity in the associations between urinary OPE metabolites
and thyroid hormones, we used generalized additive models.
We observed some nonlinear associations and decided to
use quartiles of exposure for dose–response analysis (Web
Figure 1). We examined associations between concurrent
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OPE metabolites and thyroid hormone concentrations in
maternal and cord sera, using linear regression to estimate
β values and 95% confidence intervals for each of the OPEs
modeled in quartiles. We also assessed linear trend by taking
the median value of each quartile as a continuous variable
in linear regression models (24). Subsequently, we analyzed
prospective associations between quartiles of each OPE
metabolite during pregnancy (at 16 and 26 weeks) and cord
serum thyroid hormones.

To explore the potential associations between multiple uri-
nary OPE metabolites and thyroid hormone concentrations,
we created an arithmetic sum of urinary OPE metabolites
that includes creatinine-standardized and ln-transformed
BCEP, BDCIPP, DPHP, and DNBP.

Finally, we used a multiple-informant model to test for
differences in the associations of OPE metabolite concen-
trations across the 3 time points (16 weeks, 26 weeks, and
delivery) with thyroid hormones in cord serum (25). As
described by Sánchez et al. (25), multiple-informant models
can be used in the context of environmental exposures to
test whether exposure during specific time windows has the
same association with the outcome of interest. It has the
advantage of formally testing for differences in association
between OPE exposure windows. Additionally, multiple-
informant models are not subject to limitations of collinear-
ity among time points of exposure measurement.

We adjusted all models for maternal age at delivery, edu-
cation, and race (White vs. non-White), year of delivery, and
infant sex based on a directed acyclic graph. We performed
a sensitivity analysis testing for the impact of maternal
iodine status in which we fit linear regression models for
maternal urinary OPEs and thyroid hormones with either a
full set of covariates or a full set of covariates plus maternal
iodine concentrations, and we computed analysis of variance
tables for comparable models. Finally, we tested for sex-by-
exposure interaction by including a sex × exposure product
term in regression models. All analyses were performed
using R, version 3.6.1 (26), including packages geepack (27)
and mgcv (28).

RESULTS

Participant characteristics

This study included 298 women and their infants who
provided at least 1 of 3 urine specimens during pregnancy
or at delivery and at least 1 of 2 venous blood samples
during pregnancy (maternal blood, n = 226) or at deliv-
ery (infant cord blood, n = 294). The majority of women
(66.8%) were White, 80.2% had more than a high school
education, their average age at delivery was 30.1 years, and
54.7% of infants were female (Table 1). Geometric means of
creatinine-standardized urinary OPE metabolite concentra-
tions (in μg/g creatinine) at 16 weeks, 26 weeks, and delivery
were: 0.59, 0.67 and 0.72 for BCEP; 0.75, 0.74, and 0.81 for
BDCIPP; 1.74, 1.73, and 2.10 for DPHP; and 0.25, 0.26, and
0.21 for DNBP (Web Table 1). Maternal thyroid hormone
levels measured at 16 weeks’ gestation were normally dis-
tributed (Table 2) and consistent with reference values for
pregnant women (29). None of the infants in the study were

Table 1. Demographic Characteristics of Participants Included in
Analyses (n = 298), Health Outcomes and Measures of the Environ-
ment Study, 2003–2006a

Characteristic No %

Maternal race

White 199 66.8

Non-White 99 33.2

Maternal education

High school or less 59 19.8

Some college 72 24.2

Bachelor’s degree 95 31.9

Graduate school 66 22.1

Maternal age at delivery, yearsb 30.1 (18.7–45.0)

Year of birth

2003 30 10.1

2004 121 40.6

2005 106 35.6

2006 40 13.4

Infant sex

Female 163 54.7

Male 135 45.3

a Participants have ≥1 thyroid hormone measurement and ≥1
urinary organophosphate ester metabolite measurement.

b Values are expressed as mean (range).

diagnosed with congenital hypothyroidism. Pearson correla-
tion coefficients among urinary OPE metabolites and thyroid
hormones are presented in Web Tables 2 and 3, respectively.
Intraclass correlations among creatinine-standardized and
ln-transformed urinary OPE metabolites at 16 weeks, 26
weeks, and birth were low (BCEP: 0.30, BDCIPP: 0.34,
DPHP: 0.14, and DNBP: 0.19).

Associations between urinary OPE metabolites and
thyroid hormones

Maternal thyroid hormone analysis. At 16 weeks’ gesta-
tion, we observed a weakly negative linear trend between
BDCIPP and maternal free T4 across quartiles of urinary
BDCIPP, but other OPEs were not associated with maternal
thyroid hormones at this time point (Table 3). An analysis
of the arithmetic sum of all 4 urinary OPE metabolites and
maternal thyroid hormones at 16 weeks’ gestation did not
reveal any associations (Web Table 4).

Umbilical cord thyroid hormone analysis. At delivery, we
found that increasing maternal urinary BDCIPP and DPHP
levels were associated with decreased concentrations of free
and total T3 thyroid hormones and increased concentrations
of TSH in cord serum, when examined by quartiles of
exposure (Table 4). Maternal urinary OPEs had weak or null
associations with cord free and total T4 levels at delivery.
We also created longitudinal linear regression models of
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Table 2. Thyroid Hormone Concentrations in Mothers During Pregnancy and Neonates (n = 298), Health
Outcomes and Measures of the Environment Study, 2003–2006

Hormone 16-Week Maternal Serum Level,
mean (IQR)

Infant Cord Serum Level,
mean (IQR)

Free T3, pg/mL 3.20 (3.00–3.40) 1.66 (1.44–1.80)

Free T4, ng/dL 0.69 (0.60–0.73) 0.99 (0.90–1.10)

Total T3, ng/dL 160 (142.00–175.00) 51.40 (40.00–57.30)

Total T4, μg/dL 10.40 (9.00–11.5) 9.61 (8.60–10.80)

TSH, μIU/mLa 1.21 (0.89–1.98) 7.11 (5.10–9.83)

Abbreviations: IQR, interquartile range; T3, triiodothyronine; T4, thyroxine.
a Values are geometric means.

quartiles of maternal concentrations of OPE metabolites at
either 16 or 26 weeks’ gestation and infant cord serum
thyroid hormone levels. Web Table 5 indicates that maternal
urinary BDCIPP concentrations at 16 weeks’ gestation are
associated with decreased free and total T4 in cord serum,
and we observed a positive linear trend between 16-week
maternal urinary DNBP and cord TSH levels (P for trend
= 0.01). Maternal urinary BDCIPP concentrations at 26
weeks’ gestation were associated with decreased free T3 and
total T4 concentrations in infant cord serum; maternal uri-
nary DNBP concentrations were associated with decreased
free and total T3 concentrations in cord serum (Web Table
6). In an analysis of potential joint effects of multiple OPE
metabolites at birth, we observed associations between the
arithmetic sum of urinary OPE metabolites and a 0.04 pg/mL
decrease in free T3 (95% CI: −0.08, 0.01), a 2.35 ng/dL
decrease in total T3 (95% CI: −4.96, 0.26), and an 8%
increase in TSH (95% CI: −1.0%, 16%) (Web Table 4).

Analysis of all exposure time points. Using multiple
informant models (Figure 1, Web Table 7), because the
interaction terms for time point by OPE were significant
(using a P < 0.2 level of significance) and not homogeneous,
we retained the interaction term to provide window-specific
estimates rather than dropping it and reporting estimates
of pooled exposure. A ln-unit increase in BDCIPP concen-
tration at 26 weeks and at delivery was associated with a
0.04 pg/mL decrease in infant cord free T3 concentration
(26-week 95% CI: −0.08, 0.003; delivery 95% CI: −0.08,
−0.01), and at delivery was associated with a 2.29 ng/dL
decrease in total T3 concentration (95% CI: −4.15, −0.43).
At both 16 and 26 weeks’ gestation, maternal urinary
BDCIPP level was associated with a 0.24 μg/dL decrease
in infant cord total T4 concentrations (16-week 95% CI:
−0.45, −0.03; 26-week 95% CI: −0.41, −0.06). We also
observed a 5.8% increase in infant TSH concentration in
association with a 1 ln-unit increase in maternal urinary
BDCIPP level at 26 weeks and at delivery (26-week 95%
CI: −1.0%, 12.2%; delivery 95% CI: −1.0%, 11.3%).

Increasing concentrations of maternal urinary DPHP at
delivery were associated with a 0.04 pg/mL decrease in
infant cord free T3 concentration (95% CI: −0.07, −0.00),
a 0.21 μg/dL decrease in total T4 concentration (95% CI:
−0.41, 0.00), and a 6.8% increase in TSH concentration

(95% CI: 0.0%, 14.0%). Maternal urinary DNBP concen-
trations at 26 weeks were associated with decreased infant
cord free T3, total T3, and total T4 concentrations, and
16-week and delivery concentrations were associated with
increased infant cord log-TSH concentration. BCEP was not
associated with cord serum thyroid hormones in multiple
informant models.

Sensitivity analyses. In a sensitivity analysis of maternal
iodine status, we did not observe significant differences
between models that included iodine and those without, so
we excluded iodine from our models to preserve degrees of
freedom (Web Table 8). We also tested for effect modifi-
cation by infant sex in multiple informant models, but we
did not observe significant chemical-by-sex interactions at
any time point (using a P < 0.2 level of significance) (Web
Table 9).

DISCUSSION

In this study of women and their infants with typical
exposures to OPEs measured between 2003 and 2006 (20,
30), we found maternal urinary concentrations of OPE
metabolites were associated with alterations in thyroid
hormone concentrations in both maternal and neonatal sera.
In multiple informant models, increasing maternal urinary
BDCIPP, DPHP, and DNBP concentrations were associated
with decreased infant free T3, free T4, total T3, total T4, and
increased log-TSH concentrations. The arithmetic sum of
urinary OPE metabolites was associated with decreased free
T3, decreased total T3, and increased TSH concentrations
at birth, and appears to be driven by BDCIPP and DPHP.

We observed some evidence that maternal urinary DPHP
and DNBP concentrations were linearly associated with
increased maternal TSH concentration. Although there was
only weak evidence of alterations in the other maternal
thyroid hormones, Andersen et al. (31) have discussed that
abnormal TSH values are indicative of abnormal T3 and T4
levels, even when those values are within reference ranges,
due to the logarithmic response in TSH to deviations in the
other hormones.

During early brain development, the fetus is entirely
dependent on maternal thyroid hormones during the first
trimester. The fetus begins to produce a higher proportion of
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Figure 1. Line plot of multiple informant model results with 3 time points of creatinine standardized and ln-transformed, maternal urinary
organophosphate metabolite measurements in association with newborn cord blood thyroid hormone concentrations in the Health Outcomes
and Measures of the Environment (HOME) study, 2003–2006. Models were adjusted for mother’s age at delivery, mother’s education, race,
year of birth, and infant sex. Levels of A) bis-2-chloroethyl phosphate (BCEP) and free triiodothyronine (T3; pg/mL); B) BCEP and free thyroxine
(T4; ng/dL); C) BCEP and total T3 (ng/dL); D) BCEP and total T4 (μg/dL); E) BCEP and log of thyroid-stimulating hormone (TSH; μIU/mL); F)
bis(1,3-dichloro-2-propyl) phosphate (BDCIPP) and free T3 (pg/mL); G) BDCIPP and free T4 (ng/dL); H) BDCIPP and total T3 (ng/dL); I) BDCIPP
and total T4 (μg/dL); J) BDCIPP and log-TSH (μIU/mL); K) diphenyl phosphate (DPHP) and free T3 (pg/mL); L) DPHP and free T4 (ng/dL); M)
DPHP and total T3 (ng/dL); N) DPHP and total T4 (μg/dL); O) DPHP and log-TSH (μIU/mL); P) DNBP and free T3 (pg/mL); Q) DNBP and free
T4 (ng/dL); R) DNBP and total T3 (ng/dL); S) DNBP and total T4 (μg/dL); and T) DNBP and log-TSH (μIU/mL).
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thyroid hormones throughout the second and third trimesters,
becoming successively less dependent on maternal con-
tributions (1). Additionally, levels of fetal T3 and T4 are
associated with maternal T4, but not T3; small changes
in maternal T4 concentration cause large changes in fetal
thyroid hormones, due to differences in the binding of carrier
proteins between adults and fetuses (32). Therefore, our
observation of maternal urinary concentrations of OPE me-
tabolites being associated with decreased fetal T4 concen-
tration may reflect both direct effects from fetal exposure
to OPEs that crossed the placenta and indirect effects of
decreased maternal T4 concentration, although reliance
on maternal T4 in the third trimester is relatively small
compared with earlier in gestation (33). Although T3 is the
biologically active thyroid hormone, T3 levels are directly
influenced by circulating levels of T4, so altered levels of
T4 in either maternal or cord serum are indicative of altered
biological activity at the cellular level.

Findings from multiple informant models reinforce our
conclusions from regression models using quartiles of expo-
sure. Of the 4 OPE metabolites examined, BDCIPP was the
most consistently associated with alterations in thyroid hor-
mone concentrations. There is weak evidence for the asso-
ciations between DPHP and DNBP and thyroid hormone
alterations. The associations between BDCIPP and DPHP
and infant cord free T3 concentration that we observed in
multiple informant models (−0.04 pg/mL) are equivalent to
a 2.4% decrease from the cohort mean free T3 concentra-
tion for every log-unit increase in OPE metabolite, and the
−0.06 pg/mL change in free T3 concentration associated
with maternal urinary DNBP concentration at 26 weeks is
equivalent to a 3.6% decrease for every log-unit increase in
DNBP concentration. Only maternal urinary BDCIPP level
at 16 weeks was associated with infant free T4 concen-
tration (−0.03 ng/dL), and the change was equivalent to
a 3% decrease from the mean for every log-unit increase
in BDCIPP concentration. For every log-unit increase in
maternal urinary DNBP level at 26 weeks, we observed a
4.28 ng/dL decrease in infant cord total T3 concentration,
which is equivalent to an 8.3% decrease from the mean.
We also observed associations between maternal urinary
BDCIPP, DPHP, and DNBP concentrations and decreasing
level of total T4. The observed 0.24 μg/dL decrease is
equivalent to a 2.5% decrease from the mean. Literature has
shown in both human and animal studies that small (25%–
30%) changes in maternal T4 concentration during critical
developmental windows cause structural and functional neu-
rological deficits in offspring (34–36). Furthermore, thyroid
hormones are more tightly regulated in individuals than
in populations, so small variances in population averages
would correspond to relatively large changes in an individ-
ual’s serum hormone levels (31). Miller et al. (37) concluded
that thyroid disruption in population-based studies should be
taken as evidence of adverse effects among individuals.

Although the mechanisms by which OPEs disrupt thyroid
hormones have not been fully elucidated, experimental stud-
ies offer some insights. Wang et al. (16) showed that treating
zebrafish with tris(1,3-dichloro-2-propyl) phosphate, the
parent compound of BDCIPP, caused decreased transcrip-
tion of genes related to the hypothalamic–pituitary-thyroid

axis. Hill et al. (38) explored the potential for OPEs to
disturb thyroid hormone transport and found that increased
exposure to these chemicals enhanced the binding of T4
to its transporter protein in vitro. Increased activation of
thyroid hormone nuclear receptors and enhanced T4 binding
to transporter proteins could cause decreased pressure on
the negative feedback loop that regulates thyroid hormone
homeostasis, consistent with our finding of lower T4 levels
among participants with higher concentrations of urinary
OPE metabolites. Interestingly, several experimental studies
showed that increased OPE exposure caused levels of thy-
roid hormones to increase (39–41), and some reported only
sex-specific associations on thyroid hormone levels (42).
One other study, in Dalian, China, also recently investigated
these associations in pregnant women and newborns (43).
The researchers observed associations between maternal
urinary DNBP levels during pregnancy and increased TSH
concentrations in newborns and also between cross-sectional
maternal urinary DPHP levels during pregnancy and
maternal TSH levels. Although our findings also support an
association between urinary OPE metabolites and increased
maternal and newborn TSH concentrations, we did not see a
cross-sectional association between maternal DPHP and
TSH levels during pregnancy, and we only observed an
association between DNBP concentrations and newborn
TSH concentrations at 16 weeks, not at 26 weeks. Yao et
al. (43) also reported effect modification by sex, which
we did not observe. The differences in findings between
the 2 cohorts could be due to a variety of factors. The
concentrations of most urinary OPE metabolites were much
lower in the Chinese women than in our participants, and
Yao et al. measured OPE metabolites and thyroid hormones
across a wide range of time during pregnancy (8–37 weeks’
gestation), which fails to account for differences in maternal
and fetal physiology across pregnancy.

Limitations and strengths

Tight regulation of maternal thyroid hormone levels is
critical for fetal development in the first trimester of ges-
tation. However, we only had measurements of maternal
urinary OPE metabolites and serum hormones at 16 weeks.
We cannot rule out the possibility of residual confounding in
this study even though we controlled for multiple potential
factors. Another limitation of this study is the relatively high
percentage of measurements below the limit of detection for
DNBP (17%–43%). Because of methodological limitations,
we were unable to use a multiple imputation approach for
the quartile-based regression (44).

Although we observed some evidence of a linear response
in thyroid hormone alterations in association with OPE
metabolites, we were likely underpowered to fully assess
the shape of the dose–response curve. Future studies should
use very large cohorts to detect true dose–response patterns
when effect sizes are relatively small on a population scale,
such as in this case. We also recommend that studies focus on
early gestation, if possible, when exploring the associations
between environmental chemicals and maternal thyroid hor-
mone levels. Replication of our results at multiple time
points during gestation and in maternal and cord blood is a
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major strength of the study and lends weight to our findings,
as does the biological plausibility of the pattern of decreased
T3 and T4 levels paired with increased TSH level.

CONCLUSIONS

We observed relatively consistent evidence of second- and
third-trimester maternal BDCIPP concentration associated
with decreased T3 and T4 levels and increased TSH level
in infants, weak evidence of thyroid hormone alterations in
association with maternal DPHP and DNBP concentrations,
and no evidence of thyroid hormone alterations in associa-
tion with BCEP. There was no evidence of sex-specific effect
measure modification. Replication in other birth cohorts is
of public health interest because of the ubiquitous nature of
OPEs and the critical role of thyroid hormones in human
development.
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